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Abstract

In the present thesis both ab initio and analytical calculations were carried out for the potential
energy, dipole moment and polarizability surfaces of the weakly bound van der Waals complexes
CH4-Njy and CoHy-CoHy for a broad range of intermolecular separations and configurations in
the approximation of the rigid interacting molecules. For ab initio calculations the CCSD(T),
CCSD(T)-F12 and less computationally expensive methods such as MP2, MP2-F12, SAPT,
DFT-SAPT were employed (for all methods the aug-cc-pVTZ basis set was used). The BSSE
correction was taken into account during the calculations. The analytical calculations were
performed in the framework of the classical long-range approximation. A model accounting
the exchange effects in the range of small overlap of the electron shells of interacting molecules
has been suggested to describe the dipole moment of the CH4-Ny van der Waals complexes in
analytical form for large intermolecular separations including the range of potential wells. In
this model the total dipole moment is considered to be the sum of exchange, induction and

dispersion contributions.

Keywords: ab initio, van der Waals, CH4-No complex, ethylene dimer, potential energy,

dipole moment, polarizability.



Résumé

Dans cette thése, des calculs ab initio et analytiques ont été effectués pour déterminer les
surfaces d’énergie potentielle, de moment dipolaire et de polarisabilité des complexes de van
der Waals faiblement liés CH4-Ny et CoHy-CoHy, pour une large gamme de distances inter-
moléculaires et de configurations, dans ’approximation des molécules en interaction rigides.
Pour les calculs ab initio, la méthode CCSD(T), CCSD(T)-F12, ainsi que les méthodes moins
couteuses MP2, MP2-F12, SAPT et DFT-SAPT ont été employées (pour toutes les méthodes,
la base aug-cc-pVTZ a été utilisée). La correction BSSE a été prise en compte dans les calculs.
Les calculs analytiques ont été réalisés dans le cadre de 'approximation classique aux grandes
distances. Un modéle prenant en compte les effets d’échange dans la région des petits recou-
vrements des nuages électroniques des molécules en interaction a été suggérée pour décrire le
moment dipolaire du complexe de van des Waals CH4-Ny sous une forme analytique, pour les
grandes distances intermoléculaires incluant la région des puits de potentiel. Dans ce modéle, le
moment dipolaire total est considéré comme résultant de la somme des contributions d’échange,

d’induction et de dispersion.

Les mots-clés: ab initio, van der Waals, complex CHy4-Ny, dimére d’éthyléne, énergie

potentielle, moment dipolaire, polarizabilité.
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Introduction

Van der Waals complexes play an important role for understanding the nature of weak
intermolecular interactions. Van der Waals forces are important for supramolecular chem-
istry, structural biology, polymer science, nanotechnology, surface science, astrophysics and
condensed matter physics. A molecular description of condense phase properties relies on the
full characterization of pairwise interactions, as well as on the knowledge of many-body forces.
Van der Waals complexes of closed-shell species, atoms, and molecules have traditionally served
as an important source of information on pair interactions to theoreticians and experimentalists
alike [1].

The electric properties of van der Waals systems such as dipole moment and polarizability
are of great importance for different applications. They directly reflect the electron density
distribution of the system, influencing a significative amount of molecular (or intermolecular)
properties. They influence on many optical or spectroscopical properties, such as the refraction
index, absorption constant in optical spectroscopy, optical activity, non linear optical phenom-
ena, etc. It is clear that it is important to obtain high quality values for these properties in
order to give useful parameters for the modelling of systems under investigation both at micro
and macro level.

The present work is dedicated to the theoretical investigation of the potential energy and dipole
moment surfaces of the CH4-Ny and CyH4-CoHy complexes, and to the polarizability surfaces

of the methane-nitrogen complex.
OVERVIEW

The present thesis is represented as follows:

. The first Part consists of Chapter 1 that is dedicated to the introduction to the ab initio
methods, basis sets and different corrections of the errors that arise during the calculation.
Also, the finite-field method is described for the case of dipole moment and the polarizability
calculations.

. Part IT includes Chapter 2, which is dedicated to the presentation of the theory of inter-
molecular interactions and electric properties. The long-range classical approximation.

. Part III consists of Chapters 3, 4 and 5 devoted to the ab initio and analytical calculations
of the potential energy surface, dipole moment and polarizability surfaces of the CH4-Ny van
der Waals complex.

. Part IV includes Chapters 6 and 7 that are dedicated to the theoretical investigation of
the potential energy and dipole moment surfaces of ethylene dimer: ab initio and analytical
calculations.

. Part V gives the Conclusions.

. Part VI gives the Appendixes.
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Chapter 1

Ab initzio Methods

At present, due to the big progress in development of new methods and increasing of compu-
tational resources, computational chemistry is widely used. Among others one should mark
out ab inito methods of calculation. The term ab initio was first used in quantum chemistry
by Robert Parr and coworkers, including David Craig in a semiempirical study on the excited
states of benzene (see, for example, Ref. [2|). This term from Latin is translated as "from
the beginning”, "from the first principles”. It means that the equations of quantum mechan-
ics are solved directly from the first principles without any empirical parameters. The only
necessary information is the atoms and their position in the appropriate coordinate system.
But it should be mentioned of course, that there are different approximations used for solving
differential equations, evaluating the integrals, etc. One of the major approximations is the
Born-Oppenheimer approximation. The heavy nuclei move more slowly than the light elec-
trons. Therefore, the wave function of a molecule can be broken into its electronic and nuclear

(vibrational, rotational) components.

1.1 Hartree-Fock approximation

The Hartree-Fock (HF) or Self-Consistent Field (SCF) method is the starting point for the
most of ab initio quantum chemistry methods (for more details on ab nitio methods see, for,
example, [3,4]). It is an approximated method for ground-state wave function and ground-state
energy determination of a many-electron system. Within the HF method the antisymmetric
wave function is approximated by a single Slater determinant (SD): an antisymmetrized product
of one-electron wave functions (spin-orbitals). This method is based on the mean-field approx-
imation. This approximation implies that interelectron coulomb repulsion is accounted for by
means of an average integration of the repulsion term, i.e. the interaction of one electron with
the others are accounted for as the interaction of this electron with an average field induced
by other electrons. The electron correlation (interaction between electrons) for the electrons
of opposite spin is completely neglected. A certain amount of electron correlation is already

considered within the HF approximation, found in the electron exchange term describing the

16



Chapter 1. Ab initio Methods 17

correlation between electrons with parallel spin.
For the ground-state closed-shell system (N = 2n, N - number of electrons, n - number
of orbitals), the Hartree-Fock equations can be obtained from the variational principle. The

variational principle implies that an average energy of a system
E(®) = (D|H|®)/(2|P) (1.1)

as a functional of ® (wavefunction) has a set of extremums. We assume that the wavefunction
® is orthonormilized ((® | ®) = 1). If ® and E satisfy the Shrodinger equation H® = E®,
then

SE(®) =0, E(®)=F. (1.2)

The Hamiltonian for the N-electron system (/Nn - number of nuclei) is written as follows:

ey 2

a=1 i=1 a<b

ZZb

(1.3)

As the HF method is based on variational principle, the energies in this approximation equal
or lie above the exact energy of the system.
The wave function of the type of a Slater determinant (®) for the ground state is an

antisymmetrized determinant constructed using the one-electron orthogonal normalized spin-

orbitals ({x:|x;) = di;):

xi(1)  xe(1) xn (1)

Lo xa2) xe(2) ... xw(2)
v IR & (14)

Xi(N) x2(N) ... xw(N)

A spin-orbital y;(j) is expressed as a product of a spin one-electron function, «(j) or 4(j), b
a purely spatial one-electron function (orbital), ¢;(j). The use of this determinant satisfies the
Pauli principle - the wave function for fermions (electron is a fermion) should be antisymmetric
with respect to the permutation of two particles. The permutation of electrons is equivalent
to the permutation of columns of determinant, which changes its sign. One more advantage
of using Slater determinant is that it decomposes the wave function into one-electron wave
functions. That is why for solving many-electron Schrodinger equation it decomposes to some
simpler one-electron equations. The solution of each one-electron equation gives one-electron
wave function which is called orbital, and the energy called orbital energy.

In the general case acting with the N-electron Hamiltonian on a Slater determinant-like

wave function, the expression for the expected energy for the closed shell system will be:

N/2 N/2

(DIH|®) =2 Hi+ Y (2J;; — Kyy), (1.5)
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where
1= [ Whoda, (1.6)
by = —%V? _ % g (1.7)
Jis = / X;‘(l)xj@)éxi(l)xj@)dqldq% (1.8)
K = [ 0@ -1 dada. (1.9)

The integral H; is called core integral, which is the sum of the kinetic energy of an electron with
x; orbital and its potential energy of attraction to the nuclei. It is multiplied by 2, because
there are two electrons in each orbital. The two-electron integral J;; is called coulomb integral,
which is the averaged energy of electrostatic repulsion of electrons on orbitals x; and ;. For the
same reason it is also multiplied by two. At last the integral Kj; is called exchange integral. Let
us clarify the physical meaning of the exchange integral. By the Pauli exclusion principle two
electrons with the same spin can not have the same spatial coordinates. Consequently in this
case the effective average distance between electrons is bigger, and the energy of electrostatic
repulsion is smaller by the magnitude of exchange energy. So the exchange integral partly takes
into account the electron correlation, though the correlation due to the coulomb repulsion of
pairs of electrons with different spins stay unaccounted for the Hartree-Fock method. It is
also convenient to define the coulomb and exchange operators in terms of their action on an

arbitrary spin-orbital x;:

BN =) [ dehu@P-, (110
K;(1)xi(1) :Xj(l)/dQQX;(Z)Xi(Z)T—L- (1.11)

The solution of variational problem with the wave function of the type (Eq. 1.4) allows to
find the best wave function of this form. To solve this problem one should solve the Hartree-
Fock equations (the equations for finding the orbitals), which can be written as eigenvalue

equations of Fock operator F' for spin-orbitals:

Fxm(1) = emxm(7), (1.12)

where &, is the energy of the x,, spin-orbital, and the Fock operator

N/2
F=H+) (2J;— K)). (1.13)
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From the Hartree-Fock equations it is obvious, that

N/2
J

The total energy of the N-electron closed-shell system equals to the sum of total energies of all

electrons without the energy of internucleus repulsion:

N/2 N/2
i 4,7

For calculating molecular orbitals in ab initio methods a linear combination of atomic or-
bitals (LCAO) method is used. In the method of LCAO-MO (Molecular Orbital as a LCAO)

a molecular orbital is written as follows:
M
0i=Y_ Chigu: (1.16)
pn=1

where C,; are the expansion coefficients and {g,} is a set of atomic orbitals (atomic orbitals
are expressed in terms of basis sets).

The calculations in the HF method begin with choosing the reference orbital coefficients C’fg).
The initial function with these reference coefficients is used for the calculation of the energy and
for a new set of orbital coefficients, which can be used for new set of coefficients. This process
is iterative till the energies and orbital coefficients will not change from one iteration to the
other in the limit of a given accuracy (convergence of calculation). Solutions of equations on
the last step of iterations is «self-consistent with the field of potential», which are determined
by the coulomb and exchange operators. This kind of field is called self-consistent (SCF) and
the method Hartree-Fock is called method of self-consistent field.

Variations in HF procedure is the way of constructing orbitals dependent on the form of
Slater determinant. If all electrons in the molecule are coupled, then one can use the same
spatial orbital function for the electron spins « and ( in each pair of them. And in this case
the energies of the electrons a and [ will be the same. A system with 2n electrons with n
orbitals is a closed shell system. This method is called restricted the Hartree-Fock method
(RHF). If there is no coupling between orbital motion and spin, the o and 3 orbitals parts of
the spin-orbitals can be chosen to be equal.

There exist two methods for constructing HF wave functions of molecules with uncoupled
electrons. The first method is based on using completely individual sets of orbitals for o and
B electrons (the state of each electron is described by its own spin-orbitals). This method
is called unrestricted Hartree-Fock method (UHF). It means that coupled electrons will be
spatially distributed in different ways. Very often this leads to errors in calculations, which
is called spin contamination. Depending on the system spin contamination can lead either to

negligible or to big errors.
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The other way of constructing wave functions for open-shell systems is the restricted HF
method for open shells (ROHF). There are two sets of the wave functions: one for closed shells
(core consists of 2n,. electrons) (¢.) and the other one for open shells (¢,). In this case there
will be no spin contamination. Let us consider the N-electron open-shell system. We will use
indexes k, [ to label core orbitals, and indexes m, n to label open-shell orbitals; the indexes 1,
j label the orbitals of both types. The orbitals are normalized and orthogonal: (¢;|¢;) = J;;.
Full wave function ¢ is presented in the form of the linear combination of all antisymmetrized
determinants that are constructed from both sets of functions (¢., ¢,).

The expected value of the energy can be written as [5]:

E=2 zk: Hk—i—;(QJkl—Kkl)—kf 2> Hut > (200 —bK ) +2 ;(Qka—Kkm)] , (1.17)

where a, b and f are the numeric parameters depending upon the electronic configuration and
considered state of the system. The partial occupation number f of the open shell equals to
the ratio of the number of occupied spin-orbitals and the number of external spin-orbitals (0 <
f < 1). The first two sums in Eq. 1.17 are the energy of the closed shells of the core, the next
two sums are the energy of open shell and the last sum is the interaction energy of open shell
and core.

Let us define the coulomb integrals J. and J, for closed and open shells, the total coulomb

integral Jp and analogous exchange integrals K., K, and Kr:

L= T Jo=FfY Jn  Jr=Jct o, (1.18)
k m
Ko=) Ki, Ko=f)Y Kn Kp=K+K,
k m

The Hermitian coulomb and exchange associated operators related to the spin-orbitals ¢; have

the form:

Li¢p = (¢i| Jo| @) i + (i] D) Jobs, (1.19)
M;p = ($i| Ko| ) i + (¢i|0) Ko,

and associated with close shells, open shells and total Coulomb and exchange integrals:

Le=) L, Lo=f) Lm Lr=Lc+L, (1.20)
k m
M =Y My, My=[> My, Mp=M+M,.
k m

The spin-orbitals satisfy the relations:

chbc - 5c¢c, Fo¢o = 5o¢o' (1'21)

After mathematical transformations we obtain that Fock operators F,. and F, are identical and
have the form
F=H + QJT - KT + QQ(LT - JO) - ﬁ(MT - Ko). (122)
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Here « = (1 —a)/(1 — f) and § = (1 —b)/(1 — f). Thus, spin-orbitals satisfy the following
equations:

ngsc - €C¢C7 F¢o = 509250' (123)

After the diagonalization, spin-orbitals ¢. and ¢, become the solutions of one Hartree-Fock
equation
Fo, =e;¢;. (1.24)

The set of ¢; is equivalent but not identical to the sets ¢. and ¢, (for eigen values ¢; - analogously,
they are equivalent but not identical to the sets . and ¢&,).

Therefore, total energy of the open-shell system without internucleus repulsion has the form:

E=) (Hiten)+fY (Hntem)—f> (20Tim — BKim) = 2> (200Tpn — BKpn). (1.25)
k m km mn

1.2 Correlation

One of the limitations of the HF method is that it does not take into account the correlation
of electrons. This means that this method takes into account only averaged interaction of
electrons but not the real interelectron interaction. In the HF method the probability of finding
the electron in some place near to atom is determined by distance from the nucleus but not by
the distance between different electrons, as show in Fig. 1.1. Physically this is not right, but

this is a mean field approximation which is included in the HF method.

F1G. 1.1 - Two positions of the electrons near the nucleus, which have the same probability in

the HF calculations and different - in the calculations accounting for the electron correlation.

62

By using a sufficiently big basis set, the HF wave functions are able to consider about 99%
of total energy, but the remaining 1% often appears to be very important for description of

chemical phenomena. This 1% of the total energy is called the correlation energy. Because
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HF solutions give the most part of the total energy, the methods which consider electron
correlation use the HF wave functions as an initial approximation and after correcting them
take into account correlation.

The HF method determines trial one-determinant wave function (in the given basis set).
For improving of the HF solutions, a new wave function should be tested, which contains more
than one Slater Determinant. The characteristic many-determinant trial wave function can be

written as:
U =ag®yp+ Y ;P (1.26)
i=1
where the coefficient ag is close to 1. There are different ways to calculate coefficient a; in
electron correlation methods, and coefficient ag is determined from the normalization condition.

If we have N electrons and M basis functions then for the RHF case we will obtain N/2
occupied Molecular Orbitals (MO) and M — N/2 not occupied (virtual) MO. Usually (especially
in the case of minimal basis set) there always will be more virtual MO than occupied ones. SD
determines N/2 by spatial MO multiplied by two spin functions for obtaining N spin orbitals.
By replacing MOs which are occupied in the HF determinant by MOs which are unoccupied,
a whole series of determinants may be generated. These can be denoted according to how
many occupied HF MOs have been replaced by unoccupied MOs, i.e. Slater determinants,
which are singly, doubly, triply, etc. (maximum N excited electrons) excited with respect to
the HF determinant). These determinants are often called Singles (S), Doubles (D), Triples
(T), Quadruples (Q) etc (Fig. 1.2).

The total number of possible determinants depends on the size of basis set, as many virtual
MO, as much exited determinants can be constructed. If all possible determinants are consid-
ered in the given basis set, then all correlation of electrons will be considered (in the given basis
set). For infinite basis set the Schrodinger equation is exactly solvable. It should be mentioned
here that the exact value in this context is not equivalent to the experimental value, because
it is considered that the nuclei have infinitely big masses (Born-Oppenheimer approximation),
and the relativistic effects are neglected.

The main methods, which take into account electron correlation are: Mgller-Plesset Per-
turbation theory (MPn, where n is the power of correction), Multi-configuration self-consistent
field (MCSCF), Configuration Interaction (CI) and also Coupled Cluster(CC) method. In our
study we have used only the MP2 and CCSD(T) methods.

1.2.1 Mpgller-Plesset perturbation theory

This theory is based on the Many-body perturbation theory (MBPT) of Rayleigh-Schrédinger.
Due to the small correlation energy in comparison with the total energy the theory of pertur-
bation can be used. As a zero-th approximation is taken HF Hamiltonian Hy (for this solution

is known) and correlation is included in Hamiltonian as a perturbation V:

H = Hy+ \V. (1.27)
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F1G. 1.2 - Excited determinants obtained from the reference HF determinant.

+- T =

A A| | A L. [_=
B Y Y Iy Y Y
S A
Y Y
A A Al A
‘T’v_ _H_ —H_ "t_ K K]
HF S-type S-type D-type D-type T-type Q-type

Here A-is a parameter (0 < A < 1), which determines the strength of perturbation (let it be
equal to one). In this case we obtain the Schrédinger equation

(H° + V)V, = B, (1.28)
and its solutions are the Taylor series

E =)\NEY + XN EY 4+ X2E® 4 ... (1.29)

U, = A0 Lt N2 g (1.30)

where Ei(k) and \I/Z(k) are the corrections of the k-th order to the energy and wavefunction. We
can express \Ifgk) as a linear combination of eigenfucntions of the non-perturbed Hamiltonian

HQZ
v =3 el (1.31)

Using the equation (‘If|\I'§0)> = 1 we can find the energies of the 0-th and 1-st order:
5D = @ v?), B = (@7|vie). (1.32)
The coefficients ¢’ for the 1-st order is the following

0 0
o (W ve?) (1.33)
c,’ = —E.(O) ~ Eflo) . .

7
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The wavefucntion corrected up to the 1st order has the form

v e
(Tn [V, >\If§?>. (1.34)

% B0 b

Let us consider the Mgller-Plesset approach. The zero-th order Hamiltonian Hy and per-

v =0+ )

7

turbation V have the forms

Z Fi = Z (hi + ") = (i + ) (T = Kij)) = Y hi +2(Vee), (1.35)

i J
Ny N
V=) —— ar :
Z o Z Vi (1.36)
1<) 4
where v
1 ~ Z
Vi) —— 1.37
7 ; |Ra _ ri| ( )
and (V..) is an average value of interelectronic repulsion. The wavefunction ¥y is the eigen-

function of the Fock operator:
HoUy = EVW,. (1.38)

Thus, the energy of non-perturbed system is the following

= ig (1.39)

The 1-st order correction to the energy has the form

N
1
1 0 0) 0 0
EW = @0 | v o) = (¥ |Z — (WO A0y = §Z(Jz-j — Kij) = —(Vee).
i<j 12
(1.40)
Thus, the sum of the zero-th and 1-st order energies gives the HF energy:
N
Ey=EY + E Zsl Z . — Kij) = Epp. (1.41)
irj

The first correction to the HF energy appears only at the 2-nd order perturbation theory (MP2).

Second order correction to the energy has the form

0 0
@ = [TV )
By = R (1.42)
i#0 Eo _Ei

Consideration of single excitation states at summing gives (indexes i, j correspond to occu-

pied orbitals and indexes a, b correspond to virtual orbitals)

N
(O V) = () | H =Y F | 7)) =
7

0 a 0 a 0 a 0 a
(O | H | w2y — (0 | Fy |08y = (U | H | W8) — e, (0 | 9. (1.43)
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The first term in the expression due to the Brillouin’s theorem equal to zero and the second
term equal to zero because of orthonormality of the Fock wave functions. Contribution of

double excited states represented as

occ wir ’ 1% ‘ \If ><\I/ab ‘ 174 ‘ \IJ(O)>

SN a

1<j a<b

occ wvir

za\jb
_ZZ&—FQ—&L—&, (1.45)

1<j a<b

where (ia|jb) is a two-electron integral.

The MP2 method is the simplest method taking into account electron correlations. Com-
paratively, the MP4 the MP3 methods are not so used. The accuracy of MP4 is almost the
same as the CISD (CI with singles and doubles). Calculations with MP5 methods take very

long computational time and they are not so common.

1.2.2 Coupled Cluster Theory

The methods of perturbation theory add all kinds of corrections (S, D, T, Q etc.) to the
sample wave function to a given order(2, 3, 4 etc.). The idea of Coupled Cluster methods is to
include all corrections of a given type to infinite order.

The coupled cluster wave function is written as

T
Voo = e Yo,

_ 1 2 3 k
=1+T+ 7%+ T Zk‘T (1.46)

where the cluster operator T is given by

The T; operator acting on a HF reference wave function generates all i-th excited Slater deter-
minants:

Tl\IJO = iit?‘l’?, (148)

occ vir

TyWo=> ) 0w (1.49)

i<b a<b

The expansion coefficients ¢ are called amplitudes. From Eqs. 1.46-1.47 exponential operator

can be written

1 1
T=14+T+ (Th + 5Tf) + (T3 + ToTy + ng) (1.50)

1 1 1
+(Ty + T3Ty + 2T2 + 2TQT2 + 24T4)
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The first term in Eq. 1.51 generates the reference HF and the second - all singly excited
states. The first parenthesis generates all doubly excited states, which may be considered
as connected (T3) or disconnected (T?%). The second parenthesis generates all triply excited
states, which again may be either "true" (T3) or "product" triples (T2T1,T3). The quadruply
excited states can similarly be viewed as composed of five terms, a true quadruple and four
product terms. Physically a connected type such as T, corresponds to four electrons interacting
simultaneously, while a disconnected term such as T2 corresponds to two non-interacting pairs
of interacting electrons.

With CC wave function the Schrédinger equation has the form
He'WUy = EeT Wy, (1.51)
Multiplying from the left by W§ and integrating, we obtain

(Uo | He | W) = Ecc(Wo | €T W) = Eoc (Vo | (1+ Ty + Ty + ...) W), (1.52)
Ece = (Vo | He' | W). (1.53)

Expanding the exponential operator e’ and using that fact, that Hamiltonian contains only

one- and two-electron operators, we get

1
ECC:<\IIO|H|(1+T1+T2+§T12+...)\I/0)

1
= (Yo | H | Wo) + (Yo | H | Ty Vo) + (Yo | H | T2‘I’0>+§<‘I’0|H‘ TPWe) + ...

occ wvir occ wvir

=Eo+ Y > t1(Wo | H W)+ Y (#50 + t0th — t2t9) (W | H | U) +--- . (1.54)
i i<j a<b

When using HF orbitals for constructing the Slater determinants, the first matrix elements
are zero (according to the Brillouin’s theorem) and the second matrix elements are just two-

electron integrals over MOs:

occ wvir

Ecc = Eo+ Y Y (t8 + 15 — ) ((¢i0; | datht) — (0165 | dua)) + -+ - (1.55)
i<j a<b

The coupled cluster correlation energy is therefore determined completely by the singles and
doubles amplitudes and the two-electron MO integrals. In this CC method the wave function
is a linear combination of some determinants. The CC method has different expansion orders
named as CCSD, CCSDT and so on. The method designated as CCSD(T) is the one where
the triple excitations are accounted not directly but as the perturbation. This method allows
to account for 99% of correlation energy and at present it is one of the most popular methods
applied to small molecules. It is difficult to carry out calculations for systems with a big number
of particles due to big computational time and limited computational resources. If all possible

excitations were taken into account, we would obtain the total correlation energy.
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1.2.3 Explicitly Correlated F12 Methods

In the last years there had been a rapid development of explicitly correlated methods that use
Slater-type geminals (STG’s) as two-particle basis functions. Let us speak about the so-called
"F'12 methods". These methods were first developed, investigated, and applied in the frame-
work of the second-order Mgller-Plesset perturbation theory, i. e. at the MP2-F12 level [10].
One of the limitations in ab initio quantum chemistry is the slow convergence of electron cor-
relation energies with respect to the basis set size. The reason of this is that the wave function
cusp for r12 > 0 and, more importantly, the correlation hole for intermediate values of 715 are
poorly represented by expansions of the wave function in terms of orbital products (Slater de-
terminants), thus such wave functions poorly account for the short-range electron correlation.
This situation can be improved by using explicitly correlated wave functions, that is, wave func-
tions that depend explicitly on the interelectronic distances 7;;. The introduction of such terms
into the wave function greatly accelerates basis set convergence. The choice of the correlation
factor is much more important than any other approximation. Short-ranged correlation factors
such as exp(—[ris) were found to give very much improved results as compared to the linear 15
factor. Methods that are based on such short-ranged correlation factors are now referred to as
F12 methods. In 2007 a new explicitly correlated CCSD(T)-F12 approximation was presented
and tested in Ref. [11]. These methods proved to be more accurate and faster than conventional
CCSD(T) method with the same basis set [11]. The correlation plays an important role in van
der Waals interactions, thus these methods could be successfully applied for solving problems

of weakly-bound complexes.

1.2.4 Symmetry-Adapted Perturbation Theory (SAPT)

One of the promising methods that can be applied to the calculation of the potential en-
ergy of complexes is the Symmetry-Adapted Intermolecular Perturbation Theory [12]. This
method allows to account for the exchange (repulsive) interactions at short range separations
in addition to the long-range (attractive) interactions. The developers of the method (mainly
people in Warsaw Quantum Chemistry Group) came to the conclusion that symmetrized
Rayleigh-Schrédinger perturbation theory (RSPT) was the most viable of the different vari-
ants of SAPT [13]. The idea of the symmetrized RSPT is the introduction of antisymmetrizer
AAB - After the symmetrization the polarization expansion for the wave function gives the

correct asymptotic expansion for the exact (unnormalized) wave function:

N
U= AN, 4 AN+ O(RTHOY), (1.56)

n—1
where @) is a zeroth-order wavefunction that does not have the correct, Pauli-allowed per-

(n)

pol
the interacting molecules has a net charge and & = 3 if both molecules are neutral. Hence, the

mutation symmetry; ® 7 is the n-th order polarization wavefunction; k£ = 2 if at least one of
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interaction energy expression (SRS - Symmetrized Rayleigh Schrédinger) is the following:

VAB AAB (I)
Esrs = pOl| | pOl : (1.57)
AAB CD

pol |

In SAPT approach the total interaction energy is calculated as a sum of individual first
and second order terms: Ez()i) (electrostatic), E,L.(fld (induction), EY (dlspers1on) and their

dzsp
respective exchange terms EY E? 4 and E"

cvchy Pogehoin exch dgisp- Lhe exchange contributions arise

due to electron exchange between the monomers when the molecules are close to each other
and are sometimes denoted as Pauli repulsion. Since all above terms are accessible through
density matrices and static and dynamic density-density response functions of the monomers,
in principle no calculation of the dimer wavefunction is required. Therefore, SAPT is free from
the BSSE which occurs in the supermolecular approach.

The SAPT method can use single-determinant wavefunction for the monomers both from
HF and Kohn-Sham DF'T calculations. It is of crucial importance to account for the intramolec-
ular correlation effects of the individual SAPT terms since HF theory often yields poor first-
and second-order electrostatic properties. While this can be done using many-body perturba-
tion theory a more efficient way is to use static and time-dependent DFT theory. This variant
of SAPT, termed as DFT-SAPT, has in contrast to HF-SAPT (further, we will call HF-SAPT
just SAPT) the feature that the polarisation terms (E(l) E® EY

ol + Eing> Eaisy) are potentially exact.

The DFT-SAPT could give highly accurate interaction energies comparable to high-level super-
molecular many-body perturbation or coupled cluster theory. However, one should carry-out
test (SAPT) calculations on several geometries of the complex under investigation in order to
find out if these methods are applicable to the complex under investigation. The SAPT method
can be applied only to the closed-shell systems.

Remark on DFT
Density functional theory (DFT) is a quantum mechanical theory used to investigate the elec-
tronic structure (principally the ground state) of many-body systems, in particular atoms,
molecules, and the condensed phases. With this theory, the properties of a many-electron
system can be determined by using functionals, i.e. functions of another function, which in
this case is the spatially dependent electron density. Hence the name density functional theory
comes from the use of functionals of the electron density. Despite recent improvements, there
are still difficulties in using density functional theory to properly describe intermolecular inter-
actions, especially van der Waals forces. Its incomplete treatment of dispersion can adversely
affect the accuracy of DFT (at least when used alone and uncorrected) in the treatment of
systems which are dominated by dispersion. The major difference between DF'T and Molecular
Orbital theory is the following: DF'T optimizes an electron density while Molecular Orbital

theory optimizes a wavefunction.
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The electron density p, integrated over all space, gives the total number of electrons N, i.e.

N:/p(r)dr. (1.58)

The density determines the external potential, which determines the Hamiltonian, which de-
termines the wavefunction. And, of course, with the Hamiltonian and wavefunction in hand,
the energy can be computed. In 1965 Kohn and Sham found that it would be considerably
simpler if only the Hamiltonian operator were one for non-interacting system of electrons. Such
Hamiltonian can be expressed as a sum of one-electron operators, has eigenfunctions that are
Slater determinants of the individual one-electron eigenfunctions, and has eigenvalues that are
simply the sum of the one-electron eigenvalues [6]. Then, the main thing is to take as a starting
point a fictitious system of non-interacting electrons that have for their overall ground-state
density the same density as some real system of interest where the electrons do interact. Next,

we divide the energy functional into the components:
Elp(r)] = Tuilp(r)] + Vaelp(r)] + Vee[p(r)] + AT [p(r)] + AVee[p(r)], (1.59)

where the terms on the r.h.s. refer, respectively, to the kinetic energy of the non-interacting elec-
trons, the nuclear-electron interaction, the classical electron-electron repultion,the correction
to the kinetic energy deriving from the interacting nature of the electrons. and all non-classical
corrections to the electron-electron repulsion energy.

Note, that for a non-interacting system of electrons the kinetic energy is just the sum of the
individual electronic kinetic energies. Within an orbital expression for the density, the total
energy (Eq. 1.59) may be rewritten as

N nuclei

Blpte)] = 3 (bl = 596 =l 3 2 (1.60

where N is the number of electrons and we have used that the density for a Slater-determinant
wavefunction (which is an exact eigenfunction for the non-interacting system) is simply

N

p=> {xlxi)- (1.61)

i=1
If we undertake in the usual fashion to find the orbitals x that minimize £ in Eq. 1.61, we find

that they satisfy the pseudoeigenvalue equations
hExa = eixi, (1.62)

where the Kohn-Sham (KS) one-electron operator is defined as

nuclei
PR L . s / ) 4 (1.63)
! 2 " p |r; — 1y r, —r
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and V. is a so-called functional derivative. As for determination of the KS orbitals, we express
them within a basis set of functions ¢, and we determine the individual orbital coefficients by
solution of a secular equation entirely analogous to that employed for HF theory, except for the

elements F),, are replaced by elements K, defined by

nuclei
1 Zy, p(r)
K, = —=Vi— +/ dr’ + Vel o). 1.64
The functional dependence of E,. on the electron density is expressed as an interaction
between the electron density and an "energy density" .. that is dependent on the electron

density:
Eyolp(r)] = / p(0)enclp(r))dr. (1.65)

The energy ¢, is always treated as a sum of individual exchange and correlation contributions.

The main thing is to find correct functional e,..

1.3 Basis sets

In ab initio calculations, MO (Molecular Orbitals) are used as a linear combinations of

atomic orbitals [14]:
M

‘Ijz' = Zcui¢ua (166)

7
where V¥, is i-th molecular orbital, c;; is expansion coefficient, M is a number of molecular
orbitals, and ¢, is v-th atomic orbital (solution for one-electron Schrédinger equation) or "basis

function". As a basis functions the STOs (Slater type orbitals) can be used:

(2<)n+1/2

@(ﬁ&@@hm@zf\fW

e Y0, ¢), (1.67)
where ( is the exponent, n - principal quantum number of the valence orbital; [ and m are the
angular momentum quantum numbers, and N is the normalization constant. As a basis func-
tions one can also use the GTOs (Gaussian type primitives or primitive functions of Gaussian
type)(further, we will talk only about the GTOs). They are written as:

gla,lymyn;x,y, 2) = Neor* glymn. (1.68)

Here N is a normalization constant; « is called "exponent"; z,y, z are Cartesian coordinates;

[,m,n are the integral exponents on Cartesian coordinates (not the quantum numbers). Here
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are examples of basis sets:

ls = Ne_c”"2,
2p, = Ne_O”Q:E,
2py = Ne*mﬂy,
2p, = Ne’“’"Qz,

3dy. = Ne_m2x2,
3dyy = Ne_mQxy,
3dy, = Ne"”ﬁxz,
3d,, = Ne=o""y?,
3d,, = Ne_aszz,
3d,, = Ne’a’"zzQ,
4free = Ne™*" %,
Afoay = Ne o 2%y,
Afpoy = Ne’o”gxyz,
dfpy. = Ne_o”"gxyz.

128a5 )1/4
3 I

For s-functions the normalization constant is N = (22)¥4 for p-function N = (1=

2048a”
973

N = (2%—20‘7)1/4. The general formula for the normalization constant is the following [15]:

(2034 (4a)
V= ( m ) V=112 — 1)I(2m — 1)

for d-function with repeated indices N = ( )14 and for d-function with different indices

l+m+n
2

. (1.69)

The sum of exponents related to Cartesian coordinates L = (I+m +n) are used also as the
orbital quantum number for atoms: for the s-function L = 0, for the p-function L =1 etc.

Gaussian primitives are usually obtained from atomic calculations. For this reason expo-
nents are varied till obtaining the minimal energy. For constructing MO these primitives are
used. This linear combination (contraction) is the basis function. As an example, for 1s orbital

of the Hydrogen atom one can use the combination of s-functions:

15 = 0.50907N; e~ 0123317 4 (. 47449 Ny~ 0453757
+0.13424 Nge™ 201330 1 0,01906 Nye~ 1330157, (1.70)

Here NV, is the normalization constant for a given primitive. This primitives in Eq. 1.70 can be

separated into two contractions:

—0.123317r2
¢1 = N1€ )

¢y = N(0.47449Nye 0453757 4 (013424 Nye 2013307 1 0. 01906 Nye 1330157, (1.71)
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where N is a normalization constant for all construction. In this case 4 primitives are contracted
to obtain the basis functions (this contraction is denoted (4s)—[2s| or (4s)/[2s]). The way of
choosing contractions depends on the system under consideration.

Usually basis sets are included in program software. However, at present the developments
are going on in the field of basis sets. One of the most popular base, where one can find the
basis sets for all atoms of the periodic table in format required for arbitrary software, is EMSL
Basis set Exchange [16]. Here is the example of basis set 6-311G for carbon ((11s,5p)/|4s,3p|)
taken from EMSL:

Shell exponent s - coeflicient p - coeflicient
S
4563.2400000 0.00196665
682.0240000 0.0152306
154.9730000 0.0761269
44.4553000 0.2608010
13.0290000 0.6164620
1.8277300 0.2210060
SP
20.9642000 0.1146600 0.0402487
4.8033100 0.9199990 0.2375940
1.4593300 -0.00303068 0.8158540
SP
0.4834560 1.0000000 1.0000000
SP
0.1455850 1.0000000 1.0000000

The primitives are represented as exponents and coefficients, starting from the biggest value.
It should be pointed out, that primitives in this example are normalized, because the s- and
p-coefficients for the basis sets equal to 1. From this example, it is obvious, that the orbital for

the 2p, can be written as:
bop, = 0.040ze 20904 1 0.238ze 4803 1 (.8160e 1 4 g 0487 4 g 014677 (1.72)

There is also one more way of writting the basis set which characterizes how many contrac-
tions has been used, for example TZV (triple-zeta valence). It means that there are 3 valent
contractions as in basis set 6-311G.

Polarization functions
Polarization functions are necessary for considering the displacement of the center of charge,
for example in highly polar molecules. They give to the wavefunction a big flexibility (account

of orbital polarization in molecule). The use of these functions allows to find more accurate
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geometries and vibrational frequencies. For this purpose the functions with the higher quan-
tum number are included into the basis set: d-functions for heavy atoms and p-functions for
hydrogen.

Diffuse functions
Very often the so-called diffuse functions are added to basis sets. Diffuse functions are primitives
with a small value of exponent, that is why they describe the wavefunction far away from the
nucleus. Diffuse functions are used for anions, possessing big electron density distribution.
Also, these functions are very useful for the description of interactions at large separations,
such as van der Waals interactions.

Ezample
Let us consider the notation of the basis set of Dunning [17| aug-cc-pVTZ: "aug” means including
diffuse functions, "cc’-tells about correlation-consistent basis set (the functions are optimized
for better work in correlation calculations), ”p” means that the basis set includes polarization
functions, and "VTZ” means, that valent orbitals are described by three contractions. For
the basis sets of Pople (see, for example, [18]) there exists another notation. The polarization
functions are included in a given way: 6-311G* or 6-311G** (or 6-311G(dp,p)). One star implies
additional d-functions (or d- and p- functions) for heavy atoms, and two stars mean additional
p-functions for hydrogen. Diffuse functions are designated as 7+ 6-3117G or 6-3117+G. One
plus corresponds to the inclusion of diffuse functions for atoms except hydrogen, and two pluses
- diffuse functions are added for all atoms.

1.4 Basis Set Superposition Error (BSSE)

The Basis Set Superposition Error (BSSE) was reported for the first time by Kestner [19] for
the Helium dimer and by Jansen and Ros [20] in 1969, for the protonation of carbon monoxide,
although the term BSSE was introduced by Liu and McLean in 1973 [21]. But it is still being
studied and reviewed.

BSSE is present in all molecular electronic structure calculations in which orbitals are ap-
proximated by expansion in terms of analytic basis functions centered on different points (usu-
ally the nuclei) that are dependent on the geometry of the system being studied. The error
arises when two chemical fragments, A and B, approach to form the AB supermolecule. The
description of fragment A within the complex can be improved by the functions of fragment
B and vice versa, while such extension is not possible in the calculation of the isolated frag-
ments. Consequently, in the process A + B — AB, the total energy decreases by two factors;
the stabilization of the system due to the fragments interaction and the improvement in the
individual atomic description. This second effect (BSSE) is an artifact, which causes an un-
physical overestimation of the interaction energy. These errors have been mainly discussed in
studies of weak interactions, such as van der Waals interactions, and more recently in studies

of intramolecular interactions [22,23]|. However, let us recall that A and B fragments can be
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atoms as well as polyatomic species, that is, the BSSE is also present in every chemical bond,
as well as it is in weakly bounded dimers.

The conventional way to correct for BSSE is based on the Boys - Bernardi |24] (counterpoise
(CP)) scheme. Using the CP correction scheme one has to recalculate the monomers in the
basis of the whole supermolecule for every geometrical arrangement. For example, in the case of
two interacting monomers A and B, the uncorrected interaction energy (AFE) can be calculated

AFE = Exp(AB) — E4(A) — Eg(B), (1.73)

where E4p(AB) is the total energy of the complex and E4(A) and Eg(B) are the total energies
of the monomers. In the following, we will use subscripts to denote the molecular species in
the energy expressions, while the letters in parentheses refer to the (composite) basis used in
the calculation. For example, E4(A) is the energy of monomer A calculated by using its own

basis set. The CP-corrected interaction energy can be defined as
AEY = E,p(AB) — EA(AB) — Eg(AB). (1.74)
Using Eqs. 1.73 and 1.74, one can define the BSSE content of the interaction energy as
6B95E — AF — AE°Y = E4(AB) — E4(A) + E5(AB) — Ep(B). (1.75)

Using Eq. 1.75, one can define the CP-corrected total potential energy surface (PES) of a dimer
as

E°Y = E43(AB) — 6595 = E45(AB) + EA(A) — Es(AB) + Ep(B) — Eg(AB).  (1.76)

According to Eq. 1.76, one has to calculate five different total energies at every geometrical
arrangement of the system to determine a CP-corrected PES. Of course, Eq. 1.76 can be gener-
alized to the case of an arbitrary number of subsystems, but the number of energy calculations

necessary to determine the PES increases enormously with the number of monomers [25].

1.5 Basis Set Incompleteness Error (BSIE)

It is known that in electronic structure calculations the basis sets are not complete. But
it is of interest to calculate the interaction energy in the CBS (Complete Basis Set) limit
(corrected for the BSIE). If to use the CBS extrapolation for the BSSE-uncorrected energies,
there is generally no monotonic convergence as is observed for BSSE-corrected ones [26]. But
when we consider the energy values obtained successively, the convergence is rather systematic.
Therefore, in the present work the BSSE-corrected energies were employed to obtain the CBS
limit. Moreover, for the good convergence of energies to the CBS limit we have to use also rather
large basis sets. For this purpose the aug-cc-pVXZ (X = 2(D), 3 (T), 4 (Q), 5, etc.) basis sets of
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Dunning [17] can be employed in our investigation. There are the CBS extrapolation schemes
of Feller [27]
EYF = BFfs + Beap(—aX), (1.77)

Truhlar [28]
E¥F = EfF + AX ™, (1.78)
B = g+ BX,

tot HF corr
Ecps = Ecps + Ecps;

Martin [29]
g (X +3/2)" o _ (X +1/2)* " (1.79)
(X +3/2)4 = (X +1/2)4 7 (X +3/2)4 — (X +1/2)4F
and Helgaker [30]
BF = BEL + Bexp(—aX), (1.80)

B = B + AX~,

tot HF corr
Ecps = Ecps + ECBs-

Here X is the cardinal number of the correlation-consistent aug-cc-pVXZ basis set; B | E5rr
and F% are the Hartree-Fock, correlation and total energy, accordingly; B, A and « 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. The calculation was carried out for the Hartree-Fock
energy and it was found that « is constant for the given sequence of X. For X = 2, 3, 4 a—ay
and for X = 3, 4, 5 a=as. So we reduced the number of points for the extrapolation of the HF
energy to two. The notation for the Helgaker’s extrapolation scheme, for example, "X = (3),
4, 5" means that a for the extrapolation of the Hartree-Fock energy was previously calculated
with aug-cc-pVXZ (X = 3, 4, 5) basis sets (a=as) and the correlation energy was extrapolated
using energies calculated with aug-cc-pVXZ (X = 4, 5) basis sets.

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 [26].

1.6 Finite-field method

The energy of an uncharged molecule being perturbed by a weak general static electric field

can be written in terms of the components of the field as [32,33]:

1 1 1
E(Fy, Fup, Fugyy--.) = E° — po Fy — 39asFas = 1 Qs Fagy = 755 PasysFass + -+ (1.81)
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1 1 1
—5%aplalls = SAapFalsy — cCaprsbasbhs — - BaprsFatpys +

_éﬁaﬁvFaFﬁFv - éBaﬂ,%FaﬂFw +o - i%tﬂvéFaFﬁFchs te

where F,, F,s, etc. are the field, field gradient, etc. at the origin. E° fia, Onp, Qag, and
®,3,5 are the energy and permanent dipole, quadrupole, octopole and hexadecapole moments
of the free molecule. The second, third and fourth-order properties are the dipole polarizability
(3, the first 8,5, and the second 7,35 hyperpolarizabilities, dipole-quadrupole A, -, dipole-
octopole E, g5, quadrupole C,g.5 and dipole-dipole-quadrupole B,g.s polarizabilities. The
greek subscripts denote Cartesian components and the repeated subscripts imply summation
over x, y, and z.

Dipole moment
In order to evaluate the dipole moment the finite-field method (implemented in Gaussian 03 [34],
Molpro [35], etc.) described by Cohen and Roothaan [37] was employed.

In the presence of only the field F,, (the component of the filed F' in the a-direction) the
Eq. 1.81 is significantly simplified:

1 1 1
EFa :EO_ aFa__aaF2__aaaF3__aaaaF4 1.82
(Fa) p 50aats = Ghacaly = 5y 7aa0aky + (1.82)
There are several techniques to obtain the dipole moment. The first technique is based on
the solving the system of linear equations (Eq. 1.82) for the set of different fields F,,. The

second technique is the one proposed by G. Maroulis [38]:

956D (Fy) — 40Da(2F,) + Da(4F,)
Mo = 180F,, ’

(1.83)

where

D, = (E(-F,) — E(F,))/2.

This formula eliminates the contribution of higher-order (hyper)polarizabilities and is more
accurate.

And the third technique is obtained by simply taking the first derivative of the energy E(F,)
(Eq. 1.82) by the external field F,, using the finite-differences [39|(the central approximation).
As a result we get the following 2-point expression (with errors of order F?) for the dipole

moment components:

E(Fa) _E(_Fa)

a= ) 1.84
0 o7 (1.84)
and the 5-point stencil formula (with errors of order F1)is the following:
—FE((2F,) +8E(F,) — 8E(—F,) + E(-2F,
o _ E(F,) + 8E(F,) ~ 8E(-Fy) + B(-2F,) s

12F,

Polarizability
The polarizability is the second derivative of the interaction energy by the external field Fy.
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The calculation formulas can be also obtained using the finite-difference method. The 3-point

finite difference approximation (with errors of order F?) gives

E(E,) — 2E(0) + E(—F,)
Qoo = — 7 (1.86)

67

and
__B(FaFy) ~ E(Fu,~Fp) + B(~Fu, Fy) + E(=Fa, =)
o AF, F, '

The formulas with errors of order F? are the following:

_E(2F,) + 16B(F,) — 30E(0) + 16E(—F,) — E(—2F,)
Qoo = — 12F2 R (187)

1
 600F, Fy

+63{E(_Fa7 _QFB) + E(_2Fa7 _F,@) + E(Fa) 2Fﬁ) + E<2Fa7 F,@)}

Oéag == — 63{E(Fa, —2F5) -+ E(QFa, —Fg) + E(—QFOH F/@) -+ E(—Fa, 2Fg)}

+44{E(2F,, —2F3) + E(—2F,,2F3) — E(—2F,, —2Fs) — E(2F,,2F3)}
HTA{E(—F,, —F3) + E(Fy, Fg) — E(Fa, —F,) — E(—F,, Fg)}|.

There is also the expression proposed by G. Maroulis in [38] for the a,, component that

eliminates the contribution of the higher-order (hyper)polarizabilities:

 10245,(F) — 808, (2F) + Sa(4F)
B 36072 ’

(1.88)

aOéOé

where

S = (2B(0) — E(E,) — E(—F,))/2.

It should be pointed out that both for the dipole moment and polarizability of interacting
molecules, one should account for the BSSE correction. This means that the single point energy
calculations with different applied fields should be carried out with 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 different amplitudes of the external field F'.
From these calculations we can find out the range of the amplitudes of the field where the
property under the investigation doesn’t change significantly with the change of the amplitude
F. The field from this range only can be used for the further calculation of the dipole moment.

Sometimes for different properties different amplitudes of the external field should be applied.

1.7 Frequency-dependent (hyper)polarizabilities

The response of molecules to static and dynamic (time- or frequency-dependent) perturba-

tions, e.g. external electric fields, is of great importance for a variety of fields. For example,
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the frequency-dependent polarizability, describing the linear response to an electric field, de-
termines optical properties such as refractive indices, dielectric constants, Verdet constants,
and Raman intensities, as well as dispersion coefficients of long-range intermolecular interac-
tion [40]. In particular the expression for the dipole expectation value can be used to define

the permanent dipole moment and the polarizability and hyperpolarizabilities:
Ha = ,Ug)) + OéagFg + ﬁag,ngF,y + .- (189)

The notation can be established by writting the formulas for the first three molecular response

functions [41]:

MS) _ Oéaﬁ(_wvw)F/B’ (190)
B = Bogy(—wsiwi, wa) FpF,
MS) = %,876(—6%; w1, w2, W3)F5FVF5'

The time-dependent field components are here taken to be the complex forms
F(t) = Fexp(—wt), p=1,23.. (1.91)

which combine in the nonlinear interaction to give an induced dipole component at the sum
frequency, > w,. The negative sign indicates an "output" frequency.

The most direct approach to the calculation of the time-dependent polarizabilities is to
apply standard time-dependent perturbation theory to the evolution of the wavefunction in the
time-dependent Schrodinger equation. The wavefunction is formally expanded in terms of the
complete set of molecular eigenfunctions (ground ¥, and excited states W,) and the solutions
are obtained in terms of matrix elements of the perturbation between these states and the
corresponding eigenvalues |41]. For example, the polarizability is a linear response function to
an oscillating electric field Fgexp ™" and is defined by the following expression:

Oéaﬁ(w) — Z <<\Ijolﬂa|\1/n><‘1;n|#ﬁ|\p0> <\IJO|MB|\I]n><\Ijn|Ho¢|\I’o>>7

1.92
hw+ Ey — E, —hw+ Ey — B, ( )

n#0

where the summation is over all discrete and continuous spectra (the sum-over-states method).
The main task here is to find a set of excitation energies F,, — Fy and matrix elements

(Vo|tta|¥y). The frequencies w should be far from any absorption frequencies.

1.8 Summary

In general, ab initio methods give good qualitative and quantitative results and can provide
better accuracy of calculations with decreasing of the size of system under investigation. The

advantage of ab initio methods is that they do not use any empirical parameters. We can
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distinguish the following law of increasing accuracy (for the methods described above) using a
middle size basis set:

HF << MP2 < MPA~CCSD < SAPT < CCSD(T) ~ CCSD(T) — F12 < CCSDT

However, it should be pointed out that this convergence is nonmonotonic. Here are the main
sources of errors in ab initio calculations:

1. Basis set superposition error (can be removed using CP-correction scheme)

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

3. Not full correlation (but CCSD(T) allows to account ~ 99% of correlation energy)

It should be pointed out that ab initio methods are of high computational cost. They

require a lot of time, big computational memory, CPU and disk storage.
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Chapter 2

(zeneral consideration

2.1 Potential energy

Throughout this Part the formulas are expressed in atomic unit system (e = m, = h =
1/4meg = 1, ¢ = 1/a). Let us consider a pair of two interacting molecules, A and B. If they
are far from each other, then we can neglect the electron exchange and, thus, the Hamiltonian
of the system becomes the sum of the Hamiltonian Hy = H{' + HE of free molecules and the

interaction Hamiltonian H’, which is a perturbation to Hy [31,32]:

1
H' = Z 6iAeiBRi_AliB - qB¢B - MfFf - ggaBﬁFaBiB -

1ALB

1
= R - SO (2.)

where the greek subscripts denote Cartesian components and the repeated subscripts imply

is the distance from the element of charge e;, in molecule

A to e;,, in molecule B; ¢, P and ©F are the charge (¢% = ZiB éi,), dipole and quadrupole

summation over z, y, and z; I; i,

moment operators for the B molecule; ¢ is the electric potential at the origin of molecule B

due to the instantaneous charge distribution of molecule A, and

Fy = =Vao”,
Fly = VoFf = =V, Vgo" (2.2)

are the field and the filed gradient operators. When an external field F” is applied to a pair of
nonoverlapping molecules A and B, the local field acting on B is the superposition of F° and
the field from the charge distribution of the A molecule. For example, the field F.? at the B

molecule produced by the A molecule has the form:

1 1 1
FP2 =F)— ¢"To+ pjyTop — geg‘vTam + EngTaM - ﬁég‘waTamga o (2.3)

41
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The gradients of the field
B 0 A A L4 L oa L -4
Fozﬁ = Faﬁ - q Taﬂ + Hey Ta/B’Y - ge)'yéTaﬂ’ﬂs + 1_59765T015’755 - ﬁq)'y(SapTaﬁ’ﬂsaP +o
1 1
Fayy = Fagy = 0" Tagy + 115 Tapys — §®§‘5Taﬂv§€ + BQ?WTaMw SRR
1

Fiiys = Fogys — 4" Tapys + 12 Topyse — g@ﬁpTaﬂwdw +

FaBin’mie = Fc(u)ﬁ'yée - qAT‘Oéﬂ”/é6 + NéTaﬂyéa@ T (24)

where Q4 and ®* are the octupole and hexadecapole moments of the free A molecule; T,5,. , =

VaVsV,..V,R™! is a tensor symmetric in all subscripts, and if there are repeated subscripts
the T equals to zero. Note, that T = T*P=(-1)" TP, where n is the order of the tensor. The

T tensor of order n is proportional to R~V where R is the module of the vector R directed

from the molecule A to the molecule B:
T=R",

To = —R,R*,
Tus = (3RaR5 — R*0,5)R°,
Topy = —3(5RoRsR, — R*(Ry6p, + Rpdye + Ry0up)) R,
Toprs = 3(35RaRgRy Rs — BR*(RyR3dys + RoR0p5 + RaRs0sy + RaR 65
+R5R500ry + B Rs605) + R (805015 + 0ar0p5 + as0sy) ) R,

Topysr = —15(63R,Rs R RsR, — TR*(RgR, Rs00s + RaRsR,0p, + RgRs R0,
+R,RsRy005 + RoRyRs0p, + Ry RgRs6., + RoRgRy0s, + RyRgR. 605 + RyRo R 0ps
+R,RoR30.5) + R R 04568, + R30usOr + Ryan0ss + Radyudss + Radoudys
+Ra0p1075 + Rabs,05, + Rs0p,00y + Re05,005 + Rs0aw0y + 305,00,
+R56.,005 + Ru0asOpy + Ru6ps0ary + Ruys0ap)) R,

Togyove = 15(693Ro RgR Rs R, R. — 63R*(R3R,R5R,0.0 + RoRRsR,0.5
+RoRsRsR,0., + RoRsR,R,0.5 + RaR3RRs0., + R.RgRyRs0ay + R.RoRs R, 03,
+R.R3R5R, 00y + R-RyRsR,005 + R-Ro R R50p, + R.RoR3Rs0,, + R.RoRgR. s,
+R.R,RsR\00s + R-R,Ro R 645 + R-R,RoRpdys) + TR (R, R5Sa0.p + RpRs000er

+R5R, 00025 + RsRu0p,00e + RaRud0c5 + RaRs0p,0cy + R5Rybandes + RoRybardes

+R3R5000 + RsRu0updoy + RyRy00p0es + Ry R50apbey + Ry R505,0c0 + RaRs05,04
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+RoR03,05: + RsRs0y00c + RaRs63,0-5 + RaR6y,025 + RgRy05000c + RaRy05,025
+RoR0,0ye + RsR0asbye + Ry Rebas0sc + RyRa0asbse + RaRy0s500e + RyRy03500e
+ R, Rolp50- + RaRpdys6,e + RyR36500e + RyRaby50p: + ReR00503, + ReRabusb-,
R R 00,035 + ReRay 055 + ReRplay0ys + ReRadgy0ys + ReRubs, 055 + ReRsbay6s,
+R.Ry05,00, + ReRs03,00y + ReR05,005 + ReRs01,005 + ReRadp,055 + ReRy0as0,
+ReRy63500n + ReRyb15005) — RY(00060ey + 00501005 + OanOas0ye + 000550 ac
00006082 + 050-600c + 05008y 0ae + 6av0a05e + Osu0ars05e + Ogu0arOse + OsyOapdye
010008052 + Gas0y0ye + 0350ar0ve + 6160a50,e) ) R, (2.5)

Here 6,4 is the Kronecker symbol, R, is the a-component of the vector R.

The interaction Hamiltonian can be written as a multipole series:
1 1
H' =Tq"q"” + To(a" 1 — 4" 1) + Tas(30" 055 + 547055 — 1ans)

1 1
+Topy (=g 8, — —¢PQd

1 AnB 1 BnA 1 A B
15 aBy 15 aBy glua @ﬂ'y + glua @ﬁ'y) + Taﬁ’Yé(g@a,@@'yé + - ) +oeee (26)

Using the perturbation theory one can obtain the energy of the pair of molecules being in
the states ¢, and ¢ (unperturbed states):

EYP = Ep + B+ (U, 00 [H 00,400,
0 0 0 0 2
|< nAwnB|H/’ JjA jB>|

_2/
(E7, — ED,) + (B}, — ED,)

T (2.7)

Here EY and E;  are the energies of free molecules A and B in the states ¢9 and ) ; X'
. . 0 0 .
is the summation over all unperturbed states ¢j, and ¢; . The first-order perturbed energy is
called the electrostatic energy:
1
A A(0) oA A(0) 2A
Bl = (0 0, |00, 00,) = —ul O — SO0 Fl

elec « 3

L SA0) 24 L~ A0) -4 L _A@©) 4
_1_59aﬂ'y Faﬁw - ﬁq)aﬁfyé afys %:‘aﬁ'yés afyée — T (28)

where pa® = (WO uals ), @2;0) = (¥9,1©45]¢0 ) etc. are the permanent dipole, quadrupole

etc. moments of the molecule A. If we put in Eq. 2.8 the expressions 2.3 for the electrostatic

energy we get:

1 1
Eal=Tq"q" + Tola"nd = a"13) + Tas(30"05 + 307055 — map5)
1 ANB 1 BNHA 1 ANnB 1 BQA
+Ta/3v(1_5q Qapy = 157 Qg — g”agﬁv + gHa 93,

1
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The second-order perturbed energy in Eq. 2 7 includes both induction and dispersion energy.

The sets of excited unperturbed states nB and w ]B, in which the matrix elements of
H' are diagonal in np and ng4, produce the induction energy EAB and the remaining excited
states produce the dispersion energy E;;‘lf; Thus,
(W0 ¥ [ H V5, 0 ng ' [¥n, 07,07
Eznd - Z (E]QA — EgA) - Z EQB _ EgB) Eznd + Emd (210)

Jja#na JB#nB

The induction energy of the uncharged molecule A being perturbed by the weak, static
electric field of the other molecule B can be written in terms of the components of the field
and field gradients as [32,33]:

Ejnig = =50t o Fy = Aa oo Finy = 115 EAﬂvaFAFﬂva 105 Datrse Fe e
_iHAﬂvéwFa Fipeg = = Caﬁw FopFs = 15 KapaseFan P
_T;NfﬁvéwFaﬁFvéw =SB, FAFR B - éBaﬁvaFAFﬁFﬁs

30M BW&FAFK?F%E 210Ga6 véw F§F75w
214%/3751?/411J FAFS —o 0 (2.11)

The second, third and fourth-order properties are the dipole polarizability a,gs, the first 3,4, and
the second v,4,s5 hyperpolarizabilities, dipole-quadrupole A, ., dipole-octopole E, s, dipole-
hexadecapole D, gs5¢, quadrupole Cyg3 5, quadrupole-octupole K3 +s¢, quadrupole-hexadecapole
Naogpsep, dipole-dipole-quadrupole B,g.s, dipole-dipole-octupole M,s.s. and dipole-dipole-
hexadecapole Gogs-, polarizabilities (see APPENDIX I for expessions for several polarizabil-
ities and hyperpolarizabilities). These molecular (hyper)polarizabilities describe the distortion
of the molecule by the external electric field and field gradient. The tensors awg, Bagy, Yasys
and O,4 are totally symmetric (that is, they are unaffected by interchanging suffixes), A, g, is
symmetric with respect to 3 and vy, E, g,5 is symmetric with respect to 3, v and 0, and Bag s
and C,p.4s in the pairs af and 9 (we can change § and « in one pair, and v and 0 in the
other pair). Analogously one can find the symmetry rules for the rest of polarizabilities. The
number of independent constants needed to describe the interaction energy with the external
field is determined by the symmetry of the molecule (see APPENDIX II).
The contribution to the induction energy from two molecules can be written as:

Eznd — (1 + '@AB)E

ind’

where 248 permutes labels A and B.
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The remainder of the second-order perturbed energy in Eq. 2.7 is the dispersion energy, and

YT s o LG
v JAF#nA (E]QA B EgA) + (EJQB - Egs)
JB#nB
0 0 | yALBO 0 0,40 |,,A, B0 /0
— — Z TﬁT§< TLAwnB|/’Laluﬁ| JA ]B>< ]Aw]B|M7M5 |¢”A "B>
' (B9, = BY,) + (EY, — EY,)

JjaFna
JBF#NB
L2 a,@T%f O 0 1Bl w0 ) (10 0 [HAOE — P[0 ¥ )
3 (BS, — E9 )+ (E° — E9 )
L1 aﬁwTaw< ma i 18 ©F, — e ©4, [U) W9 ) (W7, ) |14 ©F, — nfOL ¢, 45,)
’ (EY, — EQ,) + (EY, — EX,)
_ﬁ aﬂT755%0< Vs a5 100, 05, 0005, | OO 14,95, +- . (2.12)
’ (ES, — E9,) + (E%, — EQ,)

The expression 2.12 shows that dispersion energy varies as R~ for large R, and there are
also the contributions ~ R~7, ~ R~% and so on.

In order to simplify the equation for dispersion energy (Eq. 2.12) one can use the approach
of London [42], based on the Unsold (or, average-energy) approximation for the energy denom-
inators [43] of Eq. 2.12:

1 UAUE(1+ A)
(EJQA —Ep,)+ (EJQB —EY ) - (UA + UB)(E]()A _ E2A><E§)B — EgB), (2.13)
where [(UAL 4+ (UB)Y] = [(E®, — E° )" 4 (E°. — E° )1
8= S o el | (2.14)

(B, — B, + (B, — 11,)"
The approximation of London allows to express the dispersion energy in terms of the static
polarizabilities of free molecules. For this purpose one should neglect A and set U4 and U”
equal to fixed energies related to the states 19 , and wSLB. Taking this approximation into
account, Eq. 2.12 is rewritten as follows:
uAu®b 2
AB A B A 4B B 4A
Eaisp = TAUA L UP) [TaﬁTvéoémOéga + gTaﬁTwe(%yAg,ae — g Agse)
- 1l B a 2,4 B
+Taﬂ’YT5€<P (gaazgcﬂ’y,sga + gaaéCﬁw,E@ - §Aa,€<pA5,,8’y>
2 A
_§ aﬂT’yéaapA Af + } (2'15)

a6 Bep T

If 45 and ¢ are the internal ground states of molecules A and B, then U and U” may be
set equal to the first ionization potentials or to the lowest allowed excitation energies of A and
B.

One more approach to get the exact formula (and much more useful) for the dispersion

energy was proposed by Casimir and Polder [44,45]. In this approach the dispersion energy
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(Eq. 2.12) can be expressed in terms of the polarizabilities at imaginary frequency iw:

1 > . '
Eéqif;; = —%TagTya/o Ozév(zw)czgé(zw)dw

1 * : . : :
3T [ ok i) A (i)l i) A e )]
1 * : : : : 2 : :
_6_7TT045’YT5580/0 [&£6(2w>0ﬁ3'y,ap(lw) + C§7,5¢(2w>afé(lw) - gAﬁ,sgo (ZW)A(IS,BV(ZW)]CZW
1 - A . B .
+%TaﬁT’Y§Es@ 0 Aa,’yé(zw)Aﬁ,ago(Zw)dw o (216)

It should be pointed out that the concept of polarizability at imaginary frequency is better to
view merely as a mathematical construct.
In order to get the total energy of a pair of molecules one should carry out the summation

EAB — B2 + EP 4+ EAB + EAB 4 gD (2.17)

elec ind disp)

and the interaction energy of the pair of molecules is

AEAP = EAB  pAB 4 paB (2.18)

elec ind disp*

All dispersion energy formulas (Eqgs. 2.15-2.16) were obtained neglecting the effect of retar-
dation of dispersion forces (valid for kR < 1, k = w/c). For kR > 1 with R increasing the
leading term in dispersion energy goes as R~ [46] (for the region 1/k < R < ¢/T)

apir __ Beat0)e(0)

dispret — A R7 (219)

At finite T there is an interplay of retardation and temperature effects. For the region R > ¢/T
the leading term in the dispersion energy has the form [46]

1(0)a(0)

(0
AEZE (R, T) = —3kpT 5 ,

iSp

(2.20)

where kg is the Boltzmann constant.

Magnetic dispersion interactions.
Along with the electric interactions, the magnetic interactions also give contribution to the
interaction energy. Below, we consider the major types of magnetic interactions. For the de-
scription of such interactions the perturbation theory is used with the interaction (perturbation)

Hamiltonian written (for two interacting molecules in the ground electronic state) as [47]
H =" FA—m* . BA— P FP —mP . BP ... (2.21)

where m is the magnetic dipole moment operator for corresponding molecule and B is the

magnetic field operator. In the present work we will only evaluate the contribution of magnetic



Chapter 2. General consideration 47

interactions to the dispersion energy (we will not consider the angular dependence of the tensors
and will deal only with the isotropic values). The leading electric dipole interaction term will
give the Casimir-Polder expression (Eq. 2.16), while the pure magnetic dipole coupling will
give rise to the dispersion potential between two paramagnetically susceptible molecules. It
is considerably smaller in magnitude than the electric dipole-dipole interaction and has the

functional form:
- 1 = 4,—2uR _A(; 2 5 6 3
AEXX = - /0 duu®e A (i) X B (i )[1 + — e + e + AR + ik (2.22)
where u = iw/c and the isotropic magnetic dipole susceptibility at imaginary frequency is
defined as

= 12

x(iu) = g ; % (2.23)

Here |y, | is the transition magnetic dipole matrix element between the ground ¥y and excited
U, states of the corresponding molecule, E,o = E,, — Ej.

Eq. 2.22 is valid for all intermolecular distances R beyond the overlap of electron shells. It

is interesting to get the asymptotic behavior for this interaction energy in the far-zone (FZ)

(kR > 1) limit and near-zone (NZ) (kR < 1) limits. Thus, the pure magnetic dipole correction

to the London dispersion formula (Eq. 2.15) is expressed as

|m0n’ ‘msOP

AEX) = 2.24
N7 3c2R6 Z (E4, + EB) (2.24)
and o3
-X _ A B
AEY; = — = (0x"(0). (2.25)

Dispersion potential between an electric dipole polarizable molecule A and a magnetic dipole
polarizable molecule B is important when molecules with small electric dipole polarizability
interact with species having a large magnetic dipole polarizability.

The additional interaction energy to the dispersion energy for freely tumbling A and B is

in this case is expressed in form [47]

a 2 y 1 1
AE*™X = _@ Z o ( ) | krs [k2 R2? k4 R4] (226)
s, Er>Fs rs
2 1 1
22 Z 5( PQ)llL‘pq‘ pq[ 5o T4 4]
3¢ W, k e kqu
& k., k 1 2 1
d 6 —2uR qp [ i| )
351% A YT T2 + ) LR T e T iR

Here magnetic dipole susceptibility is defined as

<\110|ma|\1[5><\118|mﬁ|\1]0> <\D0|m5|\115><\1/8|ma|‘110>
« k) =
xes(®) =3 | Fy — ek + Fo + ek ]

_ Z 2E50<\110|ma|\1/8><\p5|m5|\1]0>
E2, — (hck)? '

(2.27)

s
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The above formula works for all R beyond the overlap of electron shells. The following asymp-
totic limits can be considered: far-zone and near-zone limits. In these limits for molecules being

in the ground electronic state the contribution to the dispersion energy takes the form [47]:

2
a—X __ A B |lu0q| |m30|

q,S

and .
ABG = ———a (0P (0), (2.29)

where the isotropic electric dipole polarizability of the A molecule is
‘No
“ (2.30)
Z E;?o

It should be noted, that the dispersion potential for this case is repulsive.

However, the results obtained are incomplete as we didn’t account for the diamagnetic
coupling term (—1/2)xB(BB)%  Let us consider the interaction between an electric dipole
polarizable molecule A and a molecule B that is diamagnetic. In this case the interaction
energy has the form [47, 48]

1 2 1

, 1 > k
Afo—dia _ ~A (2/(, B2 00/ duube—2uR on [ 931
972 zn: Fiou (")) 0 e (k2. + u?) Lu?R? i u3 R3 * utRAL (2:31)

where the electronic spatial extent for the B molecule
((a")*)* = (T |(¢")*97). (2.32)

This formula works for all R beyond charge overlaps. The asymptotic approximation yields the

near-zone energy shift

a—dia __ 00
AEN " = 187 CQR5 Z |iZo, Kno (2.33)
and far-zone energy shift
A 7
AEa—dza - A B\2 OO‘ 2.34
1 = =t 0)((6")?) (234

Let us now consider the interaction between a diamagnetic species and a magnetic dipole
susceptible body. In this case the energy shift is written as [48]

AEdm X — Z 00| _)0 ‘2/00 duu6e—2uR 1 9 5 6 3 ]
9mc "

kn .
(u? + k%) " Llu2R? My Y T Ry TR

(2.35)
The potential Eq. 2.35 is applicable for all inter-atomic/molecular separations beyond electron
overlap. In the far-zone limit the energy has the form

5 ()P (0). (2.36)

A Edia—x —
24n 3 R7
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The energy shift Eq. 2.35 vanishes for atoms in ground electronic state of S-type symmetry (for
example, for alkali-metal atoms).
Moreover, the dispersion interaction energy between two diamagnetic molecules is given

by [47,48|:
23

14473 RT
which has inverse 7th power law for all R.

A Edia—dia _ (@) ((¢")")™, (2.37)

Thus, the correction from the magnetic dispersion interactions to the London dispersion

formula (Eq. 2.15) is a sum of the contributions

AE™9 = Apdia—dia L AEX—X 4 Apo—dia L ARdiaTx 4 AFoTX, (2.38)

Relativistic corrections to the electric dipole interactions.

The relativistic effects are revealed not only at large intermolecular separations but at
shorter distances. Meath and Hirschfelder [49,50] obtained the multipole expansion for all the
terms of relativistic energy correction. The first terms of this expansion decrease more slowly
with R than the first terms of the nonrelativistic expansion. For example, for interaction of
two atoms in nondegenerate states, the expression for kR < 1 and with accuracy of the order
of a? has the form [46]

AE%® =

rel

Wy W,
R* RS
where « is the fine structure constant, and the first coefficient W, is expressed in terms of

] (2.39)

oscillator strengths and transition frequencies

1 A rB

Wy = - —2n0/m0__ 2.40
1Ty 2 EA + EB| (2.40)
n,m##0

It should be noted, that the relativistic corrections are positive, which leads to the reduction

of nonrelativistic dispersion attraction.

2.2 Dipole moment

In order to obtain the induced dipole moment of the A molecule being in the weak electric
field of the B molecule one should take the first derivative of the energy E4Z (Eq. 2.17) by the
external field F°. The electrostatic interactions (Eq. 2.8) give the permanent dipole moment,
the induction interactions (Eq. 2.47) give the contribution to the induction dipole moment
pindAB - Therefore, the total dipole moment u/Z is the sum of the permanent, induction and
dispersion dipole moments:

Ha = fig + g (2.41)
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/124 _ Mof ) + Mzoéndz + y/dzsp,z = Ha + y/dzsp,

where /fo(o) is the permanent dipole moment of a free molecule i, p"®* and pd*P* are the
induction and dispersion contributions to the dipole moment of the ¢-th molecule. The dipole

moment of the A molecule has the form (permanent and induction term):

A a(Ewg}ec + E’:?Ld)

Hoy = OF. = O 4 pind A = 2O 4l F Aa 5 Fi
L A 1 A LA
+ 15E ﬁvéFﬁvé + o 105 Da ﬂvéeFBwés + 945H BwiesoFﬂvﬁw o
L 1 1
5 Bain F5 B+ 3Blas Bl s+ + Sags 5 B+ (2.42)

For further consideration of the dipole moment, polarizability and hyperpolarizability we need

also the expressions for the quadrupole moment

O(E4.. + Ei 1
O = —3 ( o - ind) _ =05 + AL FA + 5 Boban P F 4 Cllg s Fis 00, (243)
octupole
oES.. + Ef
04y, =15 ( l&F b ina) _ O+ Ef g Ff + - (2.44)
afy
hexadecapole
oES.. + Ef
o, = 1052 dec — ina) _ By + Dlgs P+ (2.45)
afy
and tetrahexacontapole
O(E4 + EA
Ehgoe = 945 ( alF 6 ndl S+ HL g P+ (2.46)
af3yde

moments. Here the upper index (0) implies the permanent moment.

In order to obtain the induced dipole moment of the A molecule, we expand 7 using
equations for the field (Eq. 2.3), field gradient etc. Then the dipole, quadrupole etc. moments
from Eq. 2.3 should be also expanded using Eqs. 2.42, Eq. 2.43, Eq. 2.44, Eq. 2.45 and Eq. 2.46.
When necessary, we use expressions for the field and field gradients (Egs. 2.3 and 2.4) twice.
Thus, in the general case for neutral systems (both A and B molecules are uncharged) for

F’ = 0 we have the induction dipole moment of the A molecule (this formula is partially
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reported in Ref. [33]):

in, B(0) B(0
:u’adA = aaﬁ/’LB(O)T 3 aﬁ@ © Tﬁ'yé - 3Aa ﬂ'ylud( )Tﬁ'yé - 9Aa ,B'y@ )Tﬁ’y&

+ 115 aﬁQ'yst ﬁvés + 115 EAWSMEB (O)Tﬁﬁe + 105 aéﬁ 55(?; ,647?6@ - %Dé ,@755%( )T Brydee
__AA,MQ&;:)TM&@ + 415 L Aﬁ%@B o Tﬁvéw + ﬁaﬁﬁEﬂszﬁéﬁw
_%AAﬁv seon Tinaes — 31 =D 5:5:00 Tiie + 2;5 s 5y Tisei
9i5H A,B’y&ap y( )Tﬁ'y&xpu ﬁag Mf © (O)T%BTéB + Oéfg/if( )assT TAB
okl 04 LTI el Rl T - FALaap L, T LT
+o ﬁam% “”@B THPTAD — lBaﬁ S BOuBOTABTAS o (2.47)

3

The accurate dispersion contribution through the order R=7 to the dipole moment is written

as:
disp,A __ 8 dzsp _ 1 d 0.4 B T BTAB
Mo, - aFO FO:O__% w aﬁ’y( ) W, —iw )aéa(zw) 36
1 [ . .
—1—3—7T i defﬁﬁé(O;zw, —iw) o (zw)TABT e T (2.48)

Here (,4,(0, iw, —iw) and Bag.6(0; iw, —iw) are the first hyperpolarizability and a dipole-dipole-
quadrople hyperpolarizability at imaginary frequencies; B,s.s(0;iw, —iw) has dipole indices a
and (3, quadrupole indices v and §, and the frequency (—iw) is associated with the quadrupole
indices. The contribution to the induction and dispersion dipole moments from both molecules

is written as follows:
MzandAB_'_udzsp,AB (1—|—,@AB>( znd,A+Mdzsp, )

There is the same problem as with the dispersion energy: it is not easy to get the dynamic
polarizabilities at imaginary frequencies iw. But there exist two "constant ratio" approxima-
tions (for example, [51,52,67,68|), that allows to express the dispersion contribution to the
dipole moment in terms of static (hyper)polarizabilities. This approximation is limited in ac-
curacy because of the actual frequency dependence of the ratios. Let us consider the integral
with Gag,(0,iw, —iw) in Eq. 2.48. The first "constant ratio" approximation (CRA1) gives the
following formula:

/ g (3 —iw)ap(iw)dw = SAC’YB/ a8 (iw) o (iw) dw, (2.49)
0

where the "constant ratio" B .
i _ B (o, —iv)
aB (jw)

(2.50)
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doesn’t depend on the w, and the mean polarizability
1
AB _ AB A,B AB
a™? = g(%x + a7 +a”). (2.51)
One can evaluate the ratio by accounting for the approximation, that
gan _ Jo BP0, iw, —iw)dw

N R

(2.52)

In order to obtain S;O’CB one should use the Unsold approximation [43], that gives the following

expression for the (hyper)polarizabilities:

. 02
ap(iw) = ag(0) 3
, _ 02 302+ w?
Bapy (0, 0w, —iw) = Basy (0,0, 0)?m7
) ) 02 302 4+ w?
Baﬁf},(o, w, —ZW) = BQB’M&(O; O, O>?m (253)

Here € is the average excitation frequency for the molecule. Therefore, for the "constant ratio"

A,B
S 50, We have

2 202 2
o0 QA,B SQA,BJFW

525(0,0,0) 0 5" @ e

gAB _ Fapy (2.54)
Ba A,B o Q2
at5(0) 0 QF Af zdw
After taking the integrals over w, Eq. 2.54 is rewritten as:
AB
2 3.5.(0,0,0
gai _ 2Pa3,(0:0.0) (2.55)
¢ 3 atB(0)
The same can be done for the integral over w with B,z s(0; iw, —iw):
/0 Bféia(();iw,—iw)aff(iw)dwQS;&B/O o (iw) g (iw)dw, (2.56)
where B
2B 50;0,0
g _ 2 Bap20l0:0.00 (2.57)
3 atB(0)
Taking Eqs. 2.49 and 2.56 into account, Eq. 2.48 is written as follows:
, 1 584,.(0,0,0) o
Adisp __ af > ABmAB Aq: By
P = —§;A—(O)T55 T /0 o’ (iw)a (iw)dw
2 3;4575(0;0,0) ABAB [ A N B
%aA—(O)TﬂE TW(;/O o (iw)ag, (iw)dw. (2.58)

Let us consider the second "constant ratio" approximation [68] (CRA2) (further, we will
call it CRA2 as in original papers, in spite of the actual non dependence of ratios on w), that
gives the following relation for the integral with B,s,(0,iw, —iw) in Eq. 2.48:

A,B A,B
Iﬁa I

/ BE20, iw, —iw) g (iw)dw = ; / o’ (iw) o (iw)dw = gf—aOﬁ, (2.59)
O oo 0 (6707
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where

=2 / o (i) a (i) dov, (2.60)
0
and the "constant ratio"

A,B B,Ay-
I5, fo aﬁv (0, tw, —iw)ag " (iw)dw

2.61
Tna Iy oA (iw) o (iw)dw (2.61)
IA,B
Using Eqs. 2.53, we obtain the expression for the "constant ratio" Ii—o‘a in the form [69]:
A, A
15" B (0,0,0)a2"(0) [1 - §A1,Q} (262)
Loo a?(0)aB(0) 1+ A, '
where QO 0O
A== A=A 2.63
1 QA7 2 QB ( )
Analogously one can get the expressions for the integrals with Bags(0; iw, —iw):
/0 B 505 iw, —zw)aBA(zw)dw = i‘; §C (2.64)
Here e
Iy o, Bapns(0:0,0)az;"(0) [1 + %Am] (2.65)
La  a(0)aB(0) 1+ A, '

Thus, assuming that (24 = (g, the expression for the dispersion dipole moment contribution
from the both molecules A and B takes on the form (.s3(0) = «, Ba3,(0,0,0) = Bus, and
Baps(0;0,0) = Bagy6):
5TssT,.C 5T5.T,5C
disp,AB _ A BéLye6 A Bed pys6
to P [ s+ Bl g S6adal 25500, — Bls 50, TriadoB (2.66)
Having necessary properties of free molecules, it is not difficult to calculate the interaction-
induced dipole moment using suggested formulas. As the components of the properties (polar-
izabilities, multipole moments, etc.) are dependent on the orientation of molecules, in general

case, we have the dipole moment surface.

2.3 Polarizability

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 polarizabil-
ity surface for interacting atomic-molecular systems at large intermolecular separations [53-63].
In the framework of the long-range approximation [31,32], i.e. when the molecules can be rep-
resented as point objects but with their anisotropic electric properties being maintained, the

electric polarizability of two interacting molecules ozaﬁ is written as:

oAB A(O)

Ny = aa,@ +aPf op =y + ozB(O) + aZglA + a;’ng + adwp’ + Ozdwp’ , (2.67)
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where ozAéO) and afﬁ(o) are the permanent dipole polarizabilities of molecules A and B; a;"ﬁdA +
aZEj’B = ofanﬁd 4B and ozd“p 4 ozd“p — afgp A8 are the induction and dispersion terms of

the polarizability of interacting molecules. Induction effects on the polarizability of A results
from the field of the permanent moments and the static induced moments on B, while the
dispersion contribution to the polarizability depends on the field due to spontaneous, quantum
fluctuations in the charge densities of A and B.

The induction contribution to the polarizability of the A molecule o ﬂ belng the part
of the AB pair is found by differentiating £, by F and Fj with the use of Eq. 2.3 and

subtracting the permanent polarizability of the A molecule:

92F

A 'md o A(O) zndA

Qo = 8F08F0 b0y + o : (2.68)
Using analogous scheme for derivation the induction dipole moment of interacting molecules A

and B, we obtain for the induction polarizability of the A molecule:

ind,A A B(0
afxnﬁ - a'yT')/6 aéﬂ + 2)44,87 ABPJ © + g ’756 Aﬂ b AA '\1:5? b
1 1 AB, B(0 1 1 A AB _ B
+3 aﬁ'y 756 @(56 SBa,B 75T’y(55 He © + = 15 T’yésapEﬂ dep + 15E 'yésT'yéago B
1 4 Bo) 1 B(0
_§Aa, "/5690146 cp T 15 aﬁvTvéwQéw 9Baﬁ v véaw@ )
1
AB , B(0) . A
+ 15M 3, 'y&T’yéap/jJ@ + ﬁa T'y&apzzDﬁ depv 105D 'y&goT'yzSapu vB
1 A 1 A 1 B(0
_E a,yd 765<pVEB epv + 45E 'yéeT'y(SeapVAﬁ v + 45M B,vde 7554pu®
1 1 1
= B(O) , _~ B(0) B(0
105 Gaﬂ 75€@T75€<pwuv + 105 aﬁwTv&w depv 45 =B af, vf?T 56@11964;71/
+ad TPl TP ol + ol TP 8P TAP 2O + g2 ;TP POTAP B,
B0 TPl TP pd @ o (2.69)

The dispersion contribution oziiﬁsp “is determined by the shift in the dispersion energy Eg‘isp

for the pair in the presence of a static external field F:

. 0’FE
o =~ 5F ;F’;) L (2.70)
The contribution of dispersion to the polarizability of the interacting molecules in the present
work is calculated in the framework of the method [55] based on the fluctuation-dissipation
theorem [64,65]. In that case, restricting ourselves to the leading term ~ R~% the expression
for the dispersion contribution takes the form [66]:

isp,A . .
oy’ = T /0 . (i) (iw, 0, 0)dw, (2.71)

where a,,(iw) and 7Ys.qg(iw,0,0) are the polarizability and second hyperpolarizability at the
imaginary frequency iw.
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The contribution to the induction and dispersion polarizabilities from two molecules has

the form:
aZLﬁd’AB + oziigp’AB =(1+ L@AB)(QZL;’A + aiigp’A).
disp,i

Direct calculation of the dispersion contribution a, ;" using Eq. 2.71 is impossible due to
the absence of the vs5.03(iw, 0,0) values as functions of iw for the majority of molecules. The
dispersion contribution afgp & may be estimated, however, using “constant ratio” approximations
CRA1 and CRA2 (in the framework of the method [55] based on the fluctuation-dissipation
theorem [64,65]) analogously to the dispersion dipole moment. The first approximation CRA1
gives the following relation:

/ Yool (iw, 0,0)alA (iw) dw = S5 / a™P (iw)al (iw)dw, (2.72)
0 0

where the "constant ratio" is assumed to be independent of w:

A, .
Yool (iw, 0, 0)

StB = 2.73
Yo OzA’B (zw) ( )
One of the ways to estimate this ratio is to use the following approximation
o AB /-
a5 Jo 755’0/6(2@ 0,0)dw
Sia = (2.74)

I oA (iw)dw

This ratio is assumed, as in Ref. [59], to have the same relation to the static values of
’yg’fﬁ(O, 0,0) and a*#(0) as in the Unsld approximation [43]. In order to evaluate S:® one

should use the Unsold approximation for o and ~:

. Q
i) = 0 (0) 7=

Q60" + 30%w? + w?)
6(22 4 w?)3

YaBys (iwa 07 0) = 704676(07 O, 0) (275)

Then, S7;7 takes the form:
Yicap(0.0.0)

AB _
Sya 2048 (0)

(2.76)

Thus, accounting for Eq. 2.76 the expression 2.71 for the dispersion contribution aiigp A8 from

the both molecules A and B can be rewritten as follows:

adisp,AB _ lTABTAB [WQQB(O, 0, O)any 753045(07 07 0)0777] (2 77)
of 2770 Ten a4(0) aB(0) ’ .
where
1 o0
D, = — Aliw)a® (iw)d
"= o/, o (iw) oy, (iw)dw,
1 o
Copy = — aB(iw)ozj;{f(z’w)dw. (2.78)

2 Jo
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Let us consider the second (CRA2), more correct approximation, that accounts for the

frequency-dependent weighting of v-tensor values for one molecule by the « of the other. It

provides
00 [A,B 00 ’ﬂ'IA’B
/ Voo (iw, 0,0)a A (iw)dw = 2L / a8 (iw)a P (iw)dw = 3[1“3 Cs, (2.79)
0 ad 0 ad
where the "constant ratio"
oo A, . .
[;;‘C;B _ o %Efﬁ(zw, 0, O)Q%A(zw)dw (2.80)
I25P I oA (iw) o (iw)dw
Using the same Unséld approximation (Eq. 2.75) we obtain the following expression
[,;4023 _ Wi’fﬁ(o, 0, O)a%’A(O) /OO QAQB(GQ‘XB + 39,24,3‘”2 + w4)dw/ /°° Q405 o
Ipve 6a4(0)a?(0)  Jo  Qap(Qhp+w?)?(Qp 4 +w?) o (Q+w)Qf+w?)
(2.81)
which after integration is rewritten as
A7
Li”  %52a5(0,0,0)a74(0)(6 + 8A1, + 3A7,) 2.6
JAB 6a4(0)aB(0)(1 + Ay 2)? '
Assuming that (24 = g, constant ratio takes on the form:
A8 1748 (0,0,0)aB:4(0
Yoo 76sa6( ) ny ( ) (283)

JAB 2404(0)aB(0)

ax

Therefore, accounting for Eq. 2.83 the expression for the dispersion, contribution aiigp A8 from
both molecules A and B is written as:

ABmAB
disp,AB __ 177TT76 Tr] Cs

A B B A
%5 = Taaa()ar(o) ees(0 00+ %5as(0,0,0)az,). (2.84)
Further calculation of aiigp AB i not difficult, as the imaginary frequency-dependent polar-

izabilities a(iw) are known for the majority of small molecules.
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The CH4-No van der Waals complex
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In gaseous media containing Ny and CH,4 molecules there are both collisional and weakly
bound van der Waals complexes. At present, collisional CH4-No complexes have been investi-
gated in some experimental and theoretical [52,70-76] works, but there is comparatively little
information about the weakly bound van der Waals complexes [77,78|. The CH4-Ny complex
is of particular interest in astrophysical applications [79,80]. For example, the most abundant
compounds in the atmosphere of Saturn’s satellite Titan are the Ny (94 %) and CHy (2~ 5 %)
molecules |72,73,76,81-88,88-92|. The low temperature of Titan (the temperature ranges from
70 to 100 K [83]) and relatively high pressure (1.5 bar) favor the formation of the CH4-Ny van
der Waals complexes in stable configurations. In particular, van der Waals complexes CH4-Ny
could manifest themselves in non-resolved diffuse contours of collision-induced absorption spec-
tra of the molecules CH, and N,. In the present work we consider the molecules CH, (*A;)

and Ny ('X}) in their ground electronic state.
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Potential energy

One of the most important characteristics of the complex is its potential energy surface (PES).
Earlier, the PES of the CH4-No complex was investigated only in two works [77,78|. In a
pioneering work [77] this PES was obtained by self-consistent field calculations and Monte Carlo
simulations. But it is worth noting that the basis sets employed are not large enough for the
description of the interactions in van der Waals systems. Moreover, the basis set superposition
error (BSSE) and the basis set incompleteness error (BSIE) were not taken into account. The
calculations in Ref. [77] were carried out for 6 geometries of the complex and among them
the most stable geometry was found. Recently, M. Shadman et al. [78] obtained a PES of the
complex calculated at the second-order Mgller-Plesset (MP2) level of theory with BSSE and
BSIE corrections. The BSIE correction in this work was accounted by means of calculations
with aug-cc-pVXZ (X = 2, 3, 4) [17] basis sets. But it should be noted that the aug-cc-pVQZ
basis set gives results which are generally still too far from convergence for many weakly bound
complexes. The MP2 method accounts for the electron correlation and is the most simple one
required for the description of such systems. The calculations in Ref. |78] were carried out for a
wide range of intermolecular distances R (5.0—20.0 ag) for 12 geometries of the complex. The
large step (0.5 ag) used in the vicinity of equilibrium separation results in significant errors in
the evaluation of the binding energy of the complex. In [78] the authors also found (among
the investigated geometries) the geometry corresponding to the deepest potential well. But it
draws attention that the stable configurations found in [78| and in [77] are different. It should
be noted, that all these calculations |77, 78] were carried out in the approximation of rigid
interacting molecules. But, in reality, the molecules in the complex undergo distortions while
interacting with each other.

At present it is known, that the most suitable method for calculating the energy of complexes
is the coupled cluster method with singles and double excitations and noniterative correction to
triple excitations (CCSD(T)). But the MP2 method can also be used as a compromise between
accuracy and computational costs. However, there are no calculations for this complex at the
CCSD(T) level of theory. In this work we have carried out the PES calculations both at the
MP2 and more advanced CCSD(T) levels of theory. The main object of investigation in this

work is the van der Waals CH4-No complex and its stable configurations.

29
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3.1 Coordinate system

In the present work, for the description of the complex a Cartesian coordinate system was
used (see Fig. 3.1). The origin of this coordinate system is placed on the carbon atom of
the methane molecule. The vector R is directed from the carbon atom to the center of Ny
bond length and has the components (R, 0, 0). The rotation of the methane (A) molecule
in this coordinate system is determined by 3 Euler angles: 1) rotation of angle x4 around
the z-axis; 2) rotation of angle 84 around the y-axis; 3) rotation of angle ¢4 around the z-
axis. The rotation of the nitrogen (B) molecule can be discribed by 2 additional Euler angles:
1) rotation of angle 05 around the y-axis; 2) rotation of angle ¢p around the z-axis. The
initial position of the molecules in the CH4-Ny complex, corresponding to the Euler angles
XA = 04 = o4 = 0 = pp = 0°, is presented in Fig. 3.1. In this figure the axis of the Ny
molecule is parallel to the z-axis in the coordinate system of the complex and the CHy 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, ¢) and (-c, ¢,-c), where ¢ = 7oy /V/3.

F1G. 3.1 - Coordinate system of the CHy-Ny complex

The geometries of the monomers CH, and Ny were optimized at the CCSD(T) level of theory
using the aug-cc-pVTZ correlation consistent basis set. The equilibrium bond lengths (r.) and
bond angles for the CHy molecule were found to be rcy = 2.0596 ay and 6. = 109.4712° (the
angle for a tetrahedral molecule) and the bond length for the Ny molecule is ryx = 2.0864 ao,
which are in a good agreement with the values deduced from the experiment (rcg = 2.0498 ag
[93], rvn = 2.0742 ag [94]).

3.2 Potential energy surface

The calculations were carried out for the set of configurations of the CH4-Ny complex (some
general configurations are presented in Fig. 3.2) which can be characterized by 5 Euler angles
X4,04, 04,0 and pp. For these configurations the value of R has been varied within the range
5.67 — 189.0 ag. This choice of distances covers both the long range attractive and short range

repulsive regions of interaction in the CH4-Ny complex.
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Fi1G. 3.2 - Geometries of the CH4-No complex

(1) @) v o5
¢ < 3
& Fe  d oo
S ¢
) 5) ©

TAB. 3.1 - Equilibrium distance R. and interaction energy AE(R,) for different configurations
calculated at the CCSD(T)/aug-cc-pVTZ level of theory with BSSE correction. All angles are
in Deg.

Configuration XA 04 ©A Op YB R., ag AE(R.) (nEp)
1 90 45 t 90 0 8.81 -412.251
2 45 90 0 0 7.26 -566.445
3 45 t 90 0 8.01 -369.226
4 0 45 t 0 6.84 -675.375
5) 90 45 t 0 0 8.11 -291.741
6 0 45 90 90 0 8.43 -319.591

Here t — (180/7)arcsin(1/v/3).

In general, we have calculated 800 points on the PES at the CCSD(T) level of theory and
1000 points at the MP2 level (the coupled-cluster results are presented in Appendix V). The
interaction energy AFE as a function of the intermolecular distance R for 6 major configurations
of the complex (Fig. 3.2) is plotted in Fig. 3.3. In Table 3.1 we present the equilibrium distance
R. and interaction energy AE(R,) for these configurations calculated at the CCSD(T)/aug-
cc-pVTZ level of theory with BSSE correction. It is seen from Fig. 3.3 and Table 3.1 that
the potential well corresponding to the configuration 4 is the deepest one which is in a good
agreement with [77]. But there is a discrepancy with the results from [78] where it was found
that the deepest potential well corresponds to configuration 1-C, which can be obtained from
configuration 4 by rotation of the Ny molecule of angle 30° around the x-axis. Thus, to clarify
the situation we have investigated the most stable configurations of the CH4-No complex in

more detail (see next Section).

Moreover, some additional analytical calculations of the interaction energy surface of the
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F1G. 3.3 - Ab initio calculations at the CCSD(T)/aug-cc-pVTZ level of theory with BSSE cor-
rection of interaction energies of the CHy-No complex in different configurations (the numbers

1-6 are the numbers of the configurations from Fig. 3.2).

AE | E,

complex for large R have been carried out for the comparison of the ab initio theoretical
methods used in this study. According to Eq. 2.8, 2.47 and 2.12 the contribution to the
interaction energy AFE of the complex CH4-Ny (taking the symmetry of molecules into account:
@ﬁﬁ = Qfﬂ7 = fﬁv = AP, =DJ gy = 0) at large intermolecular separations restricting
ourselves to the order R~" is determined by electrostatic and dispersion interactions:

AE = E58, + BB (3.1)

disp

with the electrostatic energy

1 1
Eﬁi = _EQSﬁgﬁéuTaﬁ’Y&/ + EQgﬁcbﬁéygTaﬁ'ydus (32)
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F1G. 3.4 - R-dependence of the interaction energy (in decadic logarithmic scale) of the CHy-No
complex in configuration 4. Solid line - calculation using analytic formula (3.2); squares - ab
initio calculation at the CCSD(T)/aug-cc-pVTZ level of theory with BSSE correction; circles -
ab initio calculation at the MP2/aug-cc-pVTZ level of theory with BSSE correction.

100 5

10

|AE| / uEy,
mi

0.1 5

R/a

and dispersion energy

1

Ejigy = _%TaﬁTy(S/O g (iw)as(iw)dw

TosTou (0o, Al sy — A 0ay)- (3.3)

The imaginary frequency-dependent polarizabilities were obtained from the values of ex-
citation energies and oscillator strengths reported in Refs. [98] and [99] for the CH4 and Ny
molecule, accordingly. The values of the molecular parameters used for the analytical calcu-
lation of the interaction energy AE by Egs. 3.2 and 3.3 are listed in Table 8.2 (see Appendix
IV). The leading terms in Egs. 3.2 and 3.3 are Q%04 and aa® (~ R7®). Particularly, for
configuration 4, which has the deepest potential well, the interaction energy of the CH4-No

complex takes the form (R is in ay):

107.61E,ad  95.73Eha
RS * RT
The analysis of Eqs. 3.1-3.3 shows that the contribution of dispersion interaction to AE is

AE = — (3.4)

the most important. More precisely, the contribution to the leading term in Eq. 3.4 of disper-
sion interaction is —91.95Ea5/R®, while the contribution of electrostatic interaction is only
—15.66 Eal/RS. Tt should be noted that analytical Eqs. 3.1-3.3 describe very well the interac-

tion energy of the complex at large R. Indeed, the analytically calculated averaged value of the
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dispersion coefficient Cg = 97.26 Ehag is very close to the calculated one Cg = 96.92 Ehag in
Ref. [98]. The calculated ab initio interaction energies AFE for configuration 4 at the CCSD(T)
and MP2 levels of theory and the analytical AFE are plotted in Fig. 3.4 in decadic logarith-
mic scale (logig, only the scale is logarithmic, the values are the standard: 10 < R < 40 ay,
0.01 < |AFE| < 100 pE}y, ). The coefficients Cg, C, etc. for the configuration 4 will be deter-
mined later using nonlinear least-square fitting (see Chapter 3.4). The figure 3.4 shows that
the CCSD(T) level of theory provides better agreement with the theoretical dependance of the
interaction energy at long-range intermolecular separation R than the MP2 one.

Moreover, there is an interest to check the SAPT method on the CH4-Ny complex, as it is
less time and CPU consuming in comparison with the CCSD(T) method. The results of the
calculations at the CCSD(T)(BSSE is accounted) and SAPT methods (both HF and DFT)
with aug-cc-pV'TZ basis set for configurations 1 and 4 are presented at Fig. 3.5. The Fig. 3.5
shows that HF-SAPT method better describes the whole interaction potential energy of the
complex under investigation (for each task there are different grid points for the calculation)
than the DFT-SAPT method (the most commonly used functional PBEQ and B3LYP were em-
ployed). This can be explained by the fact, that the use of the approximate exchange-correlation
functionals for construction of the mono-electron potential in the DFT theory (employed as a
starting point in DFT-SAPT calculations) gives no guarantee that the approximation used
contains subtle effects for proper description of dispersion forces. There is a difference (~ 2-3
%) between the values obtained at the CCSD(T) and SAPT calculations. Therefore, if the
accuracy of HF-SAPT calculations is acceptable for an arbitrary purpose, one can use these
methods for the calculation of the whole PES of this complex. One of the advantages of the
HF-SAPT method is that it provides the contribution of each type of interaction (Ejna, Edisp,
etc.) separately. The induction and dispersion contributions to the energy for configuration
4 of the CH4-Ny complex calculated using the HF-SAPT method and analytical expressions
Eqgs. 3.2-3.3 are plotted at Fig. 3.6. A small discrepancy between the results obtained at
the HF-SAPT method and using analytical expressions could be due to the fact that we have
accounted in Eqgs. 3.2-3.3 only for the terms up to R, while the HF-SAPT method accounts
also for higher-order terms.

Generally, the interaction energy not only depends on the intermolecular separations R
but also on the mutual orientation of the CH, and Ny molecules in the complex. Fig. (3.7)
illustrates the dependence of the interaction energy of the complex on the angles 4 and 6.
While computing, all other geometric parameters were kept constant as in the equilibrium

geometry 4.
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3.3 Potential energy of the most stable configuration

In this Section, to solve the problem of finding the most stable configuration, we have accu-
rately investigated the configuration 4 from Ref. [77] and the configuration 1-C from Ref. [78§].
For this purpose we have carried out the calculations of the interaction energy of the CH4-No
complex versus the angle 7 (Fig. 3.2) of which the Ny molecule rotates around z-axis in the
CH4-N3 complex. The configurations of the complex obtained by rotation of the angle 7 will
be designated by C,. Note, that at 7 = 0° we have the geometry 4 (or geometry Cy) and the
rotation of Ny of the angle 7 = 30° corresponds to configuration 1-C (or geometry Csg). There
is the following relation between the new angle 7 and Euler angles: the rotation of angle 7

corresponds to the rotation of Euler angles g = 7 and pp = 90°.

TAB. 3.2 - Interaction energies AE (in pnEy) calculated at the CCSD(T) level with aug-cc-pVTZ
basis set with BSSE correction for configuration C. (T = (° —30°).

7 (Deg)
R, ag
0 5 10 15 20 25 30

6.43 -544.22 -544.21 -544.19 -544.15 -544.11 -544.08 -544.06
6.61 -641.73 -641.72 -641.70 -641.68 -641.65 -641.63 -641.61
6.71 -664.45 -664.44 -664.43 -664.41 -664.38 -664.37 -664.35
6.80 -674.40 -674.39 -674.38 -674.36 -674.34 -674.33 -674.31
6.90 -674.37 -674.37 -674.35 -674.34 -674.32 -674.31 -674.30
6.99 -666.58 -666.57 -666.56 -666.54 -666.53 -666.51 -666.51
7.18 -634.68 -634.68 -634.67 -634.66 -634.65 -634.63 -634.63
7.34 -589.71 -589.71 -589.70 -589.69 -589.67 -589.67 -589.68
7.56 -538.87 -538.87 -538.86 -538.85 -538.84 -538.84 -538.84
8.50 -305.27 -305.27 -305.27 -305.27 -305.27 -305.27 -305.27
9.45 -164.84 -164.84 -164.84 -164.84 -164.84 -164.85 -164.85
10.39 -91.51 -91.51 -91.51 -91.51 -91.51 -91.51 -91.51
11.34 -53.21 -53.21 -53.21 -53.21 -53.21 -53.21 -53.21
13.23 -20.45 -20.45 -20.45 -20.45 -20.45 -20.46 -20.46
15.12 -9.00 -9.00 -9.00 -9.00 -9.00 -9.00 -9.00
17.00 -4.37 -4.37 -4.37 -4.37 -4.37 -4.37 -4.37
18.90 -2.29 -2.29 -2.29 -2.29 -2.29 -2.29 -2.29

Calculations of AE for configuration C, (7 was varied from 0° to 30° by 5°) of the CH4-No
complex at the MP2 and CCSD(T) levels of theory were carried out. The chosen range of
angles 7 is enough to describe the nonequivalent configurations of the complex in accordance
with its symmetry. The calculated interaction energies AE at the CCSD(T) level of theory
with the aug-cc-pVTZ basis set using the BSSE correction are presented in Table 3.2. The

BSSE correction is the same for all configurations C,.. It is seen from the table, that for
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all R and 7 the difference in AE does not exceed 0.16 pFEj (~0.04 cm™!) (the convergence of
CCSD(T) calculations is 1077 E},). As the difference in AE is less than any energy in the ground
vibrational state of the CH4-Ny complex, all configurations C; should be considered as a family
of the most stable configurations of the complex. From this point of view, configuration 4 from
Ref. [77] and configuration 1-C from Ref. [78|, which belong to the family of configurations C;,
are both the most stable.

Note also that the difference in interaction energies for configuration 1-B (in our notation,
configuration Cy) and configuration 1-C (or configuration Csg) obtained in Ref. [78] at R = 6.5
ag is 203.03 pEy, which is in disagreement with our previous statement. That is why we have
carried out additional calculations of the interaction energy of the CH4-Ny complex being in
these configurations with the same geometric parameters and level of theory (MP2 level with
BSSE and BSIE corrections) as in Ref. [78]. The results of the calculation are presented in
Table 3.3. Tt is seen from the table that in this case the values of AFE for the both configurations
practically coincide for Martin’s and Helgaker’s methods accounting for BSIE when the larger
basis set is used. The larger is the basis set, the closer are the extrapolated interaction energies
using different extrapolation methods.

It should be noted that the same behavior of the interaction energy AFE is obtained when
calculating it with the use of analytical Eqs. 3.1-3.3. The analysis of these expressions shows
that the coefficients in Eq. 3.4 are constant for all angles 7, and, as a result, analytical interaction
energy does not depend on the angle 7.

One of the important criteria of the complex stability is its binding energy (BE). In order
to accurately evaluate BE one should account for the BSSE, BSIE corrections and correction of
the nonrigidity of the molecules in the complex. To obtain the BSIE correction, the calculations
were carried out at the MP2 and CCSD(T) levels of theory (with BSSE correction) using four
CBS extrapolation schemes Eqs. 1.77-1.80. The nonrigidity correction AF,, was accounted
by substracting the binding energy calculated in the CBS limit for configuration C3y with the
rigid molecules from the BE in CBS limit for the fully optimized (at the MP2/aug-cc-pVTZ
level of theory) configuration Czy. The parameters of the rigid and nonrigid complex being
in configuration Csy are given in Table 3.4. The total binding energy of the complex can be
calculated as follows:

BE = BE, + ABSIE, + AE,,, (3.5)

where BE, is the binding energy of the complex with rigid molecules, calculated without the
BSIE correction; ABSIE, is the BSIE correction for the case of rigid molecules; AFE,,, is the cor-
rection on the nonrigidity of the molecules in complex to the BE. In Table 3.5 the contribution
of different corrections to the total BE of the complex being in configuration Cs, is presented.
As it is seen from the Table 3.5, the BSSE correction gives the biggest contribution to the BE
and the nonrigidity correction is higher than the BSIE one. Tables 3.3 and 3.5 show that the
closest energies are obtained when Martin’s and Helgaker’s extrapolation schemes are used.

But the convergence of the interaction energies to the CBS limit is better for the Helgaker’s
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extrapolation scheme due to the separate extrapolation of the HF and correlation energies.
Finally, the calculated values of BE at the MP2 level of theory with aug-cc-pVXZ (X = 3, 4,
5) basis sets are the following: -938.520 pE}), for Martin’s extrapolation scheme (Eq. 1.79) and
-942.373 pE), for Helgaker’s scheme (Eq. 1.80). These values can be improved by replacing
BES{BS — BE,+ABSIE, in Eq. 3.5 calculated at the MP2 level of theory by BEC5 calculated
at the CCSD(T) level (with aug-cc-pVXZ basis set, where X = 2, 3, 4). Thus, the recommended
values of the binding energy of the complex are: -820.536 pFE) for CBS extrapolation scheme
of Martin and -827.143 p L), for CBS extrapolation scheme of Helgaker.

It is also of interest to investigate the BSIE effect on the interaction energy AE(R) of
the complex being in the most stable configuration, for example, for configuration 4. In the
calculations, the BSIE correction was carried out using the CBS extrapolation schemes of
Martin and Helgaker Eqs. 1.79-1.80 as we believe them to be more reliable. The results of
the calculations at the MP2 and CCSD(T) levels of theory are presented at Fig. 3.8. We have
investigated the convergence of interaction energies to the CBS limit for the MP2 (X = 2, 3, 4,
5) and CCSD(T) (X = 2, 3, 4) levels and found out that the CCSD(T) level with aug-cc-pVXZ
up to X = 4 is enough for the evaluation of the interaction energy as there is good convergence
to the CBS limit; as for the calculation at the MP2 level with aug-cc-pVXZ up to X = 5 there
is high convergence to the CBS limit. The Fig. 3.8 shows that the CBS limit for the MP2
level is too far from the CBS limit for the CCSD(T) level of theory and it overestimates the

interaction energy.

3.4 Analytical representation of the interaction potential

of the most stable configuration

For some applications there is a particular interest in the analytical representation of the
interaction energy AFE. With the help of this analytical function one can easily calculate, for
example, the second virial coefficient Bo. In the present work, for the most stable geometriy Cy,
we used the simple but popular Lennard-Jones potential and the more correct modified Esposti-
Werner potential [95]. In our work all parameters for these potentials were fitted using the
Mathematica software [97] for nonlinear least-square fitting. The best-fit curve is often assumed
to be that which minimizes the sum of squared residuals. This is the (ordinary) least squares
approach. However, in cases where the dependent variable does not have constant variance
a sum of weighted squared residuals may be minimized. Each weight should ideally be equal
to the reciprocal of the variance of the observation, but weights may be recomputed on each
iteration, in an iteratively weighted least squares algorithm. In Mathematica the weighted least
squares are implemented.

The fitting was done for the Lennard-Jones potential

AE(R) = 4e l(%)u . (%)6] (3.6)
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to 42 ab initio points, calculated at the CCSD(T)/aug-cc-pVTZ level of theory (with the BSSE
and without the BSIE correction), with a satisfactory agreement. In Eq. 3.6 € and o are the
depth of the the potential well and the effective interaction diameter (the distance at which
the potential is zero), respectively. The fitting parameters are defined as o = 6.01868 ag and
€ — 645.782 pFE}, (the estimated error variance in the fitting is 1.41 - 1073).

A better agreement was obtained by fitting to the same ab initio data for the Grimme-
Esposti-Werner potential (we have combined the short-range potential of Esposti-Werner [95|

and long-range potential of Grimme [96]):

3 10
, 1 C.
— exp—“R—FRo) R “i
AE(R) = exp 7N "R (o > 2 (3.7)
=0

= =6

where s is a global scaling factor (in our work it is set to 1.28); Ry is the sum of van der Waals
radii of interacting species. In the approximation that we have point interacting molecules (we
consider the long-range dispersion interactions neglecting the shape of the molecules), we have

estimated the van der Waals radius RE? B for each molecule through the molecular polarizability:

R = %(O/‘:B)é. (3.8)
For the molecules CH, and Ny we obtain R§ = 3.44 ap and REY = 3.04 ay.

All fitting parameters a, b, g; and C; obtained using Levenberg-Marquardt method for the
suggested potential Eq. 3.7 are presented in Table 3.6. The estimated error variance in our
fitting is 4.56 - 107, We should point out that the fitting coefficient Cs—107.327 Ej}, - af is very
close to the one calculated analytically using Eq. 3.3 (Cs=107.61 E}, - af).

Fig. 3.9 illustrates the efficiency of the analytical interaction potentials Eqs. 3.6 and 3.7
in comparison with the ab inito interaction potential. It is seen that potential Eq. 3.7 better

describes ab initio calculations.

3.5 Frequency calculations

In this study we have calculated at the MP2/aug-cc-pVTZ level of theory the harmonic fre-
quencies (Table 3.7) for a set of the most stable configurations C,. In Gaussian [34] harmonic
vibrational frequencies are computed by determining the second derivatives of the energy with
respect to the Cartesian nuclear coordinates and then transforming to mass-weighted coordi-
nates. This transformation is only valid at a stationary point. It is seen from Table 3.7 that the
frequencies, except for the lowest one, are changing slightly for these configurations. Here, the
modes from 1 to 5 are the intermolecular, the modes 6-10 and 12-15 are the vibrational modes
for the CH4 molecule and the 11th mode is the vibration of the Ny molecule. As the symmetry
of the CH4 molecule in the complex becomes lower due to the deformations, its degenerate

vibrational energy levels are splitted. For this reason all vibrational modes of CH, and Ny
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molecules in the complex are IR active. In the CH4-Ns complex there are vibrational frequency
shifts Aw = W™ — w™ (here, w™" and w®™ are the harmonic frequencies of the monomer
and of the complex, respectively, calculated at the MP2/aug-cc-pVTZ level) which are pre-
sented in Table 3.8 for configuration 4. As follows from Table 3.8, there is a small tendency
of the intramolecular vibrational frequencies of CH; and Ny to a red shift. Analogous shift
tendency is observed for all configurations C.. The fully automated code to build the anhar-
monic constants used in a second-order perturbative method of V. Barone [105] implemented
in Gaussian 03 was employed to calculate the anharmonic frequencies of the CH4-Ny complex.
The calculated anharmonic frequencies for the fundamental bands of the complex being in the
geometry 4 are presented in Table 3.8. Due to the large error of intermolecular anharmonic
frequency calculations, these frequencies are not given in Table 3.8. The calculated rotational
constants are also presented in this table. It is noteworthy that the CH4-N5 complex is almost
a prolate symmetric top as follows from the analysis of rotational constants. Indeed, the asym-
metry parameter K —(2B — A—C)/(A— C) = -0.99 almost equals to -1 which corresponds to

a prolate symmetric top.
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F1G. 3.5 - R-dependence of the interaction energy of the CHy-No complex (a - configuration 1,
b - configuration 4). Solid line - calculations at the CCSD(T)/aug-cc-pVTZ level of theory with
BSSE correction; black circles - calculations at the SAPT/aug-cc-pVTZ level of theory; white
squares - calculations at the DFT-SAPT/aug-cc-p VTZ level with PBEQ functional; white circles
- calculations at the DFT-SAPT/aug-cc-pVTZ level with BSLYP functional.
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F1G. 3.6 - Induction (Eee. - a) and dispersion (Eqsp - b) contributions to the potential energy
of the configuration 4 of the CHy-Ny van der Waals complex calculated at the HF-SAPT method
and using analytical Eqs. 3.2-3.3. All values are in a.u.
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F1G. 3.7 - 04-dependence (a) and Op-dependence (b) of the interaction energy of the CHy-
Ny complex (the values of other Euler angles and distances rop, vy, Re correspond to the

equilibrium geometry 4).
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TAB. 3.4 - Optimized bond lengths (in ag) and angles (in Deg) for configuration Csy with and

without nonrigidity of the molecules (the optimization has been carried out using the MP2/aug-

cc-pVTZ level of theory with BSSE correction).

Parameters

Nonrigid molecules

Rigid molecules

T(C1-H2) 2.0534
T(C1-H3) 2.0577
T(C1-H4) 2.0577
T(C1-H5) 2.0526
T(N6—C1) 6.8259
T(N7—N6) 2.1057
Z H2-C1-H3 109.4347
/ H2-C1-H4 109.4347
/ H2-C1-H5 109.5013
/ H2-C1-N6 79.2385
Z C1-N6-N6 81.6445
Z H3-H2-C1-H4 109.6170
/ H3-H2-C1-H5 109.4199
/ H3-H2-C1-N6 66.4122
Z H2-C1-N6-N7 0.0000

2.0577
2.0577
2.0577
2.0577
6.8336
2.0864
109.4712
109.4712
109.4712
79.3095
81.2193
109.4712
109.4712
66.3350
0.0000

TAB. 3.5- The BE and contributions of the corrections to the BE (in uE},) for configuration Csg

of the CHy-No complex.

Extrapolation Scheme Total BE BE,? ABSSE ABSIE, AFE,,

Feller [27] -979.143 -776.818 374.011 -62.807 -139.519
Truhlar [28] -1014.007 -776.818 374.011 -88.029 -149.160
Martin [29] -938.520 -776.818 374.011 -76.126 -85.576
Helgaker [30] -942.373 -776.818 374.011 -79.985 -85.570

TAB. 3.6 - Fitted parameters for the Grimme-FEsposti- Werner potential for configuration 4. All

values are in a.u.

a 1.17031

b 28.0921

90 0.0247961
g1 -0.0081538
g2 0.000895235
g3 -0.0000371771

-107.327
9139.9
-144612
843213
-1.68617-10°
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F1G. 3.8 - Interaction energies AE of the CHy-Ny complex for configuration 4. Black color -
calculation at the CCSD(T) level of theory; red color - calculation at the MP2 level of theory;
solid line - calculation using aug-cc-pVTZ basis set; circles - CBS extrapolation scheme of
Martin (Eq. 1.79) with aug-cc-pVXZ (X = 2, 3 for the CCSD(T) level and X = 3, 4 for the
MP2 one); triangles - CBS extrapolation scheme of Martin (Eq. 1.79) with aug-cc-pVXZ (X
= 3, 4 for the CCSD(T) level and X = 4, 5 for the MP2 one); dash line - CBS extrapolation
scheme of Helgaker (Eq. 1.80) with aug-cc-pVXZ (X = (2), 3, 4); squares - CBS extrapolation
scheme of Helgaker (Eq. 1.80) with aug-cc-pVXZ (X = (3), 4, 5).

AE JuEn

R/ag



Chapter 3. Potential energy 76

FiG. 3.9 - R-dependence of the interaction energy of the CHy-No complex for the equilibrium
configuration 4. Circles - ab initio calculation at the CCSD(T)/aug-cc-pVTZ level of theory
with BSSE correction; red line - Lennard-Jonnes potential (Eq. 3.6); black line - Grimme-
FEsposti- Werner potential (Eq. 3.7).
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TAB. 3.7 - Harmonic (w) vibrational wave numbers (¢cm™") calculated at the MP2/aug-cc-pVTZ
level with BSSE correction for the CHy-Ny complex being in configuration C, (1 = 0° -+ 30°).

7 (Deg)
Normal Mode

5 10 15 20 25 30
1 19.6 7 9.5
2 23.3 26.2 25.8 28.6 26.6 26.3 28.2
3 48.2 50.8 50.8 54.0 50.6 50.6 54.3
4 65.7 67.3 66.3 70.2 66.8 66.8 74.4
5 71.8 75.3 76.0 79.9 77.6 76.4 78.5
6 1355.4 1355.4 1355.4 1355.5 1355.4 1355.4 1355.5
7 1356.0 1356.9 1355.9 1355.9 1355.9 1355.9 1356.0
8 1356.1 1356.1 1356.1 1356.1 1356.1 1356.1 1356.2
9 1587.7 1587.6 1587.6 1587.6 1587.7 1587.6 1587.6
10 1588.3 1588.4 1588.4 1588.4 1588.4 1588.4 1588.4
11 2185.0 2184.8 2184.9 2184.8 2184.8 2184.8 2184.8
12 3066.8 3067.0 3067.1 3067.0 3066.9 3067.0 3066.8
13 3201.6 3201.9 3202.0 3201.9 3201.9 3201.9 3201.4
14 3201.6 3202.1 3202.1 3202.0 3202.0 3202.0 3202.1

—_
ot

3204.0 3203.9 3204.0 3204.0 3203.8 3203.9 3203.8
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TAB. 3.8 - Harmonic (w) and anharmonic (v) vibrational wavenumbers, shifts Aw = w™" —

w®™ and rotational constants (A, B, C)' calculated at the MP2/aug-cc-pVTZ level with BSSE

1

correction for configuration 4 of the CHy-No complex. All values are in em™" . In parenthesis

we present the correspondence of the complex vibrational modes to the vibrational modes of the

monomers.
Mode Sym. w Aw v A B C

1 A" 19.6 1.533416 0.106836 0.100632

2 A" 23.3 1.706804 0.109399 0.100219

3 A’ 48.2 1.522507 0.096197 0.091039

4 A 65.7 1.538965 0.094149 0.089516

5 A" 71.8 1.537200 0.094502 0.089132

6 (v4, CHy) A’ 1355.4 0.6 1317.4 1.523007 0.106739 0.100339
7 (v4, CHy) A" 1356.0 0.0 1317.9 1.515098 0.106811 0.100339
8 (v4, CHy) A 1356.1 -0.1 13174 1.516464 0.106803 0.100312
9 (v2, CHy) A" 1587.7 0.9 1549.5 1.528913 0.106856 0.100418
10 (v, CHy) A’ 1588.3 0.3 1549.3 1.528894 0.106879 0.100388
11 (v, Ny) A’ 2185.0 1.9 2148.0 1.511501 0.107070 0.100509

12 (v1, CHy) A’ 3066.8 2.8 2950.1 1.520032 0.106795 0.100339
13 (v3, CHy) A" 3201.6 3.4 3070.2 1.520209 0.106792 0.100334
14 (v3, CHy) A’ 3201.6 3.4 3069.9 1.520202 0.106799 0.100345
15 (v3, CHy) A’ 3204.0 1.0 3070.2 1.520327 0.106799 0.100344

TRotational constants in the equilibrium geometry: A.=1.420734, B,.—0.123238 and
C.=0.115954; in the ground state: A = 1.522647, B = 0.106818 and C' = 0.100360 (cm™').
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Interaction-induced dipole moment

It is well known that any gas media consisting of nondipolar molecules absorb in IR and far
IR spectra [7-9]. The nature of absorption is in the presence both of transient dipole moments
of colliding molecules, and of the dipole moment of stable van der Waals complexes. For this
reason dipole moments of interacting molecules are the object of numerous theoretical and
experimental studies [106-118|. At present, there arises an interest to the CH4-No complex in
connection with the study of nitrogen-methane atmosphere of Titan [79-92].

In spite of the importance of the CH4-Ns complex in investigations of properties of methane-
nitrogen planetary atmospheres, this complex is poorly studied. At present, electric properties
of the complex were studied in Refs. [52,142]. In Ref. [52]| the analytical investigation of the
long-range collision-induced dipole moment surface taking into account the induction (up to
R75) and dispersion (up to R~7) contributions was carried out. In work [142| the investigations
were carried out for the CH4-Ny complex at the CCSD(T)/aug-cc-pVTZ level of theory with
the BSSE correction and within the framework of the long-range multipolar induction (partially
up to R79) and dispersion (up to R~%) interactions. The dipole moment surface suggested in
Ref. [52], was employed for the description of collisional spectra of molecules CHy and Ny in
works |74, 75]. In these works it was shown that calculated absorption spectra for frequencies
from 30 to 250 cm ™! agrees well with existing measurements [70,71] but at the high frequencies
> 250 cm ™! it shows substantial intensity defect.

In the present work we have carried out ab initio CCSD(T) calculations of the dipole
moment surface for the wide range of intermolecular separations (6 - 40 ag) including the range
of potential wells for different configurations of the van der Waals complex CH4-Ns. Also, we
have improved the long-range model of the dipole moment surface [52] by fully including the
induction terms up to R~7 and by accounting for the contributions from the effects of electron

shell overlap of the interacting molecules.

79
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4.1 Theoretical treatment

In the present work, for the calculation of the dipole moment of the complex CH4-Ny both
ab initio and analytical methods were employed. The Cartesian coordinate system shown in

Fig. 3.1 was used for description of the complex.

4.1.1 Ab initio calculations details

For the calculation of the electric properties of the weakly bound CH4-Ng van der Waals
complex the MP2 and CCSD(T) levels of theory were employed using MOLPRO 2006.1 package
[35]. For these calculations we have used the aug-cc-pVTZ basis set designed specially for
correlated calculations. The BSSE was taken into account for all calculations of the dipole
moment. In order to evaluate the dipole moment of the CH4-N5 complex the finite-field method
was employed. In the present work the major calculations of the dipole moment were carried

out using the following 2-point formula [39]:

E(Fa) _E(_Fa)

T (4.1)

Ho =

The calculation errors of the dipole moment g, in Eq. 4.1 were estimated by comparison with
calculated using the more accurate formula of G. Maroulis [38] that eliminates the contribution

of higher polarizabilities:

_ 256D(F,) — 40D, (2F,) + D, (4F,)
- 180F,, ’

e (4.2)

where

The results of the calculation have shown that for the chosen applied field strength of 0.001
e 'a2E}, these errors do not exceed 107° eay.

4.1.2 Analytical calculations details

The electric dipole moment 172 = i, of two interacting molecules for the large intermolec-
ular separations including the range of small overlap of electron shells of these molecules may
be written in the form

oo = g g+ g (4.3)

exch
«@

ind disp

where p' pd'*P and p are the induction, dispersion and exchange contributions to the

exch

eret includes contributions from different effects

dipole moment of interacting systems. Here, u
caused by small overlap of electron shells of interacting molecules.
In the case of interacting molecules CHy (T4 symmetry: ©,3 = 0) and Ny (Doop, symmetry:

Qupy =0, Bapy =0, Aa gy = 0, Dy gyse = 0) the induction dipole moment through the order
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R™" is written as [33] (see Chapter I1):
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1
— 375 DO Tinacou (44)

The dispersion dipole moment p%? through the order R~7 is defined by the following expression
133, 52]:

1
I —— dw 3.5, (0, iw, —iw) oy (iw) TpsTye

o 0 aBy

1
+3—7T du) [Bag 4605w, Zw)oz?@(iw) — Bfﬁﬁé((); iw, —iw)afw(iw)] T3 Tiprs. (4.5)

Due to the absence of the data on the imaginary frequency-dependent hyperpolarizabilities
Bapy(iw, 0) and Bag (0, iw) both for CHy and Ny molecules, we can only estimate the dispersion
dipole moment u%? by replacing the integral over imaginary frequency in Eq. 4.5 by the
expressions depending only on static properties. For this purpose one can use the "CRA2’

approximation (see, Chapter II):

B JAB
/ B ;50 iw)a BA(zw)dw = [’_Ba §C6, (4.6)
0 ax
where the isotropic dispersion coefficient
3 oo
Cs = —/ a? (iw)a® (iw)dw, (4.7)
T™Jo
and the mean polarizability
1
ot = Lot o 1 ot (49
Using the Unséld approximation [43], the ratio I5° /I, takes on the form [69)
[g&B I Bfﬂffyé 0,iw)a BA(zw)dw Bfﬁié(O, O)af@A(O) [1 + %ALQ] (4.9)
Lne J e (iw)aB(iw)dw — — a?(0)aB(0) 1+ A 17 '
where Q Q
Ay ==L Ay =4 4.10
1 QA ) 2 QB ( )
Here 14 p is the average excitation frequency for the monomers A and B.
Analogously one can get the expressions for the first term in Eq. 4.5
57 B (iw, 0) o™ (iw) dw N 7Cs35- (0,0)az " (0) [1 + gALQ] (1)
J° e (iw)aB (iw)dw 3a4(0)aB(0) 1+ A '
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Thus, assuming Q4 = Qp, the expression for the dispersion dipole moment (Eq. 4.5) takes on
the form (as(0) = aag, Bapy(0,0) = Bapy and Byps(0,0) = Bags):

A B
disp _ _5 aﬂ'yaés

5TBST50’Y(SCG
@ 36aabB ’

Ao (4.12)

A B B A
TpsToeCo + (Baﬁ,wo‘ap - Baﬂnéaw)

exch

The analytical expression for exchange dipole moment pf

can be obtained using the
asymptotic methods [119,120]. These methods may be applied in the range of R where a weak
overlapping of the valence electron shells of interacting systems takes place. Such situation

is typical for the ranges of R corresponding to potential wells of van der Waals complexes.

exch

The analytical expression for u&

are obtained for the case of two interacting atoms with the
valence s-electrons. In this case, the exchange interaction of atoms is 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) wave function of atomic complex is

written as follows:
\I’(Tlﬂ% R) = C(l)¢(1)(T17T2, R) + 0(2)7/1(2) (7”1, T2, R)a (4-13)
where

¢(1)(T1’ T2, R) = ¢(A) (Tla R)¢(B) (r27 R)X[(Tj, T2, R)»
1/,(2)(7"1,7‘2, R) = ¢(A)(r2, R)¢(B)(7’1, R)xr1(r1, 72, R). (4.14)

Here ¢ (ry, R), P (ry, R) and ¢ (ry, R), $P)(ry, R) are asymptotic atomic wave functions
of the first and the second electron located near corresponding atom cores. Eqs. 4.13 and 4.14
are written in the coordinate system of the complex in which the interacting atoms are located
on the axis connecting these atoms, and the center of the interatomic separation is taken as the
origin of coordinates. In this coordinate system r; and r, are coordinates of the first and the
second electron. The functions x;(r1, 72, R) and x77(r1, 72, R) accounting for the interaction of
electrons with each other and with extraneous nuclei have complicated forms and are given in
Ref. [120]. The asymptotic function ¢(r, R) can be obtained from the asymptotic radial wave
function of a valence electron of a neutral atom. This radial wave function in the coordinate

system with the origin in the atom nuclear has the form Ref. [119]:
o(r) = Aor'/"~texp(—rp), (4.15)

where [3%2/2 is the atomic ionization potential and the value of the asymptotic coefficient Ay
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 the dipole moment for two interacting

atoms may be represented as

pe(R) = (W (1, o, R)| AP (1,70, R))" = BR’exp(—R), (4.16)
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where
11 1
Tt B 2 B+ 1 0
n= z(ﬁA + Bg). (4.18)

Here 3%/2 = U4 and (3%/2 = U® are the ionization potentials of the atoms A and B at the
ground electronic state and the parameter B = B(f4, Op, R) is the function weakly dependent
on R in the region of small overlapping of their electron shells. The results obtained for atoms
with the valence s-electrons can also be applied, after minimal changes, to interacting atoms
having the valence electrons with nonzero orbital moment [. Indeed, according to Ref. [120],
the coefficient Ag in Eq. 4.15 for this case should be multiplied by \/m

The results obtained above may be generalized for the case of small interacting molecules.
In this case the model of exchange dipole moment for interacting atoms (Eq. 4.16) should be

modified. First of all, the exchange dipole moment of interacting molecules generally has several

exch

ereh In the framework of considered model for interacting molecules we

non-zero components p
conserve the form of R-dependence for the exchange dipole moment components like the form
for interacting atoms in Eq. 4.16 with 34 and (5 being the parameters expressed in terms of

ionization potentials of molecules. This form is the same for all components and doesn’t depend

exch

on the mutual orientation of molecules in the complex. The orientational dependence of yg

is introduced by B, parameter, which is not dependent on R. Therefore, for the considered

complex CH4-Nj the exchange dipole moment takes the form (4, B, R, n and § are in a.u.):

(R, XA, 04,04, 08,98) = Ba(Xa: 04,904,085, pp) R exp(—nR), (4.19)

where ¢ and 7 are defined by Eqs. 4.17 and 4.18. It should be noted, that the size of interacting
molecules is accounted only by the B, parameter.
Such approach was suggested and successfully applied for the calculation of exchange con-

tribution to the polarizability of Ar-Hy complex in Ref. [121].

4.2 Results and discussions

4.2.1 Ab initio and analytical dipole moment surface of the CH4-N»

complex

Ab initio calculations of the dipole moment components as a function of R were carried
out for 58 configurations of the CH4-No complex with the interacting molecules considered as
rigid. For these configurations the value of R has been varied within the range 6 - 40 ay.
The calculation results of dipole moments for the CH4-No complex using CCSD(T) level of
theory with and without the BSSE correction are given in Appendix VI. The comparison of the

values of the dipole moment calculated with and without the BSSE correction shows that the
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difference between them is less then 1075 eay. Further, the values of the CP-corrected dipole
moment will be used for the analysis throughout the thesis.

The mostly discussed in works [52,77,78,141,142| six configurations of the CH4-N5 complex,
including the most stable configuration, are presented at Fig. 3.2. The geometric parameters
(Euler angles x4, 04, va, 05, and ¢p) for these configurations along with equilibrium distance
and interaction energy AF(R,) are given in Table 3.1. The ab initio calculations of the dipole
moment components for these configurations at the MP2 and CCSD(T) levels of theory are
presented at Fig. 4.1. For the MP2 calculations, R was varying from 5.7 to 8.5 by 0.2 a¢ and
from 8.5 to 18.5 by 1 ag. According to the symmetry of the complex the p, component exists
for all six configurations of the complex, i, component appears only for the configurations
possessing C's symmetry, and there is no u, component at all. Fig. 4.1a shows that with
the R decreasing the pu, component for the configurations 1, 3 and 6 (the Ny molecule lies
along the x-axis) monotonically goes up and for the configuration 4 monotonically goes down.
The functions p,(R) for the configurations 2 and 5 have more complicated behavior. The
values of 11, components are significantly smaller (by ~ 10?) then the values of y, components.
Fig. 4.1b shows that for the configuration 4 the function monotonically goes down and for the
configuration 5 monotonically goes up when the molecules become closer in the complex. It
should be pointed out, that the calculation results of the dipole moment of the complex at
the MP2 and CCSD(T) levels of theory agree well: for example, at R = 7.5 ag for the p,
component the absolute values of differences between calculations using these two methods for

6 major configurations is about 5-10™* eag and for the u, component doesn’t exceed 4-107° eqy.

TaB. 4.1 - Coefficients for the calculation of exchange contribution to the CHy-Ny dipole

moment® in a.u.

Configuration B, B,

1 5.4669 -

2 0.4041 _

3 0.3720 -
4 0.1240 0.00746
5)
6

1.5859 0.02739
0.2521 -

*ereh = B, R32028¢xp(—1.53525R). Here u™", R, B, are in a.u.

«

The applicability of analytical description of the dipole moment of the CH4-N5 complex in
the framework of the suggested model is illustrated in Fig. 4.2. In this figure the long-range cal-
culations, analytical calculations with the exchange contribution and the CCSD(T) calculations
of the dipole moment components of the CH4-N5 complex for configurations 3-5 are given. The
molecular parameters used for analytical calculations are given in Table 8.2. The coefficient
Cs = 96.94 Ejaf for interacting molecules CHy and Ny is taken from Ref. [98]. The exchange
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contribution to dipole moment in analytical form for considered configurations was found by

exch

crel (Eq. 4.19) to the difference between ab initio and long-range calculations in the

fitting p
range of potential well for each configuration. The obtained parameters for six configurations
(Fig. 3.2) are presented in Table 4.1. Note, that the obtained values of the parameters B,
correspond to p"¢ and P used in this work (see, Eqs. 4.4 and 4.12). The Fig. 4.2 shows that
this approach allows to describe well the dipole moment including the whole range of potential
well of considered configurations of the CH4-Ny complex, while the long-range approximation
provides good results for & > 10 ay. A noticeable divergence between ab initio calculations and
analytical calculations carried out in the framework of the proposed model appears for small
R outside of the well where overlapping of the valence electron shells of interacting molecules
grows (i.e., R < 7.4 aq for configuration 3, R < 6.3 ag for configuration 4, and R < 7.5 g for
configuration 5 [141]). Fig. 4.2 shows also that analytical calculation of the dipole moment of
the complex without accounting for the exchange contribution leads to an incorrect (in some
cases to dramatic) behavior of the dipole moment in a range R < R.. It should be noted that
there is also a good agreement between ab initio calculations and analytical calculations with
pereh for configurations 1, 2 and 6 in the range of the potential well.

It is of interest to evaluate different long-range contributions to the dipole moment of the
considered complex. For the first time, such analysis for the complex CH4-Ns has been done
in Ref. [52] where the induction terms were accounted up to R~% and dispersion terms up to
R™". In the present work, the induction terms were accounted more completely (up to R™7).
As an example, the dipole moment contributions for configuration 4 of the complex CH4-No
are presented in Fig. 4.3. The figure shows the dispersion contributions and the induction
contributions gathered for each order of R. Fig. 4.3 demonstrates that the induction terms
~ R™" give noticeable contribution to the dipole moment, which is essential especially for .
The total analytical description of the dipole moment of the CH4-N5 complex in the framework
of considered model requires the knowledge of the angular dependence of B, (x 4,04, 94,05, ¢5)
in Eq. 4.19. In the present work, the possibility of the analytical description of p,, is illustrated
by the particular examples (rotation of the CH4 molecule by angle ¢4, and rotation of the Ny
molecule by angle 65). The numerical values of coefficients B, for 42 configurations of the
complex (13 configurations obtained by rotation of angle 5 by 15° from 0° to 180° with fixed
coordinates of CHy; 29 configurations obtained by rotation of angle 4 from 0° to 360° with
fixed coordinates of Ny) were obtained as described above for 6 configurations presented in Fig.
3.2.

Fig. 4.4 illustrates the dependence of the numerical values of coefficients B, on the angle
fp for the configurations of the CH4-Ny complex with fixed Euler angles x4 — 0°, 64 — 45°,
¢4 — (180/7)arcsin(1/v/3) and pp = 0°. It is shown, that the numerical values of B, form
the smooth functions depending on the angle g, which can be expanded in a series in terms of
Legendre polynomial 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
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a.u.):
B,(05) = 0.2732 — 0.1601 P} (cosfp) + 0.0333 P} (cosflz) — 0.0227P) (cosb), (4.20)

B,(0p) = 0.00696 + 0.01060 P; (cosfp) — 0.00718 P (cosfy) — 0.00330P% (cosfp),  (4.21)
B.(0p) = —0.1076 Py (cosf) — 0.0307P; (cosfz) — 0.0011P; (cosfp), (4.22)

where P/"(cosfp) are the associated Legendre polynomials. It should be pointed out, that at
fp = 0° the complex CH4-Ns is in configuration 4 and at 6 = 90° in configuration 3, and the
fitted values B, in Eqs. 4.20-4.22 for these configurations (B,(0°) = 0.1237, B,(90°) = 0.3728
and B, (0°) = 0.00708) are in a good agreement with the values in Table 4.1. It is obvious, that
the functions B, in Eqs. 4.20-4.22 are periodic functions with the period of 180° due to the
fact, that the Ny molecule is homonuclear.

Fig. 4.5 shows the dependence of the coefficients B, on the angle ¢y (¢'4 = p4—90°) for the
configurations of the CH4-Ny complex with fixed x4 = 0°, 04 = 45°, 3 = 0°, and pp = 0°. The
angle ¢, is introduced to show the symmetry properties of the complex (and the coefficients B,,
respectively) more clearly when the molecule CHy is rotated by the angle ¢ 4. For considered
configurations of the CH4-Ny complex the coefficient has only x and y components and have
the following properties: B,(180° — ¢/y) = B,(180° + ¢/y), B,(180° — ¢'y) = —B,(180° + ¢/}).
The analytical expressions for these coefficients have the forms (in a.u.)

B,(¢',) = 0.6508 — 0.6558 P (cosy'y) — 0.0515P5 (cos¢’y) + 0.6386 P (cosyy)
—0.1913P)(cosy’y) — 0.0655PY(cosy’y) — 0.0778 P (cosy’y),  (4.23)

B,(¢)) = —0.01062P} (cos¢y) — 0.03098 P, (cosy'y) + 0.01854 P (cosy'y)
—0.02633 P} (cosy/y) — 0.00127P5 (cosyy)
—0.00485 P4 (cosy'y) + 0.00185 P (cosy'y ). (4.24)

It should be pointed out, that the coefficients B, in Eqs. 4.23 and 4.24, unlike those in
Eqgs. 4.20 - 4.22, are periodic functions of ¢/, (and ¢4) with the period of 360°. Although Egs.
4.23 and 4.24 have more complicated form in comparison with Eqs. 4.20 - 4.22, the coefficients
B, (¢'y) (and B, (pa), correspondingly) are also smooth functions. So, the considered particular
cases of rotation of molecules in the complex show that the exchange contributions to the dipole

moment of the complex CH4-N; may be successfully obtained in analytical form.

4.2.2 Dipole moment of the most stable configuration

It is of interest to consider the dipole moment of the CH4-Ny complex being in the most
stable configuration. As it was shown in Ref. [141], the CH4-Ny complex has a family of
such configurations, for which interaction energies are practically equal (the difference is less
than 0.16 uEy). These configurations are obtained from configuration 4 by rotation of the Ny
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molecule by angle 7 over x axis at fixed equilibrium intermolecular separation R, = 6.8 ag. The
rotation of nitrogen molecule by angle 7 corresponds to its rotation by angle 6p at fixed angle
vp = 90°.

The dipole moment calculations for the CH4-Ns complex were carried out for 7 from 0° to
180° by 15° (13 configurations). For the calculations we have employed Eq. 4.2, that provides
enough accuracy for the correct description of small changing in p.(R, 7). As a result, the
analytical expressions for (R, 7) obtained in this work take the form (in a.u.)

27.67779  78.76850  379.8549  687.0685
e A
py (R, 7) = —(82§2 + 39};695> (2cos®t — 1)
57.053cos?T + 610.461cos?T — 326.625
+ 2%

+ B.(1)f(R), (4.25)

+ B, (1) f(R), (4.26)

16.564  79.590  57.053cos?r — 696.041\
(R, 7) = —( 75 + 76 + 77 )s1n7‘cos¢ + B.(1)f(R), (4.27)

where

f(R) = R**%¥xp(—1.53525R) (4.28)

and the fitting parameters B, (7) were found from ab initio values of dipole moments of the

CH4-Ny complex at R, and can be written as follows

B, (1) = 0.112522 + 0.000154cos*7 (4cos?T — 3)?, (4.29)
B, (1) = —0.005913 + 0.000111cos®T + 0.022825cos*r — 0.008514cos’7, (4.30)
B.(7) = (0.019364 — 0.007734cos>7)sinTcosT. (4.31)

The ab initio and analytical calculations (see, Eqs. 4.25 - 4.31) of u.(R,7) at R, are
presented in Fig. 4.6. The analysis of results shows that a very weak dependence of p, on
the angle 7 (Fig. 4.6a) is defined only by the exchange contribution to the dipole moment,
because the dispersion and induction contributions for this case are not dependent on angle .
It should be noted, that the major contribution ( 96%) to i, is the induction one, the dispersion
( 16%) and exchange ( 12%) contributions have opposite signs and partially cancel out each
other. The period of changing of y,(7) is equal to 60° and is governed by the symmetry of the
complex. The dipole moment components p,(7) and p.(7) are significantly smaller then i, (7)
and are defined both by induction and exchange contributions (the dispersion contribution
is negligible). The functions p,(7) and p,(7) are both sign-changing periodic functions with
period 180° (Fig. 4.6b,c).

Fig. 4.6d shows, that the modulus of the dipole moment |u(7)| = />, #2(7) of the
CH4-Ny complex being in the most stable configurations is also weakly dependent on angle 7
(Ju(7)] = 0.011961 eap £ A|u(7)| where the variations Alu(7)| < 0.000003 eap). It is obvious,
that behaviour of the modulus |x(7)| is similar to the behaviour of y,(7) component (see Fig.
4.6a,d). It is interesting to note, that a very weak dependence on the angle 7 is also observed

for the polarizability invariants of the complex CH4-No [142].
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F1G. 4.1 - Ab initio calculation of the dipole moment (a - g, b - p,) for siz configurations
of the complex CHy-Ns. Solid line - MP2 calculations; circles - CCSD(T) calculations. The

numbers indicate the configurations.
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F1G. 4.2 - Dipole moment components (a - gz, b - p,) for configurations 3, 4 and 5 of the
complex CH4-No. The numbers indicate the configurations. Solid lines - analytical calculations
with the exchange contribution; dash lines - analytical calculations without the exchange con-
tribution; CCSD(T) calculations: triangles - configuration 3; squares - configuration 4; circles

- configuration 5.
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F1G. 4.3 - Long-range contributions to the dipole moment components of the configuration
of the CHy-Noy complex (a - py, b - p,). Solid lines: 1 - induction contribution of order R~
(@0P), 2 - induction contributions of order R™5 (A208 +aPQA), 8 - induction contributions
of order R (a1®8 + oB®4 + EAOP), 4 - induction contributions of order R™7 (EPQ4 +
aPOBat + AADP + DAGB), 5 - dispersion contributions (8a® + BAaP + BBa?). Dash lines

- total long-range dipole moment.

15.25

- -30.50

-45.75
16
R/ a,
a
0.98 2.50
0.49 | l1.25
o
4
3 [a]
2 -
>
=™ 0.00 0.00 =
L) mo
S -
-0.49 L -1.25
-0.98 T r -2.50
14 16

R/a



Chapter 4. Interaction-induced dipole moment 91

F1G. 4.4 - Dependence of the coefficients B, on the angle 8g for the configurations of the CHy-
Ny complex with fived x4 = 0°, 04 = 45°, wa = (180/7 )arcsin(1/v/3) and op = 0° (all angles
are in Deg). Points - values of B, deduced from the ab initio calculation (see text); lines -
analytical calculation by Eqs. 4.20-4.22.
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Fi1G. 4.5 - Dependence of the coefficients B, on the angle ¢y for the configurations of the
CH,-No complex with fired x4 = 0°, 04 = 45°, 0 = (° and ¢ = (° (all angles are in Deg).
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F1G. 4.6 - Dependence of the dipole moment of the CHy-No complex (for the most stable con-
figurations) on the angle T: a - py(Re,T), b - py(Re, 7), ¢ - p12(Re, 7), d - modulus of the dipole

moment |u(r)| = /3 #2(7).
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Chapter 5

Static Polarizability

The polarizability tensor of interacting molecules plays an important role in molecular physics.
The change of the polarizability of molecules due to their interaction contributes to the optical
and dielectric properties of dense gas media and influences the properties of the Rayleigh and
Raman scattering [31,122,123]. In this work, we consider the interacting molecules both as
colliding molecules and as molecules which are parts of weakly-bound molecular complexes. At
present, polarizability calculations for interacting molecules are carried out using both ab initio
and classical electrodynamics methods.

The methods of classical electrodynamics, which account for multipole induction and dis-
persion effects, give a physically correct analytical description of the polarizability surface for
interacting atomic-molecular systems at large intermolecular separations, when the interacting
systems are well separated [53-63|.

Ab initio methods allow to carry out polarizability calculations in a wider range of in-
termolecular separations, including those where the overlap effects of the electronic shells of
atomic-molecular systems and charge transfers become essential. However, the majority of ab
initio polarizability calculations for atomic-molecular systems are carried out for the equilib-
rium configurations of weakly-bound atomic-molecular complexes [124,125]. The calculations
of polarizability functions mostly concern pairs of interacting rare-gas atoms in their ground
states (see, for example, [126-134]). There are comparatively few ab initio calculations of the
polarizability surface for more complicated atomic-molecular systems [63,135-140]. It should
be also pointed out, that ab initio calculations have some disadvantages inherent in numerical
methods: i) there are difficulties of methodological type which are related to the choice of the
method and basis set for the achievement of high accuracy and reliability of the calculations; ii)
polarizability surfaces can be calculated only in certain points; iii) there is a need of considerable
computational resources.

It is thus reasonable to use both approaches as complementary ones for the investigation of
the polarizability surface for interacting molecules.

In the present work, we have chosen to look at the poorly studied molecular complex CHy-
Ny, which is of particular interest for planetary applications (see, for instance, [87-91]). At

present time, there are only few works devoted to the theoretical investigation of the potential

95
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energy surfaces and dipole moment surfaces of the CH4-Ny complex [52,77,78,141], and to the
experimental investigation of the absorption spectra of this complex [70,71]. However, there are
no works devoted to the polarizability surface of the CH4-N5 complex. In connection with this,
in the present work, we have carried out polarizability calculations for the CH4-Ns complex in a

wide range of intermolecular separations and mutual orientations of the interacting molecules.

5.1 Polarizability surface

Polarizability calculations for the CH4-No complex were carried out by means of the finite-
field method based on finite differences [39]. The 3-point formula (with the errors of order F?)

used for the calculation of polarizability components is the following:
a; = (2E° — E(F)) — BE(-F))/F?, (5.1)

where E° is the energy of a system in the absence of the external electric field and E(F}) is the
energy in the presence of the external electric field F in ¢-direction.

In our study the polarizability components were calculated from the energy of the complex
being in a weak homogeneous field of strength 0.001 e *a2F}),. The energy calculations were
carried out by use of Gaussian 03 [34] at the MP2 and CCSD(T) levels of theory with a
correlation-consistent aug-cc-pV'TZ basis set with the BSSE correction treated by counterpoise
correction scheme of Boys and Bernardi [24].

The polarizability components for the monomers CH, and Ny were calculated at the MP2
and CCSD(T) levels of theory using Eq. 5.1 and the expressions [38|

i = (1024S;(F) — 80S;(2F) + S;(4F))/(360F?), (5.2)

Si(F) = (2E° — E(F,) — E(-F))/2,

which eliminate the contribution of the higher polarizabilities. The results of the calculation
are presented in Table 5.1. The table shows that the calculated values of polarizability are in a
good agreement with the ones obtained in Ref. [100,101] and that there is almost no difference
(less then 0.05 %) between polarizability values calculated using Eq. 5.1 and Eq. 5.2. Further,
we will use Eq. 5.1.

In the framework of the long-range approximation (see Eq. 2.67, Chapter 2) [31,32| the

electric polarizability of two interacting molecules 0425 is written as:

anh = aly+aly+ ol +ali?, (5.3)

where a5 and o are the dipole polarizabilities of molecules A (CHy) and B (N,); ol and

aiigp are the induction and dispersion terms of the polarizability of interacting molecules defined

by Eqgs. 2.69 and 2.71, accordingly. Thus, for the case of interaction of the CH; molecule (T}
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TAB. 5.1 - Calculated in present work at the MP2 and CCSD(T) levels of theory using aug-cc-
pVTZ basis set and literature molecular parameters (bond length, r, and polarizability compo-

nents, a;;) of the molecules CHy and N (all values are in a.u.).

Parameter CH, N
Lit. MP2 CCSD(T) Lit. MP2 CCSD(T)
r 2.0498% 2.0596 2.0742° 2.0864
Qs 16.39¢ 16.61671 16.51571 14.8425¢ 14.4198% 14.96401
16.6121% 16.5111% 14.4176% 14.9597%
o 16.39¢ 16.6168T 16.5158T 10.2351¢4 10.1578T 10.2608T
16.6121% 16.5111% 10.1568* 10.2596%

“Reference [93].

Reference [94].

“Reference [101].

9Reference [100].

I Calculated using Eq. 5.1 with the field strength of 0.005 e~ taZE)},.

tCalculated using Eq. 5.2 with the field strength of 0.005, 0.01 and 0.02 e~'a2 Ej.

symmetry) with the linear Ny molecule (D.., symmetry), the induction term in Eq. 5.3 takes

on the form:

1 1 1
Zzéi = a,B + aa,@’ + CY T 5a5,8 + aayT 5a66 +3 3 a,@’y 755@6%: - _Aé,yéT“/&ai - 3 5€A,8 ée
1 1 1 1
—|—15Oé T (SE(PEE(SEQO + 15Ea ’Y&T’Y&%& <) + 15Ea ’75€T’7559@a¥’5 + 15a T 559"E§7‘55‘P
1
_§Baﬂ’75 55@6 + a T 50456Twoz o5t ol ngoz(;sTwaW + - (5.4)

In Eq. 5.4 we have fully accounted for the long-range multipolar induction contributions up to
terms ~R~° inclusive and terms ~R~% caused by back induction effect due to dipole-induced-
dipole interaction.

The direct calculation of the dispersion contribution ozd”p

using Eq. (2.71) is impossible due
to the absence of the vs.43(iw, 0, 0) values as functions of iw for the molecules under investiga-
tion. Thus, we used CRA1 for calculation the contribution of dispersion to the polarizability
of the interacting molecules (Eq. 2.77). In that case, restricting ourselves to the leading term

~ R7%, the expression for the dispersion contribution takes the form:

adisp _ Tyé'}’ﬁ—aﬁ(o, 0, O)TanCnv Ty&'}’?gaﬁ((), 0, O)Tanan

of 208(0) 20:4(0) ’ (5:5)

where s
Cp = o, aB(iw)a%(iw)dw, (5.6)
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T % ; ozA(z'w)a%
Since the imaginary frequency-dependent polarizability for the molecules CH, and Ny are
known [98,99], the further calculation of the oziigp is not difficult.
Multipole polarizabilities and moments in Eqs. 5.4-5.5 are dependent on the orientation of

D (tw)dw.

the interacting molecules, which can be defined by Euler angles xa, 64, ¢4, 05 and ¢p, and
as a result the polarizability of the pair of interacting molecules is the surface determined by
these Euler angles and the intermolecular separation R.

F1G. 5.1 - Polarizability components oy; of the CHy-Noy complex calculated at the CCSD(T) and
MP2 levels of theory with aug-cc-pVTZ basis set with the BSSE correction. 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 - oy (MP2), dash lines - oy, (MP2),
dot lines - a,, (MP2); Rounds - oy, (CCSD(T)), triangles - oy, (CCSD(T)), squares - .,
(CCSD(T)).

o config 1 CCSD(T)
o, config 1 CCSD(T)
a,, config 1 CCSD(T)
o config 2 CCSD(T)
o config 2 CCSD(T)
o, config 2 CCSD(T)
o config 3 CCSD(T)
o, config 3 CCSD(T)
a,, config 3 CCSD(T)

" > e E > o EH > o

o config 4 CCSD(T)
o, config 4 CCSD(T)
a,, config 4 CCSD(T)
o, config 5 CCSD(T)
o, config 5 CCSD(T)
a,, config 5 CCSD(T)
a config 6 CCSD(T)
o, config 6 CCSD(T)
a,, config 6 CCSD(T)

o config 1 MP2

-=-a, config 1 MP2

-- a,, config 1 MP2

o, config 2 MP2

- a, config 2 MP2
v

-- o config 2 MP2
o, config 3 MP2
- —-o_config 3 MP2

-- o_ config 3 MP2

o, config 4 MP2
a,, config 4 MP2
o config 5 MP2

- o, config 5 MP2

- - o, config 5 MP2
a  config 6 MP2

-t config 6 MP2

- - o, config 6 MP2

R/a

Ab initio calculations of the polarizability tensor components as a function of R were carried
out for six major configurations of the CH4-Nj complex (Fig. 3.2) with the interacting molecules
considered as rigid. The geometrical parameters of the configurations are listed in Table 3.1.

For the same configurations of the complex the polarizability calculations using analytical
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expressions Eqs. 5.3-5.5 were carried out. Input molecular data used in the work for analytical
calculations are given in Table 8.2. For the calculation of the coefficients C,, and D,,, (Eq. 5.5)
the analytical pseudospectral dipole oscillator strength distributions for the molecules CHy 98]
and No [99] were used.

Fi1G. 5.2 - Interaction polarizabilities Acy; of the CHy-Ny complex (a - configuration 3, b -

configuration 4). All values are in a.u. Solid lines - analytical calculations, crosses - CCSD(T)

calculations, boxes - MP2 calculations.

Ab initio calculations results for the polarizability tensor components of the complex CHy-
Ny are given in Fig. 5.1 and in Appendix VII. As expected, for the considered range of R
the polarizability tensor components «,, of the CH4-Ny complex for all configurations go up
when the two molecules approach each other, while the components «,, and «,, go down.
It is also can be seen that the polarizability of the complex is affected to a great extent by
the orientation of the Ny molecule relative to the z-axis (dependence on the 65 angle) due
to the big anisotropy of the polarizability tensor of the Ny molecule. The dependence of the
complex polarizability on the orientation of highly symmetric molecule CHy in the complex
is significantly smaller and becomes noticeable only at small intermolecular separations. It
draws attention that the values of polarizability calculated at the MP2 level of theory are
underestimated for the configurations 1, 3 and 6. This can be explained by the fact that the
value all? + a“H4 calculated at the CCSD(T) level exceeds corresponding value calculated at
the MP2 level of theory (see Table 5.1). It should be pointed out that for configurations 4 and
5 (symmetry Cy) the main axes of the polarizability tensor for the complex do not coincide with
the coordinate system of the complex (Fig. 3.1), which leads to the appearance of the non-zero

nondiagonal component «,. However, the values of a,, for these configurations are very small



Chapter 5. Static Polarizability 100

(Qpy ~ 0.005 e2a2E, " at R—6.6 ap) and go to zero at increasing R.
It is interesting to compare the results of ab initio calculations with the results of analyt-
ical polarizability calculations of the considered complex, carried out using Eqgs. 5.3-5.5. It is

convenient to carry out such comparison for the interaction polarizabilities Aa,s defined as:
AB A B _ _AB AB
Atas = Qpg — Qg — Qg = Qs (R) — Qo (00). (5.7)

The results of the calculation of Aay,g for two configurations of the complex, which are
typical cases for the polarizability tensor, namely a2P =# Oz;ij # a4B and olB # afyB =
AB

zz )

o are presented in Fig. 5.2. The analysis of Fig. 5.2 shows that the values Ac,, and
Aa,,, calculated using both methods, are in a good agreement in the considered range of
intermolecular separations. The values of Aa,, agree well for R > 10 ag, and for shorter R the
analytical values of A«,, noticeably exceed the results of ab initio calculations. There is an
analogous situation with the other configurations of the complex CH4-Nj.

The analytical polarizability description for the complex allows us to evaluate the contribu-
tions to Aa,g (and, accordingly, to aﬁﬁB) of the different terms in Eqgs. 5.3-5.4. As an example,
the results of the calculations of these contributions to Aayg for configuration 3 of the CHy-
Ny complex are presented in Fig. 5.3. This figure shows that the major contribution to the
polarizability of the complex is due to the terms such as a?a® ~ R™3 (in Eq. 5.4), caused by
dipole-induced-dipole interactions. It should be noticed that the contribution of these terms
is the leading one for any configuration of the complex. The induction contribution of the
terms ~ R~*(A%4aP) and ~ R7°(E4a®f o EP and BAOP), and also the terms ~ R~5 caused
by back induction effect due to dipole-induced-dipole interaction (aa®a? + aPa?a?) are of
comparable values. However, their role is different for the tensor components «y;, and to a
significant extent depends on the configuration of the complex. It should be noticed that there
is a small value of the contribution of the induction term 3407 (~ R™%) to A«y;, which is also
typical for other configurations. The contribution of the terms a?*? (R~5) caused by dispersion
interactions is comparable in value with the contribution of the induction terms due to their
partial mutual compensation.

It is also of interest to consider the polarizability tensor invariants for the CH4-Ny complex:

the mean polarizability,

1
a8 = g(aff + a;f + afZB) (5.8)
and the anisotropy of the polarizability tensor
1 1 1
A A A A A A A
Y P = §<amf - ayyB)2 + é(axmB - azzB)2 + i(azzB - OéyyB)2

+3(afl)? + 3(al?)? + 3(a,l)? (5.9)

Ab initio values of the polarizability tensor invariants o4? and 4P as functions of R

for the six considered configurations of the CH4-Ny complex can be simply calculated using
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Eqgs. 5.8 and 5.9 with the help of the data from Appendix VII, assuming the contributions
of the nondiagonal elements of the polarizability tensor of the complex to the anisotropy to
be negligible. The comparison of ab initio and analytical calculations of the invariants a4
and 74P can be carried out using the mean (A«) and the anisotropy (Av) of the interaction
polarizability

— ol (5.10)

and
A’y = ’YAB — ’}/NQ, (511)

describing the contribution of intermolecular interactions to the invariants a*? and 42, where
a®He o2 and ™2 are the mean polarizabilities and the anisotropy of the molecules CH4 and
Ns.

The calculation results of the interaction anisotropy A~ as a function of R for the six
considered configurations of the CH4-Ny complex are presented in Fig. 5.4. It is noticeable
that the form of the function Avy(R) is significantly dependent on the complex configuration.
Thus, for configurations 1, 3 and 6 in the investigated range of intermolecular separations, the
interaction anisotropy Avy(R) monotonically increases with decreasing R, which corresponds to
the increasing of the polarizability anisotropy v4Z. For configurations 2, 4 and 5 the behavior
of function A~ (R) is more complicated, and the negative sign of Ay(R) implies the decreasing
of 48 in comparison with the complex anisotropy 742 (co) = v™2. Fig. 5.4 also shows that ab
initio calculations of the interaction anisotropy A~ agree well with the analytical calculations
of these values in the whole considered range of R, and for R > 10 a( this agreement is very
good. Analytical calculations show that the leading contribution to the interaction anisotropy
of the complex for R > 10 ag gives the induction terms a”a?(R~3), and for R < 10 ag the
substantial contribution to A~ gives the dispersion and induction terms of higher order, which
can lead to the nonmonotonic behavior of Ay(R) (see, for example, Fig. 5.4b).

The mean interaction polarizability A« for the CHy4-Ny complex is considerably smaller
than the interaction anisotropy A~y (Fig. 5.5). Fig. 5.5 shows that there is, as for Ay, a good
agreement between analytical and ab initio calculations of A« for R > 10 ay For R < 10 ay
the approximation used in the analytical calculation does not allow to describe correctly the
function Aa(R) even qualitatively. It is noticeable that for configurations 2, 4 and 5 in the
considered range of R, the sign of the function Aa(R) changes, i.e. there are intermolecular
separations for which the different types of induction and dispersion contributions compensate
each other. Thus, for example, the function Aa(R) for the configuration 5 is positive only in
the range 8 < R < 11 ap The nature of the change of the sign for the function Aa(R) at R =~
11 ag is illustrated in Fig. 5.6. The figure shows that for R > 11 a( the negative values of
the function Aa(R) are defined by the induction terms a”a?(~ R7®) in Eq. 5.4. The change
of sign of the function Aa(R) at the point R ~ 11 ao is in total agreement with the classical
theory (Egs. (1)-(7)) and takes place mainly due to the dominance of the contribution from the

terms A4aP(~ R™), E4aP(~ R7%), ataPa? + aPa’a®(~ R7%) and a¥*P(~ R~%) over the
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contribution from the terms a*a®(~ R=3) and a*E®(~ R~®). It should be noticed that the
terms 340F(~ R™*) and BA©Z(~ R~%) give no contribution to Aa(R) for all configurations of
the CH4-Njy complex. The change of sign of the function Aa(R) at R ~ 8 ag for configuration
5 and also at R = 7 ay for configurations 2 and 4 (see Figs. 5.5 and 5.6) cannot be explained
by the classical theory in the framework of the considered approximation. In order to explain
such a behavior of the function Aa(R) in this range, there is probably a need to account for

the induction and dispersion interactions of higher order and also for the exchange interaction.

5.2 Polarizability of the most stable configuration

It is interesting to consider the polarizability of the CH4-Ny complex being in the most
stable configuration. In Ref. [141] (see Chapter Three) it is shown that the complex has not
just one stable configuration, but a family of the most stable configurations, whose interaction
energies differ by less than 0.16 pFE}y. The family of these configurations can be obtained from
configuration 4 by rotating the Ny molecule around z-axis by an angle 7 (see Fig. 3.2) at the
equilibrium intermolecular separation R, = 6.84 aq. It is obvious that the polarizability tensor
components aﬁg (R.) are different for the different configurations of the family. However, the ab
initio calculations of the polarizability tensor invariants a*?(R,) and v4Z(R,) for this family
of configurations, when the monomers CH, and Ny in the complex are considered to be rigid,
have shown that the values of the invariants almost coincide and are equal to a8 (R,) = 28.13
e?alE; " and v4B(R,) = 3.82 e'ag B, . Calculated values a?(R,) and y*5(R,) are less than
the values of the invariants a4f(c0) — 28.34 €2a2E, " and v48(c0) — 4.61 e'ajE,? for the
noninteracting molecules CH4 and Ny, which indicates the reduction of the mean polarizability
and anisotropy of the polarizability tensor for the CH4-No complex at the formation of the
more stable configurations. This leads to the reduction of the efficiency of light scattering
(index of refraction n ~ «), including rotational Raman scattering. Note that the calculated
values af(00) and v4P(oc0) are in a good agreement with the values a4 + o™ = 28.16
e?a?E; " and v? = 4.61 e*ag £, ®, which were obtained from the high-accuracy calculations of
the molecules CH, and Ny [100,101] (see Table 8.2).

As far as, at the formation of the complex, the monomers CH, and Ny are deformed (see
[141]), it is of interest to estimate the change of the complex polarizability caused by the
nonrigidity of the monomers. For this purpose we have carried out ab initio calculations of
the polarizability tensor invariants a?(R.) and Y4Z(R.) for the family of the most stable
configurations of the CH4-Ny complex at full optimization of their geometries. The results of
calculations have shown that accounting for the monomer nonrigidity practically does not affect
on the mean polarizability o*?(R,), but noticeably increases (on ~ 2.3%) the polarizability
anisotropy 74?(R.) of the complex.

Ab initio calculated polarizability tensor invariants a*?(R) and v4Z(R) for the family of

the most stable configurations of the CH4-N, complex can be expanded in a series in the vicinity



Chapter 5. Static Polarizability 103

of R, (in a.u.):
oP(R) = 28.105 + 0.208(R — 6.84) — 0.081(R — 6.84)?, (5.12)

vAB(R) = 3.801 + 0.091(R — 6.84) + 0.047(R — 6.84)>. (5.13)

The expressions obtained allow to estimate the derivatives of the polarizability tensor invari-
ants for the CH4-Ny complex in the case of rigid interacting molecules CH4 and Ny. Particularly,
at R, = 6.84 ag, the first derivatives 0o B (R)/OR = 0.208 e2apE; ' and 9y*Z(R)/OR = 0.091

ta3E,? are of different sign and considerably differ in their absolute value.

5.3 Polarizability of free oriented interacting

molecules CH,4-N>

The analytical representation of the polarizability of interacting molecules allows us to
simply calculate the polarizability of the free oriented interacting molecules CH4 and Ns. For
this purpose, the polarizabilities o/} (Eqs 5.3 - 5.5) should be averaged over Euler angles x4,
04, 4, 0 and pp. In this case the polarlzablhty tensor has only two independent components
and has the form:

4 4 2204 TCAB N4 HB
als A B A B( A, B B _ B2 6
atl = a4l +R oo +R oo (a4 a )+45R6(ozzz—ozm) + 1816 <_+Q_B> (5.14)
and 5 )
@;f all = ot 4 af — ﬁaAozB + R6aAaB(aA + o)
19a 5 g 2087 3t 7P
— — =+ —= 5.15
e @h — ol + e (Ga+ 08): (5.15)

where ¥4 and 72 are the mean hyperpolarizabilities of the methane and nitrogen molecules.

The expressions for the mean hyperpolarizabilities ¥4 and 77 are written as

_ 3
B _ 1

In Egs. 5.14 and 5.15 the isotropic dispersion coefficient CZ'8

3 /000 o (iw) o (iw) dw (5.18)

cAB —
™

is simply related to the coefficients C,, and D,, from Eq. 5.5: C’é“B = 60, = 6Cy, =60, =
2Dxx+2D,,+2D, .. It is obvious that the polarizabilities @;; are defined only by the tensors aﬁbB
and W(Qfﬁ of the interacting molecules CHy and Ny and by the dispersion coefficient C{'Z. The
calculated value of the coefficient C¢'Z — 97.26 E},-a$ using Eq. 5.18 is in a good agreement with
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CAB — 96.94 Ey,-ay° from work [98]. Note that Eqs. 5.14 and 5.15, when a2, = o | become the

well known expressions for the polarizabilities of two interacting spherically symmetric atoms
A and B [54,55].
The analysis of Eqgs. 5.14 and 5.15 shows that the dependence of the polarizability tensor

AB _ —AB

components @47 and the anisotropy of the polarizability tensor & a’” on the intermolec-

xT Yy
ular separation is defined mainly by the terms ~ R™3, and the R-dependence of the mean

polarizability a*? = (@, + 2a;"”)/3 is defined by the terms ~ R™°:

2 Aot 5C¢8 (4t AP
—AB A B _ A B/ A B B B2 6
a’® —a” —a —ﬁaa(a +a)+@(azz—am) +W<a—A+a—B>. (5.19)
The calculation has shown that the first term in the right part of Eq. 5.19 gives the leading
contribution (~ 64 %), the dispersion interactions (the third term) give the contribution ~
35 %, and the contribution of the second term, which is defined by the anisotropy of the

polarizability tensor of the Ny molecule, is very small (~ 1 %).

5.4 Vibrational Raman spectrum

The computations were carried out with Gaussian03 [34] package at the MP2/aug-cc-pVTZ
level of theory for monomers CHy4, Ny and for complex CH4-Ny (configuration 4). The molecular
geometries of these species were optimized followed by a frequency calculation. The automatic
methods in Gaussian were used to compute the Raman activities for 90° scattering |143| (key-
word: freq=Raman):

Ra = (45(c)} + T(v)2)/45, (5.20)

where (/)2 is a square magnitude of derivative of the isotropic part polarizability tensor with
respect to the k-th normal mode, and (7/)? is a square magnitude of derivative of the anisotropic
part 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 /.

In the Figs. 5.7-5.8 the Raman spectrum is presented for the CH4-Ns complex. At Fig. 5.8
all of the predicted anharmonic frequencies (see Table 3.8) corresponding to the frequencies of
methane were scaled by 0.983 factor to fit the experimental data. As the MP2 method gives
the harmonic frequency of the Ny molecule that is far from the experimental one, we have
corrected the harmonic frequency w of Ny and the harmonic frequency of the mode 147 of the
complex by factor 1.054 to fit the experimental value 2358.6 cm ™! [188]. For figures 5.7-5.8 the
Lorentzians with 10 cm~! width were used. Figures and Table 5.2 show that for all vibrational
modes of the CH4-Ny complex R4 decreases by factors 0.7-0.98 in comparison with R4 for the
vibrational modes of monomers CH, and Ns.

The Raman spectrum can be used to give additional information regarding the properties
of Raman scattering. One of the important properties is the depolarization ratio p. The

depolarization ratio p is defined as the ratio of the intensities I,/1,, where I, and I, are the
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TAB. 5.2 - Harmonic w wibrational wavenumbers (in cm™') and Raman activities Ra
(A* JAMU) calculated at the MP2/aug-cc-pVTZ level of theory with BSSE correction for config-
uration 4 of the CHy-No complex. In parenthesis we present the correspondence of the complex

vibrational modes to the vibrational modes of the monomers.

M 0 d e Sym wcomplem RCAOmpl ex wmonomer Rgonomer
1 A" 19.6 0.2787
2 A" 23.3 0.9607
3 A 48.2 0.0463
4 A 65.7 0.0032
5) A" 71.8 0.0123
6 (v, CHy) A 1355.3694 0.0141 1356.0124 0.0188
7 (v4, CHy) A" 1356.0315 0.0136 1356.0124 0.0188
8 (v4, CHy) A’ 1356.0581 0.0118 1356.0124 0.0188
9 (v2, CHy) A" 1587.6962 2.7775 1588.5680 2.8632
10 (v, CHy) A 1588.2845 2.8162 1588.5680 2.8632
11 (v, No) A’ 2185.0729 14.6099 2186.8628 16.0198
12 (v1, CHy) A 3066.7775 215.6018 3069.5665 224.5058
13 (v3, CHy) A" 3201.5411 35.6778 3204.9644 41.9746
14 (v3, CHy) A 3201.5602 36.2711 3204.9644 41.9746
15 (v3, CHy) A 3203.9712 44.2979 3204.9644 41.9746

components of intensity of scattered light in the plane perpendicular to the direction of scattered
light propagation (along z-axis). Fig. 5.9 shows that polarization properties of Raman scattering
are retained in the complex for vibrational frequencies corresponding to the frequencies of
monomers CHy and Ny (anisotropic Raman scattering: v5, v3 and vy of the CHy molecule;
isotropic Raman scattering: v; of the methane molecule and v of the dinitrogen molecule), which
is in agreement with the symmetry of vibrations. Fig. 5.9 also shows that the Raman scattering
for intermolecular vibrations (modes 1, 2, 4 and 5 from Table 5.2) has purely anisotropic nature
(p = 3/4 for linearly polarized (the vector of the electric field of the incident light is directed
along the y-axis) and p ~ 6/7 for unpolarized incident light), and the Raman scattering for the
vibrational mode 3 (¥=48.2 cm™!) is a mixture of the anisotropic and isotropic scattering. It
should be noted that for collision Raman scattering the Raman line intensities could be larger

than predicted ones for configuration 4.



Chapter 5. Static Polarizability 106

F1G. 5.3 - Interaction polarizabilities Acy;, and induction and dispersion contributions to Aay;
of the CHy-Ny complex for the configuration 3 (b, d - enlarged fragments). All values are in
a.u. 1- Aay, 2 - a?a® contributions, 3 - fAOF contribution, 4 - A2a®P contributions, 5 -
EAaP contributions, 6 - o« E® contributions, 7 - BAGF contribution, 8 - a*aPa? + aPatal

contribution, 9 - a®*P contribution.
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F1G. 5.4 - Interaction anisotropy A~y for the CHy-No complex (a - configurations 1, 3 and 6;
b - configurations 2, 4 and 5). All values are in a.u. Configurations 1 and 2: solid lines -
analytical calculations, solid bozes - CCSD(T) calculations. Configurations 3 and 4: dash lines
- analytical calculations, bozes - CCSD(T) calculations. Configurations 5 and 6: dot lines -

analytical calculations, solid circles - CCSD(T) calculations.
84 .
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FiG. 5.5 - The mean interaction polarizability A« for the CHy-No complex for configurations
1-6. 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.
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FiG. 5.6 - Induction and dispersion contributions to Aa of the CHy-No complex for config-
uration 5 (on the right - enlarged fragment). All values are in a.u. 1 - Aa, 2 - o’a®
contributions, 3 - A%a® contributions, 4 - a®P contributions, 5 - oA EP contributions, 6 -
ataPa? + aPatal contribution, 7 - EAaP contribution. Solid lines - analytical calculations,
solid circles - CCSD(T) calculations, bozes - MP2 calculations.
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F1G. 5.7 - Simulated Raman spectrum of the CHy-No complex calculated at the MP2/aug-cc-
pVTZ level of theory for harmonic frequencies.
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F1G. 5.8 - Simulated Raman spectrum of the CHy-No complex calculated at the MP2/aug-cc-
pVTZ level of theory for anharmonic frequencies (intermolecular modes are not presented)
corresponding to the frequencies of the monomers CH; and N,. Lorentzians with 10 cm™

width were used.
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Fourth part

The CoH4-CoHy4 van der Waals complex
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Ethylene is a simple, unsaturated hydrocarbon. In spite of its chemical simplicity, CoH,
affects many diverse processes. Even in biology it is of great interest, for example, ethylene is
a hormone that regulates a number of physiological and developmental events in plants [145].

Nonbonding interactions of m-electron systems have been intensively studied, since -7
interactions control several phenomena such as crystal packing of unsaturated hydrocarbon
molecules, conformational preference of nucleic acids, and host-guest interactions of aromatic
molecules. The ethylene dimer is the simplest m-m organic complex that can serve as a test
object for nonbonding interaction theories.

Moreover, ethylene dimer as long as the methane-nitrogen complex is of particular inter-
est for astrophysical applications. These complexes exist in the atmospheres of giant plan-
ets (Jupiter [146,147|, Saturn [148], Neptune and Uranus [149]) and Saturn’s satellite Ti-
tan [80,90,92,150, 151], and contribute to the IR absorption spectra of their atmospheres. In
the present work we consider the interacting molecules CoHy in their ground electronic state
LA

g-



Chapter 6

Potential energy

Apparently, the history of quantum-mechanical calculations of the interaction energy of two
ethylene molecules begins with the work of Hashimoto and Isobe in 1973 [152]. At the beginning
the interaction energy calculations of the (CoHy)s van der Waals complex were performed at
various levels of theoretical methods from semiempirical ones [152-157] to relatively simple
variants of ab initio [158-163| methods. In these works the stability of different configurations
of the ethylene dimer was investigated and the search of the most profound configuration was
carried out. However, the first reliable interactions energies were calculated by Tsuzuki and
Tanabe [164] in 1992 only. In this work the interaction potential energies of 12 orientations
of ethylene dimer were calculated at the second-order Mgller-Plesset (MP2) level of theory
with the basis set 6-311G(2d,2p) accounting for the BSSE. The authors [164] have found the
most stable configuration (Dyq) of ethylene dimer which agrees with the structure predicted
from the analysis of infrared spectra of matrix isolated and solid ethylene [165]. In the sequel
Tsuzuki et al. [166-168] have investigated the most profound configuration of (CoHy)s in more
details using the modern theoretical ab initio methods with larger basis sets including the
complete basis set (CBS) limit. As a result of these investigations the interaction energy of
the most stable configuration of the ethylene dimer at MP2/CBS level of theory [168] at the
equilibrium is AEMP2(R,) = -1.54 kcal/mol, which is 1.4 times larger than in [164|. Further,
in Ref. |169] the authors obtained the value AEMP?(R,) = -1.62 kcal /mol, which was used for
the interaction energy evaluation of the most stable configuration of (CyHy)s at the CCSD(T)
level in the CBS limit. At present, the obtained value AEC“SP(T)(R,) — -1.51 kecal /mol [169]
should be considered as the most accurate value of well depth of the most stable configuration
of the ethylene dimer. Recently, the interaction energies of (CoHy)s were calculated in the
framework of spin-component scaled second-order Mgller-Plesset (SCS-MP2) method [170,171].
In the work [171] it was shown, that SCS-MP2 potential energy curves with obtained scaling
parameters very well reproduce the corresponding CCSD(T) potential energy curves. We should
point out, that in work [171] the potential energy calculations were carried out at the CCSD(T)
level of theory for 6 configurations of (CyHy)s, that is at present the most complete description
of the potential energy of the ethylene dimer in the framework of high-level theory.

The other approach to the investigation of the potential energy surface of the (CyHy)o
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dimer was applied in Refs. [172-176| in the framework of analytical description of long range
interactions between ethylene molecules in the multipole expansion. Such approach requires
higher order multipole moments and polarizabilities, including imaginary frequency-dependent
polarizabilities, and gives a physically correct analytical description of the potential energy
surface for interacting molecules at large intermolecular separations. However, in the framework
of this approach the well depths of different configurations of the (CyHy)s dimer can’t be
described correctly, because at such intermolecular separations the electron shells of interacting
ethylene molecules begin to overlap and the long-range approximation is broken.

Our purpose is to carry out ab initio calculations at the CCSD(T) level of theory with rel-
atively large correlation-consistent basis set and to investigate the applicability of the less de-
manding SAPT, DFT-SAPT, MP2 and explicitly-correlated methods CCSD(T)-F12 and MP2-
F12 and analytical methods for the description of potential energy surface of the (CoHy)o van

der Waals complex.

6.1 Coordinate system

In the present work, for the description of the complex Cy;H4-CoHy a Cartesian coordinate
system was used (see Fig. 6.1). The C-C bond is in the yz-plane. The origin of this coordinate
system is placed in the center of the C-C bond of the first (A) molecule. The vector R is directed
from the origin to the center of C-C bond of the second (B) molecule and has the components
(0, 0, R). The rotation of the i-th ethene molecule in this coordinate system is determined by
3 Euler angles: 1) rotation of angle x; around the z-axis; 2) rotation of angle 6; around the
y-axis; 3) rotation of angle ¢; around the z-axis. The initial position of the molecules in the
CoH4-CoHy complex, corresponding to the Euler angles x4 = 04 = ¢4 =x5 = 05 = ¢ = 0°,
is presented in Fig. 6.1.

The experimental ry (ground state) geometry of ethylene was used for all the calculations:
the bond lengths and angles of ethylene roc = 2.530 ag (1.339 A), rem = 2.050 ao (1.085 A),
agoe = 121.085 and agey = 117.83 Deg were taken from ref. [177].

6.2 Potential energy surface

The calculations were carried out for 12 geometries (Fig. 6.2) of the CoHy-CoHy com-
plex in the approximation of rigid interacting molecules at the CCSD(T), MP2, MP2-F12,
CCSD(T)-F12, SAPT and DFT-SAPT levels of theory with the correlation-consistent aug-cc-
pVTZ (AVTZ) basis set. When calculating the energy at the CCSD(T), MP2, MP2-F12 and
CCSD(T)-F12 levels of theory the BBSE correction was taken into account. It should be noted,
that the SAPT and DFT-SAPT methods are BSSE free. The interaction energies AE(R) cal-
culated at the CCSD(T) level of theory are shown at Fig. 6.3 (Table 8.4 in Appendix IX). The

figure shows that the most profound geometry corresponds to configuration 2 with an interac-
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F1G. 6.1 - Coordinate system of the CoHy-CoHy comple.

tion energy of -2191.168 uEj, (480.9 cm™') at R, — 7.181 ag (3.8 A) which is consistent with
the AE(R.) = -2178 pE), at R,=7.086 aq (3.75 A) (CCSD(T)/aug-cc-pVTZ) from Ref. [171].
The difference in values is due to the different bond lengths and angles used for the calculation.
The authors of Ref. [171] used bond lengths (rog = 1.0810 A and ree = 1.3332 A) and angle
(vgee = 121.33 Deg) optimized at the MP2/aug-cc-pVTZ level of theory.

The binding energy of the complex is a characteristic of its stability, thus the knowledge
of its accurate value is very important because it could interpret and guide the experimental
investigations. In the present work it was obtained in the CBS limit. For this purpose the

extrapolation scheme of Helgaker et al. [30]

E¥F = B + Bexp(—aX), (6.1)
B = Bl + AX,

tot HF corr
Ecss = Ecps + ECps-

was employed. The HF and correlation interaction energies were corrected for the BSSE.
Since the ethylene dimer is a large system, the CCSD(T) calculations with a big cardinal
number X (X = 4, 5, etc.) are very long and computationally expensive and extrapolation can
only be performed at the MP2 level. However, the role of the higher-order correlation energy
contributions can not be neglected and the interaction energies calculated at the CCSD(T) level

of theory in the CBS limit were determined using the following scheme, proposed in Ref. [169]:
ABGLe"'" = ABME2 + (AECCSPT) — ABMP)| oo vz, (6.2)

The use of Eq. 6.2 is based on assumption that the difference between the CCSD(T) and MP2
interaction energies (AECCSPT) — AEMP2) depends only negligibly on the basis set size and
can thus be determined with the medium basis set (we used the AVTZ basis set). The energies
AEMET2 were obtained using Dunning’s basis sets AVXZ (X = 3, 4). For calculating the AEHE,
a 3-point extrapolation is needed. However, it was shown in Ref. [30] that parameter « is almost

invariant and equals to 1.63, thus we fixed o = 1.63. Therefore, the energies with two basis
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F1G. 6.2 - Geometries of the CoHy-CyHy comple.
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Fi1G. 6.3 - Interaction energy AE(R) (uEp) of the CoHy-CyHy complex calculated at the
CCSD(T)/aug-cc-pVTZ level of theory with the BSSE correction.
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sets are enough to carry out the extrapolation of the HF energies as well as the correlation
energies. The results of the calculation are presented in the last column of the Table 6.1. The
table shows that the BSIE is 7 - 25 % of the energy calculated using the AVTZ basis set.
The largest contribution of the BSIE correction to the binding energy of the complex is for
the configuration 3 and 4. These configurations are also noticeable because of their potential
energy behavior (see Fig. 6.3 and 6.4): the energy has a very small potential well and for R >

10.5 ag it is positive.

TAB. 6.1 - Equilibrium distance R. (in A) and binding energy AE(R.) for different configu-

rations calculated at the CCSD(T)/AVTZ and CCSD(T)-F12/AVTZ levels of theory with the

BSSE correction. In the last column there are presented the binding energies in CBS limit cal-

culated at the CCSD(T) level using extrapolation scheme of Helgaker (AEcps(R.)). All angles

are in Deg, energies are in puEy,.

Conf. Symm. xa 0a wa xB 0 ¢p R. AE(R.) AE(R.) AEcps(R.)
CCSD(T) CCSD(T)-F12 CCSD(T)

1 Doy, 0o 0 0 0 0 0 52 -602465 -638.187 -646.192
2 Dy, 90 90 90 90 0 90 3.8 -2191.168 -2323.555 -2356.714
3 Doy, 0 90 90 90 90 4.5 -100.906 -129.405 -135.979
4 Iy 0 0 9 90 90 0 45 -90.037 -116.577 -126.153
5 Coy 0 0 9 0 90 0 4.6 -959.821 -1011.151 -1028.653
6 Cay 0 9 9 90 90 0 3.8 -1572.798 -1670.690 -1707.929
7 Cay 0O 0 9 0 90 90 4.6 -919.016 -968.161 -986.520
8 Dy, 0o 0 O 0 90 5.0 -1001.250 -1064.007 -1077.743
9 Coy 90 0 90 0 0 44 -1533.231 -1622.923 -1644.732
10 Co 909 0 9 0 0 90 4.8 -674.079 -706.381 -714.547
11 Cay 90 0 90 90 O 3.9 -1649.328 -1734.829 -1767.935
12 Doy, 90 90 90 90 O 44 -639.834 -668.195 -681.133

In order to check whether it is possible to use the SAPT or DFT-SAPT methods (devel-
oped specially for complexes, less demanding) and explicitly correlated methods (MP2-F12 and
CCSD(T)-F12) to calculate the potential energy surface of the ethylene dimer we have carried
out the calculations at the CCSD(T), SAPT for all 12 configurations of the complex and DFT-
SAPT, MP2, MP2-F12 and CCSD(T)-F12 calculations for the deepest (configuration 2) and
the one of the less deep (configuration 3) configurations of the (C2Hy)s van der Waals complex.
All the calculations were carried out using the AVTZ basis set. The results of the calculations
are shown at Fig. 6.4 (the values of interaction energy are also presented in Tables 8.4-8.6 in
Appendix IX). It is obvious that the DFT-SAPT (both with PBEO and B3LYP functionals)
method provides results that are more correct than the SAPT, MP2 and MP2-F12 methods.
However, the DF'T-SAPT method is still not correct enough to describe the interactions of the
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complex under investigation. Therefore, the SAPT, MP2 and MP2-F12 methods proved to
give non-reliable results for all 12 configurations of the ethylene dimer. A good agreement was
obtained for the CCSD(T) and CCSD(T)-F12 methods. It should be noted that the CCSD(T)-
F12/AVTZ level gives values of energy close to the CBS limit calculated at the CCSD(T) level
(see Table 6.1) as well as MP2-F12 gives the values close to the CBS limit calculated at the
MP2 level of theory.

Analytical calculations were carried out using the long-range approximation (Eq. 2.18):
AE = Eelec + Eind + Edisp; (63)

where Eejee, Fing and Fg;s, are the electrostatic, induction and dispersion contributions to the
total interaction energy of the complex. For the case of the ethylene dimer (Qu5, = Bapy =

Ay = 0 due to the symmetry Day,), limiting ourselves to the order of R™®, we have

1 1
Eejee = §Taﬂv6@£ﬁ®»€5 + ETaﬁvéecp [@ﬁﬁ(byBaw + @aBB(I):?éego]? (64)
1
Einag = _1_8To¢'y6TB5<p [afﬁ@ﬁs@gg + O'/g,@@éé@?cp]? (65)
1 - A (. B/,
Edgisp = _%TaﬂT'y(S i v, (W) s (iw) dw (6.6)

1 > : : : .
e TomToee [ (s (@)CF, (i) + Cih (i)l (i)
0
1 > : : . :
5T | [0 1) B ) + B (i)l ()]
Dispersion contribution (Eq. 6.6) was calculated in the present work using the London formula
[32] within the Unsold approximation [43]:

ondon U 1
Eé%spd = _g(TaﬁTWSaé’yagé + g Oéﬁ’YT5890 [0436057,5@ + C,gl%a(pafcﬂ (67)

2 A A
+ 1_5TaﬂT'y5€<p [aa'y Eﬁ&sg& + Eﬁ,éap af’y] )

and using CRA2 (analogously to the CRA2 for dipole moment and polarizability calculations,
described in Part II):

C 1
CRA2 6 A B A B B ~A
Edisp = _@ TaﬁT’Y(saa'yOé,BS + g a37T5€W<aa50ﬁ'y,ap + aaécﬁ'y,sga)
2 A A
+ET0!5T’Y55<P(O'/0[5E576¢ + af(SE,@,wap) : (68)

The values of the molecular parameters used for the analytical calculation of the interaction
energy (Eq. 6.3) are listed in Table 8.3 in Appendix VIII. The leading terms in the electrostatic
interaction energy of the complex are the terms ©108+07604 (~ R~°). However, the dominant

contribution to the interaction energy give the dispersion interactions (see Fig. 6.5 and Eq. 6.9).
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F1G. 6.4 - Interaction energy AE(R) of the (CyHy)s complex (a - configuration 2, b - configu-

ration 3). All the calculations were carried out with AVTZ basis set.
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Fi1G. 6.5 - Contributions to the interaction enerqy AE(R) of the (CoHy)s complex
configuration 2 (a - Eeec, b - Eina, ¢ - Egisp).
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As an example we present the results of the calculations using analytical formulas for con-
figuration 2 (R is in ag)

484Epal  1152.0E)a]

Eelec =

R R
351.0E,a8
Eind = —T,
CRA2 272.98FE,ab  7630.78 Eya
Edisp = - RS - R® R
ondon 193.22E,a8  5401.12E)a8
ECZ'SPd - R6 ¢ - RS - (6.9)

in Fig. 6.6. The analysis of the results shows that the analytical representation of the interaction
energy by Eq. 6.3 with the dispersion contribution treated using CRA2 (Eq. 6.8) for the ethylene
dimer is in a good agreement with the high-level ab initio calculations (CCSD(T)-F12/AVTZ
with the BSSE correction) for the intermolecular separations R > 11 ay. The figure shows also
that the London approximation (Eq. 6.8) underestimates the dispersion energy. Further, we
will use the dispersion energy calculated using CRA2. In Fig. 6.6 the comparison of analytically
calculated AE = Eejec + Eing + Egisp with the same AE = E.c + Eipg + Egisp obtained using
DFT-SAPT and HF-SAPT methods says that the number of terms accounted in our expansion
(Eq. 6.4-6.8) is enough for the description of interaction energy for long-range separations. The
figure shows that DFT-SAPT and HF-SAPT methods provide practically the same values of
AE = E.ec + Eing + Euaisp (the difference in values of energy calculated using these methods
appeared to be in the exchange contribution). The Fig. 6.6 also shows that the contribution
from the electron overlap effect (exchange contribution) become noticeable for R < 11 ay.

It is interesting to note that for configurations 3 and 4 the repulsive electrostatic terms
0407 + 0804 give noticeable contribution to AE for large R, which leads to the positive
interaction energy for R > 10.5 ag. Particularly, for configuration 3 the electrostatic, induction

and dispersion contributions have the form (R is in a):

36.61E,a5  1400.4Eja}

Eelec = R5 — R ,
1210.7E),a}
Eind == —T,
[CORA2 _ 255.12Eha8 4270.86Ehag
disp T RS - RS ,
180.58 a8  3022.95Eab

i =~ - 7 & (6.10)

The interaction energy for configuration 3 is presented at Fig. 6.7. Like for configuration 2 the

dispersion contribution is better described by CRA2.
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F1G. 6.6 - Interaction energy AE(R) of the (CyHy)a complex for configuration 2 (a - normal

size, b - enlarged fragment).

o e 0.0000
iy Z % L
A
-500 - | .109.7373
-1000 - | .219.4746
W 14 i =
- ‘ CCSD(T)-F12/AVTZ BSSE °
Y 1500 - —+—SAPT/AVTZ | 329.2119Y
—e— DFT-SAPT/AVTZ b3lyp
_ London .
1+ v L AE=E +E__+E disp analytics -
_ CRA2 .
-2000 T AE_Eind-'-Eelec-i-Edisp analytlcs - -438.9492
& AE=E, +E  +E  SAPT/AVTZ
o AE=E, +E _+E, DFT-SAPT/AVTZ b3lyp I
-— -548.6865
6 8 10 12 14 18
R/ a,
a
0 0.0000
........... /
-500 - | .109.7373
W £
= -1000+ CCSD(T)-F12/AVTZ BSSE - -219.47462
- —a— SAPT/AVTZ w
1 —e— DFT-SAPT/AVTZ b3lyp -
----- AE=E,_+E__+E_ " analytics
-1500 - L AE:Eind_i_EeleC_'_Eccj:il::z analytics - -329.2119
I & AE=E, +E, +E, SAPT/AVTZ i
/
o o AE=E, +E  +E, DFT-SAPT/AVTZ b3lyp
-2000 — -438.9492
8.0 85 90 95 100 105 11.0 12.0
R/ a,



Chapter 6. Potential energy 126

F1G. 6.7 - Interaction energy AE(R) of the (CoHy)y complex for configuration 3.
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Magnetic corrections to the dispersion energy.

As the ethylene molecule has w-bonds, it is interesting to evaluate the contributions of
magnetic interactions to the dispersion energy of the complex CoHy-CoHy. The evaluation
of the terms in Eq. 2.38 and Eq. 2.39 for the region kR < 1 gives the results, presented
in Table 6.2. The first column is the leading contribution in the London dispersion formula
(Eq. 2.15). The table shows that the contribution of the magnetic interactions for the complex

under investigation is negligible in comparison with the electric interactions.

TAB. 6.2 - Leading contributions from different interactions to the dispersion energy of the
ethylene dimer for kR < 1. All values are in a.u.

AFo—a AEYX AEafdia AEX—X AEdiafdia AESJCV
3 x 102 5x 1079 107 3 x 1074 2 x 1078 1073
RS R* RS RS - RT R*

Molecular parameters used for the calculation: (¢*)°°=83.031 a.u. (calculated at the
MP2/AVTZ level of theory), x = 4.145739 a.u. [189]|, a and U are taken from Table 8.3.
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Interaction-induced dipole moment

Dipole moment of ethylene complexes gives rise to the absorption of gas media containing
nonpolar ethylene molecules. In spite of particular interest in the ethylene dimer in astrophysics
and chemistry, dipole moment of the ethylene dimer was studied very poorly. At present, there
is no theoretical calculations of the dipole moment surface of ethylene dimer, and it is known
only that the dipole moment of ethylene dimer being in the most stable configuration (D)
equals to zero. There are experimental works on collision-induced absorption in ethylene in
the infrared region [180-183] that contain the information on the dipole moment surface of the
interacting ethylene molecules. However, these spectra of collision-induced absorption were not
employed for the investigation of the dipole moment of ethylene dimer, but for the evaluation
of the quadrupole moment of ethylene molecule. Thus, our purpose is to carry out high-level ab
initio and long-range analytical calculations (up to large order of R~7) of the dipole moment
of the (CoHy)o complex.

7.1 Dipole moment surface

The ab initio calculations were carried out for 6 configurations of the CoHy-CoHy complex
(configurations 5, 6, 7, 9, 10, and 11 presented in Fig. 3.2, other configurations do not possess the
dipole moment) which can be characterized by 6 Euler angles x4, 64,94, X5,0p and ¢p. The
geometric parameters for these configurations are presented in Table 6.1. For these geometries
the value of R has been varied within the range 3.0 — 20.0 A.

For the ab initio calculations the field strength of the 0.001 e 'a2E) was applied to the
van der Waals complex (CyHy)o. The calculations of the dipole moment surface were carried
out at the explicitly correlated CCSD(T)-F12 [178| (that is claimed to give results using the
AVTZ basis set that are better than conventional CCSD(T) with the AV5Z basis set [179]) and
CCSD(T)/AVTZ levels of theory with the BSSE correction using Eq. 1.84:

E(Fa> — E(_Fa>
‘o 2F, ‘
The ab initio calculations for the six configurations from Table 6.1 are presented at the

Fig. (7.1) and in Table 8.7 (see Appendix X). The comparison of the values calculated with

128
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and without the BSSE correction shows that the BSSE correction gives small contribution to
the dipole moment (the difference is about 0.002%), therefore, we haven’t presented the dipole
moment calculated without the BSSE in Appendix X. We will use the values of the dipole
moment with the BSSE correction throughout this chapter.

Analytical calculations in the classic long-range approximation [32| of the interaction-
induced dipole moment surface of the complex have been carried out for the comparison with ab
initio calculations. Taking into account the symmetry of the CoHy molecule (Dg, symmetry),

for the (CoHy)o dimer the components of the dipole moment Eq. (2.41) take on the form:

Ha = pg? + g™, (7.1)
where the induction dipole moment u" (Qu5, = Bagy = Aaps, = 0 due to the symmetry
Do) (through the order R™7):

in 1 1
pat = = 515 (045075 — aig3O%] + Tor Lorsee [0 @50y — p®lse,]
1 1
+45TIB’Y§5<P[ 01?,675@?90 - Ef,ﬂws(—)?(p] - gTﬂaT‘P’st [aéﬂ(—)ﬁsaﬁo aﬁ(a'y(saacp] (72)

and the dispersion dipole moment pd*? (through the order R~7):

1
plisp — %/ dw[Baﬂ%;(O W, zw)af@(iw)—Bfﬁﬁé(O;z'w,—iw)aﬁp(iw)]TBgng. (7.3)

The dispersion contribution to the dipole moment of the ethylene complex at the moment could
not be calculated using Eq. 7.3 because of the absence of the calculated imaginary frequency-
dependent hyperpolarizability B,gss(0; iw, —iw) for the CoHy molecule. Thus, we have used
the constant ratio approximation CRA2 (Eq. 7.4), as described in the Second Chapter:

disp __ 506
o 5402

518 Tipys Bgﬂ,'yéachp - Bgﬁ,vdafgp . (7.4)
As there is no literature data on the dipole-dipole-quadrupole polarizability of the ethylene
molecule, we have calculated ourselves B,s.s at the CCSD(T)/AVTZ level of theory using
approach described in Ref. [185]. The values of the molecular parameters used for the analytical
calculation of the dipole moment (Eq. 7.1) are listed in Table 8.3 in Appendix VIII. The
coefficient Cs = 300.2 Ej, - ab was taken from Ref. [184].

The comparison of ab initio and analytically calculated dipole moment for six configurations
of the ethylene complex is shown in Fig. 7.1. The figure shows that the analytical description
(Eq. 7.1) of the dipole moment is in a good agreement with the ab initio calculated one at the
CCSD(T)/AVTZ level of theory with the BSSE correction for R > 11 ag. In the same figure
(and in the Table 8.8 in Appendix VIII) the dipole moment of the configuration 5 calculated at
the CCSD(T)-F12/VTZ-F12 and MP2/AVTZ levels with the BSSE correction are shown. As
expected, the MP2 level of theory does not account for the large part of the electrons correlation,
that is why the difference between dipole moments calculated at the CCSD(T) and MP2 levels
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is about ~ 5%. The results obtained at the CCSD(T)/AVTZ and CCSD(T)-F12/VTZ-F12
agree well for all R, thus CCSD(T)-F12/VTZ-F12 can be used for further calculations of the
whole dipole moment surface as it is less demanding.

In fig. 7.2 different contributions to the dipole moment of the complex are presented. As
expected the major contribution give the terms A40F + APO4, and the dispersion contribu-
tion (BAaP + BBa?) is one of the smallest or of comparable value with the back induction
contribution (a10©4a? + aPOPal). We suppose that the account for the dispersion terms is

necessary for the dipole moment of this complex.
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F1G. 7.1 - Interaction-induced dipole moment . of the (CoHy)s complex. Solid lines - calcula-
tions at the CCSD(T)/AVTZ level of theory with the BSSE correction; dash lines - analytical

calculations. Olive color - configuration 5, black color - configuration 6, red color - configuration

7, blue color - configuration 9, orange color - configuration 10, magenta color - configuration
11. White circles - calculation at the CCSD(T)-F12/VTZ-F12 level of theory with the BSSE
correction; black circles - calculation at the MP2/AVTZ level of theory with the BSSE correc-

tion.
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Fi1G. 7.2 - Contributions to the dipole moment of the configurations 5 and 9 of the (CyHy)s
complex. Red line - AYOB + ABO4 contributions, blue line - AYDB + AB®A contributions, dark
at04a®f + aPOBaA, brawn line -

BAa® + BBa? contributions; dash line - total dipole moment in the framework of long-range

cyan line - EAOF + EBOA contributions, magenta line -

approximation.
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Chapter 8

Conclusions

During this thesis two main weakly-bound complexes were considered: the CH4-No and (CoHy)o
van der Waals complexes.

CH,-N, complex
We have carried out the calculations of the potential energy, dipole moment and polarizability
of the CH4-Ny complex using both ab initio and analytical methods. Ab initio calculations
were performed at the MP2 and CCSD(T) levels of theory with the BSSE correction using aug-
cc-pVTZ basis set for a big number of mutual orientations and intermolecular separations (the
chosen region covers both small repulsive and long-range attractive ranges). The analysis of
the potential energy surface of the CH4-No complex calculated both at the MP2 and CCSD(T)
level of theory employing aug-cc-pVTZ basis set showed that there is a family of the most stable
geometries C,. These geometries are obtained by the rotation of the Ny molecule around x-axis
of an angle 7, where the initial geometry Cy of the complex corresponds to the geometry 4. The
recommended binding energy of the most stable configuration at R, = 6.8 ag almost doesn’t
depend on the method used for CBS limit calculations: AFE = -820.536 pFEj when Martin’s
extrapolation scheme (the cardinal number X = 4, 5) for total energy is used and AE = -
827.143 pE), for Helgaker’s scheme (X = (3), 4, 5) separately extrapolating Hartree-Fock and
correlation energy.

The analytical calculations in the present work are based on the long-range classical ap-
proximation. In potential energy surface we have accounted for the electrostatic and dispersion
contributions up to R~7. In the dipole moment calculations the induction and dispersion terms
were accounted completely through the order R~7. For the polarizability calculations of the
complex the induction (partially up to R~7) and dispersion (up to R~9) effects were taken into
account.

The comparison of analytical and ab initio calculations have shown that the long-range ap-
proximation works well in the range R > 10 ao for all properties under investigation (except for
ayy(R) and a,,(R): there is a good agreement even for R > 6 ag). For smaller R, when electron
shells of interacting molecules begin to overlap, this long-range multipolar approximation fails
to describe correctly potential energy, dipole moment and polarizability (even including the

higher order terms of perturbation theory).
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For the description of the dipole moment a simple model based on asymptotic methods in
atomic collisions was suggested. This model accounts for the exchange effects in the range of
small overlap of the electron shells. The model is based on idea of additivity of the long-range
and exchange terms. Suggested model was tested on a number of configurations of the CH4-Ny
complex and proved to be good enough in spite of its simplicity. The model was applied for
the analytical description of the dipole moment surface (R, 7) for the family of the most
stable configurations. For these configurations the modulus of the dipole moment changes very
weakly and with a good accuracy is equal to the value 0.01196 eay. Suggested model of taking
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 G4 and g are defined only by
the ionization potentials of molecules and take into account neither the form nor the size of
interacting molecules.

As far as the polarizability surface, the incorrect analytical description of the polarizability
component a,,(R) in comparison with the values obtained from ab initio (CCSD(T)/aug-cc-
pVTZ) calculations for R < 10 ag. results in the divergence of the mean (A«) and anisotropy
(A7) of the interaction polarizability calculated by the two methods, and this divergence is
more substantial for Aa. The results of the calculations have shown also that the invariants of
the interaction polarizability Aa and A~y for the CH4-Ny complex for the most stable config-
uration are negative. As a result, the invariants of polarizability tensor of the complex in this
configuration are less than the sum of invariants for free molecules (a4 + a2 and ?). This
leads to the fact, that the CH,4-N5 complex formation in methane-nitrogen gas media decreases
the index of refraction for such media and reduces the efficiency of light scattering, rotational
Raman scattering. The reduction of the efficiency is also observed for the vibrational Raman
scattering.

(C2Hy)2 complex
The calculations of the potential energy and, for the first time, dipole moment of the ethylene
dimer were carried out using ab initio and analytical methods. Ab initio calculations were
performed at the CCSD(T) (with the BSSE correction) and SAPT levels of theory using aug-
cc-pVTZ basis set for 12 configurations of the complex for intermolecular separations 5.7 ay < R
< 20.0 ag. For the most and least profound configurations the calculations were carried out also
at the MP2, MP2-F12, CCSD(T)-F12 and DFT-SAPT methods. The SAPT, MP2 and MP2-
F12 methods proved to give not correct quantitive results for the interaction potential energy.
However, these methods give the same qualitative result: the most profound configuration if
the configuration 2. The binding energy of the complex being in different configurations was
determined in CBS limit using extrapolation scheme of Helgaker et al. The recommended
binding energy of the most stable configuration (configuration 2 - symmetry Dy4) calculated at
the CCSD(T) level of theory in CBS limit (with the BSSE correction) at R, = 7.18 ag (3.8 A)
is AE(R.) = -2356.714 pEj. The CCSD(T)-F12 level of theory with the BSSE correction gives
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values of energy close to the CBS limit AE(R,) = -2323.555 E}y, however, it takes 7-8 times
more computer time for calculation. As for the analytical calculations of the potential energy
surface, the electrostatic, induction and dispersion interactions were accounted up to R~%, and
for the dipole moment the induction and dispersion interactions were accounted completely
through the order R=7. In order to obtain the dispersion contribution to the total dipole
moment of the complex the B,z .5 polarizability of the ethylene molecule was calculated. This
dipole-dipole-quadrupole polarizability was obtained for the first time (the calculations were
carried out at the CCSD(T) level of theory with aug-cc-pVTZ basis set).

The comparison of analytical and ab initio calculations have shown that the long-range ap-

proximation works well in the range R > 11 a both for the potential energy and dipole moment.

Perspectives
In perspective the full dimensional potential energy fitting can be carried out for the both
CH4-Ny and (CyHy)o complexes. On the base of the results the IR spectra can be simulated.
Obtained analytical representation of the dipole moment of the CH4-Ny complex can serve as a
very good basis for further description of full dipole moment (dependence on all Euler angles)
of the complex. As for the ethylene dimer, the polarizability calculations can be carried out
for different configurations of the complex both analytically and ab initio. Also, the analytical
description of the dipole moment of the ethylene dimer at short-range intermolecular separations
(the ranges of potential wells) can be developed. Furthermore, the calculated ab initio potential
energy surface for the CH4-N5 complex will be used for further calculations of line broadening

coefficient for methane perturbed by nitrogen by Tony Gabard.
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APPENDIX I (to the Part II)
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i#n
where the symbol S(a, 3,7, ...) implies a summation of all the following tensor components in
which «, 3,7, ... are permuted. Thus S(«, 8, 7)Xagy = Xagy + Xovs + Xgay + Xpgra + Xyas +
Xyga; S is therefore a summetrizing operator. These formulas for polarizabilities are valid
provided EY — EY is large compared to E, — EY for all states 4 that are mixed with n by the
particular perturbation.
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TAB. 8.1 - Number of Constants'
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Rotation matrix used in the present work

cos(p)cos(0)cos(x) — sin(p)sin(x) —cos(p)cos(f)sin(x) — sin(e)cos(x) sin(0)cos(p)
M,y = | sin(p)cos(0)cos(x) + cos(p)sin(yx) —sin(p)cos(f)sin(x) + cos(p)cos(x) sin(0)sin(p)
—sin(f)cos(p) sin(0)sin(x) cos(6)

0
0

The relation between the tensor’s components in coordinate system of the complex T} ; with

the tensor’s components in monomer coordinate system 7} ;:

3
Ts,t = Z Ms,kMt,lT];l (87)
k,l=1
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TAB. 8.2 - Molecular properties for the CHy and No molecules.

Property Definition CHy Nso
U first ionization potential, F), 0.4770° 0.5725¢
O.. quadrupole moment, ea? 0 -1.1258°
Qiye octopole moment, ea3 2.4095¢ 0
D.... hexadecapole moment, eaé -7.69¢ -6.75°
Qs polarizability, ezagE,jl 16.39¢ 14.8425°
Oza polarizability, e?a2E, ! 16.39¢ 10.2351°
Buyz first hyperpolarizability, e3aj E; -8.31¢ 0
Ay dipole-quadrupole polarizability, e2a3 E; ! 9.01¢ 0
E, ... dipole-octopole polarizability, e2aéE,:1 -18.9¢ 39.59°
J I~ dipole-octopole polarizability, e2ajE;* -18.94 -23.42°
Dyyose dipole-hexadecapole polarizability, e2al E; -66.58/5/8° 0
Dy e dipole-hexadecapole polarizability, e2ajE; > 189.0/5/4¢ 0
B.... dipole-dipole-quadrupole polarizability, e3ajF; > -256¢ -216°
Bi: s dipole-dipole-quadrupole polarizability, e3aiF; 2 -219¢ -124°
Bis. - dipole-dipole-quadrupole polarizability, e3adF, > 128/ 65°
Bis.vx dipole-dipole-quadrupole polarizability, e3ajF; -256°¢ -126°
Vrozs second hyperpolarizability, e*ag E; 2254¢ 1194°
Vezax second hyperpolarizability, ead F; 3 2254¢ 807"
Vrzzz second hyperpolarizability, e*al E, 800¢ 3220

“Reference [102].
’Reference [100].
“Reference [101].
dReference [103].
“Reference [104].
I Byyso = —B.. .. /2 for CHy.
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Potential energy of the CH4-N, complex

The calculations were carried out at the CCSD(T)/aug-cc-pVTZ level of theory.

E, =40.440930179 E,
E,, =109.38084514 E,

All angles are in Deg.

E" = Ey +Eg +AE

A 0, D 0, | ¢ R A Yy E™" CP-corrected (Ep) BSSE ( E))

90 45 | 35.26438969 |90 | O 3.0 1.1040569 | -149.749925670316 0.001940796035
3.1 -149.770244268919 0.001645717693
3.2 -149.785149306969 0.001408625123
3.3 -149.796015198097 0.001225195513
34 -149.803878920356 0.001086524656
3.5 -149.809526043538 0.000976230494
3.6 -149.813548202064 0.000881136543
3.7 -149.81638698064 1 0.000796999938
3.8 -149.818369412549 0.000723626617
3.9 -149.819736222456 0.000659327853
4.0 -149.820663724464 0.000600697739
4.1 -149.821280436380 0.000545190092
4.2 -149.821679522465 0.000492351374
4.3 -149.821928047945 0.000443078661
4.4 -149.822073902216 0.000398422035
4.5 -149.822150967568 0.000358938426
4.6 -149.822182979209 0.000324610645
4.64 -149.822187043656 0.000312234902
4.65 -149.822187448740 0.000309254592
4.66 -149.822187632728 0.000306318362
4.67 -149.822187606250 0.000303425515
4.68 -149.822187379815 0.000300575309
4.7 -149.822186367253 0.000294999407
4.75 -149.822180992003 0.000281751668
4.8 -149.822172308556 0.000269452191
4.9 -149.822148417043 0.000247085518
5.0 -149.822119605280 0.000227173002
5.5 -149.821978170857 0.000148812907
6.0 -149.821888752907 0.000089648161
6.5 -149.821840411978 0.000047611182
7.0 -149.821814305415 0.000026632869
8.0 -149.821791171635 0.000013832085
9.0 -149.821782663057 0.000008295111
10.0 -149.821779066588 0.000004669805
12.0 -149.821776521640 0.000000411174
14.0 -149.821775796314 0.000000005847
17.0 -149.821775465428 -0.000000000722
20.0 -149.821775381642 -0.000000000802
30.0 -149.821775348396 -0.000000000619
40.0 -149.821775346567 -0.000000000803
100.0 -149.821775346009 -0.000000000745

0 45 190 0 0 3.0 1.1040569 | -149.817669856570 0.000753106426
3.05 -149.818596914434 0.000706501923
3.1 -149.819362479411 0.000662986961
3.15 -149.819991856518 0.000622421341
3.2 -149.820506657318 0.000584663839
3.25 -149.820925304040 0.000549561567
33 -149.821263471279 0.000516944484
3.35 -149.821534469736 0.000486623088
34 -149.821749581639 0.000458392762
3.45 -149.821918347941 0.000432039685
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3.4 -149.821749581639 | 0.000458392762
3.45 -149.821918347941 | 0.000432039685
35 -149.822048822030 | 0.000407351004
3.55 -149.822147785916 | 0.000384124648
3.6 -149.822220937306 | 0.000362178970
3.65 -149.822273007585 | 0.000341403770
3.7 -149.822308077133 | 0.000321589420
3.8 -149.822339832914 | 0.000284661683
3.82 -149.822341455637 | 0.000277685204
3.83 -149.822341789576 | 0.000274247198
3.84 -149.822341825529 | 0.000270842838
3.85 -149.822341578088 | 0.000267471912
3.86 -149.822341061291 | 0.000264134586
39 -149.822336559631 | 0.000251124310
4.0 -149.822312185086 | 0.000221028301
4.1 -149.822276075474 | 0.000194536834
4.2 -149.822234410205 | 0.000171674117
4.3 -149.822191166975 | 0.000152185458
4.4 -149.822148808841 | 0.000135558898
4.5 -149.822108777652 | 0.000121167139
4.6 -149.822071833309 | 0.000108439640
4.7 -149.822038292699 | 0.000096982248
4.8 -149.822008192455 | 0.000086604834
4.9 -149.821981401185 | 0.000077270733
5.0 -149.821957693161 | 0.000069011827
55 -149.821875758089 | 0.000042435477
6.0 -149.821832960450 | 0.000028147874
6.5 -149.821809932665 | 0.000018066568
7.0 -149.821796980562 | 0.000011612120
8.0 -149.821784713539 | 0.000004843573
9.0 -149.821779855248 | 0.000001890234
10.0 -149.821777700387 | 0.000000555149
20.0 -149.821775380898 | -0.000000001037
30.0 -149.821775349372 | -0.000000001066
40.0 -149.821775346329 | -0.000000000653
100.0 -149.821775346111 | -0.000000000833
45 | 35.26438969 | 90 3.0 1.1040569 | -149.805443197667 | 0.000991612012
32 -149.814400450754 | 0.000780358725
33 -149.816999809776 | 0.000693218641
3.4 -149.818798163830 | 0.000616476755
35 -149.820024909939 | 0.000549991270
3.6 -149.820847519402 | 0.000493236429
3.7 -149.821387259199 | 0.000444990805
3.8 -149.821731189082 | 0.000403662522
3.9 -149.821941266100 | 0.000367754859
4.0 -149.822061183403 | 0.000336130050
4.1 -149.822121469729 | 0.000308031755
4.15 -149.822136137191 | 0.000295148025
4.2 -149.822143243916 | 0.000282981395
4.22 -149.822144342321 | 0.000278307485
4.23 -149.822144564566 | 0.000276010838
4.24 -149.822144583212 | 0.000273740578
4.25 -149.822144407962 | 0.000271496595
4.26 -149.822144049400 | 0.000269278516
4.3 -149.822140960338 | 0.000260661495
4.4 -149.822124388809 | 0.000240815940
4.5 -149.822100028159 | 0.000223166259
5.0 -149.821964717704 | 0.000154492325
55 -149.821877258879 | 0.000095416098
6.0 -149.821831338092 | 0.000051201316
6.5 -149.821807538024 | 0.000029376277
7.0 -149.821794771045 | 0.000020063204
8.0 -149.821783321977 | 0.000009937144
9.0 -149.821779048607 | 0.000004028941
10.0 -149.821777229418 | 0.000001207953
12.0 -149.821775942363 | 0.000000061697
14.0 -149.821775574683 | 0.000000000190
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16.0 -149.821775429618 | -0.000000000747
18.0 -149.821775378712 | -0.000000000773
20.0 -149.821775357519 | -0.000000000906
30.0 -149.821775346412 | -0.000000000661
40.0 -149.821775346273 | -0.000000000787
100.0 -149.821775345989 | -0.000000000792
0 45 | 35.26438969 3.0 1.1040569 | -149.820305665277 | 0.000680340890
3.1 -149.821201909623 | 0.000606143048
3.15 -149.821521069998 | 0.000572846726
32 -149.821773366221 | 0.000541702340
3.25 -149.821970366846 | 0.000512461823
33 -149.822121812436 | 0.000484922665
3.35 -149.822235886274 | 0.000458931003
3.4 -149.822319445151 | 0.000434381132
3.45 -149.822378221361 | 0.000411207106
35 -149.822416993979 | 0.000389374738
3.55 -149.822439735281 | 0.000368868903
3.6 -149.822449695621 | 0.000349724529
3.62 -149.822450757063 | 0.000342416309
3.65 -149.822449682716 | 0.000331843211
3.7 -149.822441894658 | 0.000315242543
3.8 -149.822410014207 | 0.000285671089
3.9 -149.822365057004 | 0.000260337527
4.0 -149.822314223569 | 0.000238231228
4.1 -149.822262091453 | 0.000218210207
4.2 -149.822211448441 | 0.000199275098
4.3 -149.822163880324 | 0.000180781622
4.4 -149.822120185131 | 0.000162516046
4.5 -149.822080656069 | 0.000144640153
5.0 -149.821940226948 | 0.000074895457
5.5 -149.821866890775 | 0.000045119120
6.0 -149.821828590716 | 0.000030489311
6.5 -149.821807733267 | 0.000020613269
7.0 -149.821795836800 | 0.000013506879
8.0 -149.821784380755 | 0.000004532596
9.0 -149.821779754162 | 0.000001186168
10.0 -149.821777671852 | 0.000000267556
12.0 -149.821776118438 | 0.000000005089
14.0 -149.821775651116 | -0.000000000659
17.0 -149.821775441030 | -0.000000000882
20.0 -149.821775381781 | -0.000000000835
30.0 -149.821775349131 | -0.000000000869
40.0 -149.821775346420 | -0.000000000704
50.0 -149.821775346103 | -0.000000000682
60.0 -149.821775345739 | -0.000000000657
80.0 -149.821775345934 | -0.000000000724
100.0 -149.821775345835 | -0.000000000760
90 45 | 35.26438969 3.0 1.1040569 | -149.807504575081 | 0.001170982264
3.1 -149.811974803797 | 0.001074488041
3.2 -149.815162628441 | 0.000985702284
33 -149.817416122713 | 0.000899175290
3.4 -149.818992719930 | 0.000812677247
35 -149.820082184617 | 0.000726557276
3.6 -149.820823624266 | 0.000643398777
3.7 -149.821318625828 | 0.000566347677
3.8 -149.821640896650 | 0.000497638410
39 -149.821843521797 | 0.000437945902
3.95 -149.821912288374 | 0.000411313695
4.0 -149.821964414869 | 0.000386623085
4.05 -149.822002939442 | 0.000363689624
4.1 -149.822030403516 | 0.000342323806
4.15 -149.822048927739 | 0.000322343238
4.2 -149.822060274601 | 0.000303583781
4.25 -149.822065905376 | 0.000285905944
4.27 -149.822066834996 | 0.000279111605
4.28 -149.822067051517 | 0.000275770704
4.29 -149.822067113088 | 0.000272466447
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4.3 -149.822067027194 | 0.000269198241
4.31 -149.822066801260 | 0.000265965437
4.35 -149.822064633474 | 0.000253379870
4.4 -149.822059537976 | 0.000238398911
4.45 -149.822052405534 | 0.000224227960
4.5 -149.822043776940 | 0.000210858455
5.0 -149.821939047748 | 0.000118359073
55 -149.821865546973 | 0.000067920277
6.0 -149.821825638524 | 0.000042090126
6.5 -149.821804598348 | 0.000029229873
7.0 -149.821793162290 | 0.000019411776
8.0 -149.821782786682 | 0.000009845567
9.0 -149.821778852267 | 0.000004692724
10.0 -149.821777150692 | 0.000001480299
12.0 -149.821775925912 | 0.000000040399
14.0 -149.821775570635 | -0.000000000461
17.0 -149.821775414530 | -0.000000000620
20.0 -149.821775371652 | -0.000000000842
30.0 -149.821775348241 | -0.000000000848
40.0 -149.821775346359 | -0.000000000708
100.0 -149.821775345872 | -0.000000000730
45 |90 90 |0 3.0 1.1040569 | -149.793074132710 | 0.001134738602
3.1 -149.801621450166 | 0.000996114265
32 -149.807800358956 | 0.000875320481
33 -149.812231137477 | 0.000772211253
34 -149.815380723148 | 0.000684376759
35 -149.817597988501 | 0.000608914149
3.6 -149.819141778848 | 0.000543636166
3.7 -149.820202827662 | 0.000487204610
3.8 -149.820920709176 | 0.000438684842
3.9 -149.821396836119 | 0.000397137521
4.0 -149.821704341652 | 0.000361484400
4.1 -149.821895580335 | 0.000330576223
4.2 -149.822007723306 | 0.000303319872
4.3 -149.822066935882 | 0.000278778207
4.4 -149.822091470705 | 0.000256227298
4.44 -149.822094547595 | 0.000247646064
4.45 -149.822094845418 | 0.000245535112
4.46 -149.822094972481 | 0.000243437365
4.47 -149.822094937107 | 0.000241352480
4.48 -149.822094747150 | 0.000239280293
4.5 -149.822093933954 | 0.000235172898
4.55 -149.822089699719 | 0.000225111547
5.0 -149.821994192887 | 0.000146808290
5.5 -149.821898868503 | 0.000083896441
6.0 -149.821844564679 | 0.000044829299
6.5 -149.821815644545 | 0.000026684222
7.0 -149.821799903594 | 0.000018826618
8.0 -149.821785602958 | 0.000008811209
9.0 -149.821780178848 | 0.000003941802
10.0 -149.821777820271 | 0.000001777135
12.0 -149.821776134466 | 0.000000142908
14.0 -149.821775648811 | 0.000000001067
16.0 -149.821775481364 | -0.000000001081
18.0 -149.821775413066 | -0.000000001019
20.0 -149.821775381866 | -0.000000001050
30.0 -149.821775349462 | -0.000000001095
40.0 -149.821775346955 | -0.000000001074
100.0 -149.821775346366 | -0.000000001192
45 |90 90 {90 |3.0 1.1040569 | -149.817751598878 | 0.000767552004
3.1 -149.819343564583 | 0.000680311577
3.2 -149.820429175035 | 0.000604496355
33 -149.821155070506 | 0.000538928663
3.4 -149.821627991218 | 0.000481712149
35 -149.821924998209 | 0.000430735919
3.6 -149.822101425655 | 0.000384072752
3.7 -149.822196467124 | 0.000340649792
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3.8 -149.822237732795 | 0.000300163626
3.81 -149.822239700453 | 0.000296285206
3.82 -149.822241342972 | 0.000292439775
3.83 -149.822242675217 | 0.000288627761
3.84 -149.822243711440 | 0.000284849937
3.85 -149.822244465601 | 0.000281106735
3.86 -149.822244950689 | 0.000277399010
3.87 -149.822245179863 | 0.000273727123
3.88 -149.822245164970 | 0.000270091957
3.89 -149.822244918272 | 0.000266493876
3.9 -149.822244450906 | 0.000262933770
391 -149.822243774042 | 0.000259411932
4.0 -149.822229859407 | 0.000229537802
4.1 -149.822202947385 | 0.000200428518
4.2 -149.822169711658 | 0.000175677372
4.3 -149.822134065156 | 0.000154917994
4.4 -149.822098474739 | 0.000137473274
4.5 -149.822064424002 | 0.000122572477
4.6 -149.822032734335 | 0.000109553907
4.7 -149.822003793846 | 0.000097977438
4.8 -149.821977711244 | 0.000087631732
4.9 -149.821954425506 | 0.000078461584
5.0 -149.821933775916 | 0.000070471549
5.5 -149.821862258147 | 0.000045326609
6.0 -149.821824961659 | 0.000030404294
6.5 -149.821804982744 | 0.000018739765
7.0 -149.821793801620 | 0.000011400778
8.0 -149.821783280090 | 0.000004614715
9.0 -149.821779145253 | 0.000001828795
10.0 -149.821777321773 | 0.000000537479
12.0 -149.821775988760 | 0.000000012263
14.0 -149.821775596620 | -0.000000001052
20.0 -149.821775374825 | 0.000000000994
30.0 -149.821775348776 | -0.000000001016
40.0 -149.821775346727 | -0.000000001113
80.0 -149.821775346398 | -0.000000001057
100.0 -149.821775346281 | -0.000000001037
90 45 | 116.62 3.0 1.1040569 | -149.813371419579 | 0.000987928092
33 -149.819546126203 | 0.000713539789
3.4 -149.820492450727 | 0.000631414421
3.5 -149.821130159742 | 0.000556135079
3.6 -149.821550022550 | 0.000488924130
3.7 -149.821817687287 | 0.000430248116
3.8 -149.821980403055 | 0.000379578674
3.9 -149.822071879724 | 0.000335734696
4.0 -149.822115946181 | 0.000297301518
4.1 -149.822129267198 | 0.000263005379
4.11 -149.822129387279 | 0.000259765308
4.12 -149.822129327442 | 0.000256556557
4.13 -149.822129096007 | 0.000253379024
4.15 -149.822128152713 | 0.000247114871
4.16 -149.822127456920 | 0.000244027363
4.17 -149.822126621793 | 0.000240969131
4.18 -149.822125654686 | 0.000237939839
4.19 -149.822124562167 | 0.000234939423
4.2 -149.822123351745 | 0.000231967255
4.3 -149.822106031706 | 0.000203793640
4.4 -149.822082545237 | 0.000178496231
4.5 -149.822056322706 | 0.000156267597
4.6 -149.822029551319 | 0.000137223320
4.7 -149.822003571479 | 0.000121228387
4.8 -149.821979155754 | 0.000107877575
4.9 -149.821956698534 | 0.000096611941
5.0 -149.821936348767 | 0.000086881244
5.5 -149.821863643804 | 0.000052040233
6.0 -149.821825134016 | 0.000034338771
7.0 -149.821793435134 | 0.000014603770
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8.0 -149.821783014528 | 0.000006823448
9.0 -149.821778989062 | 0.000003135177
10.0 -149.821777230530 | 0.000000979775
12.0 -149.821775955051 | 0.000000025568
14.0 -149.821775582257 | -0.000000000527
20.0 -149.821775372802 | 0.000000000678
30.0 -149.821775348085 | -0.000000000746
40.0 -149.821775346439 | -0.000000000830
80.0 -149.821775345794 | -0.000000000684
100.0 -149.821775346062 | -0.000000000748
90 45 | 116.62 90 3.0 1.1040569 | -149.774518920076 | 0.001352023344
33 -149.805140133893 | 0.000932148589
35 -149.814048478870 | 0.000746270477
3.6 -149.816677624693 | 0.000670256676
3.7 -149.818519388150 | 0.000605169617
3.8 -149.819793755586 | 0.000548947682
39 -149.820662545060 | 0.000498935384
4.0 -149.821243879019 | 0.000453276395
4.1 -149.821623422548 | 0.000411291988
4.2 -149.821862843123 | 0.000373043827
43 -149.822006223841 | 0.000338748044
4.4 -149.822084828706 | 0.000308422867
4.5 -149.822120632357 | 0.000281779944
4.55 -149.822127465582 | 0.000269673779
4.56 -149.822128145770 | 0.000267339162
4.57 -149.822128621779 | 0.000265031840
4.58 -149.822128902827 | 0.000262751110
4.59 -149.822128999120 | 0.000260495944
4.6 -149.822128919169 | 0.000258265962
4.61 -149.822128672541 | 0.000256059921
4.62 -149.822128265953 | 0.000253877802
4.63 -149.822127708978 | 0.000251718193
4.64 -149.822127008368 | 0.000249580815
4.65 -149.822126171588 | 0.000247465055
4.7 -149.822120189426 | 0.000237181202
4.8 -149.822101502888 | 0.000217877207
4.9 -149.822077659288 | 0.000199732657
5.0 -149.822051679691 | 0.000182481207
55 -149.821935351471 | 0.000109810055
6.0 -149.821864998259 | 0.000061824927
7.0 -149.821806635096 | 0.000021292530
8.0 -149.821788224190 | 0.000010684498
9.0 -149.821781351938 | 0.000005670882
10.0 -149.821778419066 | 0.000003058384
12.0 -149.821776326207 | 0.000000269199
14.0 -149.821775706816 | 0.000000003448
20.0 -149.821775379137 | -0.000000000763
30.0 -149.821775349278 | -0.000000000816
40.0 -149.821775346556 | -0.000000000748
80.0 -149.821775345904 | -0.000000000705
100.0 -149.821775346069 | -0.000000000805
3526438969 | 45 | 90 0 3.0 1.1040569 | -149.815780901474 | 0.000871305583
35 -149.821637943241 | 0.000500673422
3.6 -149.821919187169 | 0.000444325336
3.7 -149.822086019762 | 0.000394811155
3.8 -149.822175714250 | 0.000351472933
39 -149.822214519128 | 0.000313197414
4.0 -149.822220692506 | 0.000278822431
4.1 -149.822206806586 | 0.000247460398
4.2 -149.822181364872 | 0.000218653868
4.3 -149.822150016544 | 0.000192347285
4.4 -149.822116426789 | 0.000168718213
4.5 -149.822082897780 | 0.000147955832
5.0 -149.821946981820 | 0.000081578500
55 -149.821869809717 | 0.000049197203
6.0 -149.821829238121 | 0.000032419362
7.0 -149.821795384942 | 0.000013675584
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8.0 -149.821783982075 | 0.000006004442
9.0 -149.821779495501 | 0.000002494753
10.0 -149.821777511284 | 0.000000748896
20.0 -149.821775368738 | 0.000000000764
35.26438969 |45 | 0O 3.0 1.1040569 | -149.819881915631 | 0.000704858052
3.1 -149.820887709131 | 0.000626928352
3.2 -149.821541411422 | 0.000559251600
33 -149.821951216203 | 0.000499976426
34 -149.822194332412 | 0.000447599895
3.5 -149.822325404374 | 0.000401049835
3.6 -149.822382695425 | 0.000359684636
3.7 -149.822392837988 | 0.000322962874
3.8 -149.822373996218 | 0.000290536898
3.9 -149.822338486062 | 0.000261932847
4.0 -149.822294469517 | 0.000236584846
4.1 -149.822247241683 | 0.000213843105
4.2 -149.822200122134 | 0.000193072565
4.3 -149.822155089081 | 0.000173760683
4.4 -149.822113225792 | 0.000155597208
4.5 -149.822075032253 | 0.000138494189
5.0 -149.821937670609 | 0.000073961247
5.5 -149.821865333807 | 0.000045329090
6.0 -149.821827547818 | 0.000030346577
7.0 -149.821795347684 | 0.000013092079
8.0 -149.821784140652 | 0.000004576461
9.0 -149.821779629382 | 0.000001306076
10.0 -149.821777603362 | 0.000000315588
20.0 -149.821775376946 | 0.000000000637
3526438969 | 45 | 35.26438969 3.0 1.1040569 | -149.817660502445 | 0.000789514952
3.1 -149.819308904669 | 0.000706720083
32 -149.820430130402 | 0.000632244351
33 -149.821177532295 | 0.000564960348
3.4 -149.821662476968 | 0.000504512551
35 -149.821965287671 | 0.000450680395
3.6 -149.822143389678 | 0.000403051207
3.7 -149.822237659960 | 0.000360747139
3.8 -149.822276737656 | 0.000322852719
39 -149.822280550028 | 0.000288471269
4.0 -149.822262799160 | 0.000256950440
4.1 -149.822232743260 | 0.000227959246
4.2 -149.822196525609 | 0.000201443845
4.3 -149.822158123900 | 0.000177497048
4.4 -149.822120034367 | 0.000156202518
4.5 -149.822083725964 | 0.000137551631
5.0 -149.821944951891 | 0.000075942410
55 -149.821868933386 | 0.000046516942
6.0 -149.821829113100 | 0.000030894856
7.0 -149.821795598365 | 0.000013001992
8.0 -149.821784149412 | 0.000005281413
9.0 -149.821779600138 | 0.000001966602
10.0 -149.821777575066 | 0.000000561525
20.0 -149.821775373233 | 0.000000000314
0 45 | 70.52877938 3.0 1.1040569 | -149.818365143034 | 0.000740370644
3.1 -149.819850620252 | 0.000655045794
3.2 -149.820845535680 | 0.000580619086
33 -149.821495595622 | 0.000515780594
34 -149.821905970588 | 0.000459131878
3.5 -149.822151966405 | 0.000409208428
3.6 -149.822286994395 | 0.000364692360
3.7 -149.822348720594 | 0.000324423290
3.8 -149.822363237589 | 0.000287770674
3.9 -149.822348504870 | 0.000254454352
4.0 -149.822316693524 | 0.000224466877
4.1 -149.822275916739 | 0.000197878750
4.2 -149.822231468234 | 0.000174652646
4.3 -149.822186700166 | 0.000154548701
4.4 -149.822143643023 | 0.000137149863
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4.5 -149.822103437449 | 0.000121971147
5.0 -149.821954147921 | 0.000068697720
55 -149.821873990532 | 0.000042854757
6.0 -149.821832134295 | 0.000028301064
7.0 -149.821796804383 | 0.000011906231
8.0 -149.821784680884 | 0.000004771281
9.0 -149.821779855100 | 0.000001719995
10.0 -149.821777706584 | 0.000000484820
20.0 -149.821775381120 | 0.000000000696
45 | 105.79316907 0 3.0 1.1040569 | -149.818142711546 | 0.000745338104
3.1 -149.819694492532 | 0.000658429294
32 -149.820737194645 | 0.000582659042
33 -149.821421433265 | 0.000516742207
3.4 -149.821856050968 | 0.000459297627
35 -149.822119083421 | 0.000408843578
3.6 -149.822265958327 | 0.000364007662
3.7 -149.822335822024 | 0.000323557937
38 -149.822355846800 | 0.000286800201
3.9 -149.822344773938 | 0.000253416455
4.0 -149.822315336444 | 0.000223391583
4.1 -149.822276047370 | 0.000196809836
4.2 -149.822232483887 | 0.000173651995
4.3 -149.822188197177 | 0.000153683999
4.4 -149.822145356838 | 0.000136473876
4.5 -149.822105200347 | 0.000121504854
5.0 -149.821955308574 | 0.000068683950
55 -149.821874568365 | 0.000042703754
6.0 -149.821832404752 | 0.000028209902
7.0 -149.821796862785 | 0.000011790207
8.0 -149.821784692373 | 0.000004793228
9.0 -149.821779855564 | 0.000001775520
10.0 -149.821777704752 | 0.000000507725
20.0 -149.821775380901 | 0.000000000797
0 0 0 3.0 1.1040569 | -149.817691738048 | 0.000754252447
33 -149.821201306252 | 0.000525213954
3.4 -149.821682745802 | 0.000467827141
3.5 -149.821982316949 | 0.000416978880
3.6 -149.822157604749 | 0.000371063158
3.7 -149.822249507438 | 0.000328879400
3.8 -149.822286608469 | 0.000290004001
3.9 -149.822288782120 | 0.000254503755
4.0 -149.822269648783 | 0.000222720137
4.1 -149.822238412125 | 0.000194959769
4.2 -149.822201178932 | 0.000171254859
4.3 -149.822161905207 | 0.000151273880
4.4 -149.822123067841 | 0.000134403492
4.5 -149.822086135434 | 0.000119930265
4.6 -149.822051905259 | 0.000107228292
4.7 -149.822020733450 | 0.000095873960
4.8 -149.821992696844 | 0.000085662979
4.9 -149.821967702423 | 0.000076547815
5.0 -149.821945559269 | 0.000068547119
55 -149.821868935284 | 0.000043144995
6.0 -149.821828929688 | 0.000028844686
7.0 -149.821795383929 | 0.000011394505
8.0 -149.821783994883 | 0.000004704287
9.0 -149.821779499564 | 0.000001855027
10.0 -149.821777510774 | 0.000000545836
20.0 -149.821775377928 | 0.000000001071
45 | 35.26438969 90 | 3.0 1.1040569 | -149.820306117235 | 0.000685016702
33 -149.822122011765 | 0.000488327605
3.4 -149.822319595049 | 0.000437484787
35 -149.822417105697 | 0.000392189773
3.55 -149.822439825864 | 0.000371546788
3.6 -149.822449773457 | 0.000352258825
3.65 -149.822449749697 | 0.000334233113
3.7 -149.822441952783 | 0.000317486435
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3.8 -149.822410058748 | 0.000287619244
39 -149.822365092068 | 0.000261989011
4.0 -149.822314251660 | 0.000239595459
4.5 -149.822080655590 | 0.000145054517
5.0 -149.821940226128 | 0.000075058268
55 -149.821866889634 | 0.000045198919
6.0 -149.821828591019 | 0.000030524142
7.0 -149.821795836638 | 0.000013512070
8.0 -149.821784380716 | 0.000004533079
9.0 -149.821779754091 | 0.000001186195
10.0 -149.821777672149 | 0.000000267399
12.0 -149.821776118548 | 0.000000004959
20.0 -149.821775381759 | -0.000000000731
45 | 35.26438969 | 10 | 90 | 3.0 1.1040569 | -149.820306030924 | 0.000684105192
33 -149.822121973945 | 0.000487658182
3.4 -149.822319567187 | 0.000436873016
3.45 -149.822378326797 | 0.000413582183
35 -149.822417085257 | 0.000391634142
3.55 -149.822439808286 | 0.000371019191
3.6 -149.822449758420 | 0.000351759419
3.65 -149.822449736680 | 0.000333762172
3.7 -149.822441941475 | 0.000317044225
3.8 -149.822410050096 | 0.000287235383
39 -149.822365085218 | 0.000261663859
4.0 -149.822314246133 | 0.000239327100
4.5 -149.822080654580 | 0.000144972335
5.0 -149.821940226487 | 0.000075025929
55 -149.821866889725 | 0.000045183378
6.0 -149.821828591265 | 0.000030517139
7.0 -149.821795836825 | 0.000013511023
8.0 -149.821784380918 | 0.000004532962
9.0 -149.821779753982 | 0.000001186274
10.0 -149.821777672018 | 0.000000267553
12.0 -149.821776118658 | 0.000000004960
20.0 -149.821775381773 | -0.000000000766
45 | 35.26438969 | 15 |90 | 3.0 1.1040569 | -149.820305912399 | 0.000682854900
3.4 -149.822319528855 | 0.000436039046
35 -149.822417057113 | 0.000390877221
3.55 -149.822439790237 | 0.000370294504
3.6 -149.822449743713 | 0.000351073174
3.65 -149.822449724915 | 0.000333114652
3.7 -149.822441926052 | 0.000316441927
3.8 -149.822410038332 | 0.000286712494
3.9 -149.822365075790 | 0.000261220897
4.0 -149.822314228246 | 0.000238955305
4.5 -149.822080653791 | 0.000144859984
5.0 -149.821940226753 | 0.000074981992
5.5 -149.821866890302 | 0.000045161654
6.0 -149.821828591102 | 0.000030507819
7.0 -149.821795836611 | 0.000013509732
8.0 -149.821784380612 | 0.000004532945
9.0 -149.821779754153 | 0.000001186211
10.0 -149.821777671979 | 0.000000267560
12.0 -149.821776118658 | 0.000000004934
20.0 -149.821775381637 | -0.000000000795
45 | 35.26438969 |20 |90 | 3.0 1.1040569 | -149.820305792478 | 0.000681598773
3.4 -149.822319490046 | 0.000435207087
3.5 -149.822417028627 | 0.000390122575
3.55 -149.822439765871 | 0.000369578194
3.60 -149.822449722813 | 0.000350395377
3.65 -149.822449706896 | 0.000332475427
3.70 -149.822441916534 | 0.000315835673
3.80 -149.822410032277 | 0.000286185525
3.90 -149.822365056248 | 0.000260773021
4.0 -149.822314221092 | 0.000238590197
4.5 -149.822080654403 | 0.000144747825
5.0 -149.821940227061 | 0.000074938252
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5.5 -149.821866890780 | 0.000045140160
6.0 -149.821828591160 | 0.000030498259
7.0 -149.821795836672 | 0.000013508184
8.0 -149.821784380658 | 0.000004532736
9.0 -149.821779754180 | 0.000001186164
10.0 -149.821777672113 | 0.000000267533
12.0 -149.821776118571 | 0.000000004921
20.0 -149.821775381669 | -0.000000000702
0 45 | 35.26438969 |25 |90 | 3.0 1.1040569 | -149.820305703503 | 0.000680675699
34 -149.822319460544 | 0.000434600026
3.5 -149.822417007222 | 0.000389571972
3.55 -149.822439747720 | 0.000369055486
3.60 -149.822449707200 | 0.000349900649
3.65 -149.822449693469 | 0.000332008993
3.70 -149.822441888716 | 0.000315397892
3.80 -149.822410007588 | 0.000285805277
3.90 -149.822365049972 | 0.000260450571
4.0 -149.822314216802 | 0.000238323832
4.5 -149.822080656358 | 0.000144666808
5.0 -149.821940227241 | 0.000074906511
55 -149.821866891211 | 0.000045124381
6.0 -149.821828591185 | 0.000030491451
7.0 -149.821795836747 | 0.000013507244
8.0 -149.821784380724 | 0.000004532620
9.0 -149.821779754074 | 0.000001186232
10.0 -149.821777672175 | 0.000000267391
12.0 -149.821776118648 | 0.000000004957
20.0 -149.821775381692 | -0.000000000773
0 45 | 35.26438969 | 30 | 90 | 3.0 1.1040569 | -149.820306148463 | 0.000685349813
3.1 -149.821202280169 | 0.000610574338
3.15 -149.821521393507 | 0.000577051545
32 -149.821773647405 | 0.000545707505
3.25 -149.821970607288 | 0.000516287979
33 -149.822122024981 | 0.000488573376
3.35 -149.822236070404 | 0.000462417719
3.4 -149.822319604797 | 0.000437708979
3.45 -149.822378359635 | 0.000414379649
35 -149.822417112995 | 0.000392393478
3.55 -149.822439832178 | 0.000371740299
3.6 -149.822449778875 | 0.000352442102
3.62 -149.822450835526 | 0.000345071936
3.65 -149.822449754226 | 0.000334405830
3.7 -149.822441957053 | 0.000317648594
3.8 -149.822410062095 | 0.000287759840
39 -149.822365094727 | 0.000262108106
4.0 -149.822314253465 | 0.000239693755
4.1 -149.822262099382 | 0.000219389247
4.2 -149.822211450858 | 0.000200207994
43 -149.822163885199 | 0.000181505843
4.4 -149.822120186802 | 0.000163081314
4.5 -149.822080655690 | 0.000145084944
5.0 -149.821940225376 | 0.000075070561
55 -149.821866888781 | 0.000045205114
6.0 -149.821828590366 | 0.000030527259
6.5 -149.821807732939 | 0.000020628757
7.0 -149.821795836377 | 0.000013512773
75 -149.821788755837 | 0.000008168822
8.0 -149.821784380566 | 0.000004533355
8.5 -149.821781587551 | 0.000002364339
9.0 -149.821779754036 | 0.000001186241
9.5 -149.821778520367 | 0.000000576327
10.0 -149.821777671895 | 0.000000267544
15.0 -149.821775547446 | 0.000000000659
20.0 -149.821775381725 | 0.000000000697
0 45 | 35.26438969 | 5 0 3.62 1.1040569 | -149.822448014972 | 0.000342762532
0 45 10 |0 3.62 1.1040569 | -149.822439334432 | 0.000343747682
0 45 15 10 3.62 1.1040569 | -149.822423208848 | 0.000345463457




155

eleoloNol-l-Xelo oo oo oo R o Neo o o o oo oo e == === - le e o -l No oo N o o Neo o o o N R o Ne B RN =R ==« ==« =l - o e R =}

SO OO DO DO DO 0o oo ococoocoocooo

[=NeleoNoNoloNoNololoNo o oo R«

[eNoloNoNolo oo oo No oo o Ro o No Ro o No No o Nao o Ro o = oo = = o - o - No e o =X e Ne R N Ne}

3.62
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3.62
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3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
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3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
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3.62
3.62
3.62
3.62

1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569

2.0

1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569

-149.822397455910
-149.822359284460
-149.822305692299
-149.822233942517
-149.822142127244
-149.822029755442
-149.821898276406
-149.821751435725
-149.821595363981
-149.821438319802
-149.821290058076
-149.821160874156
-149.821060460125
-149.820996729978
-149.820974883835
-149.821696571217
-149.821937680899
-149.822186844803
-149.822353800698
-149.822430944897
-147.055412520833
-148.535983730463
-149.284260381296
-149.639882024770
-149.786092879217
-149.813823247398
-149.816865137870
-149.820870273093
-149.821472624183
-149.821926478102
-149.822236966851
-149.822409219724
-149.822448125922
-149.822358559918
-149.822145130651
-149.821812353350
-149.819373558694
-149.817546178882
-149.815353856181
-149.809985205391
-149.803473774208
-149.759495524943
-149.707042630604
-149.654930129862
-149.607702007014
-149.567846662475
-149.537238844139
-149.518154479983
-149.514168442798
-149.819480104463
-149.822073820024
-149.822174077048
-149.822256520709
-149.822321937471
-149.822371829963
-149.822408022951
-149.822413780300
-149.822419076481
-149.822423924292
-149.822428342663
-149.822432328770
-149.822435901124
-149.822439069513
-149.822441849285
-149.822444236159
-149.822446243634
-149.822450757004

0.000347951618
0.000351439151
0.000356308326
0.000363037326
0.000372081890
0.000383733008
0.000397972444
0.000414322549
0.000431706658
0.000448455838
0.000462678362
0.000472999745
0.000479200983
0.000482142122
0.000482955293
0.000424759221
0.000398702159
0.000369964727
0.000351998717
0.000344595225
0.000851792062
0.000617147656
0.000477051604
0.000404608448
0.000365995131
0.000353191862
0.000350987627
0.000346883979
0.000345917583
0.000344921658
0.000343996228
0.000343091872
0.000342251682
0.000341390313
0.000340548540
0.000339725958
0.000336615410
0.000335161564
0.000333766684
0.000331156779
0.000328785867
0.000319111038
0.000312002548
0.000306201767
0.000300762089
0.000294513955
0.000286075236
0.000273310931
0.000252187489
0.000414944207
0.000404406129
0.000384769215
0.000369842530
0.000359364063
0.000352396935
0.000347817408
0.000347107505
0.000346454471
0.000345855178
0.000345306937
0.000344807852
0.000344356645
0.000343952597
0.000343589096
0.000343278476
0.000343014690
0.000342416345
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3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
3.62
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1.1040569
1.1040569
1.1040569
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1.1040569
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1.1040569
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1.4

1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
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1.1040569
1.1040569
1.1040569

-149.822446243629
-149.822432328724
-149.822408022984
-149.822371829982
-149.822321937410
-149.822256520792
-149.822174077030
-149.822073820075
-149.819480104390
-149.821320843574
-149.821696745416
-149.822074606171
-149.822317219561
-149.822423500374
-149.822076327484
-149.822188017638
-149.822308679188
-149.822395610648
-149.822439542764
-149.822320565138
-149.822355630414
-149.822395858061
-149.822427951917
-149.822446166844
-149.822425848977
-149.822431792896
-149.822439091012
-149.822445568927
-149.822449747321
-149.284104717462
-149.283764875991
-149.283638146413
-149.283621944203
-149.639735031212
-149.639384272418
-149.639251858442
-149.639235050055
-149.785951673480
-149.785589146227
-149.785450761649
-149.785433285324
-149.822272476311
-149.821898897222
-149.821754732246
-149.821736593683
-149.803341011139
-149.802957970213
-149.802808514668
-149.802789760741
-149.759366187361
-149.758975717619
-149.758821662225
-149.758802364191
-149.706915649248
-149.706519570902
-149.706361973584
-149.706342215774
-149.822318471208
-149.821943397344
-149.821795899560
-149.821777652409
-149.822317695638
-149.821951116656
-149.821795973289
-149.821777591174
-149.822282489919
-149.821959133740

0.000343014722
0.000344807888
0.000347817338
0.000352396913
0.000359364103
0.000369842453
0.000384769201
0.000404406050
0.000414944352
0.000461538857
0.000419997185
0.000376287090
0.000354864443
0.000347460071
0.000383063232
0.000372764662
0.000358630721
0.000348122072
0.000343837886
0.000355695588
0.000352495861
0.000348191812
0.000345094081
0.000344251594
0.000344935081
0.000344249598
0.000343623080
0.000343321231
0.000343361615
0.000344316478
0.000140140856
0.000041831087
0.000000805159
0.000285967916
0.000102803802
0.000025767737
0.000000499594
0.000256061112
0.000084561203
0.000017708152
0.000000343964
0.000238776904
0.000075165223
0.000013621000
0.000000269489
0.000227579587
0.000070162286
0.000011576537
0.000000240258
0.000219400041
0.000067476438
0.000010607413
0.000000235696
0.000213008966
0.000066195506
0.000010235785
0.000000244401
0.000237956937
0.000075927568
0.000013225718
0.000000280432
0.000237123600
0.000078986668
0.000013355193
0.000000353246
0.000248667594
0.000087148455
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1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
1.1040569
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1.1040569

-149.821795853327
-149.821777490433
-149.822199919009
-149.821963792759
-149.821795459665
-149.821777370239
-149.822104365609
-149.821964854485
-149.821794984941
-149.821777269204
-149.822061183510
-149.821964717472
-149.821794771118
-149.821777229341
-149.813263380484
-149.818012442732
-149.819156137552
-149.819438805256
-149.819606087729
-149.819695510029
-149.819733557505
-149.819738665652
-149.819594643578
-149.819454473636
-149.819333610335
-149.819299144799
-149.819287650754
-149.819283175232
-149.819281216021
-149.819279144654
-149.818376763233
-149.821447434611
-149.822101150180
-149.822238644836
-149.822303866090
-149.822322307921
-149.822311582030
-149.822283672428
-149.822085838415
-149.821944939700
-149.821829226418
-149.821795710842
-149.821784213033
-149.821779633759
-149.821777593473
-149.821775369135
-149.819853659234
-149.821966753297
-149.822345991633
-149.822403065407
-149.822412143591
-149.822391813119
-149.822354634400
-149.822308928586
-149.822082766259
-149.821941746745
-149.821828844151
-149.821795836714
-149.821784350524
-149.821779728989
-149.821777654601
-149.821775375392

0.000015027793
0.000000540099
0.000287473276
0.000108802847
0.000017538564
0.000000825236
0.000326052086
0.000140163655
0.000019433256
0.000001095821
0.000336129983
0.000154492469
0.000020063054
0.000001207975
0.000857160617
0.000610349796
0.000479895336
0.000425081153
0.000377034998
0.000335030945
0.000297967880
0.000264749897
0.000140053113
0.000077875785
0.000031437501
0.000013083220
0.000005683089
0.000002340816
0.000000699460
0.000000002382
0.000746431282
0.000529068770
0.000422257915
0.000378059146
0.000338844139
0.000303783971
0.000272124920
0.000243322586
0.000134956913
0.000074833458
0.000030298320
0.000012803937
0.000005004310
0.000001738036
0.000000477604
0.000000000697
0.000693031789
0.000492136390
0.000395452594
0.000355284995
0.000319733829
0.000288362996
0.000260645592
0.000235992445
0.000138930699
0.000074045445
0.000030178134
0.000013163981
0.000004612966
0.000001315443
0.000000318191
0.000000000664
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Dipole moment of the van der Waals complex CH4-N,

Angles x,,6,, ¢,, 6;, ¢, are in Deg, intermolecular separation R is in A, dipole moment £, is in eay.

Configurations with the dipole moment components that are of opposite sign but the same magnitude are not
presented here.

M, - dipole moment without the BSSE correction
M, CP —dipole moment with the BSSE correction (Counterpoise correction scheme of Boys and Bernardi)

o | G| @0 |65 | @] R u.cp U, u,Cp u, u.cp U,
90 45 t 9 |0 3.2 34798641 34798809 0 0
3.4 22810884 22811052
3.6 15055088 15055256
3.8 .10068426 .10068594
4.0 .06858796 .06858964
4.25 | .04388745 .04388913
4.5 .02930131 .02930300
5.0 .01496538 .01496707
5.5 .00895493 .00895662
6.0 .00588320 .00588489
7.0 .00285285 .00285454
10.0 | .00058356 .00058525
20.0 | .00002705 .00002873
0 45 90 0 0 3.2 -.00697742 -.00697720 | O 0
34 -.00770510 -.00770510
3.6 -.00770601 -.00770601
3.8 -.00720392 -.00720392
4.0 | -.00648268 -.00648269
4.25 | -.00546403 -.00546403
4.5 -.00448871 -.00448871
5.0 -.00299574 -.00299574
5.5 -.00202035 -.00202035
6.0 -.00141851 -.00141851
7.0 | -.00079531 -.00079531
10.0 | -.00020749 -.00020749
20.0 | -.00001521 -.00001505
0 45 t 9 |0 3.2 .02411650 .02411482 0 0
34 .02048846 .02048677
3.6 .01703583 .01703415
3.8 .01397994 .01397826
4.0 .01145725 .01145557
4.25 | .00896137 .00895969
4.5 .00709872 .00709703
5.0 .00468911 .00468743
5.5 .00333109 .00332941
6.0 .00244104 .00243936
7.0 .00138048 .00137879
10.0 | .00035038 .00034870
20.0 | .00002737 .00002569
0 45 t 0 0 3.2 | -.01574719 -.01574888 | -.00057984 -.00057866
34 -.01379156 -.01379325 -.00043139 -.00043021
3.6 -.01194666 -.01194835 -.00035046 -.00034928
3.8 -.01017247 -.01017416 | -.00030102 -.00029984
4.0 -.00858405 -.00858574 | -.00026087 -.00025970
4.25 | -.00687384 -.00687553 -.00021268 -.00021150
4.5 -.00550265 -.00550433 | -.00017108 -.00016991
5.0 -.00357699 -.00357867 | -.00011083 -.00010966
5.5 -.00237408 -.00237576 | -.00007229 -.00007112
6.0 -.00164375 -.00164543 -.00004849 -.00004731
7.0 -.00088134 -.00088303 -.00002593 -.00002476
10.0 | -.00023544 -.00023713 -.00000623 -.00000506
20.0 | -.00001096 -.00001264 | -.00000250 -.00000133
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90 45 t 0 3.2 | .05478406 05478574 00023853 .00023736 0 0
3.4 02913663 02913831 | .00016656 .00016538
3.6 01415217 .01415385 | .00012617 .00012500
3.8 .00579015 00579183 | .00010232 .00010115
4.0 .00138856 00139024 | .00008769 .00008651
4.25 | -.00105719 -.00105550 | .00007454 .00007337
4.5 | -.00184555 -.00184386 | .00005817 .00005700
5.0 |-.00174277 -.00174108 | .00003935 .00003818
5.5 | -.00124830 -.00124661 | .00002837 .00002719
6.0 | -.00084811 -.00084643 | .00002096 .00001979
7.0 | -.00051843 -.00051675 | .00001274 .00001157
10.0 | -.00016392 -.00016224 | .00000466 .00000349
20.0 | -.00001716 -.00001545 | .00000095 -.00000019
0 45 90 90 3.2 | .04280164 .04280164 0 0 0 0
3.4 | .03558819 03558818
3.6 | .02875693 .02875693
3.8 |.02292513 .02292513
4.0 |.01826907 .01826907
4.25 | .01380100 .01380100
45 | .01067987 01067987
5.0 | .00689716 .00689716
5.5 |.00473433 .00473433
6.0 | .00336121 .00336121
7.0 | .00179607 .00179607
10.0 | .00042726 .00042726
20.0 | .00002675 . 00002675
0 45 t 15 3.2 | -.01556548 -.01556716 | -.00064694 -.00064577 -.00880737 -.00880737
3.4 | -.01318531 -.01318700 | -.00047201 -.00047083 -.00667703 -.00667703
3.6 |-.01118396 -.01118565 | -.00037012 -.00036895 -.00524229 -.00524229
3.8 | -.00941359 -.00941528 | -.00030583 -.00030465 -.00420979 -.00420979
4.0 | -.00787745 -.00787913 | -.00025815 -.00025698 -.00347081 -.00347081
4.25 | -.00625933 -.00626101 | -.00020713 -.00020595 -.00279154 -.00279154
45 | -.00498567 -.00498736 | -.00016540 -.00016423 -.00229057 -.00229057
5.0 |-.00321970 -.00322138 | -.00010753 -.00010636 -.00159735 -.00159735
5.5 | -.00213806 -.00213974 | -.00007104 -.00006987 -.00112118 -.00112118
6.0 | -.00146302 -.00146470 | -.00004798 -.00004680 -.00081958 -.00081958
7.0 | -.00077021 -.00077189 | -.00002511 -.00002394 -.00045579 -.00045579
10.0 | -.00020206 -.00020374 | -.00000603 -.00000486 -.00010952 -.00010952
20.0 | -.00000866 -.00001035 | -.00000250 -.00000132 -.00000691 -.00000691
0 45 t 30 32 | -.01363738 -.01363906 | -.00076519 -.00076401 -.01673668 -.01673668
3.4 | -.01053306 -.01053474 | -.00054447 -.00054330 -.01278770 -.01278770
3.6 | -.00837126 -.00837294 | -.00040465 -.00040347 -.01000490 -.01000490
3.8 | -.00676262 -.00676431 | -.00031274 -.00031156 -.00800737 -.00800737
4.0 | -.00554029 -.00554197 | -.00024965 -.00024848 -.00654473 -.00654473
4.25 | -.00432201 -.00432370 | -.00019092 -.00018975 -.00521748 -.00521748
4.5 | -.00338749 -.00338918 | -.00014914 -.00014797 -.00424062 -.00424062
5.0 |-.00211335 -.00211504 | -.00009657 -.00009540 -.00290994 -.00290994
5.5 | -.00134527 -.00134695 | -.00006483 -.00006365 -.00203915 -.00203915
6.0 | -.00088634 -.00088803 | -.00004432 -.00004314 -.00148034 -.00148034
7.0 | -.00043005 -.00043173 | -.00002226 -.00002108 -.00081600 -.00081600
10.0 | -.00009970 -.00010138 | -.00000545 -.00000428 -.00019135 -.00019135
20.0 | -.00000209 -.00000377 | -.00000248 -.00000130 -.00001268 -.00001268
0 45 t 45 3.2 | -.00704247 -.00704415 | -.00075674 -.00075557 -.02172706 -.02172706
3.4 | -.00419737 -.00419906 | -.00053646 -.00053528 -.01678752 -.01678752
3.6 |-.00266710 -.00266879 | -.00038821 -.00038704 | -.01316976 -.01316976
3.8 | -.00183920 -.00184089 | -.00028662 -.00028544 | -.01050496 -.01050496
4.0 |-.00126927 -.00127096 | -.00021741 -.00021624 | -.00854907 -.00854907
4.25 | -.00087765 -.00087933 | -.00015887 -.00015770 | -.00670376 -.00670376
4.5 | -.00061072 -.00061240 | -.00011938 -.00011821 -.00535540 -.00535540
5.0 | -.00024360 -.00024528 | -.00007541 -.00007424 | -.00359891 -.00359891
5.5 | -.00005229 -.00005397 | -.00005059 -.00004941 -.00251531 -.00251531
6.0 .00003057 .00002888 | -.00003486 -.00003369 | -.00180242 -.00180242
7.0 .00008924 .00008755 | -.00001700 -.00001583 -.00098263 -.00098263
10.0 | .00004573 .00004405 | -.00000455 -.00000337 -.00023323 -.00023323
20.0 | .00000909 .00000741 | -.00000245 -.00000127 -.00001283 -.00001283
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45 60 |0 3.2 |.00513171 .00513002 -.00052204 -.00052087 -.02092986 -.02092986
3.4 | .00590252 .00590084 -.00037758 -.00037641 -.01639511 | -.01639511
3.6 | .00565175 .00565006 -.00027336 -.00027218 -.01291510 | -.01291510
3.8 | .00501502 .00501333 -.00019903 -.00019785 -.01028071 | -.01028071
4.0 | .00430095 .00429927 -.00014754 -.00014636 -.00828255 | -.00828255
4.25 | .00350156 .00349987 -.00010489 -.00010372 -.00643135 | -.00643135
4.5 | .00287004 .00286836 -.00007500 -.00007383 -.00509222 | -.00509222
5.0 |.00203245 .00203076 -.00004464 -.00004347 -.00335453 | -.00335454
5.5 |.00150387 .00150218 -.00002962 -.00002845 -.00230243 | -.00230243
6.0 | .00112740 .00112572 -.00002049 -.00001932 -.00162377 | -.00162377
7.0 | .00068472 .00068304 -.00001023 -.00000906 -.00087015 | -.00087015
10.0 | .00019435 .00019266 -.00000351 -.00000234 -.00020528 | -.00020528
20.0 | .00001935 .00001766 -.00000242 -.00000124 -.00001115 | -.00001115

45 75 |0 3.2 |.01829678 .01829509 -.00017735 -.00017617 -.01300437 -.01300436
3.4 |.01610492 01610324 -.00013275 -.00013157 -.01030126 -.01030126
3.6 | .01366226 01366058 -.00009746 -.00009628 -.00814540 | -.00814540
3.8 |.01134301 .01134133 -.00007169 -.00007052 -.00647477 -.00647477
4.0 | .00937048 .00936880 -.00005354 -.00005237 -.00519270 | -.00519270
4.25 | .00738003 .00737835 -.00003880 -.00003762 -.00400324 | -.00400324
45 | .00588202 .00588033 -.00002754 -.00002637 -.00314786 -.00314786
5.0 |.00393395 .00393227 -.00001529 -.00001412 -.00204561 -.00204561
5.5 |.00281282 00281114 -.00001017 -.00000899 -.00138398 -.00138398
6.0 | .00206499 .00206331 -.00000741 -.00000624 -.00096231 -.00096231
7.0 | .00118269 .00118100 -.00000442 -.00000325 -.00050795 -.00050795
10.0 | .00030782 .00030614 -.00000262 -.00000145 -.00012027 -.00012027
20.0 | .00002717 .00002549 -.00000240 -.00000122 -.00000638 -.00000638

45 9 |0 3.2 | .02411650 02411482 0 0 0 0
3.4 | .02048846 .02048677
3.6 | .01703583 01703415
3.8 | .0139799%4 01397826
4.0 | .01145725 .01145557
4.25 | .00896137 .00895969
4.5 | .00709872 .00709703
5.0 |.00468911 .00468743
5.5 |.00333109 .00332941
6.0 | .00244104 .00243936
7.0 |.00138048 .00137879
10.0 | .00035038 .00034870
20.0 | .00003012 .00002844

45 15 190 |32 |-01574436 -.01574604 | -.00054491 -.00054374 -.00044753 -.00044753
3.4 |-.01379174 -.01379342 | -.00039519 -.00039401 -.00029281 -.00029281
3.6 | -.01194770 -.01194939 | -.00031293 -.00031175 -.00020522 -.00020521
3.8 | -.01017465 -.01017633 | -.00026385 -.00026267 -.00015600 | -.00015600
4.0 | -.00858384 -.00858552 | -.00022628 -.00022510 -.00012924 | -.00012924
4.25 | -.00687474 -.00687642 | -.00018518 -.00018400 -.00010350 | -.00010350
4.5 | -.00550279 -.00550447 | -.00015042 -.00014925 -.00008433 -.00008433
5.0 |-.00357700 -.00357868 | -.00009479 -.00009361 -.00005070 | -.00005070
5.5 |-.00237392 -.00237561 | -.00006200 -.00006083 -.00003188 -.00003188
6.0 | -.00164363 -.00164531 | -.00004158 -.00004041 -.00002059 -.00002059
7.0 | -.00088122 -.00088291 | -.00002256 -.00002139 -.00001042 -.00001043
10.0 | -.00023548 -.00023716 | -.00000573 -.00000456 -.00000084 | -.00000084
20.0 | -.00001095 -.00001264 | -.00000249 -.00000131 -.00000028 -.00000028

45 30 |90 |32 |-.01574128 -.01574297 | -.00040702 -.00040584 -.00070065 -.00070065
34 | -.01379124 -.01379293 | -.00027512 -.00027394 -.00047120 | -.00047120
3.6 |-.01194874 -.01195042 | -.00020103 -.00019986 -.00034164 | -.00034164
3.8 |-.01017799 -.01017967 | -.00016014 -.00015896 -.00026778 -.00026778
4.0 | -.00858410 -.00858578 | -.00013356 -.00013239 -.00022437 -.00022437
4.25 | -.00687494 -.00687662 | -.00010703 -.00010586 -.00017944 | -.00017944
4.5 | -.00550255 -.00550423 | -.00008869 -.00008752 -.00014612 -.00014612
5.0 |-.00357678 -.00357847 | -.00005346 -.00005229 -.00008928 -.00008928
5.5 | -.00237378 -.00237547 | -.00003510 -.00003392 -.00005661 -.00005661
6.0 | -.00164343 -.00164511 | -.00002375 -.00002257 -.00003681 -.00003681
7.0 | -.00088129 -.00088297 | -.00001362 -.00001245 -.00001879 -.00001879
10.0 | -.00023539 -.00023708 | -.00000432 -.00000314 -.00000228 -.00000228
20.0 | -.00001095 -.00001264 | -.00000248 -.00000131 -.00000033 -.00000033
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45 45 |90 | 3.2 |-.01574436 -.01574604 | -.00011889 -.00011772 -.00069347 -.00069347
34 | -.01379174 -.01379342 | -.00006047 -.00005929 -.00048611 -.00048611
3.6 | -.01194770 -.01194939 | -.00002713 -.00002596 -.00037016 -.00037016
3.8 | -.01017465 -.01017633 | -.00001151 -.00001034 -.00030138 -.00030138
4.0 | -.00858384 -.00858552 | -.00000552 -.00000435 -.00025552 -.00025552
4.25 | -.00687474 -.00687642 | -.00000302 -.00000185 -.00020814 | -.00020814
4.5 | -.00550278 -.00550447 | -.00000390 -.00000273 -.00016909 -.00016909
5.0 |-.00357699 -.00357868 .00000039 .00000156 -.00010539 -.00010539
5.5 | -.00237392 -.00237561 | -.00000025 .00000092 -.00006759 -.00006759
6.0 | -.00164363 -.00164531 | -.00000085 .00000032 -.00004437 -.00004437
7.0 | -.00088123 -.00088291 | -.00000179 -.00000062 -.00002283 -.00002283
10.0 | -.00023548 -.00023716 | -.00000208 -.00000091 -.00000348 -.00000348
20.0 | -.00001095 -.00001264 | -.00000255 -.00000138 -.00000028 -.00000028

45 60 |90 |32 |-01574719 -.01574887 | .00028610 00028728 -.00049994 | -.00049994
3.4 | -.01379156 -.01379325 .00021119 .00021237 -.00037103 -.00037103
3.6 | -.01194666 -.01194834 .00016942 .00017059 -.00030021 -.00030021
3.8 |-.01017248 -.01017416 .00014184 .00014302 -.00025567 -.00025567
4.0 | -.00858406 -.00858574 .00012200 .00012317 -.00022096 -.00022096
425 | -.00687385 -.00687553 .00010062 .00010179 -.00018086 -.00018086
45 | -.00550265 -.00550433 .00008119 .00008237 -.00014555 -.00014555
5.0 |-.00357699 -.00357867 .00005169 .00005286 -.00009376 -.00009376
5.5 | -.00237407 -.00237576 .00003248 .00003366 -.00006044 | -.00006044
6.0 | -.00164375 -.00164543 .00002056 .00002173 -.00003982 -.00003982
7.0 | -.00088134 -.00088303 .00000929 .00001046 -.00002038 -.00002038
10.0 | -.00023545 -.00023713 | -.00000051 .00000066 -.00000329 -.00000329
20.0 | -.00001096 -.00001264 | -.00000233 -.00000116 -.00000010 | -.00000010

45 75 |90 |32 |-.01574436 -.01574604 | .00065617 .00065735 -.00024595 -.00024595
3.4 |-.01379174 -.01379342 .00044654 .00044771 -.00019312 | -.00019312
3.6 | -.01194770 -.01194939 .00032814 .00032931 -.00016483 -.00016483
3.8 | -.01017465 -.01017633 .00025823 .00025940 -.00014533 -.00014533
4.0 | -.00858384 -.00858552 .00021665 .00021782 -.00012794 | -.00012794
4.25 | -.00687474 -.00687642 .00017612 .00017730 -.00010395 -.00010395
4.5 | -.00550279 -.00550447 .00014302 .00014420 -.00008215 -.00008215
5.0 | -.00357699 -.00357868 .00008793 .00008910 -.00005563 -.00005563
5.5 |-.00237393 -.00237561 .00005503 .00005621 -.00003582 -.00003582
6.0 | -.00164363 -.00164531 .00003500 .00003617 -.00002367 -.00002368
7.0 | -.00088123 -.00088291 .00001657 .00001774 -.00001194 | -.00001194
10.0 | -.00023548 -.00023716 | -.00000017 .00000100 -.00000191 -.00000191
20.0 | -.00001095 -.00001264 | -.00000207 -.00000090 -.00000006 -.00000006

45 90 |90 |32 |-01574129 -.01574297 | .00080643 .00080760 0 0
3.4 | -.01379125 -.01379293 .00054095 .00054212
3.6 |-.01194874 -.01195042 .00040825 .00040942
3.8 | -.01017799 -.01017967 .00030372 .00030490
4.0 | -.00858410 -.00858578 .00025366 .00025483
4.25 | -.00687494 -.00687662 .00020360 .00020477
4.5 | -.00550254 -.00550423 .00016521 .00016639
5.0 |-.00357678 -.00357847 .00010092 .00010209
5.5 | -.00237378 -.00237546 .00006295 .00006413
6.0 | -.00164343 -.00164511 .00003994 .00004111
7.0 | -.00088129 -.00088297 .00001898 .00002015
10.0 | -.00023540 -.00023708 .00000001 .00000119
20.0 | -.00001095 -.00001264 | -.00000204 -.00000086

45 0 0 3.2 | .00415353 .00415353 -.00438506 -.00438506 0 0
3.4 | -.00184081 -.00184081 | -.00442493 -.00442493
3.6 | -.00471994 -.00471994 | -.00418500 -.00418500
3.8 | -.00570993 -.00570993 | -.00378428 -.00378428
4.0 | -.00579406 -.00579406 | -.00331271 -.00331271
425 | -.00521465 -.00521465 | -.00270484 -.00270484
4.5 | -.00441889 -.00441889 | -.00215730 -.00215730
5.0 |-.00294528 -.00294528 | -.00136430 -.00136430
5.5 | -.00194676 -.00194676 | -.00089607 -.00089607
6.0 | -.00133867 -.00133867 | -.00060026 -.00060026
7.0 | -.00075823 -.00075823 | -.00027239 -.00027239
10.0 | -.00020479 -.00020479 | -.00004727 -.00004727
20.0 | -.00001339 -.00001339 | -.00000145 -.00000145
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45 15 32 | -.01145180 -.01145287 | -.00297702 -.00297674
3.4 | -.01142354 -.01142461 | -.00292864 -.00292836
3.6 |-.01055328 -.01055434 | -.00275490 -.00275463
3.8 | -.00938073 -.00938180 | -.00248761 -.00248733
4.0 |-.00811043 -.00811150 | -.00217556 -.00217528
4.25 | -.00661857 -.00661964 | -.00178725 -.00178697
4.5 | -.00533186 -.00533292 | -.00145319 -.00145291
5.0 |-.00343662 -.00343769 | -.00096066 -.00096038
55 | -.00226107 -.00226213 | -.00063920 -.00063892
6.0 | -.00156653 -.00156759 | -.00042040 -.00042012
7.0 | -.00085390 -.00085497 | -.00019151 -.00019124
10.0 | -.00022601 -.00022707 | -.00003585 -.00003557
20.0 | -.00001187 -.00001294 | -.00000167 -.00000139

45 30 3.2 | -.01583172 -.01583337 | -.00115022 -.00114929
3.4 | -.01391699 -.01391864 | -.00101899 -.00101806
3.6 | -.01206958 -.01207122 | -.00091079 -.00090985
3.8 | -.01028077 -.01028241 | -.00080246 -.00080153
4.0 | -.00866899 -.00867064 | -.00069484 -.00069391
4.25 | -.00693839 -.00694004 | -.00057389 -.00057296
45 | -.00554761 -.00554926 | -.00047558 -.00047465
5.0 | -.00359340 -.00359505 | -.00032604 -.00032511
5.5 | -.00237872 -.00238037 | -.00021611 -.00021518
6.0 | -.00164637 -.00164802 | -.00013926 -.00013833
7.0 | -.00088276 -.00088441 | -.00006653 -.00006560
10.0 | -.00023531 -.00023696 | -.00001403 -.00001309
20.0 | -.00001101 -.00001266 | -.00000228 -.00000134

45 t 3.2 | -.01574719 -.01574888 | -.00057984 -.00057866
3.4 | -.01379156 -.01379325 | -.00043139 -.00043021
3.6 | -.01194666 -.01194835 | -.00035046 -.00034928
3.8 | -.01017247 -.01017416 | -.00030102 -.00029984
4.0 | -.00858405 -.00858574 | -.00026087 -.00025970
4.25 | -.00687384 -.00687553 | -.00021268 -.00021150
45 | -.00550265 -.00550433 | -.00017108 -.00016991
5.0 | -.00357699 -.00357867 | -.00011083 -.00010966
5.5 | -.00237408 -.00237576 | -.00007229 -.00007112
6.0 | -.00164375 -.00164543 | -.00004849 -.00004731
7.0 | -.00088134 -.00088303 | -.00002593 -.00002476
10.0 | -.00023544 -.00023713 | -.00000623 -.00000506
20.0 | -.00001096 -.00001264 | -.00000250 -.00000133

45 45 32 | -.01456132 -.01456286 | .00025525 .00025679
3.4 |-.01286216 -.01286370 .00040162 .00040316
3.6 |-01121196 -.01121350 .00043680 .00043834
3.8 | -.00966516 -.00966670 .00040744 .00040897
4.0 | -.00821349 -.00821503 .00035915 .00036069
4.25 | -.00662013 -.00662167 .00031012 .00031165
4.5 | -.00532172 -.00532326 .00027581 .00027735
5.0 | -.00347557 -.00347711 .00021152 .00021306
5.5 |-.00231780 -.00231934 .00014240 .00014394
6.0 |-.00161339 -.00161493 .00008538 .00008691
7.0 | -.00086955 -.00087109 .00003449 .00003602
10.0 | -.00023214 -.00023368 .00000594 .00000747
20.0 | -.00001114 -.00001268 | -.00000280 -.00000127

45 60 3.2 | -.01127479 -.01127573 | .00087038 .00087203
34 | -.01062863 -.01062956 .00096595 .00096759
3.6 | -.00966886 -.00966979 .00096499 .00096664
3.8 | -.00856206 -.00856299 .00090012 .00090177
4.0 | -.00743083 -.00743176 .00080993 .00081157
4.25 | -.00609784 -.00609877 .00068764 .00068929
4.5 | -.00494232 -.00494325 .00058174 .00058339
5.0 |-.00324313 -.00324406 .00041511 .00041676
55 | -.00217676 -.00217769 .00028576 .00028741
6.0 | -.00153438 -.00153531 .00018300 .00018464
7.0 | -.00083956 -.00084049 .00007876 .00008041
10.0 | -.00022180 -.00022273 .00001526 .00001691
20.0 | -.00001201 -.00001294 | -.00000268 -.00000103




164

45 75 3.2 | -.00822972 -.00823000 | .00071273 .00071379
3.4 | -.00855509 -.00855537 .00075671 .00075778
3.6 |-.00828115 -.00828143 .00072378 .00072485
3.8 | -.00759698 -.00759726 .00068865 .00068971
4.0 | -.00675535 -.00675563 .00061465 .00061571
4.25 | -.00564488 -.00564515 .00051350 .00051457
4.5 | -.00461789 -.00461816 .00042190 .00042297
5.0 |-.00306022 -.00306050 .00029056 .00029162
55 | -.00206160 -.00206187 .00020901 .00021007
6.0 |-.00145373 -.00145401 .00014139 .00014245
7.0 | -.00080871 -.00080899 .00006073 .00006180
10.0 | -.00021161 -.00021189 .00001181 .00001287
20.0 | -.00001295 -.00001323 | -.00000166 -.00000059

45 90 3.2 | -.00697833 -.00697833 | 0 0
3.4 | -.00770509 -.00770509
3.6 | -.00770600 -.00770600
3.8 |-.00720391 -.00720391
4.0 | -.00648268 -.00648268
4.25 | -.00546402 -.00546402
45 | -.00448870 -.00448870
5.0 |-.00299574 -.00299574
5.5 | -.00202034 -.00202034
6.0 | -.00141850 -.00141850
7.0 | -.00079530 -.00079530
10.0 | -.00020748 -.00020748
20.0 | -.00001334 -.00001334

45 105 3.2 | -.00822972 -.00823000 | -.00071273 -.00071379
3.4 | -.00855509 -.00855537 | -.00075671 -.00075778
3.6 | -.00828115 -.00828143 | -.00072378 -.00072485
3.8 | -.00759698 -.00759726 | -.00068865 -.00068971
4.0 | -.00675535 -.00675563 | -.00061465 -.00061571
4.25 | -.00564487 -.00564515 | -.00051350 -.00051457
45 | -.00461789 -.00461816 | -.00042190 -.00042297
5.0 | -.00306022 -.00306050 | -.00029056 -.00029163
5.5 | -.00206160 -.00206187 | -.00020901 -.00021008
6.0 |-.00145373 -.00145401 | -.00014139 -.00014245
7.0 | -.00080872 -.00080899 | -.00006073 -.00006180
10.0 | -.00021161 -.00021189 | -.00001181 -.00001287
20.0 | -.00001295 -.00001323 .00000166 .00000059

45 120 32 | -.01127479 -.01127572 | -.00087038 -.00087203
3.4 | -.01062863 -.01062956 | -.00096595 -.00096759
3.6 | -.00966886 -.00966979 | -.00096499 -.00096664
3.8 | -.00856206 -.00856299 | -.00090012 -.00090177
4.0 | -.00743083 -.00743176 | -.00080993 -.00081157
4.25 | -.00609784 -.00609877 | -.00068764 -.00068929
4.5 | -.00494232 -.00494325 | -.00058174 -.00058339
5.0 |-.00324313 -.00324406 | -.00041511 -.00041676
5.5 |-.00217676 -.00217769 | -.00028576 -.00028741
6.0 | -.00153437 -.00153531 | -.00018300 -.00018464
7.0 | -.00083956 -.00084049 | -.00007876 -.00008041
10.0 | -.00022180 -.00022273 | -.00001526 -.00001690
20.0 | -.00001201 -.00001294 .00000268 .00000103

45 135 3.2 |-.01456132 -.01456286 | -.00025525 -.00025679
34 |-.01286216 -.01286370 | -.00040162 -.00040316
3.6 |-.01121196 -.01121350 | -.00043680 -.00043834
3.8 | -.00966516 -.00966670 | -.00040743 -.00040897
4.0 | -.00821349 -.00821503 | -.00035915 -.00036069
425 | -.00662013 -.00662167 | -.00031012 -.00031165
4.5 | -.00532172 -.00532326 | -.00027581 -.00027735
5.0 | -.00347557 -.00347711 | -.00021153 -.00021306
5.5 | -.00231780 -.00231934 | -.00014240 -.00014394
6.0 |-.00161339 -.00161493 | -.00008538 -.00008691
7.0 | -.00086955 -.00087109 | -.00003449 -.00003602
10.0 | -.00023214 -.00023368 | -.00000593 -.00000747
20.0 | -.00001114 -.00001268 .00000280 .00000127
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45 150 32 | -.01583172 -.01583337 | .00115023 00114929
3.4 | -.01391699 -.01391864 | .00101899 .00101806
3.6 |-.01206958 -.01207122 | .00091078 .00090985
3.8 | -.01028077 -.01028241 | .00080246 .00080153
4.0 | -.00866899 -.00867064 | .00069484 .00069391
4.25 | -.00693839 -.00694004 | .00057389 00057296
4.5 | -.00554761 -.00554926 | .00047558 00047465
5.0 |-.00359340 -.00359505 | .00032604 .00032511
5.5 | -.00237872 -.00238037 | .00021611 00021518
6.0 | -.00164637 -.00164802 | .00013926 .00013833
7.0 | -.00088276 -.00088441 | .00006653 .00006560
10.0 | -.00023531 -.00023696 | .00001403 .00001309
20.0 | -.00001101 -.00001266 | .00000228 .00000134

45 165 32 |-.01145180 -.01145287 | .00297702 .00297674
3.4 | -.01142354 -.01142461 | .00292864 .00292836
3.6 | -.01055328 -.01055434 | .00275490 00275463
3.8 | -.00938073 -.00938180 | .00248761 00248733
4.0 |-.00811043 -.00811150 | .00217556 00217528
425 | -.00661857 -.00661964 | .00178725 00178697
45 | -.00533186 -.00533292 | .00145319 .00145291
5.0 | -.00343662 -.00343769 | .00096066 .00096038
55 |-.00226107 -.00226213 | .00063920 .00063892
6.0 | -.00156653 -.00156760 | .00042040 .00042012
7.0 | -.00085390 -.00085497 | .00019151 .00019124
10.0 | -.00022601 -.00022707 | .00003585 .00003557
20.0 | -.00001187 -.00001294 | .00000167 .00000139

45 180 32 .00415353 .00415353 .00438506 .00438506
3.4 | -.00184081 -.00184081 | .00442493 00442493
3.6 | -.00471994 -.00471994 | .00418500 .00418500
3.8 | -.00570993 -.00570993 | .00378428 00378428
4.0 | -.00579406 -.00579406 | .00331271 00331271
4.25 | -.00521465 -.00521465 | .00270484 00270484
45 | -.00441889 -.00441889 | .00215730 .00215730
5.0 | -.00294528 -.00294528 | .00136430 .00136430
5.5 | -.00194676 -.00194676 | .00089607 .00089607
6.0 | -.00133867 -.00133867 | .00060026 .00060026
7.0 | -.00075823 -.00075823 | .00027239 .00027239
10.0 | -.00020479 -.00020479 | .00004727 .00004727
20.0 | -.00001339 -.00001339 | .00000145 .00000145

45 195 3.2 | .03104063 .03104170 00407899 00407871
3.4 .01474626 .01474732 | .00414134 .00414106
3.6 .00539018 00539125 | .00389276 00389248
3.8 00044591 00044697 | .00348527 .00348499
4.0 | -.00189561 -.00189454 | .00302502 .00302474
4.25 | -.00292966 -.00292860 | .00245659 00245631
4.5 | -.00298314 -.00298207 | .00194411 .00194384
5.0 | -.00225502 -.00225396 | .00120388 .00120361
5.5 | -.00153685 -.00153579 | .00078033 .00078005
6.0 | -.00104647 -.00104540 | .00052446 .00052419
7.0 | -.00062054 -.00061948 | .00023890 .00023862
10.0 | -.00018007 -.00017900 | .00003966 .00003938
20.0 | -.00001487 -.00001381 | .00000173 .00000145

45 210 3.2 | .05280945 .05281110 .00146476 .00146383
3.4 02795199 .02795364 | .00143730 .00143637
3.6 01345012 01345177 | .00132928 .00132835
3.8 .00537354 .00537519 | .00118130 .00118037
4.0 .00113819 .00113983 | .00102185 .00102092
425 | -.00119713 -.00119548 | .00082979 .00082886
4.5 | -.00192750 -.00192585 | .00065423 .00065330
5.0 |-.00177636 -.00177471 | .00040415 .00040322
55 | -.00126651 -.00126486 | .00026239 .00026146
6.0 | -.00086053 -.00085889 | .00017744 .00017651
7.0 | -.00052538 -.00052374 | .00008286 .00008193
10.0 | -.00016495 -.00016330 | .00001508 .00001415
20.0 | -.00001567 -.00001403 | .00000230 .00000137




166

45 180+t 3.2 | .05478406 05478574 .00023853 .00023736
3.4 02913663 02913831 | .00016656 .00016538
3.6 01415217 .01415385 | .00012617 .00012500
3.8 00579015 00579183 | .00010232 .00010115
4.0 .00138856 00139024 | .00008769 .00008651
4.25 | -.00105719 -.00105550 | .00007454 .00007337
4.5 | -.00184555 -.00184387 | .00005817 .00005700
5.0 |-.00174277 -.00174108 | .00003935 .00003818
5.5 | -.00124830 -.00124661 | .00002837 .00002719
6.0 | -.00084811 -.00084643 | .00002096 .00001979
7.0 | -.00051843 -.00051675 | .00001274 .00001157
10.0 | -.00016392 -.00016224 | .00000466 .00000348
20.0 | -.00001573 -.00001404 | .00000248 .00000131

45 225 3.2 | .04852131 .04852285 -.00191129 -.00191283
3.4 .02529441 02529595 | -.00206485 -.00206639
3.6 .01180657 01180811 | -.00198744 -.00198898
3.8 00434949 .00435102 | -.00179384 -.00179537
4.0 .00053203 .00053357 | -.00155473 -.00155626
425 | -.00158261 -.00158107 | -.00125409 -.00125562
45 | -.00217440 -.00217286 | -.00098929 -.00099083
5.0 | -.00189986 -.00189833 | -.00060201 -.00060355
55 | -.00133868 -.00133713 | -.00038150 -.00038304
6.0 | -.00090792 -.00090639 | -.00025130 -.00025284
7.0 | -.00054840 -.00054686 | -.00010856 -.00011009
10.0 | -.00016851 -.00016698 | -.00001327 -.00001481
20.0 | -.00001554 -.00001401 .00000270 .00000117

45 240 3.2 | 0.02241048 0.0224115 -0.00359266 | -0.00359441
3.4 0.00924726 0.0092483 | -0.00386524 | -0.00386699
3.6 0.00198722 0.0019882 | -0.00372267 | -0.00372442
3.8 |-0.00168597 | -0.0016850 | -0.00336047 | -0.00336222
4.0 |-0.00328301 | -0.0032820 | -0.00291413 | -0.00291588
4.25 | -0.00377746 | -0.0037765 | -0.00235123 | -0.00235298
45 | -0.00354452 | -0.0035435 | -0.00185132 | -0.00185306
5.0 |-0.00255189 | -0.0025509 | -0.00113847 | -0.00114022
5.5 |-0.00171972 | -0.0017187 | -0.00072453 | -0.00072628
6.0 | -0.00116469 | -0.0011637 | -0.00047567 | -0.00047742
7.0 | -0.00067393 | -0.0006729 | -0.00020626 | -0.00020800
10.0 | -0.00018834 | -0.0001873 | -0.00002833 | -0.00003008
20.0 | -0.00001479 | -0.0000138 0.00000260 0.00000085

45 255 32 | -.00216677 -.00216649 | -.00257945 -.00258051
3.4 | -.00597800 -.00597772 | -.00281971 -.00282077
3.6 | -.00741506 -.00741478 | -.00276545 -.00276652
3.8 | -.00751348 -.00751320 | -.00253175 -.00253282
4.0 | -.00697763 -.00697735 | -.00220811 -.00220918
4.25 | -.00597224 -.00597197 | -.00177694 -.00177801
4.5 | -.00493355 -.00493327 | -.00139455 -.00139561
5.0 |-.00323875 -.00323847 | -.00086136 -.00086243
5.5 | -.00213067 -.00213040 | -.00055137 -.00055244
6.0 | -.00145481 -.00145453 | -.00036199 -.00036305
7.0 | -.00080614 -.00080586 | -.00015523 -.00015629
10.0 | -.00020975 -.00020948 | -.00002235 -.00002342
20.0 | -.00001396 -.00001368 .00000150 .00000044

45 270 3.2 | -.01137322 -.01137322 | 0 0
34 |-.01162333 -.01162333
3.6 | -.01085025 -.01085025
3.8 | -.00968799 -.00968799
4.0 | -.00839184 -.00839184
425 | -.00683221 -.00683221
4.5 | -.00547576 -.00547576
5.0 |-.00351552 -.00351552
5.5 | -.00229745 -.00229745
6.0 | -.00157937 -.00157937
7.0 | -.00086032 -.00086032
10.0 | -.00021906 -.00021906
20.0 | -.00001363 -.00001363




APPENDIX VII (to the Part III)

Ab initio calculated polarizability components «,,

of the CH4-N; van der Waals complex at the

CCSD(T)/aug-cc-pVTZ level of theory without the BSSE correctlon Intermolecular separation

Risin A. Values of polarizability components are in calEy”.

Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
32 35.652489 | 28.828398 34303261 | 28.617619 | 29.075051 | 34.428017
3.4 34.925290 | 28.657396 | 34.012546 | 28.487924 | 28.938385 | 34.098452
3.6 34.494535 | 28.501196 | 33.794796 | 28.351192 | 28.796477 | 33.880630
3.8 34.197634 | 28.349127 33.601136 | 28.209954 | 28.640760 | 33.708071
4.0 33.956892 | 28.201096 | 33.417184 | 28.069938 | 28.475359 | 33.527612
. 4.5 33.424309 | 27.857171 32.982216 | 27.756838 | 28.071359 | 33.096930
5.0 32947713 | 27.584352 | 32.613813 | 27.516180 | 27.738721 | 32.709674
5.5 32.573489 | 27.383698 32.339726 | 27.336617 | 27.491023 | 32.407800
6.0 32.301284 | 27.240509 32.135841 | 27.206461 27.313635 | 32.186918
7.0 31.962258 | 27.063456 | 31.882006 | 27.044798 | 27.096878 | 31.910010
10.0 31.622348 | 26.870885 31.604942 | 26.866560 | 26.878136 | 31.645944
32 25469002 | 25.568492 | 25.293774 | 25.474291 25.468271 | 25.409092
3.4 25.563646 | 25.754138 | 25.516374 | 25.666424 | 25.656853 | 25.607051
3.6 25.698809 | 25.905521 25.700803 | 25.823711 25.820587 | 25.780052
3.8 25.838295 | 26.029195 25.852312 | 25.952790 | 25.959405 | 25.926896
4.0 25.968826 | 26.131362 | 25.979451 | 26.059808 | 26.075034 | 26.048962
a,, 4.5 26.225381 26.312755 26.210620 | 26.258202 | 26.282188 | 26.268030
5.0 26.381376 | 26.431166 | 26.356106 | 26.389990 | 26.412498 | 26.402646
5.5 26.481470 | 26.511095 26.457222 | 26.481692 | 26.499124 | 26.492930
6.0 26.550279 | 26.567602 | 26.527498 | 26.546112 | 26.559193 | 26.556377
7.0 26.629888 | 26.639158 | 26.618240 | 26.626365 | 26.634921 | 26.634323
10.0 26.722421 26.724199 | 26.719458 | 26.720591 26.723083 | 26.723572
3.2 25.469063 | 29.387091 25.293701 | 29.642818 | 29.639627 | 25.094734
34 25.563623 | 29.694208 | 25.516364 | 29.901571 29.897637 | 25.343334
3.6 25.698750 | 29.949133 25.700828 | 30.117494 | 30.122266 | 25.553941
3.8 25.838275 30.160994 | 25.852188 | 30.297610 | 30.313710 | 25.731236
4.0 25.968825 30.338605 25.979447 | 30.448516 | 30.474278 | 25.878829
a.. 4.5 26.225256 | 30.660953 26.210558 | 30.727706 | 30.767416 | 26.148492
5.0 26.381528 30.870805 26.356088 | 30.911826 | 30.951734 | 26.318243
5.5 26.481545 31.013265 26.456834 | 31.040878 31.073018 | 26.432358
6.0 26.550144 | 31.114273 26.527255 | 31.133492 | 31.157997 | 26.511791
7.0 26.629473 31.242064 | 26.618084 | 31.252056 | 31.267497 | 26.609721
10.0 26.722575 31.387940 | 26.719254 | 31.390471 31.394540 | 26.717377
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Ab initio calculated polarizability components «,, of the CH4-N, van der Waals complex at the

oo

CCSD(T)/aug-cc-pVTZ level of theory with the BSSE correctlon Intermolecular separation R is

in A. Values of polarizability components are in cal’Ey”.

Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.2 35.622180 28.813355 34.266868 28.600682 29.005971 34.393075
34 34.895957 28.642704 33.977557 28.471266 28.962726 34.064200
3.6 34.465772 28.440076 33.761108 28.374892 28.780234 33.847027
3.8 34.169528 28.330768 33.568133 28.190569 28.627068 33.674979
4.0 33.929056 28.179990 33.385073 28.049236 28.463057 33.495596
a.. 4.5 33.395815 27.832701 32.950289 27.732840 28.055585 33.066032
5.0 33.004354 27.562247 32.624338 27.492288 27.719449 32.763591
5.5 32.545966 27.367284 32.311854 27.318874 27.473448 32.368135
6.0 32.279387 27.229569 32.112735 27.195474 27.301050 32.154160
7.0 31.942083 27.058160 31.863444 27.039554 27.093122 31.894780
10.0 31.618318 26.868592 31.602961 26.865163 26.876536 31.643222
3.2 25.463098 25.532803 25.277256 25.444685 25.443389 25.389096
34 25.557354 25.720606 25.500651 25.638939 25.633620 25.586506
3.6 25.692286 25.786402 25.685576 25.798383 25.798499 25.759862
3.8 25.832443 26.001485 25.837880 25.930756 25.938156 25.907473
4.0 25.963170 26.107223 25.966433 26.040425 26.054700 26.031088
a,, 4.5 26.217970 26.295613 26.201663 26.243851 26.266277 26.256043
5.0 26.375435 26.418649 26.351891 26.379667 26.401860 26.395752
5.5 26.478725 26.502214 26.456251 26.473423 26.491712 26.489580
6.0 26.548889 26.560995 26.527323 26.539675 26.554270 26.553536
7.0 26.629969 26.635759 26.618436 26.622415 26.632086 26.631149
10.0 26.721140 26.722015 26.717940 26.719331 26.721828 26.721694
3.2 25.463090 29.361670 25.277245 29.619610 29.611426 25.072181
34 25.557346 29.670452 25.500578 29.880372 29.961231 25.321789
3.6 25.692192 29.927278 25.685644 30.183396 30.188279 25.534385
3.8 25.832493 30.229430 25.837785 30.365555 30.382075 25.713615
4.0 25.963153 30.409559 25.966594 30.518913 30.449941 25.863639
a,. 4.5 26.217844 30.642892 26.201629 30.711548 30.746552 26.138718
5.0 26.375650 30.855796 26.351932 30.901469 30.935252 26.312353
5.5 26.478828 31.002623 26.455831 31.034150 31.061809 26.429686
6.0 26.548657 31.106246 26.526968 31.129134 31.150907 26.509192
7.0 26.629610 31.236697 26.618233 31.249215 31.262893 26.606695
10.0 26.721246 31.385621 26.717833 31.389243 31.393040 26.715219
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Ab initio calculated polarizability components «,, of the CH4-N, van der Waals complex at the

MP2/aug-cc-pVTZ level of theory without the BSSE correction. Intermolecular separation R is
in A. Values of polarizability components are in calEy”".

Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.1 35.558 28.907 33913 28.654 29.112 34.071
3.2 34.992 28.803 33.717 28.590 29.035 33.826
3.3 34.581 28.712 33.563 28.526 28.965 33.645
34 34.279 28.630 33.438 28.461 28.897 33.508
3.5 34.047 28.550 33.331 28.394 28.829 33.398
3.6 33.866 28.474 33.234 28.326 28.758 33.303
3.7 33.717 28.399 33.142 28.257 28.683 33.219
3.8 33.589 28.324 33.054 28.188 28.605 33.146
3.9 33.477 28.251 32.968 28.119 28.526 33.061
4.0 33.370 28.179 32.884 28.051 28.445 32.980
4.1 33.270 28.108 32.800 27.985 28.363 32.902
4.2 33.172 28.040 32.716 27.921 28.283 32.821
4.3 33.074 27.971 32.634 27.860 28.204 32.741

a 4.4 32.977 27.906 32.554 27.801 28.126 32.661
x 4.5 32.883 27.843 32.478 27.745 28.052 32.583
5.0 32.443 27.575 32.133 27.508 27.727 32.222
5.5 32.092 27.377 31.874 27.330 27.483 31.938
6.0 31.834 27.235 31.680 27.201 27.308 31.729
6.5 31.647 27.134 31.540 27.110 27.182 31.576
7.0 31.513 27.060 31.437 27.042 27.093 31.464
7.5 31.415 27.005 31.359 26.991 27.029 31.380
8.0 31.343 26.963 31.300 26.952 26.982 31.316
8.5 31.288 26.931 31.254 26.922 26.946 31.267
9.0 31.246 26.905 31.219 26.898 26.917 31.229
9.5 31.212 26.885 31.190 26.879 26.894 31.198
10.0 31.184 26.868 31.168 26.864 26.875 31.218
15.0 31.074 26.800 31.072 26.799 26.801 31.090
20.0 31.088 26.783 31.087 26.783 26.783 31.052
3.1 25.448 25.454 25.164 25.364 25.360 25.290
3.2 25.456 25.561 25.291 25.475 25.462 25.396
3.3 25.493 25.658 25.407 25.576 25.560 25.499
34 25.550 25.747 25.514 25.667 25.651 25.596
3.5 25.616 25.827 25.610 25.749 25.737 25.688
3.6 25.687 25.900 25.698 25.823 25.816 25.771
3.7 25.759 25.965 25.777 25.891 25.888 25.850
3.8 25.829 26.024 25.850 25.952 25.955 25.920
3.9 25.899 26.078 25.917 26.008 26.016 25.986
4.0 25.962 26.127 25.978 26.059 26.071 26.044
4.1 26.024 26.170 26.032 26.106 26.121 26.099
42 26.081 26.211 26.082 26.148 26.167 26.147
4.3 26.132 26.247 26.128 26.188 26.208 26.190
a 4.4 26.177 26.280 26.169 26.224 26.245 26.230
4 4.5 26.221 26.310 26.209 26.257 26.279 26.266
5.0 26.379 26.429 26.356 26.389 26.410 26.401
5.5 26.480 26.509 26.456 26.480 26.497 26.492
6.0 26.548 26.566 26.527 26.545 26.557 26.555
6.5 26.593 26.607 26.579 26.591 26.601 26.600
7.0 26.628 26.637 26.617 26.625 26.633 26.633
7.5 26.654 26.661 26.646 26.651 26.658 26.658
8.0 26.674 26.679 26.668 26.671 26.677 26.677
8.5 26.690 26.694 26.685 26.687 26.692 26.692
9.0 26.702 26.705 26.698 26.700 26.704 26.704
9.5 26.712 26.715 26.709 26.710 26.713 26.714
10.0 26.720 26.722 26.717 26.718 26.721 26.722
15.0 26.755 26.756 26.755 26.755 26.756 26.756
20.0 26.764 26.764 26.764 26.764 26.764 26.764
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Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.1 25.448 28.831 25.164 29.102 29.091 24.958

3.2 25.456 29.001 25.291 29.246 29.228 25.096

3.3 25.493 29.156 25.407 29.378 29.359 25.224

3.4 25.550 29.299 25.514 29.498 29.482 25.343

3.5 25.616 29.428 25.610 29.607 29.596 25.453

3.6 25.687 29.546 25.698 29.708 29.702 25.552

3.7 25.759 29.654 25.777 29.799 29.801 25.645

3.8 25.829 29.752 25.850 29.883 29.891 25.729

3.9 25.899 29.842 25.917 29.960 29.973 25.808

4.0 25.962 29.924 25.978 30.030 30.049 25.877

4.1 26.024 29.998 26.032 30.094 30.118 25.943

4.2 26.081 30.067 26.082 30.153 30.180 26.001

4.3 26.132 30.129 26.128 30.208 30.238 26.054

a 4.4 26.177 30.186 26.169 30.258 30.290 26.102
@ 4.5 26.221 30.239 26.209 30.304 30.337 26.147
5.0 26.379 30.447 26.356 30.488 30.522 26.317

5.5 26.480 30.590 26.456 30.616 30.645 26.431

6.0 26.548 30.690 26.527 30.708 30.731 26.511

6.5 26.593 30.762 26.579 30.776 30.793 26.567

7.0 26.628 30.816 26.617 30.825 30.840 26.608

7.5 26.654 30.856 26.646 30.863 30.875 26.639

8.0 26.674 30.887 26.668 30.893 30.902 26.662

8.5 26.690 30.911 26.685 30.916 30.923 26.681

9.0 26.702 30.930 26.698 30.934 30.940 26.695

9.5 26.712 30.946 26.709 30.948 30.953 26.707

10.0 26.720 30.958 26.717 30.960 30.964 26.716

15.0 26.755 31.012 26.755 31.012 31.013 26.755

20.0 26.764 31.025 26.764 31.025 31.025 26.764
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Ab initio calculated polarizability components «,,

of the CH4-N; van der Waals complex at the

MP2/aug-cc-pVTZ level of theory with the BSSE correction. Intermolecular separation R is in A.
Values of polarizability components are in e’a,’E),”.

Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.0 36.321 29.009 34.142 28.696 29.174 34.375
3.1 35.527 28.885 33.878 28.631 29.082 34.038
3.2 34.962 28.782 33.684 28.568 29.006 33.793
3.3 34.552 28.693 33.531 28.505 28.938 33.614
3.4 34.251 28.611 33.408 28.440 28.873 33.477
3.5 34.021 28.532 33.301 28.373 28.806 33.368
3.6 33.841 28.455 33.205 28.305 28.737 33.274
3.7 33.692 28.379 33.113 28.236 28.664 33.191
3.8 33.565 28.304 33.027 28.166 28.588 33.118
3.9 33.453 28.230 32.941 28.097 28.509 33.033
4.0 33.346 28.157 32.857 28.028 28.429 32.953
4.1 33.247 28.084 32.773 27.962 28.348 32.876
4.2 33.149 28.015 32.690 27.898 28.267 32.796
4.3 33.051 27.946 32.609 27.836 28.188 32.716
4.4 32.954 27.881 32.529 27.776 28.110 32.637
4.5 32.861 27.818 32.454 27.720 28.035 32.559

a. 4.6 32.768 27.759 32.380 27.667 27.962 32.483
4.7 32.677 27.703 32.307 27.617 27.893 32.408
4.8 32.589 27.650 32.237 27.570 27.827 32.336
49 32.505 27.600 32.173 27.525 27.765 32.267
5.0 32.422 27.554 32.111 27.484 27.707 32.200
5.5 32.075 27.361 31.855 27.312 27.466 31.905
6.0 31.820 27.225 31.662 27.191 27.296 31.699
6.5 31.626 27.127 31.517 27.103 27.176 31.550
7.0 31.493 27.055 31.417 27.037 27.090 31.449
7.5 31.399 27.002 31.345 26.988 27.027 31.371
8.0 31.333 26.961 31.296 26.950 26.980 31.310
8.5 31.279 26.929 31.250 26.921 26.943 31.263
9.0 31.240 26.903 31.215 26.897 26.915 31.226
9.5 31.209 26.883 31.188 26.878 26.892 31.196
10.0 31.181 26.867 31.166 26.863 26.874 31.216
15.0 31.073 26.797 31.070 26.797 26.799 31.088
20.0 31.086 26.780 31.085 26.781 26.781 31.050
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Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.0 25.475 25.298 25.005 25.210 25.224 25.159
3.1 25.437 25.416 25.143 25.333 25.332 25.267
3.2 25.445 25.524 25.271 25.445 25.435 25.372
3.3 25.482 25.623 25.388 25.546 25.534 25.475
3.4 25.540 25.714 25.494 25.639 25.626 25.572
3.5 25.605 25.799 25.591 25.722 25.713 25.664
3.6 25.677 25.869 25.680 25.798 25.793 25.748
3.7 25.749 25.936 25.759 25.867 25.866 25.827
3.8 25.820 25.997 25.833 25.930 25.933 25.898
3.9 25.890 26.053 25.900 25.987 25.994 25.965
4.0 25.953 26.103 25.962 26.040 26.050 26.023
4.1 26.015 26.148 26.017 26.088 26.101 26.079
4.2 26.072 26.191 26.068 26.132 26.148 26.128
4.3 26.122 26.228 26.115 26.172 26.190 26.172
4.4 26.168 26.262 26.157 26.209 26.228 26.213
4.5 26.211 26.293 26.198 26.244 26.263 26.251

a, 4.6 26.250 26.323 26.234 26.275 26.296 26.285
4.7 26.284 26.349 26.267 26.304 26.325 26.315
4.8 26.316 26.374 26.295 26.331 26.352 26.344
4.9 26.346 26.396 26.324 26.356 26.377 26.369
5.0 26.372 26.417 26.350 26.379 26.399 26.393
5.5 26.476 26.501 26.454 26.472 26.490 26.488
6.0 26.546 26.560 26.526 26.538 26.553 26.552
6.5 26.593 26.603 26.580 26.586 26.598 26.598
7.0 26.628 26.635 26.617 26.622 26.631 26.630
7.5 26.653 26.659 26.645 26.649 26.656 26.655
8.0 26.673 26.677 26.666 26.670 26.676 26.675
8.5 26.689 26.692 26.683 26.686 26.691 26.691
9.0 26.701 26.704 26.697 26.699 26.703 26.703
9.5 26.712 26.713 26.708 26.709 26.713 26.712
10.0 26.720 26.721 26.716 26.718 26.720 26.720
15.0 26.754 26.754 26.753 26.753 26.754 26.754
20.0 26.762 26.762 26.762 26.762 26.762 26.762
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Component R, A Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5 Conf. 6
3.0 25.475 28.626 25.005 28.927 28.929 24.782
3.1 25.437 28.813 25.143 29.086 29.070 24.931
3.2 25.445 28.984 25.271 29.231 29.209 25.068
33 25.482 29.141 25.388 29.364 29.340 25.197
3.4 25.540 29.284 25.494 29.485 29.464 25.317
3.5 25.605 29.414 25.591 29.596 29.579 25.428
3.6 25.677 29.534 25.680 29.697 29.686 25.529
3.7 25.749 29.642 25.759 29.789 29.785 25.623
3.8 25.820 29.741 25.833 29.873 29.876 25.708
3.9 25.890 29.832 25.900 29.951 29.959 25.788
4.0 25.953 29.915 25.962 30.021 30.035 25.859
4.1 26.015 29.989 26.017 30.086 30.104 25.926
4.2 26.072 30.059 26.068 30.146 30.168 25.985
4.3 26.122 30.121 26.115 30.201 30.225 26.039
4.4 26.168 30.179 26.157 30.252 30.278 26.089
4.5 26.211 30.232 26.198 30.298 30.326 26.135

a., 4.6 26.250 30.281 26.234 30.341 30.370 26.177
h 4.7 26.284 30.326 26.267 30.382 30.411 26.214
4.8 26.316 30.367 26.295 30.418 30.448 26.249

4.9 26.346 30.406 26.324 30.453 30.482 26.281

5.0 26.372 30.441 26.350 30.485 30.513 26.310

5.5 26.476 30.585 26.454 30.614 30.639 26.428

6.0 26.546 30.685 26.526 30.707 30.727 26.509

6.5 26.593 30.759 26.580 30.774 30.790 26.565

7.0 26.628 30.812 26.617 30.824 30.837 26.605

7.5 26.653 30.854 26.645 30.862 30.873 26.636

8.0 26.673 30.885 26.666 30.892 30.900 26.660

8.5 26.689 30.909 26.683 30.915 30.921 26.679

9.0 26.701 30.929 26.697 30.933 30.939 26.693

9.5 26.712 30.944 26.708 30.948 30.952 26.705

10.0 26.720 30.957 26.716 30.960 30.963 26.714

15.0 26.754 31.009 26.753 31.010 31.011 26.753

20.0 26.762 31.022 26.762 31.023 31.023 26.761
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TAB. 8.3: Molecular properties for the CoH,4 molecule.

Property Definition Present work® Literature
U first ionization potential, Ej, 0.3862425°
O4z quadrupole moment, ea? -2.47 -2.42¢
Oy quadrupole moment, ea? 1.25 1.23¢
O.. quadrupole moment, ea? 1.22 1.19¢
LN hexadecapole moment, eaj 18.90 18.42¢
Dy hexadecapole moment, ea; -17.02 -16.27¢
D,... hexadecapole moment, eaé -15.89 -15.51°¢
Mz polarizability, e2a2E, ! 22.05 22.414
gy polarizability, e2a2E, ! 24.96 25.21¢
Qs polarizability, e?a2E; ! 34.24 34.247
y - dipole-octopole polarizability, ezaéE,jl -65.27 -80.67¢
Ey vy dipole-octopole polarizability, eQaéEgl -92.39 -81.01°¢
E. ... dipole-octopole polarizability, e2ajE;* 71.29 88.90¢
Ey vy dipole-octopole polarizability, e2ajE;, ! -8.81 -8.11¢
Eyvze dipole-octopole polarizability, e*agE; ! 74.08 88.78¢
y - dipole-octopole polarizability, e*agE; ! -78.43 -62.24°¢
E. .y dipole-octopole polarizability, e2ajE, ! 7.14 -26.63¢
E, yuz dipole-octopole polarizability, e2ajE; ! -75.09 -88.80°
E, .- dipole-octopole polarizability, e2ajE; ! 167.48 169.82°¢
Crzza quadrupole polarizability, eagE; ! 72.19 51.93¢
Corayy quadrupole polarizability, e*agE; ! -19.88 -10.65¢
Chra 2z quadrupole polarizability, e2ajE, ! -52.31 -41.27¢
Coryay quadrupole polarizability, e?atE; ! 45.35 29.24¢
Coz oz quadrupole polarizability, e*agE;, ! 75.40 58.71¢
Cyyyy quadrupole polarizability, e*agE; ! 75.82 51.47¢
Cyy.zz quadrupole polarizability, e2ajE;, ! -55.95 -40.82¢
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Property Definition Present work® Literature
Cyzyz quadrupole polarizability, e?agE; ! 118.68 101.00°
Clzpez quadrupole polarizability, e*agE; ! 108.26 82.09¢
Bizse  dipole-dipole-quadrupole polarizability, e*agE, 2 -733.70
Bizyy  dipole-dipole-quadrupole polarizability, e3ajE; 314.70
Bys..  dipole-dipole-quadrupole polarizability, e3aiF; 419.00
Biyzy  dipole-dipole-quadrupole polarizability, e*agF,; 2 -399.39
B....  dipole-dipole-quadrupole polarizability, e3a3 F,; 2 -574.40
B,,,,  dipole-dipole-quadrupole polarizability, e*alE, > -394.06
By,..  dipole-dipole-quadrupole polarizability, e*ag E; 188.14
By.,.  dipole-dipole-quadrupole polarizability, e*af E; -591.64
B dipole-dipole-quadrupole polarizability, e3ag £, 2 -579.30

22,22

“Calculated at the CCSD(T)/AVTZ level of theory using approach described in Ref. [185].
’Reference [102).
“Reference [186].
dReference [187].
“Recalculated using oy, m from Table 6 (basis D, third column) taken from Ref. [173].
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E02H4

E' = 2E%M 4 AE

— —78.443733971266 E, (CCSD(T)/AVTZ BSSE)

TAB. 8.4: Interaction potential energy AE (in pFE}) for
the (CyHy)s dimer calculated at the CCSD(T)/aug-cc-
pV'TZ basis set with the BSSE correction.

R, A conf.1 conf. 2 conf. 3 conf. 4 conf. 5 conf. 6
3.2 1441.6167 1522.403636
3.3 -118.24990 306.2568996
3.4 -1122.4302 -509.528150
3.5  164224.1684 -1728.2397 1680.0 1528.09884  10860.07706 -1033.24391
3.6  116985.2750 -2053.7784 1110.0 1015.98582  7180.909182 -1346.75668
3.7 82794.72581  -2186.6890 707.744 647.874269  4535.565094 -1511.44381
3.8  58126.93757 -2191.1681 420.928 387.211135  2657.439565 -1572.79837
3.9  40408.58992  -2113.5828 222.31 206.129377  1344.394048 -1564.62594
4.0  27752.26542 -1986.8831 88.1902 83.5126857  444.6031285 -1511.23069
4.1  18772.26793 -1834.0320 0.792884 3.41943535  -155.691226 -1430.15293
4.2 12451.50886 -1670.6429 -53.1662 -46.131399  -541.119045 -1333.78411
4.3  8044.534479  -1506.9910 -83.5649 -74.092230  -774.246019 -1230.69870
4.4 5006.458575 -1349.5436 -97.6979 -87.100506  -900.995700 -1126.67377
4.5  2940.055641 -1202.0956 -100.906 -90.036986  -954.809293 -1025.46419
4.6  1558.127518 -97.4472 -86.452456  -959.821462

4.7 653.8609506 -89.3163 -78.897673  -933.272292

4.8  79.41859536 -78.8489 -69.175508  -887.334060

4.9  -270.114510 -67.3887 -67.388706  -830.484899

5.0 -468.590689  -649.23685 -55.8354 -47.811110  -768.533995 -613.521411
5.1  -567.521348

5.2 -602.465315 -34.5197 -28.444479
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5.3  -597.681903

5.4 -569.495932

5.5  -528.708374  -349.42683 -10.0046 -5.4039003  -478.721663 -363.382039
5.6  -482.313347 -3.90681 -0.1933723

5.7 1.26338 4.54439680

5.8 5.59733 8.89403308

5.9 9.18979 9.18978869

6.0 -305.717292  -193.89664 12.1316 14.4118154  -287.139656 -221.094379
6.5 -163.419492 -112.24952 19.7625 21.4468741 -175.666142 -139.607162
7.0 -88.9324591 -67.661316 20.6128 21.7747967  -111.432775 -91.5135921
8.0 -29.5738233 -27.071538 16.5075 16.8211371  -50.1366947 -43.3332541
9.0 -11.2418879  -12.054207 11.4918 11.6344489  -25.3647529 -22.6818415
10.0 -4.66708040  -5.7808858 7.82417 7.89529515  -13.9778292 -12.7916789
12.0 3.72255 3.74633528

14.0 1.89279 1.90330023

16.0 1.02665 1.02665488

18.0 0.589179 0.59192041

20.0 -0.35791337  0.0000001 0.353037 0.35422398  -0.32727462 -0.32125770
R, A conf. 7 conf. 8 conf. 9 conf. 10 conf. 11 conf. 12

3.2 2276.63950

3.3 733.29207

3.4 -294.84469

3.5 10418.59026 91904.96514 9489.16978 32258.83712 -953.08207  7866.03197
3.6  6931.84768 66581.79697 5717.20155 22010.86610 -1348.72101  4846.82334
3.7 4411.50532  47580.31970 3072.40619 14739.42092 -1560.80568  2801.06090
3.8  2612.22348 33478.77195 1259.72443  9626.08943  -1647.07069  1439.28089
3.9  1347.17109  23127.86909  53.40737 6069.82898  -1649.32798  553.64211
4.0 47499461  15615.36993 -716.82974  3629.15813 -1597.55270 -4.20024

4.1 -111.08888  10228.53749 -1178.41764 1981.66499 -1512.96759 -339.30233
4.2 -490.68687 -1425.60251  892.71774  -1410.36445  -526.07404
4.3  -723.07958  3762.77557 -1527.28998  192.83908  -1299.84538 -613.83245
4.4 -852.03175  1947.62722 -1533.23146 -239.39541 -1188.12517 -639.83426
4.5  -909.59188 735.47577  -1478.85014  -490.21976  -1079.50165 -627.47719
4.6  -919.01589 -48.89209 -620.30293

4.7  -897.01042  -533.94604 -671.89428

4.8  -855.44199  -812.94219 -674.07945

4.9  -802.63207  -952.85854 -646.61658

5.0  -744.32448  -1001.24952 -939.68325  -602.71251  -640.18847  -394.82740
5.1 -991.45462
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5.2 -946.51548
5.3 -882.08604
5.4 -808.57702

5.5  -467.04799  -732.70799 = -514.13367  -348.45782  -376.59984  -207.40964
6.0  -281.40247  -413.55071  -279.63761  -183.39499 = -227.99248  -108.19430
6.5  -172.70039  -228.34750  -157.43776 -97.70358 -143.35835 -98.15520
7.0  -109.80221  -130.26246 -92.55272 -53.92672 -93.65559 -32.34640
8.0 -49.53971 -48.25308 -36.00168 -18.21419 -44.15627 -10.80965
9.0 -25.10566 -20.68305 -15.88454 -6.78879 -23.05382 -3.79104
10.0  -13.85058 -9.86105 -7.69304 -2.65066 -12.97889 -1.28275
20.0 -0.32537 -0.09117 -0.06214 0.06468 -0.32414 0.06357
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TAB. 8.5 - Interaction potential energy AE (in pEy) for the configuration 2 of the (CyHy)o
dimer calculated at different level of theory using aug-cc-pVTZ basis set with the BSSE correc-

tion.
R, A CCSD(T) CCSD(T) MP2 MP2-F12 SAPT DFT-SAPT DFT-SAPT
-F12 PBEO B3LYP

3.0 6393.4237 5539.5582 5826.1890 6707.7413
3.1 2828.1542 3502.1491
3.2 1441.6167  964.0644 413.5668 758.9525 1270.7368
3.3  -118.2499 -356.5500 -619.8755 -233.3338
3.4 -1122.4302 -1435.8410 -489.4169 -1788.2642 -1361.4400 -1497.2457  -1206.0312
3.5 -1728.2397 -1981.5277 -1418.2632 -2263.9293 -1961.4760 -2013.3784  -1793.6862
3.6 -2053.7784 -2258.0438 -1964.5342 -2485.1120 -2275.5327 -2273.4365  -2107.9928
3.7 -2186.6890 -2351.1795 -2243.3298 -2534.7127 -2392.8630 -2358.9150  -2234.8967
3.8  -2191.1681 -2323.5546 -2340.7533 -2472.9283 -2379.3807 -2328.8741  -2236.5670
3.9 -2113.5828 -2220.1000 -2316.7884 -2342.7029 -2282.9210 -2224.9769 -2156.3395
4.0 -1986.8831 -2072.5195 -2217.0651 -2174.1256 -2137.5424 -2078.2518  -2026.9947
4.1  -1834.0320 -1902.7587 -2073.1195 -1987.8540 -1966.9532 -1872.4663
4.2 -1670.6429 -1725.6417 -1906.7846 -1797.6952 -1787.2081 -1735.9959  -1707.3150
4.3 -1506.9910 -1550.8735 -1732.8051 -1612.5597 -1608.7960 -1540.5837
4.4 -1349.5436 -1384.4718 -1560.7423 -1437.8464 -1438.2400 -1379.4321
4.5 -1202.0956 -1229.8644 -1276.5100 -1279.2700 -1240.9660  -1228.6258
5.0  -649.2369 -658.0719 -684.7221  -687.7500 -670.1661 -667.1602
0.5 -349.4268  -352.8082 -369.7015  -369.7200 -359.6912 -358.5858
6.0 -193.8966  -195.7663 -206.8888  -205.6300 -197.4286 -196.6879
6.5 -112.2495 -119.2800

7.0 -67.6613 -68.3334 -73.3949 -72.0600 -68.1686 -58.1686
8.0 -27.0715 -27.5881 -30.0301 -29.1900 -27.4690 -17.4690
9.0 -12.0542 -12.4210 -13.6795 -13.1800 -12.2837 10.9220
10.0 -5.7809 -6.0767 -6.7628 -6.4700 -5.9490 7.5012
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TAB. 8.6 - Interaction potential energy AE (in pEy) for the configuration 3 of the (CyHy)s
dimer calculated at different level of theory using aug-cc-pVTZ basis set with the BSSE correc-

tion.
R, A CCSD(T) CCSD(T) MP2 MP2-F12 SAPT DFT-SAPT DFT-SAPT
-F12 PBEO B3LYP

3.7 707.7442 1150.9412 382.3414 331.8103
3.8  420.9282  325.6588  26.2065 81.0806  791.9975 20.8042 107.4413
3.9 2223105 144.3336 -118.0612 -65.2164  534.3539 -69.0388 -38.4985
4.0 88.1902 23.8674  -206.1905 -155.4229 352.3715 -120.9499 -128.3658
4.1 0.7929 -52.8025  -254.5873 -206.0154  226.3602 -147.0270 -178.9382
4.2 -53.1662  -98.3215  -275.3587 -229.1575 141.3030 -155.5514 -202.6613
4.3 -83.5649  -122.0074 -277.3597 -233.7587  85.8294 -152.4418 -208.3978
4.4 -97.6979  -130.7021 -267.0421 -226.2796  51.3998 -141.9159 -202.2375
4.5  -100.9063 -129.4053 -249.0735 -212.4082  31.6573 -127.2544 -188.4001
4.6 -97.4472  -121.7564 -226.7990 -192.2369  21.9167 -110.5908 -170.4051
4.7 -89.3163  -110.3739 -202.5928 -171.2000  18.7619 -93.4398 -150.5076
4.8 -78.8489  -97.1168  -178.0975 -149.7627  19.7351 -76.7573 -130.2403
4.9 -67.3887  -83.2622 -154.3968 -128.9190  23.0968 -61.1800 -110.5476
5.0 -55.8354  -69.6534 -132.1671 -109.2810  27.6425 -47.0865 -92.1367
5.1 32.5637 -34.5583 -75.4468
5.2 -45.0522  -93.4202  -74.8452 37.3417 -23.6256 -60.5344
2.3 41.6660 -14.2004 -47.4558
5.4 45.3725 -6.1460 -36.1020
2.5 -34.5197  -17.0914  -50.2219  -36.2146 48.3974 0.5934 -26.2062
5.6 -17.8040
2.7 -10.7334
2.8 -4.8138
5.9 0.0829
6.0 12.1316 8.2950 -9.7604 -0.4178 54.3391 17.3030 4.1180
6.5 19.7625 17.5484 7.3673 13.6327 00.6866 24.2820 15.3512
7.0 20.6128 19.3644 13.4369 17.5567 43.5203 24.5576 18.3800
8.0 16.5075 15.8164 13.6414 15.4726 29.1373 18.6599 15.4536
9.0 11.4918 11.1911 10.3347 11.2085 18.9036 12.7269 10.9220
10.0 7.8242 7.6698 7.3213 7.7961 12.3703 8.0110 7.5012
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TAB. 8.7 - Dipole moment i, (in eay) for the (CoHy)y dimer calculated at the CCSD(T)/aug-
cc-pVTZ basis set with the BSSE correction.

R, A Conf. 5 Conf. 6 Conf. 7 Conf. 9 Conf. 10 Conf. 11
3.0 0.17693625  -0.01397554  0.13138746  -0.13194765 -0.18177764  0.01855188
3.1 0.12890910  -0.02213494  0.09902935  -0.09402283  -0.13084347  0.02825979
3.2 0.09050533  -0.02856320  0.07200146  -0.06448805 -0.09192664 0.03548611
3.3 0.05982511  -0.03359033  0.04938602  -0.04198691 -0.06264934  0.04073006
3.4 0.03534663  -0.03728276  0.03041882  -0.02522697 -0.04133934  0.04428860
3.5 0.01587515  -0.03985741  0.01458794  -0.01303487 -0.02593817 0.04664661
3.6 0.00047848  -0.04147798  0.00148060  -0.00438781 -0.01506027  0.04786453
3.7 -0.01157749 -0.04229770 -0.00918990  0.00156278  -0.00745393  0.04821808
3.8  -0.02088009 -0.04245696 -0.01773472  0.00556857  -0.00233161  0.04788690
3.9  -0.02790882  -0.04208307 -0.02441889  0.00796839  0.00099103  0.04702339
4.0  -0.03306256  -0.04128777 -0.02942783  0.00937833  0.00324077  0.04575599
4.2 -0.03903327 -0.03880869 -0.03571059  0.01020160  0.00530605  0.04241794
4.5  -0.04078001 -0.03392166 -0.03816214  0.00912314  0.00564111  0.03649545
5.0  -0.03480793 -0.02551958 -0.03325449  0.00633727  0.00436040  0.02696509
5.5  -0.02651619 -0.01878073 -0.02570204  0.00425046  0.00314017  0.01960198
6.0 -0.01960726 -0.01393212 -0.01915601  0.00291301  0.00228030  0.01441697
7.0  -0.01076445 -0.00778240 -0.01079427  0.00154911  0.00126707  0.00793803
8.0  -0.00628237 -0.00458995 -0.00622233  0.00087949  0.00073953  0.00463489
9.0  -0.00386230 -0.00290838 -0.00383102  0.00052885  0.00045869  0.00293207
10.0  -0.00252431 -0.00193040 -0.00250733  0.00033661  0.00029919  0.00194440
20.0  -0.00016299 -0.00012893 -0.00016280  0.00001843  0.00001801  0.00013048
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TAB. 8.8 - Dipole moment . (in eag) for the (CoHy)s dimer being in configuration 5 calcu-
lated at the CCSD(T)/aug-cc-pVTZ, CCSD(T)-F12/VTZ-F12 and MP2/aug-cc-pVTZ levels of

theory with the BSSE correction.

RA CCSD(T) CCSD(T)-F12 MP2

3.0 0.17693625 0.17200023 0.20649
3.2 0.09050533 0.08661011 0.10959
3.4 0.03534663 0.03209277 0.04748
3.6 0.00047848 -0.00213772 0.00798
3.8 -0.02088009 -0.02295398 -0.01647
4.0 -0.03306256 -0.03464703 -0.03071
4.2 -0.03903327 -0.04015046 -0.03804
4.5 -0.04078001 -0.04099889 -0.04094
5.0 -0.03480793 -0.03464038 -0.03564
5.5 -0.02651619 -0.02609609 -0.02737
6.0 -0.01960726 -0.01908033 -0.02031
7.0 -0.01076445 -0.01042497 -0.01114
8.0 -0.00628237 -0.00612161 -0.00649
9.0 -0.00386230 -0.00383899 -0.00399
10.0 -0.00252431 -0.00253408 -0.00261
20.0 -0.00016299 -0.00016233 -0.00017
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