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Calculation of Electric Quadrupole Moments for HF, HCI and BH
Molecules

M. Ozglr SEZER', Hiseyin YUKSEL'

Abstract: An expression for electric quadrupole moments of diatomic molecules have been derived
and applied to HF, HCI and BH for calculations. The calculations have been performed by
using both Guseinov’s translation formula over Slater-type orbitals (STOs) and GAMESS
programme working with Gaussian-type basis sets (GTOs). The expressions which involve
factorials are given in terms of binomial coefficients in order to make calculations faster.
The results have been obtained in agreement with the literature.
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HF, HCI ve BH Molekiillerinin Elektrik Kuadrupol Momentlerinin
Hesaplanmasi

Ozet: iki atomlu molekiillerin elektrik kuadrupol momentlerinin ifadeleri tiiretilmis ve HF, HCI ve
BH’ a uygulanmistir. Hesaplamalar hem Guseinov’ un tasima formali kullanilarak Slater-
tipi orbitaller (STO) Uzerinden hem de Gauss-tipi baz setleri (GTO) kullanan GAMESS
programi kullanilarak gerceklestiriimistir. Hesaplamalarin hizlandinimasi igin faktoriyel
iceren ifadeler binom katsayilari cinsinden ifade edilmistir. Elde edilen sonuglar literatirle
uyum icerisindedir.

Anahtar Kelimeler: Cok kutup momentleri, kuadrupol momenti, Slater-tipi orbitaller

1. Introduction

Determination of the molecular electronic structure is very important to understand interaction
between molecule and other molecules. The molecules can be considered as a special charge
distribution and the molecular interaction potentials can be determined in this way. The molecular
electrostatic potential [1] is
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where Z is nuclear charge, p(%) is charge density at point F}z ri2 is the distance between points 1

and 2. This potential can be written as an expansion in terms of multipole moments [2],

? 1 By
V(? :%+§—3+529ﬁr—;+/\ (2)
ij

! Selguk Universitesi Fen-Edebiyat Fakiiltesi Fizik Béllimii Kampiis/KONYA



Calculation of Electric Quadrupole Moments for HF, HCI and BH Molecules

where q, M, Gij are monopole, dipole and quadrupole terms respectively. Molecular

electric quadrupole moment (MEQM) comes out from the charge asymmetry of the molecular
system. MEQM determines the Coulomb interaction between the molecule and other molecules or
with non-uniform external electric fields [3]. Determination of the exact molecular potential of any
molecule depends on the MEQM calculation sensitivity of the molecule. In theoretical determination
of the MEQM, choosing of the calculation method and the basis set are very important.

The values of multipole moments of molecules can be obtained experimentally by using
different methods. It can be seen in literature that dipole moments determined by Stark effect [4, 5]
or other methods [6, 7, 8, 9] and Quadrupole moments determined by Electric-Field-Gradient
Induced Birefringence (EFGB) method [10, 11, 12].

2. Theory
In atomic units, the traceless quadrupole moment tensor is given by
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where the first summation runs over nuclei and the second one runs over electrons [13]. The
MEQM for a molecule with N-electron is defined by [14]

A N ~
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where Mks is the multipole moment operator and can be written in terms of solid spherical
harmonics [15],
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Figure 1. The axis frame for diatomic molecular systems using for MEQM calculations
MEQM is defined through the center of mass of the molecule. a, b are show the

nuclei of the molecule and O is the center of mass of the molecule.
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and k is the degree of the multipole moment and s parameter represents the component of the
multipole moment. For k=2 and s=0, z-component of the MEQM can be written as

ATT 1/2
Y 2
Expectation values of any multipole moment are
MkS:Iu M, udr. (7)

Where u is the determinant wave function of the molecule and integration runs over all space. If Eq.
(4) substitutes in Eq. (7) then
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u; is one-electron wavefunction and can be written for Slater-type orbitals, u; = Zcipo . Then,
p
from Eq.(8)
Mks :ZZaMks(ﬁa)_zNiZCTpciq<Mp,ks,q>' (10)
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<Mp,ks’q> is written as
(M, 10 )= X5 My Xqdv. (11)
While calculating MEQM, four different types of integral can be obtained as follows
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Xp (P =nAm) is the Slater orbital defined by
Xnam (C,199) = @ o1t Yin (6,9). (13)
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<Mp’ks’q>aoa and <Mp’ks’q>bob are two-center integrals, <Mp’ks’q>aob and <Mp’ks’q>boa are

three-center integrals in Egs. (12). <Mp’ks’q>aoa and <Mp’ks’q>bob integrals are equivalent to

each other and so they are the integrals <Mp’ks,q>a0b and <Mp’k5’q>boa' These integrals can be

reduced to one-center and two-center integrals by using translation process, and quadrupole
moments of diatomic molecules can be easily calculated by these integrals. We have calculated
MEQMs through the center of the molecule. At first, quadrupole moment operator was located at
the center of mass and then translated to any center (atom) by using Guseinov’s translation
formula [16].

X koK A
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where ka «'s' 18 called translation coefficients and given by
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Qus s (E) =My s (ﬁ) Nis s (15)
for complex spherical harmonics. The axis frame which used is shown in Figure 1.
The Ay iy inEq. (15) is

Apers = (_l)sm/z)(\s\ +\s'\+\s—s'\)[Fk’+S’ (k+8)F_ (k =5)]"2 (16)
where F,(n) is the binomial coefficient defined by
n!
= 17
B ()= o (17)

The one-center integral given in Eq.(12-a) has been derived using by translation formula as
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and the other two-center integral given in Eq(12-c) as follows
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Where C"()\m, A'm’) is the Gaunt coefficients [17], Y, (8¢) is the complex spherical harmonics

and S, yxn IS the overlap integral [18] defined by

S v = | XoamX ok dT (20)

Taking k=2 and s=0, z-component of MEQMs for HCI, HF and BH molecules have been
calculated over Slater-type obrbitals by using Eq.(19) and Eq.(20). In calculations, Cade and Huo’s
Slater-type Hartree-Fock-Roothaan wave functions have been used as basis sets [19]. MEQM'’s of
these molecules have been also computed with GAMESS programme [20].

3. Results and discussion

The expression of MEQM for diatomic molecules has been derived over STOs by using
Guseinov’s translation formula. The expressions which involve factorials have been written in terms
of binomial coefficients in order to make calculations faster. MEQMs of HF, HCI and BH molecules
have been calculated by using FORTRAN 77 programming language on a personal computer.
Futhermore, MEQMs of these molecules have also been computed with GAMESS programme over
GTOs on Linux operating system. In doing so, we intend to compare computations over STOs and
GTOs. GTOs are employed widely in molecular calculations since two GTOs at different centers
can be expressed easily in terms of one GTO at a new center. However, GTOs do not represent
the correct behaviour of the wavefunction in the regions which are very close to and far away from
the nucleus so a lot of basis functions must be used for representing the wavefunction. STOs
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represent the system more successfuly than GTOs. Because of the computational difficulties,
STOs are rarely used in practical applications.

The MEQM values obtained by using Guseinov’s translation formula are agreement with
both of the values obtained from the GAMESS programme and these found in the literature. The
results obtained with respect to the center of mass of the molecule are given in atomic units (a.u.)
in Table 1. Where, first two cloumns are show the results obtained in this study by using translation
formula and GAMESS programme respectively. The methods and basis sets used in the literature
are indicated as upper index of the given values in Table 1. The results obtained by using
translation formula over STOs for HCI, HF and BH are 2.360 a.u., 1.558 a.u. and-3.005 a.u.
respecticely. It is very important that the basis sets and the calculation method should be chosen
carefully in order to obtain accurate values. Especially, if the basis set is not fit for the molecular
system, the results can not be obtained as accurate as expected. In order to show the effect of the
basis set, two different basis sets have been used for each molecule in computing by GAMESS
programme. MEQM values for HCI molecule have been obtained as 1.856 a.u. with STO-3G basis
sets but it has been obtained as 2.560 a.u. with MINI basis sets by using GAMESS. By using
Guseinov’s translation formula over STOs this value has been obtained as 2.360 a.u. The last two
values are in agreement with the literature but the first one is not, so basis sets must be chosen
carefully otherwise the values may not be correct. The multipole moments depend on the
orientation, so MEQM values can be taken positive (+) or negative (-) sign. Sometimes choosing of
the basis set can influence the sign of the MEQM.

ROHF wavefunctions have been used in calculations by using Guseinov’s translation
formula. These types of wavefunctions do not include any perturbative or correctional term.
Furthermore, the basis set and the calculation method don’t include any correctional term.
However, In this present study, the MEQM values obtained by using both methods mentioned
above are in sufficent with the literature. Of course, there exist small differences between the
values calculated in this study and the values obtained experimentally. The differences are mostly
due to the fact that our wave functions do not include any correctional or perturbative terms as
mentioned above. However, here our main goal is to demonstrate that, Slater-type orbitals may be
used in practical calculations by employing Guseinov’s translation formula. We belive that even
better agreement with experiment can be obtained if correctional and perturbative terms included,
in conjuction with STO’s.
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