
Chemical Physics Letters 662 (2016) 169–175
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/ locate /cplet t
Research paper
4-Component correlated all-electron study on Eka-actinium Fluoride
(E121F) including Gaunt interaction: Accurate analytical form, bonding
and influence on rovibrational spectra
http://dx.doi.org/10.1016/j.cplett.2016.09.025
0009-2614/� 2016 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Faculdade de Biotecnologia, Instituto de Ciências
Biológicas, Universidade Federal Do Pará (UFPA), Belém, PA 66075–110, Brazil.

E-mail address: lgm@ufpa.br (L.G.M. de Macedo).
Davi H.T. Amador a, Heibbe C.B. de Oliveira b, Julio R. Sambrano c, Ricardo Gargano d,
Luiz Guilherme M. de Macedo a,d,⇑
a Faculdade de Biotecnologia, Instituto de Ciências Biológicas, Universidade Federal Do Pará (UFPA), Belém, PA 66075-110, Brazil
b Laboratório de Estrutura Eletrônica E Dinâmica Molecular (LEEDMOL), Instituto de Química, Universidade de Brasília (UnB), P.O. Box 04478, Brasília, DF 70910-900, Brazil
cDepartamento de Matemática, Universidade Estadual Paulista (UNESP), P.O. Box 473, Bauru, SP 17030-360, Brazil
d Instituto de Física, Universidade de Brasília (UnB), P.O. Box 04455, Brasília, DF 70919-970, Brazil

a r t i c l e i n f o
Article history:
Received 4 August 2016
In final form 10 September 2016
Available online 12 September 2016
a b s t r a c t

A prolapse-free basis set for Eka-Actinium (E121, Z = 121), numerical atomic calculations on E121, spec-
troscopic constants and accurate analytical form for the potential energy curve of diatomic E121F
obtained at 4-component all-electron CCSD(T) level including Gaunt interaction are presented. The
results show a strong and polarized bond (�181 kcal/mol in strength) between E121 and F, the outermost
frontier molecular orbitals from E121F should be fairly similar to the ones from AcF and there is no evi-
dence of break of periodic trends. Moreover, the Gaunt interaction, although small, is expected to influ-
ence considerably the overall rovibrational spectra.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Periodic Table has 15 superheavy elements (SHE) known [1]
and it is now completed up to its seventh period with the discovery
of elements Og [2] (Z = 118) and Ts [3] (Z = 117). The SHE are arti-
ficially produced elements with Z > 103, that usually have short
half-lives and low production rates that makes their experimental
studies limited to just a few isotopes that can be investigated by
atom-at-time techniques [4].

As a consequence, theoretical studies on SHE are of relevance
since in most cases they are the only way to obtain reliable chem-
ical, physical or spectroscopic properties on molecules containing
SHE. This importance is especially true for SHE from eka-francium
(Z = 119) onwards, where no element has been synthetized or dis-
covered so far: attempts to produce eka-francium and eka-
radium, as well the confirmation of the existence [5] in nature of
a long lived isotope of element eka-thorium (Z = 122) have failed.

Little is known about the chemistry and spectroscopic proper-
ties of SHE form the 8th period. There are relatively few theoretical
studies in the literature about molecules with these elements [6–9]
perhaps due to the high level methods involved in the description
of their electronic structure. Besides a good treatment of electron
correlation effects, not only the inclusion of scalar relativistic and
spin orbit coupling are mandatory, but also Gaunt, Breit or even
higher level Quantum Electrodynamics effects (QED) may also be
important [10,11].

Regarding the element E121, there are only atomic studies to
the best of our knowledge: it seems based on these studies [12–
14] that the ground state of the E121 (eka-actinium) should be
[Uuo] 8s28p1/2

1 in contrast with the7s26d3/2
1 of Actinium. In addi-

tion, Eliav [12] et al. found that the Breit term on most transitions
are rather small (0.01–0.02 eV) but goes up to 0.1 eV for transitions
involving f electrons.

In this contribution we present a basis set suitable for 4-
component molecular calculations, relativistic numerical calcula-
tions for E121 atom, as well as molecular relativistic calculations
at 4-Component CCSD(T) and B3LYP levels with (and without)
inclusion of Gaunt interaction. Besides the generation of the basis
set for E121, the aim is twofold: to obtain an accurate analytical
form for the potential energy curve for E121F and to investigate
the influence of Gaunt interaction on spectroscopic constants, rota-
tional spectra and bonding. Further discussion on bonding is also
presented, showing similarities with E121F and AcF.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2016.09.025&domain=pdf
http://dx.doi.org/10.1016/j.cplett.2016.09.025
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2. Method and computational details

All atomic basis set expansion calculations for generating the
gaussian basis set for E121 were performed using the DFRATOM
program [15] with a protocol employed previously [16] on devel-
opment of basis sets for SHE, so it will be briefly described:

(a) The polynomial version of the Generator Coordinate Dirac-
Fock (pGCDF) method was adopted [17];

(b) The pGCDF parameters were optimized by employing the
Downhill Simplex Algorithm;

(c) The value of the speed of light used was c = 137.0359895 in
atomic units;

(d) The ground state configuration adopted for E121 was [Og]
8s28p1;

(e) The atomic mass for the E121́s theoretically most stable iso-
tope was 320 a.m.u., as suggested by Chowdhury, Samanta
and Basu [18].

In order to assess the quality of the basis set, numerical calcula-
tions for E121 were performed using a modified version of GRASP
[19] program, where the Gaussian nuclear model was introduced
as suggested by Visscher and Dyall [20].

All Molecular calculations were performed using the DIRAC12
program Package [21]. For the relativistic 4-component CCSD(T)
method [22,23], the active space was selected by 26 electrons cor-
responding to valence 6d107s27p68s28p1 from E121 and the 2p5

electrons from fluorine, and it was restricted to the 280 lowest vir-
tual spinors due to limitations of computational resources. In turn,
the Gaunt interaction term in Dirac program is limited to Dirac-
Hartree-Fock (DHF) and DFT calculations [24], so it could only be
treated additively to obtain correlated results. In all calculations
the (SS|SS) two electron integrals were neglected and replaced by
a charge [25].

The polarization g functions were chosen from the relativistic
universal basis set grid [26] as follows: first, a potential energy
curve (PEC) was obtained for E121F in order to get a preliminary
minimum distance Re. At this preliminary Re, 5 ‘‘g” functions were
selected in order to obtain the lowest total energy at CCSD(T) level.
Then, the final PEC was generated at 100 different distances from
3.0 up to 140 bohr. Additional 4-component single point calcula-
tions were performed on AcF (Actinium Fluoride) using Dyall’s
triple-zeta basis set [27] at equilibrium distance [28] of 4.027 bohr
in order to obtain the dipole moment le and information about
valence orbitals.

The obtained final PEC was fitted using the q-Rydberg function
[29],

VqRydð½c�;qÞ ¼ �DqRyd
e 1þ

Xm0

j¼1

cjq j

 !
expdðc1qÞ ð1Þ

where DqRyd
e is the dissociation energy, the d-exponential defined as

expdðc1qÞ � ½1þ c1dq�
1
d, q ¼ R� Re, and Re is the distance of equilib-

rium in the diatomic system. The minimization procedure for the
PEC fitting was performed within a hybrid methodology based on
the Simplex and Generalized Simulation Annealing [30] methods.
The choice of the degree of the curve fit was made to obtain the best
accuracy in the analytical form. In addition, in order to confirm the
good quality of the analytical form, the rovibrational constants were
obtained by two different approaches.

The first is the Discrete Variable Representation [31] (DVR) in
which the electronic energies enter the matrix Schrödinger nuclear
equation as potentials. The solution of the Schrödinger nuclear
equation gives the rovibrational energies Eðt; JÞ, where t and J
are the vibrational and rotational quantum numbers. Since the
Eðt; JÞ obey the relation
Eðt; JÞ ¼ xe tþ 1
2

� �
�xexe tþ 1

2

� �2

þxeye tþ 1
2

� �3

þ � � �

þ Be � ae tþ 1
2

� �
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" #

JðJ þ 1Þ þ . . . ð2Þ

where Be ¼ h=8p2cIe is the rotational constant, Ie is the moment of
inertia and c is the velocity of light, one can substitute Eðt; JÞ into
the following [32] system of equations to obtain the rovibrational
spectroscopic constants:

xe ¼ 1
24

½14ðE1;0 � E0;0Þ � 93ðE2;0 � E0;0Þ þ 23ðE3;0 � E1;0Þ�

xexe ¼ 1
4
½13ðE1;0 � E0;0Þ � 11ðE2;0 � E0;0Þ þ 3ðE3;0 � E1;0Þ�

xeye ¼
1
6
½3ðE1;0 � E0;0Þ � 3ðE2;0 � E0;0Þ þ 3ðE3;0 � E1;0Þ�

ae ¼ 1
8
½�12ðE1;1 � E0;1Þ þ 4ðE2;1 � E0;1Þ þ 4xe � 23xeye�

ce ¼
1
4
½�2ðE1;1 � E0;1Þ þ ðE2;1 � E0;1Þ þ 2xexe � 9xeye�

ð3Þ

The second method is the Dunham’s method [33], and it is
worth to comment how it was implemented in our code. Since
the potential of a diatomic molecule can be expanded in terms of
Taylor series as derivatives of V(R) with respect to R and centered
at Re,

VðRÞ ¼ VðReÞ þ 1
2!

d2V

dR2

 !
Re

ðR� ReÞ2 þ 1
3!

d3V

dR3

 !
Re

ðR� ReÞ3 þ � � �

ð4Þ
this expansion can be rewritten in a more convenient notation,

making q ¼ R� Re and f n ¼ dnV
dRn

� �
, as

V ¼ Vð0Þ þ 1
2
f 2q2 þ 1

6
f 3q3 þ 1

24
f 4q4 þ 1

120
f 5q5 þ 1

720
f 6q6 þ � � � :

ð5Þ
In order to use the Dunhammethod, it is necessary to obtain the

coefficients in a power series at n ¼ 0 (n ¼ ðR� ReÞ=Re) in a poten-
tial of the form

V ¼ hca0n
2ð1þ a1nþ a2n

2 þ a3n
3 þ � � �Þ ð6Þ

where a0 ¼ x2
e=4Be and Be ¼ h=8p2lR2

e c. Now comparing Eq. (6) to

Eq. (5), one finds that f 2=2 ¼ hca0=R
2
e . This means that

f 2 ¼ 4p2c2lx2
e ð7Þ

If one continues the process until obtain the eight derivative
term, then the values of a1; a2; . . . ; a6 can be found related of the
derivatives as

a1 ¼ Ref 3
12p2c2x2

el

a2 ¼ R2
e f 4

48p2c2x2
el

a3 ¼ R3
e f 5

240p2c2x2
el

a4 ¼ R4
e f 6

1440p2c2x2
el

a5 ¼ R5
e f 7

10080p2c2x2
el

a6 ¼ R6
e f 8

80640p2c2x2
el

ð8Þ



D.H.T. Amador et al. / Chemical Physics Letters 662 (2016) 169–175 171
So, if the derivatives of an analytical form are known, the coef-
ficient’s values for Eq. (6) can be obtained. In Eq. (6) the rotation
was neglected, but it can be added by rewriting the whole potential
in a more convenient form [33] as

T ¼
X
sk

Ysk tþ 1
2

� �s

jkðjþ 1Þk ð9Þ

Then, after some manipulation, it was shown [33] that the Ysk

are related to spectroscopic constants in terms of coefficients an

as follows (here just two terms are presented):
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e
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 !
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Table 1
Gaussian exponents, total energy (in a.u.) obtained through basis set expansion with dim
(GRASP program).

S P

1 3.92320E+10 6.48462E+07
2 8.76678E+09 2.31754E+07
3 2.14111E+09 8.69214E+06
4 5.68903E+08 3.41114E+06
5 1.63697E+08 1.39656E+06
6 5.07753E+07 5.94728E+05
7 1.68995E+07 2.62659E+05
8 6.00770E+06 1.19949E+05
9 2.27070E+06 5.64731E+04
10 9.08298E+05 2.73303E+04
11 3.82754E+05 1.35556E+04
12 1.69136E+05 6.87034E+03
13 7.80155E+04 3.54761E+03
14 3.73901E+04 1.86084E+03
15 1.85338E+04 9.88569E+02
16 9.45826E+03 5.30332E+02
17 4.94648E+03 2.86447E+02
18 2.63891E+03 1.55314E+02
19 1.42955E+03 8.42867E+01
20 7.82746E+02 4.56464E+01
21 4.31216E+02 2.45960E+01
22 2.37916E+02 1.31477E+01
23 1.30861E+02 6.95145E+00
24 7.14259E+01 3.62456E+00
25 3.85092E+01 1.85824E+00
26 2.04146E+01 9.33968E�01
27 1.05922E+01 4.58837E�01
28 5.35431E+00 2.19682E�01
29 2.62480E+00 1.02201E�01
30 1.24213E+00 4.60635E�02
31 5.64830E�01 2.00544E�02
32 2.45671E�01
33 1.01736E�01
34 3.99290E�02

Total Energy (Numerical) �58922.2960
Total Energy (Basis set): �58922.2856
Although Dunham [33] derived the first 15 terms of Ysk, only
relations regarding the spectroscopic constants that can be com-
pared to the ones obtained through DVR method
(xe;xexe;xeye;ae; ce) were added in our code.
3. Results and discussion

The basis set generated in this work is prolapse free, so some
comments about the prolapse are appropriate. The prolapse was
first described by Faegri [34] when he found that some of his basis
had total energy below the numerical values of reference. The pro-
lapse occurs due to basis set deficiency at the innermost atomic
region and it has been discussed [35] as a consequence of neglect-
ing the minimax theorem. The drawbacks regarding prolapse are
that it may lead to wrong results such as the incorrect binding
energy of GdF [36], it may interfere in the self-consistent-field pro-
cedure [37] and it may be of matter for properties that are sensitive
to the description of wave functions near the nucleus [38]. Because
of these possible drawbacks, new prolapse-free basis sets [39,40]
were developed and recently added into Dirac package.

The prolapse can be detected [41] by analyzing the behavior of
the total energy and convergence when a tight function is added to
the basis set. Since the energy increased close to 1 � 10�7 hartree
and there was no ill behavior in the SCF in the addition of a tight
‘‘s” function, the basis set can be considered as prolapse free.

The basis set’s Gaussian exponents are shown in Table 1. The
total energy difference between the numerical calculation and
the energy obtained by DHF is close to 10 milli-Hartree, a very
ension 34s31p20d14f5g (DFRATOM program) and total energy obtained numerically

D F G

4.13493E+05 6.12271E+03 7.86628E�01
1.20277E+05 2.25675E+03 3.82893E�01
3.93064E+04 9.31397E+02 1.86374E�01
1.42763E+04 4.23172E+02 9.07180E�02
5.70098E+03 2.08088E+02 4.41572E�02
2.47611E+03 1.08879E+02
1.15714E+03 5.95976E+01
5.75583E+02 3.35519E+01
3.01467E+02 1.90998E+01
1.64471E+02 1.08089E+01
9.24627E+01 5.97852E+00
5.29881E+01 3.17750E+00
3.06219E+01 1.59542E+00
1.76537E+01 7.44012E�01
1.00437E+01
5.57855E+00
2.99240E+00
1.53355E+00
7.42791E�01
3.36380E�01



Table 3
The Rydberg parameters to generate the accurate potential energy curves for E121F
(Re ¼ 4:10 bohr).

Parameters With Gaunt
Interaction

Without Gaunt
Interaction

Unit

a1 1.20152526233 1.44336591631 Å�1

a2 0.35809852817 0.55684668340 Å�2

a3 0.13032032305 0.10212518026 Å�3

a4 0.02009939033 0.02290988112 Å�4

a5 �0.00186940092 �0.00022866390 Å�5

a6 0.00268927105 0.00006650991 Å�6

a7 �0.00039283662 �0.00000184688 Å�7

a8 0.00003625095 0.00000002358 Å�8

a9 �0.00000130725 �0.00000000015 Å�9

a10 0.00000002689 0.000000000 Å�10

De
qRyd 181.41 181.3 kcal/mol

RMS 0.014 0.016 kcal/mol
d �0.06666460561 �0.15668511513
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good approximation if one considers the dimension of the basis set.
The orbital properties for energy and mean values of hri and h1=ri
are shown in Table 2. The small deviations of properties when
compared to the numerical values of reference confirm the good
quality of the basis set.

It is necessary to describe 3 different regions of interaction that
are important (small, medium and long range) in order to obtain a
reliable analytical form of a diatomic potential. So, in general, the
challenge is to obtain an analytical form that fits well all regions
and a small root mean square (RMS) deviation suggests that the
analytical form is describing well the diatomic potential.

The Rydberg parameters obtained in the fitting procedure are
presented in Table 3. The parameters, along with Eq. (1), generates
an accurate potential energy curve fitted from 4-Component CCSD
(T)+Gaunt level calculation for E121F’s ground state. In the fitting
procedure, the value of Re (4.10 bohr) and the dissociation energy
(181.41 kcal/mol) were fixed. The obtained RMS deviation was
2.2369 � 10�5 Hartree (�0.014 kcal/mol) and this small value is
an indication of the good quality of the analytical form. The poten-
tial energy curve for CCSD(T) without Gaunt interaction was also
fitted and the RMS deviation was 2.60 � 10�5 Hartree
(�0.016 kcal/mol), the dissociation energy was almost the same
(181.3 kcal/mol) and there was no difference with the Re. The val-
ues of d of the d-exponential (see Eq. (1)) obtained also in the fit
process for the ‘‘CCSD(T)+Gaunt” and ‘‘CCSD(T) without Gaunt”
potential energy curves were �0.06666460561 and
�0.15668511513, respectively.

In Table 4 the spectroscopic constants obtained from DVR and
Dunham methods for the PEC at 4c-CCSD(T) level, for both PECs
– with and without inclusion of Gaunt interaction. The inclusion
of Gaunt interaction lowers the xe value by almost 5 cm�1. The
Table 2
Spinor eigenvalues, hri and h1/ri results (in a.u.) obtained from numerical calculations (GR

Numerical

e h1/ri hri
1s �8807.575 232.071 0.008
2s �1876.267 64.286 0.034
2p- �1843.525 67.123 0.026
2p �1208.029 31.582 0.041
3s �517.558 21.816 0.092
3p- �498.498 22.358 0.084
3p �341.859 13.030 0.111
3d- �308.843 12.898 0.094
3d �285.299 11.775 0.101
4s �157.203 9.095 0.198
4p- �147.062 9.160 0.192
4p �100.922 6.074 0.240
4d- �84.407 5.897 0.231
4d �77.683 5.491 0.243
4f- �56.200 5.278 0.221
4f �54.197 5.129 0.227
5s �46.031 4.172 0.389
5p- �41.107 4.112 0.391
5p �27.216 2.947 0.479
5d- �19.774 2.751 0.498
5d �17.913 2.586 0.522
5f- �8.756 2.268 0.569
5f �8.309 2.208 0.582
6s �11.368 1.948 0.757
6p- �9.282 1.861 0.788
6p �5.632 1.353 0.988
6d- �2.868 1.150 1.144
6d �2.508 1.077 1.208
7s �2.164 0.851 1.593
7p- �1.456 0.772 1.744
7p �0.740 0.544 2.349
8s �0.283 0.315 4.024
8p- �0.149 0.233 5.285
8p �0.098 0.168 7.299
values of xexe and ae remain practically the same. Nevertheless,
the values of xeye and ce have higher deviations. So in general
the effects of Gaunt interaction are small. Probably the Gaunt inter-
action should be more pronounced in diatomic systems where
both atoms are heavy as in the case of copernicium dimer [42],
where Re increased 0.030 Å and De decreased from 0.123 eV to
0.096 eV. In addition, the largest value for T1 diagnostic in all
CCSD(T) molecular calculations was close to 0.017, so there was
no need to use any multireference electron correlation method.

The rovibrational spectra were obtained from the DVR proce-
dure, and the lowest 16 states are presented in Table 5. It was
observed that the inclusion of Gaunt interaction lowers the energy
of all states. For example, the inclusion of Gaunt interaction for the
ASP program) and basis set expansion (DFRATOM program) for element E121.

Basis set expansion

e h1/ri hri
�8807.5732 232.071 0.008
�1876.2650 64.286 0.034
�1843.5233 67.123 0.026
�1208.0273 31.582 0.041
�517.5562 21.816 0.092
�498.4956 22.358 0.084
�341.8575 13.030 0.111
�308.8408 12.898 0.094
�285.2972 11.775 0.101
�157.2013 9.095 0.198
�147.0604 9.160 0.192
�100.9197 6.074 0.240
�84.4055 5.897 0.231
�77.6815 5.491 0.243
�56.1977 5,278 0.221
�54.1951 5.129 0.227
�46.0285 4.172 0.389
�41.1046 4.112 0.391
�27.2140 2.947 0.479
�19.7716 2.751 0.498
�17.9113 2.586 0.522
�8,7545 2.268 0.569
�8.3066 2.208 0.582
�11.3659 1.948 0.757
�9.2801 1.861 0.788
�5.6301 1.353 0.988
�2.8664 1.150 1.144
�2.5063 1.077 1.208
�2.1619 0.851 1.593
�1.4541 0.772 1.744
�0.7377 0.543 2.349
�0.2809 0.315 4.018
�0.1491 0.233 5.282
�0.0979 0.171 7.092



Table 4
Spectroscopic constants for E121F given in cm�1, with and without Gaunt interaction at 4c-CCSD(T) level.

xe xexe xeyeð�10�3Þ aeð�10�3Þ ceð�10�6Þ
Without Gaunt Interaction
DVR 523.35 2.31 4.26 1.15 0.84
Dunham 523.36 2.31 4.21 1.15 0.78

With Gaunt Interaction
DVR 518.61 2.33 6.93 1.20 2.19
Dunham 518.62 2.33 7.04 1.19 2.11

Table 5
The lowest 16 vibrational energies and transitions (in cm�1) calculated at 4-
component CCSD(T), with and without Gaunt interaction level for E121F .

Level Without Gaunt Interaction With Gaunt Interaction

v = 0 261.14 258.78
v = 1 779.88 772.75
v = 2 1294.04 1282.12
v = 3 1803.63 1786.92
v = 4 2308.69 2287.19
v = 5 2809.23 2782.99
v = 6 3305.29 3274.35
v = 7 3796.90 3761.30
v = 8 4284.07 4243.90
v = 9 4766.84 4722.17
v = 10 5245.22 5196.15
v = 11 5719.27 5665.90
v = 12 6188.98 6131.44
v = 13 6654.21 6592.65
v = 14 7115.74 7050.17
V = 15 7573.32 7504.00

Neighborhood Transitions
1? 0 518.74 513.97
2? 1 514.15 509.36
3? 2 509.59 504.80
4? 3 505.06 500.28
5? 4 500.55 495.80
6? 5 496.06 491.36
7? 6 491.60 486.95
8? 7 487.17 482.59
9? 8 482.77 478.27
10? 9 478.38 473.99
11? 10 474.05 469.75
12? 11 469.71 465.53
13? 12 465.23 461.21
14? 13 461.54 457.51
15? 14 457.58 453.83

Table 6
Energies (in eV) and composition (net population of the main contributing AOs) of the
highest bonding MOs of E121F obtained at 4-component B3LYP level with Gaunt
interaction (Re distance of 4.10 bohr).

Label Energy
(eV)

Composition

E121F
HOMO �4.64 0.968|8s(E121)+0.015|6dxx(E121)+0.017|6dzz

(E121)+0.015|2pz(F)
HOMO-1 �9.38 0.618|2pz(F)+0.111|8pz(E121)
HOMO-2 �9.56 0.484|2px(F)+0.484|2py(F)
HOMO-3 �9.79 0.391|2px(F)+0.391|2py(F)+0.178|2pz(F)
HOMO-4 �15.15 0.491|7py(E121)+0.491|7px(E121)
HOMO-5 �15.16 0.131|2pz(F)+0.547|7pz(E121)
AcF
HOMO �4.21 0.914|7s(Ac)
HOMO-1 �10.60 0.72|2pz(F)
HOMO-2 �10.66 0.476|2px(F)+0.476|2py(F)
HOMO-3 �10.75 0.120|2pz(F)+0.412|2py(F)+0.412|2px(F)
HOMO-4 �19.56 0.149|6px(Ac)+0.149|6py(Ac)+0.609|6pz(Ac)
HOMO-5 �19.75 0.4969|6py(Ac)+0.497|6px(Ac)
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ground state decreases the energy value from 261.14 cm�1 to
258 cm�1, a decrease of 2.36 cm�1. Nevertheless, these small
decreases can affect considerably the overall spectra since these
small deviations are cumulative as one moves to higher states.
The differences for t ¼ 1, t ¼ 10 and t ¼ 15 are 7.13 cm�1,
49.07 cm�1 and 69 cm�1, respectively. As a consequence, the Gaunt
interaction, although small, is expected to influence the overall
spectra considerably.

The composition and energies of the highest molecular orbitals
obtained for E121F within the Mulliken framework are presented
on Table 6. The highest occupied orbitals (from HOMO until
HOMO-4) are mostly nonbonding. The covalent bonding is repre-
sented by HOMO-5 orbital, which is practically degenerated with
HOMO-4, and is composed by pz orbitals from F and E121F, the lat-
ter being the major contributor. The valence orbitals for AcF are
Fig. 1. E121F́s highest bonding MOs obtained at 4c-B3lyp-Gaunt level for E121F
(left column) and AcF, from HOMO (top) to HOMO-5 (bottom). They are fairly
similar to each other. Isodensity value =0.005 a.u.



174 D.H.T. Amador et al. / Chemical Physics Letters 662 (2016) 169–175
also presented, and they have similarities with the ones from
E121F – they are also mostly nonbonding.

The valence orbitals of E121F and AcF are compared in Fig. 1
and found to be very similar. On the other hand, the E121F’s
valence orbitals are compared also to data from literature for
NhF [43] (Nh has configuration [Rn]5f146d107s27p1) and they differ
significantly: the bonding orbital is the HOMO and has major con-
tributions from fluorine’s 2pz and Nihoniuḿs 7s. The values of De

(�3.5 eV or 80.71 kcal/mol) and le (above 4 Debye) for NhF are
also different when compared to the ones from E121F, while the
values for AcF are much closer: the values of De and le for AcF
are 7.26 eV [44] (�167.42 kcal/mol) and 2.42 Debye, and the
respective values for E121F are 181.41Kcal/mol (�7.86 eV) and
3.15 Debye. So it seems that Ac and E121 should have similar
chemical behavior despite the different atomic ground states of
[Rn]6d17s2 and [Og]8s28p1, and maybe the atomic ground state is
less important than chemical bonding, as also observed [45]
between Lu and Lr. In addition, no differences on bonding were
observed when the Gaunt interaction was added at 4c-B3LYP level
– the deviation for HOMO was below 0.01 eV in agreement with
atomic calculations on eka-actinium atom [12].

On the other hand, it is known that the straightforward extrap-
olation of properties in groups of the periodic table may result in
erroneous predictions [4,1]. So some comments regarding the
trends of De, Re and le on monofluorides of group IIIB elements
are convenient.

Based on the results obtained in this work, experimental data
[46] and theoretical data for AcF [44] from literature, the following
trend in De of monofluorides of group IIB was established: ScF
(�6.21 eV) < LaF (�6.83 eV) � YF (7.10 eV) < AcF (7.26 eV) < E121F
(7.86 eV). The De experimental value for YF (163.8±3.2 kcal/mol)
is slightly higher than the corresponding value for LaF
(157.5±4.1 kcal/mol) but their experimental errors overlap.
Regarding the equilibrium distances Re for ScF [47], YF [48], LaF
Fig. 2. Projections of electron density (on top, isodensity 0.005 a.u.) and ELF
(isodensity 0.09 a.u.).
[28], AcF [28] the trend is ScF (3.377 bohr) < YF (3.643 bohr) < LaF
(3.829 bohr) < AcF (4.027 bohr) < E121F (4.10 bohr). Finally, if one
compares the data from literature for ScF [47], LaF [49], YF [50]
and results from this work then the trend observed for le is ScF
(1.50D) � YF (1.40D) < LaF (1.808D) < AcF (2.42D) < E121F
(3.15D), emphasizing that other values of le for YF from literature
[50] are higher than 1.40 Debye. So there is no evidence of a break
of periodic trends in this group.

The projection of the electronic density and the Electron Local-
ization function (ELF) are presented in Fig. 2. It can be observed
from the projection of the electronic density that there is a small
electron density between E121 and F. This bonding is indeed a mix-
ture of ionic and covalent characters (polar covalent bond) with
about 0.75 electron transfer from E121 to F in terms of Mulliken
population analysis. From the Electron Localization function anal-
ysis, it can be seen that the electron density shows a more pro-
nounced concentration at the E121 backside.

Due to their spatial distribution away from the bonding, the
nonbonding electrons may be available for the addition of an extra
atom or group. It was predicted [13] possible new molecules such
as (E121)X3 (X is a halogen) and its existence is plausible. Further
theoretical investigation is under way in this direction.
4. Conclusion

A 4-component basis set suitable for molecular for E121 and
numerical results for the E121 atom to assess the basis set is reli-
able are presented. The analytical form of q-Rydberg of order 10
proposed in this work succeeded in fitting the ground state PEC
of E121F with the low root mean square deviation of
2.2369 � 10�5 Hartree (�0.014 kcal/mol). This value represents
less than 0.008% of the value of the dissociation energy of E121F.
The quality of the fit is highlighted by the close agreement of the
spectroscopic constants given by both DVR and Dunham methods.

The Gaunt interaction effect on spectroscopic constants is small,
but it is necessary to obtain reliable rovibrational data since devi-
ations increase as t also increases. The effect of Gaunt interaction
on bonding is negligible.

The orbital analysis of the outermost frontier orbitals show a
fair agreement with the corresponding ones from the AcF molecule
and there was no evidence of a break of periodic properties. In
addition, the bond of E121F is strong and it is polarized as expected
for a bond between F and an element of group IIIB.
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