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ABSTRACT

In this study we evaluated the importance of the relativistic effects (scalar and spin-orbit) on the description of the electronic structure, bonding and the
energetic of the [ReF,] and [UF ]* ions. We described the bonding interaction between ligands and metal center using the energy decomposition analysis (EDA)

proposed by Morokuma and Ziegler, in which it can be appreciated a strong ionic behavior for both ions since the electrostatic interaction energy (AE

than the orbitalic interaction energy (AE

) is greater

Elestat

). Furthermore, a qualitative analysis using the mapping of the electrostatic potential over the total electronic density

evidence an increase of the ionic character, as well as, the polarization of the electronic density as U > Re. The electron localization function (ELF) corroborates
the bonding analysis because of the lack of di-synaptic basins on the metal-ligand bonding region.
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INTRODUCTION

Earlier theoretical studies of the molecular structures of inorganic
compounds have been carried out since 1957 using the Valence Shell Electron
Pair Repulsion (VSEPR) model described by Gillepie and Nyholm'. This
model is still used to predict qualitatively molecular geometries of main group
compounds if the coordination number of six is not exceeded.>*. But, what
happen when coordination number is larger than six? From a theoretical point
of view and on the framework of the VSEPR model, the vast majority of these
cases could not have a correct prediction of the geometrical parameters for
inorganic systems since the VSEPR model is rather limited due to the existence
of several geometries, which are energetically close and can be interconverted
by small angular changes.?. Despite of this, some hepta- and octa- coordinated
compounds were synthetized since 1940, we can cite some examples of these
high coordination compounds, such as, the homoleptic hepta-coordinated
systems of Zr, Tb and U reported by W. H. Zachariasen (1949-1954)*¢, the
lanthanide hepta-fluoride systems synthetized by R. Hoppe et.al. (1961)"% and
also some inorganic compounds with coordination number of eight obtained by
K. Seppelt and co-workers.”'.

Notwithstanding the large number of heavy-metal inorganic compounds
with high coordination number that have been synthetized and well
characterized, the theoretical research related on the description of the electronic
structure, the bonding and the reactivity of this systems, especially with heavy
transition-metals and rare-earths has not been completely explored.'® Under
all considerations made before, we performed a systematic study of the octa-
coordinated compounds, [ReF,]- and [UF]* obtained and characterized as
regular square antiprismatic structures by single crystal data by K. Seppelt
et al.”’, in order to elucidate their electronic structure, the energetic and
the nature of bonding between the fluoride ligands and the heavy transition
metal or actinide center by taking into account the relevant importance of the
relativistic effects (scalar and spin-orbit coupling). In this work we expect to
contribute towards the understanding of the chemistry of heavy transition metal
and actinide complexes.

COMPUTATIONAL DETAILS

All calculations for [ReF,] and [UF ]* systems were performed using the
Amsterdam Density functional package (ADF)*'! at the non-relativistic and
relativistic level of theory where the scalar and the spin-orbit coupling effects
were considered by means of a two-component Hamiltonian with the zeroth
order regular approximation (ZORA).'>!5

All molecular structures were fully optimized including spin-orbit
interaction via analytical energy gradient method implemented by Versluis
and Ziegler'®'® using the generalized gradient approximation (GGA) with
the exchange-correlation functional proposed by Perdew-Burke-Ernzerhof
(PBE)™!22, Furthermore Triple- Slater basis set with two polarization functions
(STO-TZ2P)* were used for all atoms considering a D, (D,,") symmetry point
group. In both cases a frequency analysis was carried out where we obtained
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only positive frequencies confirming local minima. In order to balance the
effect of the high charge on the anionic systems, the Conductor like Screening
Model (COSMO)* of solvation was employed, taking acetonitrile as solvent.

Fragment analysis in the context of the energy partitioning proposed by
Morokuma-Ziegler®?¢ was performed in order to characterize the nature of
the interactions involving the metal center (Re or U) and the fluoride ligands
on the antiprismatic octa-coordinated complexes. Additionally to this, the
electron localization function (ELF), introduced by Becke and Edgecombe?’,
was also used in order to analyze the bonding interaction between the
ligands and the heavy metal center, due to the ELF calculation that is a good
descriptor of chemical bonding based on the topological analysis of local
quantum mechanical functions related to the Pauli.?® Finally, Voronoi?, natural
bonding orbitals (NBO)*, quantum theory of atoms in molecules (QTAIM)?'3?
approaches were used to determine net charges to describe the possibility of
charge transfer phenomena on the complexes.

RESULTS
I. GEOMETRICAL PARAMETERS
In Table 1 are presented the calculated and experimental structural data

for [ReF,] and [UF,]* ions, where all geometrical parameters are considered
according to the Scheme depicted in Figure 1.

@

Figure 1. Selected orientation for [ReF, ] and [UF ]* molecular structures.
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For both complexes, their geometrical parameters described by scalar and
spin-orbit effects are quite similar. Concerning to the calculated bond lengths
and angles including relativistic effects, these are in good agreement with the
experimental X-ray single crystal data with an error less than 1%. On both
systems the deviation obtained for the distance and angles are slightly larger
than the experimental data reported by K. Seppelt’, which can be attributed
to the direct and indirect scalar relativistic effects over s, p and d, f orbitals
respectively, which modify strongly the radial part of the orbital functions
specially on the valence region.

Table 1: Bond Lengths (A) and angles (deg) for [ReF,] and [UFJ*
complexes.

[ReF,
NR SR SO Reft
1863~
d (M-L) 1.945 1.921 1.918 S0
<L ML) | 730700 | 7293@) | 7293(5) 71.92)
<L ML) | 7787(8) | 78.10(5) | 78.103) 77.63)
<@L-ML) | 11468G) | 114398) | 114.40 117.7(6)
LML) | 142410) | 14247G) | 14247Q) | 142.3(5)
[UF,J
NR® SR SO Reft
d (M-L) 2.184 2.156 2.152 22'0]7501'
<(L-M-L) | 7156(6) | 72213) | 72206) 72.90) -
ML, : : : 73102)
<L ML) | OH156(5) | 112.89(5) | 11288 12.72)
<LML) | 80370) | 7930Q) | 7931(4)
<LML) | 143.104) | 142.80(5) | 142.80(8)

NR# Non-Relativistic.

SR®: Scalar-Relativistic.

SO¢: Spin-Orbit Relativistic.

Reft: Data obtained by single crystal structure of Reference’.

II. ELECTRONIC STRUCTURE AND MOLECULAR ORBITAL ANALYSIS.

In Table 2 we show the molecular orbitals (MOs) composition and their
relative energies, especially for the frontier orbitals of the [ReF,]- and [UF J*
ions, which are also schematized in Figure 2. Moreover, the MOs energy
diagrams for both ions are presented in Figure 3.

[ReF,]- [UF]*
HOMO - e,, HOMO - e,
LUMO - e, LUMO - &,

e el

Figure 2. Frontier MOs for the [ReF ] and [UF,]* complexes plotted at an
isovalue of 0.03 a.u.
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Table 2: Molecular orbital composition and relative energies for [ReF |
and [UF]* complexes obtained at Non-Relativistic (NR), Scalar-Relathlstlc
(SR) and Spin-Orbit (SO) level.

[ReF,|
AOs Contributions
E (eV) (%)
NR* SR® SO¢ NR* SR
LUMO+3 0.2493 0.1736 | -2.9390 ---
57.96 dyz 58.86 dyz
(Re) (Re)
LUMO+2 -3.2565 | -2.8405 | -3.5760 24.99p, 23.12p,
(F) (F)
58.44d, , 60.80
(Re) dxz_y2 (Re)
1737 p 1634 p
LUMO+1 -4.3614 | -3.9563 | -4.3430 z z
(F) (F)
16.37 P, 15.53py
(F) (F)
59.65d 62.43d,
(Re) (Re)
LUMO -6.7501 | -6.3854 | -6.4020 30.02p, 26.62p,
(F) (F)
100.00 p 100.00 p
HOMO -8.2527 | -8.2644 | -8.2641 X x
(F) (F)
52.65p, 52.55p,
(F) (F)
HOMO-1 -8.7179 | -8.7271 | -8.7159 47.08p, 4722,
(F) (F)
100.00 p 100.00 p
HOMO-2 -8.7597 | -8.7725 | -8.7385 X x
(F) (F)
53.39p, 53.17 p,
(F) (F)
HOMO-3 -9.0016 | -9.0111 | -8.7723 47.50p, 47.73p,
(F) (F)
[UF, I
AOs Contributions
E (eV) (%)
NR* SR SO NR* SR
68.61f3
V) 76.74 fm
14.60 p, +f (U)
LUMO+3 -5.3681 | -4.3548 -4.3214 (F) 12.3% P+
12.99 p P, (F)
(F)
76.48 fXyz 80.10
+f,(U) )
LUMO+2 -5.4535 | -4.6332 | -4.8044 1674 p, 11.56 p,
+p, (V) (F)
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77.02 €2 | 82.59f7
w2 () | +£2 (0)
LUMO+1 -5.6864 | -4.7818 | -5.0324 19°dn P, 1058 p+
+p,(F) | p,(F)
81.49f + | 8296 f +
LUMO -59135 | -4.7954 | -5.1059 £.(U) £(U)
51.18 p,
F) 100.00 p,
HOMO -7.1826 | -7.6873 | -7.6648 42.57p, (F)
+p, (F)
100.00 p 100.00 p
HOMO-1 -7.7214 | -7.9651 -7.6898 x x
(F) ¥
73.70 p,
(F) 45.17p,
16.65 (F)
HOMO-2 -7.8344 | -7.9869 | -7.9560 U) 36.52p, +
1091 p p, (F)
L)
50.67 p, +
100.00 p, p, (F)
HOMO-3 -7.9889 | -7.9876 | -7.9799 (F) 4931 p,
)

NR®* Non-Relativistic.
SR": Scalar-Relativistic.
SO¢: Spin-Orbit Relativistic.

As is expected for these systems, the highest occupied molecular orbital
(HOMO) is largely localized over the fluoride ligands in both cases, this
consist on the contribution of the p-orbitals from fluorine atom. The lowest
unoccupied molecular orbital (LUMO) is mostly localized on each metal, but
with different composition for each ion. In the case of the [ReF |- complex, the
LUMO has a large contribution of the Re (d ?) orbital (62.43%) and a lesser
contribution from the F(p, ) orbitals (26.62%). On the other hand, the LUMO in
[UF,]* complex has a participation of the 5f-orbitals (82.96%) from uranium
atom and a small contribution from the F(p ) orbitals (less than =<10% in total).
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Figure 3. MOs energy diagram for [ReF,] and [UF ]* complexes at Non-
Relativistic (NR), Scalar-Relativistic (SR) and Spin-Orbit (SO) level.

From Figure 3, it can be appreciated that the relative energy of the
virtual orbitals (from LUMO to LUMO+3) in the case of scalar-relativistic
calculations are destabilized as a product of the indirect relativistic effects over
d and f orbitals in comparison to non-relativistic calculations, but these orbitals
are re-stabilized by the spin-orbit coupling effect. Now analyzing the occupied
MOs (from HOMO to HOMO-3), it can be seen the opposite behavior, the
orbitals which have large contributions from the ligand (p orbital contribution)
are stabilized as a product of the direct relativistic orbital contraction and this
stabilization increased when the spin-orbit coupling effect is considered. For
[UF,J*, the stabilization or destabilization of MOs due to relativistic effects are
more important than [ReF,] because uranium is a heavier element.

III. BONDING NATURE.

In order to elucidate quantitatively the energetic of the bonding interactions,
we employed the Morokuma—Ziegler energy decomposition scheme®?, in
which the overall bond energy (AE) is divided in its two principal components,
called “Preparation Energy” (AE_ ) and “Interaction Energy” (AE, ). In this
scheme AE correspond to the amount of energy required to deform the
separated fragments from their equilibrium structure to the geometry that they
acquire in the overall molecule, and to excite them to their valence electronic
configuration. Additionally, AE, is the energy product the steric, electrostatic
and orbitalic interaction between the prepared fragments and it is composed by
three physical terms described before which are: the electrostatic interaction
(AV,_..)> the Pauli repulsion (AE, ) and the orbital interaction (AE ) as

elestat

indicated in equation 1.

Pauli

AE = AEprep + AEint = A‘[elcstat + AEPu.uIi + AE‘Orb @

In Table 3, we summarize the energy contribution involved in the [ReF |
and [UF,]* ions at the non-relativistic and scalar relativistic level, where the
fragment-1 was considered for the metal center (Re or U) and the fragment-2 for
fluoride ligands. In both cases the complexes exhibit a significant electrostatic
interaction between metal center and the ligands, 65.45% for [ReF] and
74.91% for [UF,]*, which evidence a stronger ionic character of the Uranium
complex.



Table 3: Morokuma-Ziegler energy decomposition analysis for [ReF ] and
[UF,J* complexes obtained at Non-Relativistic (NR) and Scalar-Relativistic
(SR) level in Kcal/mol.

[ReF, [UF,]*
NR* SR NR® SR
. 508.29 451.10 537.80 463.81
AV, -6867.93 | -6858.41 | -5852.92 | -5837.35
AE,, 374403 | -3621.67 | -2413.97 | -1955.77
BE -10103.67 | -1002897 | -7729.10 | -7329.30

NR® Non-Relativistic.
SR®: Scalar-Relativistic.

The higher ionic character of the [UF ]* complex than [ReF, ], could be
due to the difference between their electronic configurations and also by the
variation of the ionic radii of each metal ion. On the [UF ]* complex, the U(VT)
ion, the electronic configuration looks like a noble gas [Xe]4{5d'°6s26p5f" =
[Rn]5f°, in contrast to the [ReF,] system in which the electronic configuration
of Re(VII) ion is [Xe]4{™ like a fully occupied trivalent lutetium ion. Here we
can appreciate a different behavior of the uranium atom (5f-element) when
is interacting with ligands, generally the 5f-elements tend to form molecular
complexes with covalent character due to the fact that the 5f valence shell
is more delocalized than the others, making these Sf-electrons available to
interact with the electronic structure of the ligands. This is in contrast with
4-f elements, which have the tendency to form ionic compounds. But from
the results reported in Table 3, it can be seen that [UF ]* system exhibit
predominantly ionic interactions. A simple explanation for these facts could be
made from the point of view of the filled of 5f-shell since we can observe that
Sf-orbitals in the [UF,]* ion are empty, while 4f-orbitals are fully occupied, this
idea suggest that uranium atom behaves more like an fully occupied 4f element
rather than a 5f-element.

From other point of view, we can attribute the higher ionic character of
the [UF]* over [ReF,]" as a product of the heavy atom effect phenomena
which polarizes the uranium ion more than the rhenium ion giving a stronger
ionic character. This effect of polarization and also the ionic character can
be related with the increase of the ionic radius of the metal which is also in
concordance with values of ionic radius for octa-coordinated rhenium and
uranium complexes given by R. D. Shannon, which are ~0.53A for Re (VII)
and ~0.86A for U (VI).

The ELF function is defined in equation 2, as follows:

ELF = 1+(;(2))2 B @

Where C(r) has the physical meaning of the excess local kinetic energy
density due to Pauli Repulsion and C,(r) is the Thomas-Fermi kinetic energy
density. The ELF is a measure of the probability of finding an electron in the
vicinity of a reference electron (located at a given point and with the same spin).
Physically, this measure determines the spatial localization of the reference
electron and provides a method for mapping the electron pair probability in
multi-electronic systems.** In Figure 4, we plot the three-dimensional ELF
function for the [ReF] ion a different isovalues, in an interval from 0.2 to 0.8.
Below we can observe a strong electronic localization over each nucleus of the
molecular systems. The same results were found for the [UF ]* ion.
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Figure 4. 3-Dimensional ELF function for the [ReF ] ion at [0.2 - 0.9]
isovalues interval.

Finally this difference on the ionic behavior is qualitatively shown on the
electrostatic potential density plot (with the same isovalue of density surface)
depicted in Figure 5, where is observed a much larger polarization of charges
in the [UF ]* rather than in the [ReF,]- complex which is evidenced with an
increment of the positive density on [UF]* respect to the [ReF,] system.

Figure 5. Electrostatic potential density plot for A) [ReF ] and B) [UFJ*
IV. NET CHARGE AND CHARGE TRANSFER ANALYSIS

The calculation of charge transfer phenomena were described using
different population analysis schemes like: atoms in molecules (QTAIM),
the natural bonding orbital (NBO) method and Voronoi deformation density
(VDD) charges, in which we evaluated the net charge of the rhenium and
uranium atoms in the [ReF ] and [UF,]* complexes.

From the results presented in Table 4, can be appreciated for both systems
that the total charge calculated with QTAIM and NBO approach on rhenium
and uranium atoms, are severely underestimated with respect to the formal
charge expected for these atoms considering the characteristics of the systems
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with strong ionic behavior and large bond lengths. Voronoi charge population
analysis is in better agreement with formal charge of the metal center.
However, in the vast majority of cases the population charges analysis present
a tendency with respect to the charge transfer phenomena which is described
from the fluoride ligands to the metal atom. Also it is possible to appreciate
that net charges obtained from non-relativistic, scalar-relativistic and spin-orbit
relativistic calculations have not significantly variation among them.

Table 4: Net charge for Re and U atoms obtained at Non-Relativistic
(NR), Scalar-Relativistic (SR) and Spin-Orbit (SO) level. Charge transfer (CT)
was calculated at Scalar-Relativistic (SR) level.

[ReF, ] [UF, >
Voronoi | QTAIM NBO Voronoi QTAIM NBO
NR 3.959 3.153 2.222 4.126 2.494 1.866
SR 4.028 3.494 2.404 4.489 3.160 2.699
SO 4.029 3.495 ---b 4.506 3.178 -0
CT 2.972 3.506 4.596 1.494 2.822 3.301

*  Charge transfer was calculated as follows : CT = 7 — q(Re) or CT =
6 — q(U),where q(Re) and q(U) are the net charge over Re and U atoms (the
numbers 7 and 6 refers the formal charge of the Rhenium and Uranium ions,
respectively) .

® There is not an available algorithm at the spin-orbit relativistic level.

It is well-known that in chemical systems with strong ionic character the
presence of high charge transfer help to stabilize energetically the systems, this
can be appreciated for the [ReF,]-and [UF,]* complexes by taking the bonding
energy (BE) as a measurement of the stability as deduced from the Morokuma-
Ziegler energy decomposition analysis given in Table 3, which present huge
values of BE on the framework of the scalar-relativistic calculations for both
systems, giving values of -7329.30 kcal/mol and -10028.97 kcal/mol for
[ReF, ] and [UFJ*, respectively. Nevertheless, we must remember that the
charge population analysis methods are sensitive to the basis set choice on the
vast majority of cases.’

CONCLUSIONS

Our results suggest a good agreement between the relativistic calculations
and the available structural data with an error less than 1% for bond lengths
and angles. The electronic structure show that the highest occupied molecular
orbital (HOMO) has entirely contribution from p_ AO from fluoride ligands,
whereas the lowest unoccupied molecular orbital (LUMO) show strong
contributions from d (~59.44%) and f (81.31%) of rhenium and uranium AOs,
respectively. The scalar and spin-orbit relativistic effects induce an increment
of the HOMO-LUMO (H-L) gap, being the [UF,]* H-L gap (2.56 ¢V) higher
than the [ReF |- H-L gap value (1.86 ¢V). The H-L gap value is directly related
with the stability of the systems and also corroborates the results of the bonding
energy from the EDA.

Furthermore, the results obtained from the EDA evidence a strong ionic
interaction between fluoride ligands and the metal center (rhenium or uranium)
since the electrostatic interaction energy (AE, ) is greater than orbitalic
interaction energy (AE,, ) for [ReF ] and [UF,]*. Moreover, the ionic character
increases according to U > Re, which is in concordance with the electrostatic
potential density plot and also with the increment on the bond lengths from
[ReF,] to the [UF,]* ion. All the facts above mentioned and in addition to the
high variation of the net charge and the out of phase MOs interaction suggest a
spatial charge transfer phenomena possibly mediated by a Foster mechanism.>

The electron localization function (ELF) confirms the result presented
above by showing localized monosynaptic basins over fluoride ligands and
metal centers. The absence of di-synaptic basins on the M-F bond also suggests
the lack of overlap interaction.
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