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The electronic structure of [OsFgl?~ and PtFg complexes was studied by means of CASSCF/
NEVPT2 multiconfigurational calculations, including spin—orbital coupling, which is very relevant in the
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case of these metals. From these calculations, it is possible to establish that in the octahedral symmetry
(O), the ground state is non-magnetic (Jegs = 0) because of the strong ligand field, and the interaction
with paramagnetic excited states is almost negligible, resulting in a non-magnetic behavior, which is in
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Introduction

The electronic structure and molecular properties of discrete
hexafluorides of late transition metals have been a central
topic for both experimentalists and theoreticians for a long
period of time.'® The central discussion had turned around
molecular symmetry and its role in the interpretation of their
spectroscopic properties in a series of Re, Os, Ir, and Pt hexa-
fluorides, among others.' ® The classical matrix isolation work
of Holloway et al., using high-resolution spectroscopy tech-
niques, showed that the neutral hexafluorides of those metals
are all octahedral (O,) with two characteristic vibrational
modes between 200 and 300 cm™* and 700 and 750 cm™?,
which are minimally affected by Jahn-Teller distortion."
Similar results were obtained, more recently, by Richardson
et al. using gas-phase electron diffraction.* Moreover, impor-
tant works have been performed in the past to assign principal
absorption bands in these complexes. At this point, the relati-
vistic effect on 5d electrons cannot be negligible and spin-
orbit coupling plays a key role in electron redistribution after
the splitting of t,, levels.” " In an earlier work from 1959,
Moffitt et al. interpreted the absorption spectra from a theore-
tical point of view, explicitly considering the relativistic effects
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agreement with the experimental evidence.

together with ligand-field terms in an intermediate
jj coupling scheme.® Some years later, Warren et al. per-
formed a similar study considering a strong ligand field with
similar results.” In both cases, good qualitative agreement
with experimental results was obtained but not with numerical
accuracy.

More recently, with the possibility of solving the four com-
ponent (4C) Dirac equation to obtain the electronic structure
in molecular systems with a relatively large number of elec-
trons, this problem has been occasionally revisited to obtain
further insights into the role of relativistic effects on the
ground state geometries and electronic configuration in these
types of complexes. In 2008, Alvarez-Thon et al. and Restrepo
et al. reported a series of comparative theoretical studies of
group ten hexafluoride metals, where scalar and spin-orbit
relativistic effects were introduced via two and four component
Hamiltonian in the framework of mono-determinantal density
functional theory (DFT).">'! In particular, the single determi-
nant two (2C) and four (4C) component approaches in PtFg
predicted a diamagnetic octahedral molecule with a closed-
shell ground state, in accordance with the observation of the
9F and '°Pt high-resolution nuclear magnetic resonance
(NMR) spectra and its undisturbed IR and Raman spectra of
PtF6.10_14

However, the central discussion was centered on nd* elec-
tronic configuration and how spin-orbit coupling is respon-
sible for a non-magnetic ground state, interpreted, within the
limitations of the used levels of theory, as a singlet state
(strictly in terms of an effective spin, it should be correctly
named as a pseudo singlet). The limitations of the mono-con-
figurational approaches were highlighted in the early works
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mentioned above. For instance, Moffitt et al. suggest in their
original work to consider the configuration interaction
between both Iy states derived from ’E, and ’T,, electronic
states in an nd' model complex with the aim of improving
the models to describe the magnetic properties in MFs com-
plexes (M = Re, Os, Ir, Pt).*> Similar strategy was used by
Eisenstein et al. to improve the theoretically obtained values
for 10Dq and spin-orbit coupling constant in ReFg.'?
Recently Pedersen et al. reported a detailed study about two
hexafluorides of Os (IV and V) in order to disentangle the
role of spin-orbit coupling (SOC) on the added electronic
states, this time, the electron correlation as a fundamental
effect to get a more complete picture about the molecular
structure and electronic configuration of the ground state of
these complexes.”

Thus, due to the relevance of this topic, a series of ab initio
calculations are presented in the present work to obtain a
deeper insight into the physicochemical properties of 5d* hex-
afluoride metal complexes. The aim of this work is to show
that not only relativistic effects but also electron correlation
phenomena are fundamental to obtaining a more complete
view of the molecular structures and properties of these 5d*
coordination compounds.

Computational details

All the calculations were performed in the ORCA 5.0 code. In
order to compute the electronic structure and spectroscopic
properties, we used the state-average complete active space
self-consistent field (SA-CASSCF)'® method with all-electron
basis sets. Def2-TZVPP was used for the fluorine atoms while
an all-electron DKH3-QZP-Sapporo basis set was used for
Osmium and Platinum.'” The d* configuration was modeled
considering an active space CAS(4,5), four electrons in five
d-type orbitals. The calculations include all quintuplet (5),
triplet (45), and singlet (50) states derived from the ion con-
figuration. The inclusion of this number of states is related
firstly to the need to properly evaluate the effect of spin-
orbit coupling in a second stage of the calculation and sec-
ondly to the exploration of a higher energy zone in the spec-
trum of both systems under study directly related to the elec-
tronic states derived from the electronic transitions between
the ligand-field electronic states transitions (optical spec-
trum). During the execution of the calculations, different
combinations of roots were considered and there were no
significant differences between the results obtained, for this
reason and appealing to the completeness of the exploration
it was decided to use the number of states mentioned above.
A second d-shell (6d') was included in the -calculations,
which can be useful to make the wave function more flexible
and to introduce radial correlation, which is important to
obtain accurate results. In the same sense, the 6s shell was
also included in the optimization. Dynamical correlation was
also included via the N-electron valence perturbation theory
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at the second order (NEVPT2).'®' The traditional two-step
procedure was used in all calculations. In the first step,
spin-orbit-free Hamiltonian calculations were performed, in
which scalar relativistic effect and electron correlation are
included via the CASSCF/NEVPT2 level of theory. In the
second step, the spin-orbit effect was incorporated by the
quasi-degenerate perturbation theory (QDPT) approach.”*>?

The geometries of both complexes were optimized at the
NEVPT2 level of theory, step by step, following the a,
vibrational mode (breathing mode) in the Oy, point group. The
potential energy surface (PES) was explored starting from 1.700
to 2.000 A with a step of 0.2 A. The obtained PES trace was
fitted to a second-degree polynomial and the equilibrium dis-
tance was obtained as the minimum. In all the optimization
procedures together with 5d + 6d’, the 6s orbital of metal ion
was included in the calculations. The halide p-orbitals were
not included in the optimization because, in all test calcu-
lations, they remain double occupied showing no important
contribution to the electronic configuration of the ground and
excited states.

Results and discussion

In the first step the geometry of both complexes was opti-
mized at the NEVPT2 level of theory, the calculations were
performed by scanning the M-F distance following the
breathing vibrational mode and considering an octahedral
(On) symmetry point group. The geometries were obtained in
a state-average procedure including all the quintuplets, tri-
plets and singlets derived from the metal ion configuration.
As observed from Table 1, the obtained bond distances have
a good quality when compared against the experimentally
reported values.”” Table 1 shows, additionally, the impor-
tance of the radial correlation in the numerical accuracy of
the calculations, especially in the PtFs complex. The
inclusion of the 6s shell is also relevant and, as was
explained above, non-significant changes were found when
different symmetry-adapted ligand orbitals combinations
were included in the active space.

The analysis of the electronic structure shows that the spin
orbit-free ground state corresponds to a *T;, with a configur-

Table 1 Calculated M—F distances at the NEVPT2 level of theory con-
sidering different sizes of the active space

Orbitals in active space [OsFe*~ PtF,

5d 1.9576 1.8070
5d + 6d’ 1.9558 1.8075
5d + 6d'+6s 1.9524 1.8528
Exp 1.9476° 1.850(4)°

“See ref. 7 (the value presented here was obtained as an average
between the six Os-F distances from the crystallographic data experi-
mentally obtained). ? See ref. 4.
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ation (t,4)*(eg)°, well isolated from the first excited state 'T,, in
both complexes and it is significantly multiconfigurational in
the [OsF¢]*~ complex (see Table 2). Fig. 1 shows the relative
energetic position of the spin-orbit free states up to
~30000 cm™". The ab initio ligand field analysis (AILF)***
shows a 10Dq parameter for both complexes in the same
range that was previously reported”'® and is larger in PtF,,
because of the shortest Pt-F bond distance as can be seen in
Table 2.

From the symmetry point of view when spin-orbit coupling
interaction is considered the irreducible representations of the
resulting state can be obtained from the direct product I's-; ®
Tig which results in Aj; @ Ty @ Tz @ E, (see Fig. 1). The
ground state for both molecules studied in this work corres-
ponds to a formally non-magnetic A;, with an effective total
angular momentum J.¢ = 0. As can be seen from Table 3, the
resulting wavefunctions in terms of spin-orbit-free states have
a predominant contribution of the triplet states, but non-negli-
gible contributions of singlets and quintuplets were also
found. This proves, as mentioned before, that the non-mag-
netic character of the ground state should not be confused
with a singlet assignment for this state. As is well known due
to spin-orbit coupling, (SOC) spin is not a good quantum
number to characterize molecular electronic states. From the

Table 2 Assignment of the spin—orbit free (SF) states obtained via CAS
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Fig. 1 Electronic state diagram obtained at spin—orbit free NEVPT2
level of theory and considering the spin—orbit coupling (SOC) effect for
[OsFgl?>~ and PtFg complexes.

Table 3 Assignment of the spin—orbit (SO) states obtained via CAS(4,5)
SCF calculations for [OsFg]>~ and PtFg complexes

i .
(4,5)SCF calculations for [OsFg]>~ and PtFg complexes. The active orbi- Configuration
tals are ordered as follows: |d,, d,, d, d,? d,®_,?|° SO-state?  [OsFe]~ [PtFe]
Configuration Ay 81%|°T,p) + 12%J "Aig) +4%|°Eg)  89%|°Tyg) + 10%J1A1g)
Tig 90%|>T1g) + 7% Eg) 92%|°T1g) + 7%|°Eg)
SF-state? [OSFJ*~ [PtF] Tog 82%|°Tyg) +12%|'Tog) + 3%|°Eg)  71%|’Tyg) +29%] ' Tsg)
Eg 84%|°Tyz) + 9%]|'Ey) + 3%|°Ey) 77%|°T1g) + 22%|'Ey)
Tyg 50%|21100| + 26%| 100%]21 100|
(tag)(eg)° 11200/ + 21%|12 100| “Calazll_ated spin_—lorbit coupling cor_lftants from AILF theory were:
77%|12100] + 20%| 100%]11200| [OsFe]™™ 3840 cm™ and PtF, 4162 cm™ .
21100|
67%|11 200] + 32%| 100%]12 100|
21100|
1 . . . . . .
Ty, 64%|21100] +32%]| 98%|11 200] point of view of the analysis of the magnetic properties using
t € 11200 . . . o
(tag)"(cg) 95%|1|2 100| 98%|12 100 effective Hamiltonians, it is usual to use the concept of pseu-
64%|11200] + 32%| 98%|21 100| dospin. This does not represent the actual state of the electron
; 21100] spin but also a pseudospin acting in the model space of |Ms)
E, 63%|22 000| + 28%| 66%|02 200| + 16%| functi ¢ th dosbi oot ) tiza
(tag) (e,)° 02 200 20200| + 16%|22 000 wavefunctions of the pseudospin projection onto a quantiza
58%|20 200| + 40%| 50%|22 000| + 50%| tion axis. In the present case, the ground state can be charac-
s 02 200] 20200] terized as a pseudo singlet state (J.; = 0) followed by a first
Eg 100%]|11 101| 100%]|11101| ited do triplet (Jur = 1). This stat h i
(tre)(e0)" 100%|11 110| 100%]21 110| excited pseudo triple ]e.ff.— - This state, even when mag
Ay 32%]|20 200| + 32%| 31%]|20 200| + 31%| netic, has an almost negligible population in the temperature
4 0 P . .
(t2¢)"(eg) 02200] +32%]22 000| 02200 +31%|22 000] range up to 300 K explaining the non-magnetic behavior
E 85%]|11101| + 15%]|11110] 87%]|11101| + 12%|

g
(t2¢)*(eg)’ 11110]
85%|11 110] + 15%|11101|  87%|11 110| + 12%|
11101]

“The average occupation numbers of 5d orbitals are: [OsFs]*™: tyy
0.847, eg 0.729; PtFg: tyo 0.853, e, 0.721. b The ligand field parameter
10Dq is: this work [OsFe]*™: 32725 cm™" (ref. 7. ~34000 cm™"). This
work PtFs: 36789 cm ' (ref. 10 among 28149 cm™' (BLYP) -
49280 cm™" (B3LYP) obtained from relativistic DFT calculations and
different functionals).

This journal is © The Royal Society of Chemistry 2024

observed in these complexes. However, the y7T product, pre-
sented in Fig. 2, formally has a linear dependence with T
reflecting a temperature-independent (Van-Vleck) paramagnet-
ism depending on the mixing of the ground Je¢ = 0 state with
the lowest excited spin-orbit coupling state J.¢ = 1. In Fig. 2 it
is also possible to appreciate the small variations in 7T vs. T in
all the temperature range as a result of the negligible popu-
lation of the excited spin-orbit J.¢s = 1 state.
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Fig. 2 T products for [OsFe]>~ and PtF obtained at the NEVPT2 level of theory.

Conclusions

From the study of the electronic structure using multiconfi-
gurational methods with the inclusion of spin-orbit coupling
it is shown that the molecular structure in these complexes is
closely related to the distribution of the electronic states result-
ing from the cooperative effect of the ligand field, which stabil-
izes the Ty, triplet states, and the spin-orbit coupling that
lifts the degeneracy of this state leading to a non-degenerate
(non-magnetic) molecular ground state A;, with a high multi-
configurational character. In this sense, we can conclude,
based on previous works, that defining the metal center in
these complexes as a closed shell is not an adequate interpret-
ation and that there is no violation of the Jan-Teller principle
in the sense that the ground state is non-degenerate. This jus-
tifies the experimental evidence, which concludes a non-mag-
netic behavior and an octahedral molecular symmetry.
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