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The structures and some vertical excitation energies of third-row transition metal hexafluorides
(MFs, M = Re, Os, Ir, Pt, Au, Hg) were calculated using the multi-reference configuration inter-
action (MRCI) theory based on exact two-component (X2C) Hamiltonian. The spin-orbit coupling
(SOC) was variationally included at the Hartree-Fock level, enabling us to analyze the SOC at the
orbital level. The excitation spectra were assigned based on the double group, a relativistic group
theory applicable to states with the SOC. This study provides a fundamental understanding of the
ligand field splitting, including the SOC, that is useful for the photochemistry and spin chemistry

involving heavy elements.

I. INTRODUCTION

MXg-type complexes, where M is a central metal el-
ement and X is a ligand, serve as excellent models for
introducing ligand field splitting — an essential factor
in predicting the electronic and spin states of transition
metal complexes. This subject is frequently discussed in
inorganic chemistry books [IH3]. While some MXg com-
plexes exhibit the expected Oj, symmetry based on their
molecular formula, the Jahn-Teller (JT) effect [4] B] can
induce distortions that lead to another molecular struc-
ture such as Dy, symmetry. The smallest and most ex-
tensively reported MXg complexes would be MFg. This
complex garners attention not only in introductory chem-
istry texts but also due to its environmental impact of
SFs [6, [7], notable oxidation properties when M is a
third-row transition metal [8HI0]) and UFg in nuclear
fuel reprocessing [11), 12]. A comprehensive overview of
the history and physical and chemical properties of MFg
is provided in ref [T3l

Traditional ligand field theory, developed for light el-
ements, does not adequately capture the intricate elec-
tronic behaviors exhibited by heavy transition metals.
The relativistic effect is significant when describing the
chemistry of heavy elements [I4HI9]. The relativistic ef-
fect can be classified into the following two effects: 1)
scalar relativistic effect, where the s and p orbitals are
contracted while the d and f orbitals are expanded, and
ii) spin-orbit coupling (SOC), which is the interaction of
the electron spin and the magnetic field induced by a
charge in relative motion, leading to the splitting of the
degenerate orbitals with [ > 1, where [ is the quantum
number of the electronic angular momentum. The for-
mer effect can be sufficiently taken into account by intro-
ducing a pseudo-potential [20H23], where core electrons
are replaced with a fitted potential for valence molec-
ular properties. The latter effect can become small in
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molecules with low symmetry even if heavy elements
are included because of the orbital angular momentum
quenching [I, B, 24], and thus this effect can often be
ignored. However, the SOC can become significant and
has to be carefully considered in complexes with high
symmetry, which is the target of our study.

Another important aspect is including static correla-
tion effects to treat the degeneracy in the MFg molecules.
Most previous studies of MFg [25H38| were based on
single-reference methods such as the density functional
theory (DFT) or coupled cluster theory. These methods
are sufficient for closed-shell systems but may encounter
problems when there is significant multi-reference ef-
fect In the context of the vibrational coupling with the
JT effect, multi-reference methods with the SOC were
employed by Balasubramanian’s group for metal clus-
ters [39H42], by Mondal for the first-row transition-metal
trihalides [43] 44l and by Koseki’s group for third-row
transition-metal tetrahydrides [45] [46]. However, such
an approach has not been applied for MFg molecules.

The static JT distortion itself is well known in the
structures of MFg molecules with non-zero spin. How-
ever, the structure of the third-row transition metal hex-
afluorides may be stable in the presence of JT distortion.
It is currently recognized that ReFg and OsFg show the
dynamic JT effect [47H49], and the structures of ReFg,
OsFg, IrFg, and PtFg are very close to Oy based on
electron-diffraction experiments in the gas phase [50H52],
single-crystal X-ray diffractometry [53], and extended X-
ray absorption fine structure (EXAFS) [54]. Even if it
exists, the JT distortion may be smaller than experi-
mental errors. In theory, the most sophisticated calcula-
tion for the third-row transition metal hexafluorides was
carried out at the coupled cluster singles and doubles
with perturbed triples (CCSD(T)) level with the SOC
at the DFT level [33]. Their calculated structures agree
with the experiment well, but they compared the aver-
aged bond lengths of the Dy, structures and experimen-
tal structures in Oy, symmetry. It was reported that the
SO effect stabilizes the Oy, structures of PtFg [55] 56] and
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IrFg  [57] based on four-component DFT and CCSD(T)
methods, respectively. However, a systematic study for
third-row transition metal hexafluorides based on rela-
tivistic multi-reference theory has not been reported.

In this study, the effect of the SOC in third-row
transition metal hexafluorides is extensively investigated.
The multi-reference configuration-interaction (MRCI)
method based on the exact two-component Hamiltonian
is employed to calculate the structures and vertical ex-
cited energies. The calculated electronic excited states,
including the SOC, are assigned based on the double
group, which is a relativistic group symmetry, taking the
SOC into account. The schematic diagrams based on the
one-electron orbital Figure |1| are also proposed.

II. THEORY

Assigning the symmetry of MFg in the relativistic
framework requires the double group, which is a rela-
tivistic symmetry group. Although the double group is
well known [16], 24, [68-60], we briefly describe it to clarify
the notation in this work.

An operator for a rotation by a finite angle ¢ about the
quantization axis can be expressed as follows [61], 62]:

Re(0) = exp (‘ﬁ) , (1)

}?Z(¢)|J, MJ> = exp (_iMJ(b) |J7 MJ>7

where ¢ is the imaginary unit, J is an angular momentum
(whether orbital, spin, or total angular momentum) and
My is the projection of the angular momentum along
the axis z. The representation matrix of this rotation
with respect to the basis My = —J, —J +1,...,J can be
expressed by

expliJ @] 0 0
D’ (Ry) = 0 expli(J-1¢] ... 0
0 00 exp[-iJg]

(2)

A trace of this matrix is

2J
X (@) =Y (@) 3)
=0

sin[(J 4+ 1/2)¢]
sin(¢/2)

This is the character of the representation D’ (R,) with
respect to the rotation ¢. For example, in the case of
Ry = Cy (¢ = 7/2) and J = 1/2, x7 (¢) = V2 is ob-
tained.

The periodicity of eq [3] can be obtained for the cases
where J is an integer or a half-integer:

X7 (@4 2m) = +x7 (9) 5 (an integer J), (4)
x’ (¢ 27) = —x” (¢); (ahalf-integer .J), (5)
x” (¢ £ 47) = +x’ (¢); (an integer/a half-integer J), (6)

In the non-relativistic (NR) case, the molecular symme-
try is described by the spatial symmetry and the elec-
tronic orbital angular momentum (M; = My,). In thfis
case, the quantum number (J = L) is an integer, and ro-
tation by 27 returns the system to the original state (eq
. That is, rotation by 27 is equivalent to the identity
operator E. This is the case of a normal point group.
Meanwhile, in the relativistic case, the projection of the
total angular momentum M ; = M+ Mg is a good quan-
tum number, and J becomes a half-integer when the sys-
tem contains an odd number of electrons. Here, rotation
by 27 reverses the sign (eq. In both cases, Ry—4r = E
is satisfied.

The symmetry operations in the double group are ob-
tained from the direct product of the point group and

the group {E’, Q}7 where Q = R(;s:gﬂ. Several columns

are added to the character table to describe additional
irreducible representations that correspond to the odd-
number electron systems. () does not disturb the point
group (cf. eq and only affects the additional irreducible
representations (cf. eq.

The great orthogonality theorem also holds in the dou-
ble group. Hence, the direct product of irreducible repre-
sentations and the reduction of the reducible representa-
tion can be performed as the point group. For example,
the splitting of the one-electron molecular orbitals be-
longing to the irreducible representations e, and t34 in
Op, symmetry due to the SOC in the double group can
be expressed as follows:

€g @ €1/2.9 = U3/2,9, (7)

tag @ €1/2,9 = Uz/2,9 D €5/2,4- (8)

Here ey /5 4 is the representation of the electron spin in
the double group.

In the electronic structure theory, the SO splitting of
the states is found when the total spin is nonzero. In the
case of group theory, however, whether J is an integer or
a half-integer is important (cf., egs |4 and . Even when
the SOC contributes, if J is an integer (that is, an even
number of electrons in the system), the representation
of the system is the same as the point group of the NR
case. The double group is applied only when the number
of electrons is odd.

III. COMPUTATIONAL DETAIL

All calculations of this study were carried out by using
a development version of the DIRAC program [63, [64];
the precise version and build information are shown in the
output files, see ref [65]. Our calculations are based on
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FIG. 1. Schematic orbital energy diagram and electronic configurations for ¢o4-type orbitals at the SF and SO levels. In our
notation, bag corresponds to dqy-type orbital, where the z-axis is the axial axis of MFg. Schematic molecular structures are also
shown. The energy differences (cm™!') and symmetry labels (Mulliken’s symbol) are obtained at the X2C/AOC-HF /dyall.v3z

level. Schematic electronic configurations are described based on

the results at the X2C/MRCI/dyall.v3z level, employing the

optimized geometries shown in Table The orbital energy differences are obtained with n (1 < n < 4) electrons in six tz4-like

orbitals and with 128 electrons in the closed orbitals. The option
satisfy Koopmans’s theorem.

the spin-free (SF) and spin-orbit (SO) relativistic Hamil-
tonians. For the one-electron part of the Hamiltonian,
the exact two-component Hamiltonian (X2C) [66] is em-
ployed for both SF and SO relativistic calculations. For
the two-electron term, the non-relativistic Coulomb op-
erator is employed for the SF calculation, and the Gaunt
term is added in the atomic mean-field approximation
(AMFTI) [67] scheme for the SO calculation [68]. The
nuclear potential is described by the Gauss-type finite-
size nuclear model [69]. For all elements in this study,
dyall.v3z basis sets [{0H72] are employed in the uncon-
tracted form.

The multi-reference configuration interaction (MRCI)
theory was employed to compute the wavefunction for ge-
ometry optimization and vertical excitation energies. For
the MRCI calculation, we employed the LUCITA mod-

".OPENFAC=1.0" is specified in the DIRAC calculations to

ule [73H75)] for the SF Hamiltonian and the KRCI module
[f6-78] for the SO Hamiltonian. In these modules, one
can flexibly specify the number of holes in the CI space,
and this is called the general-active-space configuration-
interaction (GASCI) method. The active space employed
in this study is shown in Table [ Here, the complete-
active-space CI (CASCI) calculation is employed in the
space constructed by the ¢y, orbitals in the SF or by
the ug/o , and e5/9 4 orbitals in the SO levels (GAS2),
and the two-electron excitation is allowed from the GAS2
space. One-electron excitations from GAS1 and GAS2 (a
total of two electrons) are also allowed. The truncation
of the virtual orbitals shown in Table [l is determined
so that the two orbitals are energetically well-separated.
The same CI parameters are employed for both SO and
SF calculations. The reference orbitals of the MRCI cal-

https://doi.org/10.26434/chemrxiv-2024-99blk ORCID: https://orcid.org/0000-0002-3802-680X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-99blk
https://orcid.org/0000-0002-3802-680X
https://creativecommons.org/licenses/by/4.0/

TABLE I. Generalized active space (GAS) models for CI wave
functions of the MFg molecules. The parameters m and n
that determine the occupation constraints of the subspaces
are described in Table [[I]

accumulated # of electrons

# of orbitals min max
GAS3 m 24 +n 24 +n
GAS2 3 22 +n 24 +n
GAS1 12 23 24

frozen (52)

TABLE II. Parameter values for CI calculations of the MFg
molecules. n refers to the number of correlated electrons of
GAS2 space (t2y orbitals in the SF and ug/s 4 and e5)2 4 or-
bitals in the SO). m refers to the number of virtual orbitals
included in the GAS3 space. “small” is employed for the op-
timization, and “large” is employed for the excited state and
JT distortion energy calculations
M Re Os Ir Pt Au Hg
n 1 2 3 4 5 6
m (small) 35 35 35 35 35 38
m (large) 62 62 65 69 - -

culation are generated with the average-of-configuration
Hartree-Fock (AOC-HF) method [79] or the HF method.
The detailed parameters are listed in Table [[TI]

We also employed the CCSD(T) method [80] for the
optimization of HgFg, assuming Oy symmetry. The 32
electrons from the highest occupied molecular orbital
(HOMO) are correlated, and the virtual space is trun-
cated at 5 Hartree.

Unless otherwise explicitly mentioned, we optimized
the two axial and four equatorial M-F bonds of MFg
molecules, assuming they belong to the Op or D4y sym-
metry group. The SURFIT program [8I] was used to
obtain the equilibrium structure in a two-dimensional
potential energy surface for several molecules. Numer-
ous one-point calculations were performed for the other
molecules by changing the bond length by a step size

TABLE III. Parameter values to obtain the reference orbitals
for the CI calculations of the MFg molecules provided in Table
at each relativistic Hamiltonian (REL). Only the central
metal M is shown in the table. "closed" refers to the number
of electrons occupied in the closed shell orbitals. m/n shown
in "open" means that m electrons are distributed to n orbitals
in the AOC-HF method. The HF method was employed when
the open-shell electron was zero

REL CI shell Re Os Ir Pt Au Hg
SO small closed 128 128 128 132 132 134
open 1/42/43/4 0 1/2 0
large closed 128 128 128 128 - -
open 1/6 2/6 3/6 4/6 - -
SF small closed 128 128 128 128 132 134
open 1/6 2/6 3/6 4/6 1/2 0
large closed 128 128 128 128 - -
open 1/6 2/6 3/6 4/6 - -

TABLE IV. Optimized bond lengths of HgFe (r) in A ob-
tained using different methods. The dyall.v3z basis sets were
employed.
method CCSD(T) MRCI PBEO|[36]
X2C SO SF SO SF SO* SF
r 1.920 1.927 1.889 1.892 1.885 1.887
@ The two-electron spin-orbit effect is simulated by a
screened-nuclear-spin-orbit approach.

of 0.001 A. The details are explained in the Supporting
Information. The O structure was obtained using the
twofit program, which is a utility of the DIRAC code.

The projection analysis [82] using the intrinsic atomic
orbital [83] was carried out for the PtFg molecule. At
the SF level, two electrons are distributed in four or-
bitals, and 130 electrons occupy the closed shell in the
AOC-HF calculation. In the projection analysis step,
0.01 and 1.99 electrons are distributed in the virtual efq
and e, orbitals and the occupied by, orbitals to obtain
the gross population of the virtual e_f] orbitals. At the
SO level, 132 electrons occupy the closed shell in the HF
calculation. In the projection analysis step, 0.01 (3.99)
electrons are distributed in the virtual uj /2.9 and es/z 4
orbitals (the occupied ug/; 4 orbitals) (cf., Figure . In
the atomic and molecular calculations, an option of the
DIRAC code, .OPENFAC=1.0, was employed.

IV. RESULTS AND DISCUSSION
1. Structures

To estimate the dynamic correlation effect in the em-
ployed GAS scheme in the MRCI method, the bond
lengths of HgFg obtained by the MRCI are compared
with the CCSD(T) values (cf. Table [[V]). The symmetry
of the HgFg molecule is fixed to Op. From the compari-
son between the MRCI and CCSD(T) values, the MRCI
method underestimates the dynamic correlation on the
bond length by 0.031-0.035 A. From the viewpoint of dy-
namic correlation, the MRCI provides similar accuracy
to that of the PBEQ functional of DFT [36]. Although
this deviation is similar in magnitude to the JT distor-
tion (cf. Tables|V]and , it would not matter because
the multi-reference effect would be more significant for
determining the symmetry of the open-shell MFg sys-
tems. The MRCI and CCSD(T) methods provide the
SO effects in a similar order of magnitude. This means
that the coupling between the SO effect and the dynamic
correlation would not affect the conclusion of our study.

The SO effect is not a correction of the SF calculation
but can change the molecular point group symmetries at
equilibrium geometry. Our results at the MRCI level are
listed in Table [V} The most sophisticated literature val-
ues at the SF-CCSD(T) and SO-BLYP levels are listed
in Table [VIl The geometries were obtained with several
experimental methods [50} 5], 53] [54], but here we show
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only one set of experimental values obtained by electron
diffraction in the gas phase [52]. The space symmetry of
IrFg is Oy, at both the SF and SO levels, but the orbital
is splitting at the SO level. The space symmetry of PtFg
is changed at the SF (Dyy,) and SO (Oy,) levels, where the
electronic structure becomes closed-shell. From the com-
parison between the SF-MRCI and SO-MRCI values, the
SOC reduces the JT distortions of ReFg and OsFg. This
trend is not reported at the DFT level [33]. From the
orbital energy levels shown in Figure|[l] the SO splittings
of ReFg, OsFg, and PtFg are larger than the splitting
due to JT distortion at the SF level. Our bond lengths
at the SF-MRCI level are smaller than those at the SF-
CCSD(T) level shown in Table while is consistent
with the conclusion obtained from Table [Vl The JT dis-
tortion reduced by the SO effect is also observed in the
stabilization energy (cf. Table [VII)).

The electronic structure of AuFg may be different from
the others. AuFg has ungerade-type orbitals with higher
energies than ¢a,-type orbitals, as shown in Figure S1
of the Supporting information. AuFg should not be ex-
plained like the other third-row transition metal fluo-
rides. More careful investigation of the reference orbitals
and active spaces is required, and thus, we do not study
AuFg¢ in the subsequent sections. The bond length of
AuFg shown in Table [V] is different from the literature
value, but we also found a local minimum of AuFg that
is closer to the literature value (1.913 A (x2) and 1.898
A(x4) at the SF-X2C/MRCI/dyall.v3z level), which is
6354 cm ™! less stable than the one shown in Table [V

Similar schematic figures have been previously re-
ported for group 10 hexafluorides [55, [56] and group 9
monoanionic hexafluorides [57] namely that d4-type con-
figurations predict octahedral symmetries, but they did
not explicitly mention the triplet spin-state at the SF
level. Furthermore, the influence of the SOC on the elec-
tron affinity (EA) discussed in ref[33] can also be rational-
ized with reference to Figure [Il By adding the SO cor-
rection, these authors demonstrated that the EA of OsFg
becomes smaller than that of IrFg. From Figure [T} the
added electron predominantly occupies the es/3 , spinor
of IrFg in the SO level, which is energetically higher com-
pared to the one at the SF level, where it occupies the
triply degenerate ta, orbitals.

A. Excitation spectra

Tables [VII] and [[X] list the vertical excitation energy
at the SF and SO levels. We could not simply corre-
late the states calculated at the SO level with the states
without the SOC (SF calculations) except for the ReFg
case, where 2Eg — E1/3,4, E3/2,4 is observed. Even if the
degeneracy of states is the same, the electronic structure
can differ. This is exemplified by the ground state of
IrFg, which is the 1Ay, and Us/s,4 states at the SF and
SO levels, respectively.

The molecular symmetry of the double group can be

assigned as done in the point group at the NR level, us-
ing the direct product of the representation and Bethe’s
descending symmetry method [84, [85]. The total sym-
metry of ReFg with one valence electron corresponds to
the occupied spinor. In the bosonic case (even number of
electrons), whether Dy, (OsFg) or O, (PtFg), the doubly
degenerate states are Fy, and the closed-shell states are
A;. Regarding the non-degenerate states with an open-
shell configuration for OsFg, according to the direct prod-
uct of the representation of orbitals in the double group
(e.g., refs 241 [86)

€1/2,9 @ €3/2,9 = b1g D bag ® g 9)

€3/2,9 @ €3/2,9 = 19 D azy D ey

b1y and by, corresponds to dy2_,» and “d,,” type basis
sets, respectively. In addition, the Mulliken population
analysis [87] at the one-component basis set level using
the DIRAC code shows that “d;,”, d,., and d., orbitals
contribute to e/, €3/, and eg/Q spinors. ai4 does not
contribute to an open-shell state. Based on these con-
ditions, the states with e;/5(1)es/2(1) and eg/2(1)es/2(1)
type configuration correspond to Biy and Asg, respec-
tively. To distinguish the triply degenerate states of Oy,
T, and T, we employed Bethe’s method of descending
symmetry [84] [85]. By going down to a lower symmetry,
Dy, the triple degeneracy splits as follows [86]:

T]_g — A2g (&%) Eg (10)
ng — ng &) Eg

In other words, the Ayg (Bag) states at the Dyy, structure,
which was calculated in slightly distorting the structure
from Op, to Dy, corresponds to the T, (Thg) states.
The Ag, and By, states in Dyy, symmetry can be distin-
guished based on the occupation number of the spinor, as
shown in eq@ For IrFg, a Fermionic system (odd number
of electrons) in Oy, symmetry, the quadruply degenerate
states are always in U/, symmetry. The doubly degen-
erate states (£, and E5/;) can be distinguished from a
doublet-like electronic configuration (one open-shell or-
bital, the others are closed-shell) in the CI wavefunc-
tion. The electronic configuration [ug/2(4), €1/2,65(1)]
contributes to the E; /5 state, where Ir’s 6s orbital con-
tributes to e;/26s.- In the FEj/5 state, a Kramers pair
(two spinors) of four spinors in wug /2 are occupied, and
another electron occupies the es/; spinor. The assign-
ment at the SF level, which has been extensively inves-
tigated and thus will not be described here, was carried
out based on the orbital occupation number under the
C5, symmetry using Bethe’s method and the phase of
the Slater determinants of the CI wavefunctions.

Although the experimental UV /vis spectra were re-
ported [88], [89], vibrational calculations using more so-
phisticated electronic structure theory would be essen-
tial to compare with the experimental spectra. Further
efforts are also needed to assign the experimental spec-
tra. They are beyond the scope of the present study and
will be pursued in future studies.
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TABLE V. Bond lengths in A,
X2C/MRCI/dyall.v3z level

state and symmetry for metal hexafluorides at the most stable states calculated at

SO-MRCI SF-MRCI
ReFg | Dap, 1.785 (x2), 1.814 (x4)|?Bag/Dan 1.773 (x2), 1.820 (x4)
OsFe | Dap, 1.819 (x2), 1.790 (x4) |3 Bay/Dan 1.828 (x2), 1.785 (x4)
IrFs | O 1.799 1Az /O 1.798
PtFg | On 1.806 3Bag/Dan 1.774 (x2), 1.814 (x4)
AuFg| O 1.839 2Bagy/Dan 1.849 (x2), 1.796 (x4)

TABLE VI. Summary of the most sophisticated literature values for bond lengths (A), state, and symmetry for metal hexaflu-

orides and the experimental values in the gas phase

SO-ZORA-BLYP [33] SF-CCSD(T) [33] exp. |52
ReFg | Dap, 1.899 (x2), 1.878 (x4) |?Bay/Dap, 1.802 (x2), 1.844 (x4)[1.829(2)
OsFe | Dap 1.877 (x2), 1.892 (x4) |*A1y/Dap 1.856 (x2), 1.816 (x4)|1.828(2)
IrFg | Op, 1.894 YA1,/0n 1.832 1.839(2)
PtFe | Dap 1.915 (x2), 1.909 (x4)* | A14/Dan 1.823 (x2), 1.856 (x4) | 1.852(2)
AuFs| O, 1.936 2Bog/Dan 1.897 (x2), 1.878 (x4)

a

TABLE VII. JT distortion energy (Ejp in cm™'), which is
the difference between the energy obtained at the optimized
geometry shown in Table [V| and optimized bond length (r in
A) in Oy, symmetry

EJT T
SF SO SF SO
ReFs 415 123 1.804 1.804
OsFg 364 71 1.799 1.800
PtFs 369 - 1.801 -

B. Population analysis

Finally, the SO effect of the MFg is analyzed from the
viewpoint of the atomic SO splitting. Figure [2] shows
a schematic diagram of the ligand field splitting of the
atomic d orbitals at the SF and SO levels as well as the
gross population of the PtFg. This figure is similar to
Figures 19.4 and 19.5 of ref 58, but we added the gross
population of PtFg obtained by the projection analysis at
the X2C/HF /dyall.v3z level of theory in this study. The
projection analysis is a method to obtain the contribution
from the atomic orbital to the molecular orbital (MO)
based on the two- or four-component Hamiltonian that
can work with the one-component basis sets, as demon-
strated in refs. [82] [90HI3].

From the gross population, 5ds 2 (5d3/2) contributes to
the “é/z,g (u3/2,4) spinors more significantly. This means
that the SO splitting at the atomic orbital level remains
even under the ligand field, and the SO splitting changes
the degeneracy behavior of the MOs. According to the
Mulliken population analysis using the one-component
basis sets, the d,,, dy., and d,, orbitals are distributed
to the e5/5 4 and ug/s 4 orbitals, and d,z, dy2, and d-
contribute to /2.0 orbitals. Therefore, 2.0 orbitals

would have similar properties to those of e; orbitals, al-

ref [56] reports Oy, symmetry with 1.867 A using the B3LYP functional based on the Dirac-Coulomb-Gaunt Hamiltonian.

though the assignments are different at the SF and SO
levels. In fact, the total gross populations of d orbitals
of uj /2,g a0d e, have almost the same magnitude.

V. CONCLUSION

The geometry and excitation spectra of third-row tran-
sition metal hexafluorides are discussed based on the SF-
and SO-X2C MRCI theory. The electronic states in-
volved in the excitation spectra are assigned based on
the double group. Including the SOC variationally in
the X2C Hamiltonian allows for analysis of SO splitting
at the MO level. Our schematic MO diagram can ef-
fectively demonstrate how the SOC influences the struc-
tures of the metal hexafluorides. From the comparison
between the SF and SO results, the SOC dramatically
changes a well-known picture of the ligand field without
the SOC: triply degenerate t, orbitals are splitting to
one es/p, and doubly degenerate usz/p , orbitals. The
SO effect should not be obtained as a correction using a
single-reference method such as DFT in molecules with
multi-reference characters. The SO splitting destroys the
degeneracy of the MOs at the SF level and quenches the
JT distortion. The excited states at the SO level can-
not simply correlate to those at the SF level due to the
strong SOC. A strong SO effect is also observed in the
population analysis.

The observation in this study should be applicable to
photochemistry [94] and spin chemistry [95] of heavy el-
ement systems. Further expansion of this study to the
vibrational properties, including the dynamic JT effect,
is also interesting. In the context of theoretical chem-
istry, these kinds of heavy metal complexes with high
symmetry would be an attractive target for relativistic
correlated theory aimed at strong correlation, such as
density matrix renormalization group (DMRG) theory
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TABLE VIII. Symmetry representations (sym), degeneracies (deg) for the energy levels, leading CI configurations, calculated

vertical excitation energies in cm™

1, for ReFgs and OsFg at the geometries shown in Table The orbital labels are shown in

Figure The integer in the parentheses is the occupation number. For example, e.g., e3/2,4(2) refers to the es/y 4 orbitals

occupied by two electrons

SF SO

sym deg configuration energy| sym deg configuration  energy
ReFg|?Bay 2 bag(1) 0|Es/0, 2 e3/2,4(1) 0
’E, 4 eq(1) 1312|Ey /2,4 2 e1/2,4(1) 566
Esppg 2 el (1) 5304

OsFg[?B2y 3 eq(2) 0] Aig 1 e12,4(2),e3/2,4(2) 0
BBy 6 eg(1)bag(l)  1100| Ey 2 eijoy(1)essn (1) 241
!By, 1 eq(2) 8490| Bag 1 eijaq4(l)esn (1) 444
A1, 1 eq(2) 8677| Bzg 1 e1/2,4(1)essaq(1) 587

"By 20 eg(1)bag(1) 9643 E, 2 eyjpg(l)es)y (1) 4944
Ay 1 eg(2),b2g(2)  9946| Asg 1 ezpaq(l)eh (1) 5290
YAy 1 eg(2),bog(2) 20873 A1y 1 e12,4(2),€3/24(2) 5666

€'3/2,4(2)

Bag 1 eyjpg(l)el)y (1) 11548

Bag 1 erjpg(l)ey)s (1) 11860

By 2 egpg(1)es) (1) 12278

Agg 1 €a/2.4! 1)l ,(1) 12676

A, 1 eh0.4(2) 24299

TABLE IX. Symmetry representations (sym), degeneracies (deg) for the energy levels, leading CI configurations, calculated

vertical excitation energies in cm

_1, for ReFg and OsFg at the geometries shown in Table The orbital labels are shown in

Figure The integer in the parentheses is the occupation number. For example, e.g., us 2 4(3) refers to the ug/s 4 orbitals

occupied by three electrons

Sk SO

sym deg configuration energy| sym deg  configuration energy
II‘FG 4A2g 4 t29 (3) 0 U3/27g 4 ’U,3/2,g(3) O
B, 4 t2g(3) 11945|Us/n , 4 Uz/2,4(3), 11054

) Us)2,9(2)€s5/2,4(1)
2T19 6 t29(3) 12685 Ug/g,g 4 'LL3/2 g( ) 5/2 g(l) 12911
ng 6 tgg(g) 19701 El/g’g 2 'LL3/2 9(2)65/2 g(l) 13529
E5/2,g 2 U3/2,9 2)65/2 g(l) 20816
U3/2,g 4 Usz/2, g( )65/2 9(2) 23184
PtFs|®Ba, 3 bag(2)eg(2) 0] A, 1 uz/2,4(4) 0
13Eg 6 bag(1)eg(3) 943| Toy 3 wuzszg(3)essg(l) 4039
By 1 bag(2)e(2) 7203| Tiy 3 usjag(3)essag(l) 6945
Ey 2 byy(1)ey(3) 8092| Ey, 2 wusjsg(3)essay(l), 7283

) Us/2,9(2)€s5/2,4(2)
Mg 1 bag(2)eg(2) 9030| Tiy 3 wag(2)esnq(2)® 14872
11419 1 bgg(Z)eg(Q), €g (4) 10743 Eg 2 usz/2, g(2)65/2,g( ) 16797
A1g 1 b29(2)69(2), €g (4) 19793 Alg 1 ’U,3/2’g(2)e5/2 9(2) 26698

% The excitation from the GAS1 to GAS2 spaces also contributes.
® The excitation from the GAS2 to GAS3 spaces also contributes.

[96, 7], driven similarity renormalization group (DSRG)
theory [98], and DMRG-tailored coupled cluster theory
[99]. Feature calculations using these theories may pro-
vide results closer to the experimental ones. This study
also provides fundamental knowledge about the chem-
istry of heavy metal complexes. The results would serve
as useful examples for a lecture on inorganic chemistry.
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