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ABSTRACT: The oxidation state (OS) of metals and ligands in inorganic
complexes may be defined by carefully curated rules, such as from IUPAC, or by
computational procedures such as the effective oxidation state (EOS) or
localized orbital bonding analysis (LOBA). Such definitions typically agree for
systems with simple ionic bonding and innocent ligands but may disagree as the
boundary between ionic and covalent bonds is approached, or as the role of
ligand noninnocence becomes nontrivial, or high oxidation states of metals are
supported by heavy dative bonding, and so on. This work systematically
compares IUPAC, EOS, and LOBA across a series of complexes where OS
assignment is challenging. These systems include high-valent transition metal
oxides, transition metal complexes with noninnocent ligands such as dithiolate and nitrosyl, metal sulfur dioxide adducts, and two
transition metal carbene complexes. The differences in OS assignment by the three methods are carefully discussed, demonstrating
the synergy between EOS and LOBA. In addition, a clarity index for LOBA OS assignments is introduced that provides an indication
of whether or not its predictions are close to the ionic−covalent boundary.

■ INTRODUCTION
One of the most fundamental chemical concepts is the
oxidation state (OS), which is widely used for the ration-
alization, characterization, categorization, and prediction of
reactivity of inorganic compounds. However, despite being
universally taught and used, a well-established definition for
this concept is still lacking. Informally, the oxidation state of an
element (typically a metal) in a compound is the net charge
that results from an ionic division of electrons and electron
pairs between the selected element and the remainder of the
molecule.
For years, the OS assignment was performed following a set

of agreed upon rules, but without having an explicit definition
of the concept. Recently, a new generic definition of OS has
been entered into IUPAC’s Gold Book, which reads as the
atom’s charge af ter ionic approximation of its heteronuclear
bonds.1,2 For homonuclear bonds, its electrons must always be
divided equally, independently of the chemical environment.
For assigning OS in molecular systems, the IUPAC algorithm
starts by establishing the appropriate Lewis structure of the
molecule. Then, each electron pair between bonded atoms is
assigned to the more electronegative one, representing the
simplest application of the ionic approximation. The atomic
electronegativities are evaluated according to Allen’s scale.3

The new OS definition represents a large improvement
compared with the previous set of rules. However, some
limitations have already been exposed.4,5 One example is the
case of the transition metal (TM) carbenes.6 In these systems,
the carbene unit exhibits a double bond with the metal center.
Because the carbene carbon atom is more electronegative than

the metal, the four electrons of the CM double bond should
be assigned to the carbon atom, leading to a formal C (−2).
Thus, following IUPAC’s rule, all carbene systems are assigned
as Schrock-type. However, other carbene types exist, for
instance the Fischer-type, which presents a neutral carbene
moiety. One way to account for this OS assignment is to
consider the σ-type bond polarized toward the C and the π-
type to the metal center, giving two electrons to each moiety.
This view cannot be reconciled with IUPAC’s winner-takes-it-
all rule, so classifying a carbene as Fischer-type requires
approaches beyond IUPAC’s ionic approximation. Another
example is the nitrosyl-containing compounds.7 In this case the
nitrosyl−metal bonding relies on three interactions: one formal
M ← NO+ sigma donor bond of virtually pure ligand character
that the ionic approximation assigns to the NO and two
M−π*(NO) bonds whose character may vary between the
limiting M ← NO− and M → NO+ scenarios. These two
interactions are highly covalent, resulting in ambiguous OS
assignments.8 Furthermore, the NO0 picture is not supported
by the ionic approximation.
Arguably, the most important limitation of IUPAC’s

algorithm is the inability of the atomic electronegativity scale
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to account for differences in the local chemical environment. A
plausible solution is to define atom types, as commonly used in
force fields for molecular dynamics, with associated electro-
negativity values. However, the complexity of the algorithm
will increase rapidly, lowering its practical utility. From our
perspective, the OS must be connected to the electron
distribution around the atoms. Today, modern electronic
structure methods can accurately describe the electron density,
which makes computational chemistry a natural candidate to
aid in elucidating oxidation states.
A common misconception is that atomic charges from

population analysis are a noninteger form of the OS. While one
can still find atomic charges being used in the literature for OS
assignment,9−11 more appropriate computational methods for
OS assignment treat electrons by pairs (in the case of pure
singlet states) or individually (for open-shell systems). Then,
each scheme applies one or another strategy to assign the
electrons to atoms/fragments.
Some approaches are based on the use of localized occupied

orbitals,12−15 although the localization procedure is of course
not unique. For single-determinant wave functions, one can
perform unitary transformations on the occupied canonical
orbitals, obtaining different localized orbitals without changing
the wave function or energy. If a molecule is well-described by
a single Lewis structure, we would expect the localized orbitals
to fall into three categories: fully localized and atomic core
orbitals, bonding orbitals that are shared between a pair of
atoms (perhaps not equally, depending on their electro-
negativity difference), and nonbonding orbitals which are again
completely atom-localized (e.g., lone pairs). However, more
complex bonding patterns, like delocalized electrons shared
between more than two atoms, can be encountered.
Within this family of methods, Thom et al. proposed the

localized orbitals bonding analysis (LOBA), based on
combining orbital localization with atomic population analysis
to extract the OS from transition metal complexes.12

Concretely, first the electronic structure of the complex is
obtained at a single-determinant level. Then, the occupied
molecular orbitals (MOs) from the system are localized
following the desired localization procedure, e.g., Pipek−
Mezey16 or Edminston−Ruedenberg.17 Afterward, atomic
population analysis, e.g., Mulliken-,18 Löwdin-,19 or Hirsh-
feld-type,20 for each localized orbital is performed. Finally, the
integer number of electrons from the orbital (two in the case of
closed-shell and one for open-shell wave functions) is assigned
to the selected atom if its population surpasses a given
threshold. To date, the method aims to evaluate the OS of
metals within transition metal complexes, and the threshold is
set at 60%. If an orbital exhibits a population lower than 60%,
its electrons are strictly assigned to the rest of the molecular
system. Thus, LOBA directly provides the OS of the heavy (or
selected) atoms within the complex. To assign the OS of the
fragments, it is necessary to evaluate the shape of the localized
orbitals and their atomic populations.
Similar strategies have been developed by Sit et al.13 and

later applied by Vidossich et al.14 Sit et al. used maximally
localized Wannier functions21 as localized orbitals and
obtained the corresponding centroids. Then, they used the
position of the centroids to assign the electron pairs to the
closest atom (closest-atom strategy). Vidossich et al. applied
the same strategy, relying instead on the Pipek−Mezey (PM)
localized orbitals. Recently, an extension to this procedure was
explored by some of us,15 whereby the 3D-space was

partitioned into atomic domains, and the electron pair from
each localized orbital is assigned to the atomic basin where the
orbital centroid is situated (basin-allegiance strategy). Even
though the latter scheme performed better, it still failed on the
TM carbenes.
Alternatively, Ramos-Cordoba et al. introduced the effective

oxidation state (EOS) analysis, which is formally applicable to
any molecular system and wave function.22 The scheme relies
on Mayer’s effective fragment orbitals (EFOs) obtained for
each fragment/atom defined and their occupation number
(λ).23,24 Once the spin-resolved EFOs are obtained, they are
sorted by decreasing occupation number, and individual
electrons are assigned to them until reaching the total system
number of electrons. This procedure leads to an effective
configuration of the ligands/atom within the molecule and, as a
consequence, its OS. Furthermore, the difference between
occupation numbers from the last occupied (LO) and first
unoccupied (FU) EFOs is used to evaluate the reliability of the
assignment. The larger this difference, the better the current
electron distribution can be pictured as a discrete ionic model.
This reliability index, R (%) = min(Rα, Rβ), is defined for each
spin case σ as

λ λ= · − +σ
σ σR (%) 100 min(1, max(0, 1/2))LO FU (1)

By definition, if the difference between occupation numbers of
the frontier EFOs is larger than half an electron, the OS
assignment is considered as undisputable (R (%) = 100). The
worst-case scenario is in case that two or more frontier EFOs
from different fragments present the same occupancy. In this
case, two different equally plausible OS distributions are
present with R (%) = 50. Reliability index values lower than 50
are only possible if the electrons have not been assigned
following the aufbau principle. Such assignments can be used
to quantify to which extent the molecular system conforms to a
given set of predefined OSs.
Both EOS and LOBA methodologies have been successfully

applied by several authors to a broad range of chemical
systems, proving their usefulness.25−27 However, to date, there
has been no comparison between the two schemes. Such a
comparison with reference assignments (IUPAC, experimental
characterization and/or previous assignments using alternative
strategies) allows us not only to evaluate the synergy between
both but also to critically evaluate the reference OS.
In this work, we first reformulate the use of population

analysis within the LOBA scheme by including the definition
of an index which quantifies the clarity in our OS assignments.
Herein, we support the idea of assigning the electrons of
localized orbitals ionically when the atomic populations are
truly unbalanced, as observed by clarity index values larger
than e.g. 70. The remaining electrons to assign require
consideration of the localized orbital shape, based on chemical
intuition. Thus, we remove the dependencies on population
analysis method used (Mulliken, Löwdin, or Hirshfeld, among
others) and rigidity of using a single population value as
threshold, increasing the robustness of the method. Second, we
computationally assign using both schemes the OS of 20
molecular systems of varying chemical nature and complexity,
including high-valence transition metal oxides, transition metal
complexes with noninnocent ligands, metal sulfur dioxide
adducts, and transition metal carbene complexes. The majority
of these systems have been already characterized by means of
EOS by using the X-ray geometries when available.4,6 Here, we
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re-evaluate the EOS results using the wB97X-V/def2-TZVP
optimized geometries for robustness of the production results.

■ RESULTS AND DISCUSSION

Reliability Index for the LOBA Method. As mentioned
above, LOBA requires the use of a population analysis
threshold to assign the electrons from a localized orbital to
either the metal center or the rest of the molecular system.
Prior studies have shown that setting the population threshold
to 60% yields satisfactory performance for the systems
tested.12,26 However, the chosen systems typically had well-
defined OS. By contrast, when facing compounds with
nontrivial bonding situations, the number of electrons from
localized orbitals with atomic populations close to the
borderline 50−70% region increases. In this regime, there
may be scope for different interpretations from the same
computational result, since a small geometric change can
interconvert two different OS by crossing the LOBA threshold.
To quantify the extent to which LOBA OS assignments are

clear-cut, we introduce a new clarity index, CIa. First, we define
the following quantity, x, from the population analysis
performed for every localized orbital

λ λ
λ λ

=
−

+
x

abs( )M X

M X (2)

where λM corresponds to the atomic population of the selected
atom (e.g., the metal center, for the case of transition metal
complexes) and λX is the population of the rest of the
molecular system. With this definition, the parameter x is
bounded within the [0, 1] range, independently of the wave
function being closed or open shell. As limits, the x = 1 case is
when the orbital population is completely on either the
selected atom M or on the rest of the molecular system X,
while x = 0 corresponds to the λM = λX scenario.
Next, we define a parameter P, which corresponds to a

threshold for ionicity, to separate the assignment of the
electrons of a given localized orbital into two ranges depending
on the x value obtained (Figure 1): covalent (0 < x < P) and
ionic (P < x < 1). In the ionic range, the electrons in the
localized orbital are entirely assigned to M if (λM − λX) > 0 or
to the rest of the molecular system X if (λM − λX) < 0. In the
covalent (or shared-pair) range, the electrons in the orbital are
split equally between the two moieties.

Finally, to quantify the extent to which the assignment is
clear, we introduce a second parameter, W, which corresponds
to the width for switching the electronic assignment from ionic
to covalent. Using x and the parameters P and W, we define
the new clarity index, CIa, where a = i for ionic and a = c for
covalent assignments, in three ranges: CIc = 100 for x ∈ [0, P
− W], CIi = 100 for x ∈ [P + W, 1], and CIa = CIa(x) within
the x ∈ [P − W, P + W] interval. With all conditions set, a
plausible form for CIa(x) is

π= + −i
k
jjjj

i
k
jjj

y
{
zzz
y
{
zzzzCI x

P W x
W

( ) 100 cos
2a

2

(3)

which is a smooth, continuous function with a symmetrical
shape (Figure 2) and a rather simple mathematical expression.

Herein, we use P = 0.2 and W = 0.1. This P choice
corresponds to the x value for the original population
threshold (60%), while the selected W value is based on the
population threshold calibration calculations performed in ref
12; it matches the region which minimizes the error on the OS
assignment.
By definition, a CIa value is obtained for each localized

orbital, reflecting the clarity in the assignment of the
electron(s) from that orbital. Evidently, the least clearly
assigned electrons in the molecular system will determine how
conclusive the final OS assignment will be. For this reason, we
ultimately select the lowest CIa value as the most conservative
indicator of our overall OS assignment clarity.

Illustrative Examples. To evaluate the strengths and
weaknesses of the EOS and LOBA methods, we have
considered a series of compounds that present challenges
when it comes to making OS assignments. The selected
compounds include high-valent transition metal oxides,
transition metal complexes with noninnocent ligands (thiolate,
nitrosyl, and (presumably) trifluoromethyl), transition metal
sulfur dioxide adducts, and transition metal carbene complexes.
We discuss in detail the OS assignments obtained from both
the EOS and LOBA methods and compare them with
reference values (typically given by IUPAC’s ionic approx-
imation). We also evaluate the performance of the newly
introduced LOBA clarity index CIa.

1,2

Trimethylamine N-Oxide. Before discussing various tran-
sition metal complexes, let us first discuss the relatively simple
molecule trimethylamine N-oxide, (CH3)3NO. The dominant
Lewis structure for this system presents a single bond between
formal N (+) and O (−), as N fulfills the octet rule. Applying

Figure 1. Plot of the assignment of the electrons in a localized orbital
for x ∈ [0, 1], where x is defined by eq 1. The covalent regime is 0 < x
< P while the ionic regime is P < x < 1.

Figure 2. CIa(x) index representation.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02405
Inorg. Chem. 2020, 59, 15410−15420

15412

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02405?ref=pdf


IUPAC’s ionic approximation, all electrons (by pairs, as
(CH3)3NO is a closed-shell system) from the σ N−C bonds
are assigned to N, while the ones from the N−O bond are
assigned to the oxygen. Such an electron assignment leads to
formal oxidation states of (−1) for N, (−2) for O, and (+1) for
the three CH3 moieties.
From the EOS perspective, we obtained the OS assignment

of N (−3), O (0), and each CH3 (+1) with R (%) = 55.7. The
same result was previously reported,4 with small differences in
R (%) because of the different level of theory and geometry
used here versus in ref 4. We quantified the weight of IUPAC’s
N (−1) and O (−2) assignment by not following the aufbau
principle on the electron assignment, resulting in R (%) = 44.3.
When analyzing the shape of the PM localized orbitals, no

localized orbital corresponding to a π-type N−O bond is
found, but two lone pairs localized on O are present. This
points to the aforementioned Lewis structure. In this direction,
some of us assigned its OS using the position of the centroids
of the localized orbitals. They obtained the EOS assignment
from both the closest-atom and basin-allegiance strategies.15

This result is in contradiction with the IUPAC assignment, and
further analysis is warranted.
We performed LOBA calculations and depict the shape of

selected PM localized orbitals, together with their Löwdin
population analysis and CIa values in Figure 3. Each localized

orbital accounts for an electron pair as the system is closed-
shell. Visual inspection shows two lone pairs localized on O
and localized σ(NO) and σ(CN) bond orbitals. Evaluating the
orbital shape, both localized σ orbitals are characterized as
shared-pair, resulting in assigning one electron to each atom
involved (per orbital). Such an assignment leads to N (+1), O
(−1), and each CH3 (0). When evaluating the reliability of our
assignments, we obtain the covalent assignment for both σ(N−
C) and σ(N−O) orbitals with CIc = 100. This assignment is
different from both the IUPAC and EOS results. The LOBA
σ(N−O) assignment can only be supported by EOS in the case
of occupation degeneracy of the frontier EFOs. In this
situation, one electron is assigned into each EFO, mimicking
the covalent (shared-pair) assignment. Thus, the closer the
frontier EFOs occupancies, the more shared-pair “character”.
However, EOS clearly assigned each CH3 moiety as (+1).
High-Valent Transition Metal Oxides. Our first group of

transition metal complexes consists of a series of high-valent

transition metal oxides, including TiO2, FeO4
2−, ReO4

−, OsO4,
IrO4

+, and PtO4
2+.28,29 According to the IUPAC’s ionic

approximation, such species present a rich variety of metal
oxidation states ranging from (+4) to (+10). Prior studies
showed very good performance for this systems by EOS, as
compared to OS assignments following IUPAC’s rules,
resulting in formal OS values up to (+9) for Ir in IrO4

+.4 In
the case of PtO4

2+, the Pt atom presented several d-type EFOs
with occupations too large to be considered empty, compared
to those of the O atoms, and the EOS scheme assigned Pt (+2)
with R (%) = 50.8. By contrast, at the current level of theory,
EOS achieves the (+6) OS assignment for Pt, again with a very
small R (%) = 50.3 value. This method dependency makes the
system a matter of interest, particularly as we have previously
demonstrated the robustness of the EOS method for an
extensive combination of functionals and basis sets.6

Considering the ωB97X-V/def2-TZVP description at the
geometry reported in ref 4 leads to a Pt (+2) assignment,
with R (%) = 52.8. Thus, disagreement on the assignment is
mostly caused by geometrical differences. Nevertheless, it
appears that the use of more sophisticated long-range
corrected DFT functionals such as ωB97X-V, which include
a density-dependent dispersion correction, may increase the
ionic character of each bond by lowering the delocalization
error. The more ionic the bonds, the more oxidized is the
character of the metal center.
In Figure 4 we depict the valence PM orbitals corresponding

to one σ(M−O) bond for each complex. By symmetry, the

orbital picture and population analysis are equal for all σ(M−
O) bonds. Differences between atomic populations become
less clear when going to higher valent compounds, not only
from LOBA but also from the R (%) values close to 50 from
EOS. The electron pair from the σ(M−O) bonds is assigned to

Figure 3. Selected valence PM localized orbitals for the (CH3)3NO
molecular system, together with Löwdin population and CIa values.
The isocontour value is selected for clarity as 0.3 au.

Figure 4. Selected valence PM localized orbitals for TiO2, FeO4
2−,

ReO4
−, OsO4, IrO4

+, and PtO4
2+ molecular systems, together with

Löwdin population and CIa values. The isocontour value is 0.3 au.
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the O atom for all systems, as the atomic populations
differences are large enough, except for PtO4

2+. In PtO4
2+,

population analysis and localized orbital shape support a
covalent assignment for the Pt−O pairs. Thus, as by symmetry
there are four electron pairs in this situation, assigning one
electron to each moiety leads to a formal OS for Pt (+6) and
each O (−1). Covalent assignment is confirmed, with CIc =
100. Interestingly, the OS assignment for the Ir-based oxide is
at the frontier between covalent and ionic assignment, being
ionic with a pyrrhic CIi = 2. The Ir and Pt systems show the
way in which extremely high formal IUPAC oxidation states
play out via the orbital shape.
Transition Metal Complexes with Noninnocent Ligands.

Next, we consider OS assignments for different families of
transition metal complexes with noninnocent ligands such as
thiolate, nitrosyl, and trifluoromethyl. Our first set of
noninnocent ligand complexes consists of the redox series of
nickel dithiolates [Ni(S2C2Me2)2]

n−, with n = 0, 1, and 2.30

From experiments and DFT calculations, Lim et al. character-
ize the dianionic species as a Ni (+2) metal center with two
closed-shell thiolate (−2) ligands. Furthermore, the one-
electron oxidations on this species are ligand based, such that
the Ni OS remains constant throughout the redox process.31

Particularly, for n = 1, the reference OS for the thiolate ligands
can be either −1/−2 (asymmetric assignment) or −1.5/−1.5
(mixed valence). Finally, the neutral species presents two
formally (−1) thiolate ligands.
EOS analysis matches the reference OS with R (%) values of

55.7, 65.7, and 82.4 for the 0, 1, and 2 species, respectively.
The most interesting case is the lower R value neutral species.
Here, as the system is closed-shell, the only manner by which
the (−1) OS solution can be obtained is if the two last
occupied EFOs are degenerate in occupancy and are located
one on each ligand, thus splitting the electron pair between
both fragments. Wave function stability analysis confirmed that
the ground state solution is closed-shell. We obtained the
described scenario, with two degenerate EFOs (occupancy
0.51), one from each ligand, and a Ni EFO (occupancy 0.45).
An alternative, though unfaithful, assignment is a Ni (0) center
with two neutral ligands, resulting in a R (%) value of 44.3.
LOBA also assigns the Ni center as (+2) with CIi = 100, as

the Ni atom presents four d-type localized orbitals, two fewer
electrons than a formal Ni (0). With regard to the ligands, we
obtain two formal (−1) dithiolates. Obtaining this solution
from localized orbitals is more complicated than from EOS, as
a single doubly occupied orbital must be delocalized between
the two ligands. In particular, that orbital must present atomic
populations that are split between four atoms (at least). We
depict the aforementioned orbital in Figure 5, observing a
shared-pair character and thus leading to the (−1) OS for each

ligand. However, the localized orbital is not truly symmetric
between fragments, giving some weight to the asymmetric (0)/
(−2) assignment. Using the sum of carbon populations in the
right fragment against the total, the asymmetric assignment is
obtained with CIi = 18.1. As the complementary localized
orbital can be obtained by an alternative combination of MOs,
the asymmetric assignment in this case is caused by the
difficulty to localize the orbital, resulting in a broken symmetry
representation of a symmetric bonding situation.
For n = 2, LOBA shows a similar orbital pattern and the

same Ni OS assignment. Instead of one localized orbital split
between both ligands (as in Figure 5), we find a fully localized
one for each ligand. Thus, we obtain two formal (−2) ligands.
Finally, in the n = 1 case the ground state multiplicity is a
doublet. Consequently, alpha and beta localized orbitals are
treated independently. It is worth mentioning that at the
present level of theory the spin density is almost perfectly
shared among the Ni and each of the ligands (0.34, 0.33, and
0.33, respectively). In the LOBA approach, the σ Ni−S bond
electrons are assigned to S by both population analysis and
orbital shape (Figure 6). The Ni center presents 4α and 3β d

localized orbitals, leading to a formal Ni (+3) species with CIi
= 100. Such an assignment opposes both the reference results
and the EOS values, as LOBA instead hints at a metal-based
oxidation instead of ligand-based. It is important to note that
obtaining a nonsymmetric (or mixed-valence) OS assignment
from a geometrically symmetric system is a challenge for any
methodology. In the EOS case, there are two degenerate EFOs,
one per thiolate ligand, and only one electron left to assign.
Thus, the splitting of the last electron leads to the −1.5/−1.5
(mixed-valence) result. Alternatively, one may consider two
equivalent resonance structures with OS of −2/−1 and −1/−2
for the ligands. For this set of systems, limitations of the LOBA
scheme are observed, but these limitations derive from
challenges in orbital localization and not from the OS
assignment procedure or the CIa index definition.

Figure 5. PM localized orbital between both noninnocent ligands of
the [Ni(S2C2Me2)2]

0 system, together with the Löwdin population.
The isocontour value is 0.15 au.

Figure 6. Selected PM localized orbitals for [Ni(S2C2Me2)2]
n−

molecular systems, n = 0 (top), 1 (middle; alpha, left, and beta,
right), and 2 (bottom), together with Löwdin population and CIa
values. The isocontour value is 0.3 au.
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As a second set of transition metal complexes with
noninnocent ligands, we considered the redox couple of
nitroprusside anions [Fe(CN)5(NO)]

n−,32 where n = 2, 3. NO
is a simple noninnocent ligand that can present three different
oxidation states, −1, 0, or +1, depending on its interaction with
the metal center. For its OS assignment, IUPAC’s statement is
clear: the MNO segment should be linear for NO+ but bent for
NO−.7 For n = 2, the geometry of the complex indicates a
linear FeNO segment. Thus, according to IUPAC’s rule, the
NO is formally (+1). Then, from the ionic approximation each
CN ligand is (−1), leading to a formal Fe (+2) OS. Applying
the same rules, the bent geometry of the FeNO linkage in the n
= 3 system is characteristic of NO (−1). However, the last
system is properly characterized as neutral NO, which leads to
a formal Fe (+2).32

EOS analysis reproduced the reference OS for both species
with R (%) = 81.0 and 74.0. From LOBA, for both n = 2 and 3,
the σ(Fe−C) localized orbitals are ionically assigned to the CN
moiety with CIi = 100, thus leading to the CN (−1) OS
assignment. In the n = 2 system, the two localized orbitals from
the Fe−N interaction (Figure 7) are assigned to the iron

center with a clear CIi = 100. This together with a Fe-centered
d-type localized orbital leads to the formal Fe (+2) OS. As a
consequence, the NO moiety is then characterized as (+1).
For n = 3, with spin unrestricted localized orbitals depicted

in Figure 8, the Fe exhibits 2α and 3β d-type orbitals, which,
together with the nontrivial assignment of the Fe−N
interaction to the iron (CIi = 28.7 (alpha)), lead to the (+2)
OS for Fe. As a consequence, the NO ligand is characterized as
neutral. These results are in perfect agreement with both
reference values and EOS analysis.
A final set of systems within this category are the copper

trifluoromethyl complexes [Cu(CF3)4]
n−, with n = 1, 2, and 3.

For n = 1, Snyder characterized computationally the metal
center as a formal Cu (+1), leading to one CF3 (+1), one
(−1), and two formally (−0.5).33 Several authors argued
against this assignment, pointing instead to a formally Cu (+3)
species.34,35 Recent experimental evidence seems to point

toward a Cu (+1) metal center,36,37 casting doubts on the mere
existence of any Cu (+3) species. At any rate, the OS
assignment of this system has proved challenging because of
the significant covalency of the Cu−C bonds. One can even
find studies where authors opt for different interpretations/
assignments within the same work.38 According to the ionic
approximation, each CF3 ligand should present the (−1) OS in
all species, leading to Cu (+3) for the n = 1 system, which is
successively reduced to Cu (+1) for n = 3.
EOS analysis assigns the OS of Cu in the n = 1 species (+3)

with R (%) = 51.7, which is at odds with a recent combined
experimental−computational interpretation.36 It is particularly
striking to notice that the authors used virtually the same level
of theory as in this work but arrived at different conclusions.
On the other hand, the low R value obtained is indeed
indicative of the high covalency of the Cu−C bond. An
alternative assignment consists of assigning two electrons from
the four pseudo-degenerate LO EFOs, each one located on a
CF3 moiety, to Cu. This leads to a formal Cu (+1) and four
CF3 (−1/2) with R (%) = 48.3, supporting in some sense
Snyder’s original proposal and highlighting the delicate balance
in assigning the OSs. For the reduced species, metal-based
reduction is observed, leading to unambiguous EOS assign-
ments of Cu (+2) and Cu (+1) with R (%) = 78.5 and 100 for
n = 2 and 3, respectively.
According to LOBA, with selected localized orbitals

depicted in Figure 9, the n = 1 system is clearly characterized
as a Cu (+3) species with high clarity (CIa = 100). The
electron pair from each σ(Cu−C) bond is assigned to the CF3
moiety, each of which is formally (−1). This, together with the
four d-type localized orbitals sitting on the Cu atom, provides a
clear Cu (+3) assignment. For n = 3, we obtained the same
assignment for the σ(Cu−C) localized orbitals, but now five d-
type localized orbitals from Cu are occupied, leading to Cu
(+1) with four CF3 (−1) ligands. In the n = 2 system, the α
and β electrons from σ(Cu−C) localized orbitals are assigned
to the CF3 moiety, leading once again to a formal CF3 (−1).
Five α and four β localized orbitals are localized on Cu, giving
the formal (+2) OS with CIi = 100.

Figure 7. Selected valence PM localized orbitals for [Fe-
(CN)5(NO)]2− molecular system, together with its Löwdin
population and CIa values. The isocontour value is 0.30 au.

Figure 8. Selected valence PM localized orbitals for [Fe-
(CN)5(NO)]3− molecular systems (alpha spin), together with
Löwdin population and CIa values. The isocontour value is 0.30 au.
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In summary, both EOS and LOBA analysis characterize the
[Cu(CF3)4]

− system as a Cu (+3)-based species and the
subsequent reductions as metal-based. For n = 1, the EOS
assignment is less clear than for the LOBA, which
unambiguously assigned the Cu (+3) species. Clear assign-
ments are obtained for the reduced species by using both
schemes.
Metal Sulfur Dioxide Adducts. Another family of

compounds we investigated are transition metal adducts with
sulfur dioxide as a ligand. SO2 presents the ability to coordinate
in three different manners (Z-, L-, and π-type). According to
IUPAC, L-type ligands act as Lewis bases, donating the two
electrons to the metal center to form a dative bond. Then, the
ionic approximation assigns the electron pair to the S atom by
electronegativity difference, leading to a neutral SO2. For the
Z-type, the ligand acts as a Lewis acid, and the metal atom
sacrifices the electron pair for dative bond formation. Crude
ionic approximation should lead to a formal SO2 (−2) ligand,
which is at odds with the experimental observables. Thus, an
exception to the ionic approximation is introduced to address
such situations, which thereby leads to the expected neutral
SO2. Knowing when the exception should be invoked is
perhaps challenging.
To explore the role of SO2 as a ligand, we selected the

Rh(SO2)Cl(CO)(PH3)2 (Z-type), Rh(SO2)Cl(PH3)2 (L-
type), and Ru(SO2)Cl(NO)(PH3)2 (π-type) systems to assign
the OS of the metal and the SO2 ligands. Selected PM orbitals
for these systems are depicted in Figures 10, 11, and 12,
respectively.
For the Z-type ligand case of Rh(SO2)Cl(CO)(PH3)2

(Figure 10), LOBA provides clear Rh (+1) and SO2 (0)
assignments, with CIi = 100. Furthermore, there is no localized
orbital which, from population analysis, involves both Rh and S
from SO2. Rh presents four doubly occupied d-type localized
orbitals, while SO2 obtains the 24 electrons required for being
a neutral ligand. Clear-cut assignments are also obtained for all
PH3, CO, and Cl σ-like localized orbitals, which leads to these
normally innocent ligands being formally (0), (0), and (−1),
respectively, as expected.

Figure 9. Selected valence PM localized orbitals for [Cu(CF3)4]
n−

molecular systems, n = 1 (top left), 3 (top right), and 2 (middle;
alpha, left, and beta, right), together with Löwdin population and CIa
values. The isocontour value is 0.30 au.

Figure 10. Selected valence PM localized orbitals for Z-type Rh-based
compound, Rh(SO2)Cl(CO)(PH3)2, together with Löwdin popula-
tion and CIa values. The isocontour value is 0.30 au.

Figure 11. Selected valence PM localized orbitals for L-type Rh-based
compound, Rh(SO2)Cl(PH3)2, together with Löwdin population and
CIa value. The isocontour value is 0.30 au.
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For the L-type ligand case of Rh(SO2)Cl(PH3)2 (Figure 11),
Rh presents three d-type localized orbitals and one resulting
from the combination of a σ-type orbital from S and a d-type
from Rh, leading to the formal (+1) OS with CIi = 100. The
SO2 ligand is characterized as neutral, which is in nice
agreement with the reference values. The PH3 and Cl ligands
present the same conventional bonding situation as for the Z-
type ligand.
Finally, a more complicated bonding situation is observed

for the π-type case of Ru(SO2)Cl(NO)(PH3)2. Starting from
the SO2 ligand, a nonbonding orbital between the Ru and S
atoms is obtained (Figure 12), which is characterized as a
shared pair with CIc = 95.2. Decreasing the isocontour value
for this orbital, a weak σ-type interaction between the S of SO2
and the N of NO ligand is unveiled. Even though the localized
orbital is shared between three atoms, it is mainly localized
between the Ru and S, so that the NO is not involved in this
particular electron assignment process.
The localized orbital from the Ru−O interaction (Figure 13)

is ionically assigned to the O of SO2 with CIi = 100, meaning
that SO2 is assigned as (−1). With regard to the NO ligand,
the π(Ru−N) localized orbital is characterized as a shared pair
with CIc = 100, leading to a neutral NO moiety. Because the Cl

and PH3 ligands present their typical (−1) and (0) OS,
respectively, the Ru center OS is (+2).
EOS analysis matched the reference OS for the SO2 moiety

with R (%) = 85.2, 84.0, and 50.3 for the L-, Z-, and π-type,
respectively. EOS is in agreement also with the LOBA
assignments for the L- and Z-type compounds. In the π-type
case, EOS also indicates a covalent assignment for the σ(Ru−
N) localized orbital, as the frontier EFOs between both
fragments are almost degenerate in occupation number,
leading to a formal NO (0) ligand. Contrary to LOBA, a
clear SO2 (0) assignment, and consequently Ru (+1), has been
obtained for the π-type species by EOS.

Transition Metal Carbene Complexes. The last two
evaluated compounds are within the transition metal carbene
family. In particular, we examine the Schrock-type compound,
Mo(CH2)(NC8H10)(OtBu)2, and the Fischer-type complex,
W(CF2)(CO)5. As mentioned above, IUPAC’s ionic
approximation fails on elucidating the carbene moiety OS in
the Fischer-type carbenes, assigning a formal (−2) OS instead
of the accepted value of (0).
EOS analysis properly characterized the carbene moiety as

(−2) for the Schrock-type compound with R (%) = 63.0 and
as neutral for the Fischer-type species with R (%) = 96.6.
We depict the selected PM orbitals from the Fischer-type

carbene, W(CF2)(CO)5, in Figure 14. There are two

localized orbitals which describe the WC bond. From
LOBA, an ionic assignment with CIi = 100 is obtained for the
first, while the second has a covalent assignment with CIc =
74.1. These assignments lead to the carbene moiety having
(−1) formal OS, instead of the expected (0).
For the Schrock-type complex, Mo(CH2)(NC8H10)-

(OtBu)2, we depict the two localized orbitals that describe
the MoC bond in Figure 15. Both orbitals are associated
with a covalent assignment, with CIc = 33.1 and 91.4. This

Figure 12. A selected valence PM localized orbital for the π-type Ru-
based compound, Ru(SO2)Cl(NO)(PH3)2, together with Löwdin
population and CIa value. Two isocontour values are used: 0.30 au
(left) and 0.10 au (right).

Figure 13. Selected valence PM localized orbitals for π-type Ru-based
compound, Ru(SO2)Cl(NO)(PH3)2, together with Löwdin popula-
tion and CIa values. The isocontour value is 0.30 au.

Figure 14. Selected valence PM localized orbital for W(
CF2)(CO)5, together with Löwdin population and CIa values. The
isocontour value is 0.30 au.

Figure 15. Selected valence PM localized orbital for Mo(
CH2)(NC8H10)(OtBu)2, together with its Löwdin population and
CIa values. The isocontour value is 0.30 au.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02405
Inorg. Chem. 2020, 59, 15410−15420

15417

https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405?fig=fig15&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02405?ref=pdf


results in a carbene unit with a formal OS of (0), which was the
expected for a Fischer-type carbene. Here, the assignment of
the four electrons from the MoC bond to the carbene
moiety was expected.
EOS showed better performance for the carbene systems

than LOBA. For the latter, these systems showed its primary
challenge: the nonuniqueness of the localization procedure and
the difficulty to obtain cleanly localized orbitals. Thus, more
robust procedures need to be tested/developed before
discarding the LOBA utility for this particular type of
compound.

■ CONCLUSIONS
In this work, we have examined the application of effective
oxidation state (EOS) analysis and localized orbital bonding
analysis (LOBA) to a series of compounds that present
challenges in oxidation state (OS) assignment. Table 1

summarizes the results obtained with both approaches for all
systems considered. The OS is a chemically useful concept
that, much like aromaticity, does not have a unique definition.
Ultimately, all approaches that aim to assign an integer OS will
become ambiguous in regimes where the results approach the
boundaries associated with a given assignment. This aspect is
reflected in the very useful reliability index (R) of the EOS
procedure. Here we have introduced a clarity index to quantify
the extent to which a LOBA OS is clear. The CIa index
approaches 100 away from the ionic/covalent boundary and
approaches 0 as the boundary is approached from above or
below.
We observed how both EOS and LOBA methods operate

synergistically for assigning OS. In the EOS approach, covalent
assignments are rare, as there is no EFO occupancy difference
range where the assignment is considered shared pair. In

contrast, the LOBA scheme opens a range of population
analysis differences (and orbital shape evaluation), where the
covalent assignment presents some weight. This is illustrated
by the ostensibly simple molecule (CH3)3NO, for which
IUPAC, EOS, and LOBA arrive at different results. Close
inspection of the localized orbitals reveals that the LOBA
assignment of CH3 (0), N (+1), and O (−1) relies strongly on
covalent character in the bonding, which is not available in
EOS.
For the high-valence transition metal oxides culminating

with IrO4
+ and PtO4

2+ which have IUPAC oxidation states of
(+9) and (+10), the latter assignment is neither supported by
EOS nor LOBA. LOBA illustrates how delicate these high
oxidation states are. With each M−O bond equivalent, LOBA
predicts Ir (+9) with low clarity (i.e., O (−2)) and Pt (+6)
with higher clarity (i.e., O (−1)) as these systems traverse the
ionic/covalent threshold.
Other challenging systems such as a Schrock and a Fisher

transition metal carbene complexes show impressive successes
for EOS and results that do not match conventional wisdom
for LOBA. Relatively low CIa values provide a warning that
one should carefully inspect the orbitals to assess the LOBA
results.
The primary challenge for the LOBA approach is the

nonuniqueness of the localization procedure, and the fact that
the orbitals in some systems do not localize cleanly. If the final
goal is to properly scrutinize the OS of both the ligands and
the TM, one should probably incorporate the definition of
fragments already when performing the orbital localization, for
instance by using fragment populations instead of atomic ones
in the localization functional.
Overall, our results cannot be taken as an overall

endorsement of any single approach to defining an OS, be it
IUPAC, EOS, or LOBA. All these methods will typically agree
in straightforward cases (which we have avoided here). In the
less straightforward cases, comparing the assignments of all
three methods is instructive as a guide to three complementary,
and often convergent ways to characterize complex bonding in
the simplest possible way. When they differ, it is typically a
signature of some interesting complexity or, otherwise, a
limitation of one of the approaches.

■ COMPUTATIONAL DETAILS

Geometry optimizations were performed by using the ωB97X-
V density functional39 coupled with the def2-TZVP basis set
(all electron for light atoms and with def2-ECP pseudopoten-
tial for heavy atoms).40 Vibrational frequency calculations, to
confirm minima on the potential energy surface, were
computed at the same level of theory. Wave functions, orbital
localization, and energies were also evaluated at the same level.
All calculations were performed with the Q-Chem package.41

Localized orbitals bonding analysis (LOBA) calculations
were performed with the Q-Chem software, employing the
Pipek−Mezey16 localization procedure, which maximize the
locality of Mulliken populations, in conjunction with Löwdin
population analysis for each localized orbital, one by one.19

Spin-resolved effective fragment orbitals (EFOs) and
effective oxidation states (EOS) analysis have been obtained
with the APOST-3D program,42 using the Topological Fuzzy
Voronoi Cells (TFVC) 3D-space partitioning method43 and a
40 × 146 atomic grid for numerical integrations.

Table 1. OS Assignments of the Atom/Ligand Indicated in
Bold by EOS and LOBAa

molecule EOS LOBA
IUPAC/
other

(CH3)3NO
b −3 (55.7) +1 (100) −1

TiO2 +4 (92.6) +4 (65.5) +4
FeO4

2− +6 (68.9) +6 (100) +6
ReO4

− +7 (90.8) +7 (100) +7
OsO4 +8 (76.1) +8 (99.6) +8
IrO4

+ +9 (60.2) +9 (2) +9
PtO4

2+ +6 (50.3) +6 (100) +10
[Ni(S2C2Me2)2]

0 +2 (55.7) +2 (100) +2
[Ni(S2C2Me2)2]

1− +2 (65.7) +3 (100) +2
[Ni(S2C2Me2)2]

2− +2 (82.4) +2 (100) +2
[Fe(CN)5(NO)]2− +1 (80.9) +1 (100) +1
[Fe(CN)5(NO)]3− 0 (74.0) 0 (28.7) 0
[Cu(CF3)4]

1− +3 (51.7) +3 (100) +1/+3
[Cu(CF3)4]

2− +2 (78.5) +2 (100) +2
[Cu(CF3)4]

3− +1 (100) +1 (100) +1
Rh(SO2)Cl(CO)(PH3)2 (Z-type) 0 (84.0) 0 (100) 0
Rh(SO2)Cl(PH3)2 (L-type)

c 0 (85.2) 0 (100) 0
Ru(SO2)Cl(NO)(PH3)2 (π-type) 0 (50.3) −1 (95.2) 0
Mo(CH2)(OtBu)2(NC8H10)
(Schrock-type)

−2 (63.0) 0 (33.1) −2

W(CF2)(CO)5 (Fischer-type) 0 (96.6) −1 (74.1) −2/0
aThe values of R and CI indices are in parentheses. bOS of the O
atom: 0 (EOS), −1 (LOBA), and −2 (IUPAC). cOS of Ru atom: + 1
(EOS), + 2 (LOBA), and 0 (IUPAC).

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c02405
Inorg. Chem. 2020, 59, 15410−15420

15418

pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02405?ref=pdf


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02405.

Cartesian coordinates of all optimized species (XYZ)

■ AUTHOR INFORMATION
Corresponding Author
Martin Head-Gordon − Department of Chemistry, University of
California, Berkeley, Berkeley, California 94720, United States;
Chemical Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States;
orcid.org/0000-0002-4309-6669; Email: mhg@

cchem.berkeley.edu

Authors
Martí Gimferrer − Institut de Quiḿica Computacional i
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