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Abstract The differences and similarities between cal-

culated atomic charge and formal oxidation state in

transition metal complexes are discussed in the light of

density functional theory calculations on a variety of four-

coordinate complexes. It is shown that the oxidation state

formalism provides a framework for the classification of

families of compounds related by ligand substitution or

redox processes, and can neither be replaced by nor

deduced from net atomic charges.
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1 Introduction

Transition metal complexes may undergo redox processes

through which they adopt different charge states. It is cus-

tomary to ascribe the addition or loss of one electron in such

processes to the transition metal atom, except for those

systems with non-innocent ligands that may be involved in

ligand-centered electron transfer reactions. As a result, we

assign an oxidation state to the metal atom and a

corresponding dn electron configuration. Both become

important pieces of information to identify a given com-

pound. In addition to the redox behavior, properties such as

magnetism, color and stereochemistry are strongly depen-

dent on the oxidation state and number of valence electrons.

The astonishing variety of oxidation states that transition

metals can adopt (Fig. 1) is in part responsible for their rich

chemistry. The available oxidation states cover all the

range from clearly negative (-4) to highly positive (?8).

Notice also that up to 11 different oxidation states are

known for several metals (Cr, Mo, W, Mn, Re, Ru and Os).

In general, however, the accessibility of low and high

oxidation states depends on the nature of the ligands. Thus,

examples of transition metals in their lowest oxidation

states invariably correspond to complexes with ligands that

occupy the highest positions in the spectrochemical series,

such as CO and PPh3 (Fig. 2). In contrast, the highest

oxidation state is only attained in the presence of highly

electronegative donor atoms such as oxygen or fluorine.

Such a behavior can be rationalized within the framework

of the hard and soft acids and bases model (HSAB) [3],

since a metal becomes a harder Lewis acid as its oxidation

state is increased, and is therefore expected to form more

stable compounds with hard Lewis bases such as the

fluoride and oxide ions. Conversely, metals in low oxida-

tion states are softer acids and form more stable

compounds with soft bases such as carbon monoxide or

phosphines.

With the advent of faster computers and more efficient

software packages, computational studies of transition

metal compounds have become a common complement to

experimental research, especially given the relatively low

computational cost of density functional theory (DFT)

calculations. From those calculations it is easy to extract

atomic charges obtained through one of several available
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population analysis schemes, and one is tempted to try to

correlate the calculated charge at a metal atom with its

oxidation state. In particular, we were prompted to inves-

tigate on the relationship between atomic charge and

oxidation state by a recent debate on chemical bonding

held by Roald Hoffmann, Carlo Mealli and one of the

authors [4]. One of the points raised in that debate was an

early proposal of Snyder [5–7], based on a population

analysis, that the copper atom in [Cu(CF3)4]- should be

assigned a CuI oxidation state rather than the commonly

accepted CuIII.

To provide a wider perspective of the trends in the

calculated charges at the metal atom in coordination

complexes, and of their relationships with formal oxidation

states, we present here the results of DFT calculations for a

variety of simple complexes. In particular, we will discuss

the effects of the metal oxidation state and of the electro-

negativity of the donor atoms on the calculated metal

charges. We will show that the relationship between formal

oxidation state of the metal and its calculated atomic

charge is not straightforward, and that there is a wide range

of variability of the charge for a metal in complexes with

the same oxidation state but different ligands.

2 Oxidation states and atomic charges

Let us start by asking ourselves: how do we assign an

oxidation state to an atom M in an [MXm]n- complex?

What we do is to define a Lewis structure and assign the

electron pair associated to each M–X bond either in a

covalent way (one electron to each participant in the bond

(2), or in one of two ionic forms, depending on whether we

consider M to be a Lewis acid and X a Lewis base (1), or

viceversa (3), based on electronegativity criteria. Once the

electrons are assigned, we count the number of valence

electrons at each atom and obtain their oxidation states.1

M X M X

31

M X

2

When M is a transition metal in an [MXm]n- complex

with X being, e.g., a halogen, we usually adopt the ionic

extreme 1, the m bonding electrons pairs are assigned to the

anionic ligands X- and the metal atom is left with an

(m - n) formal charge. In the purely covalent situation 2,

we ascribe m bonding electrons to the metal (one per each

M–X bond) and one to each ligand, giving a formal charge

of –n at the metal. Finally, complete electron donation

from the metal to the ligand 3 would imply the assignment

of all eight bonding electrons to the metal, which would

then have a formal charge approaching -(m ? n).

Although the limiting charges expected for the extreme

models 1–3 cover a range of eight units for [CuX4]n-

(n = 1–3), the computational results show much less vari-

ability than the formal oxidation states. This is exemplified

by [Cu(CF3)4]n- and other complexes with donor atoms of

low electronegativity, in which the copper charge gives

values intermediate between those expected for the ionic

and covalent models 1 and 2 (Fig. 3), and varies little with

the oxidation state. It is worth noting that the calculated

charge becomes closer to that of the ionic model as the

oxidation state of the metal decreases. Using a strongly

electronegative ligand such as He results in a larger vari-

ability of the calculated charges with the oxidation state,

with values much closer to the ionic limit 1, while com-

plexes with N or F donor atoms present an intermediate

behavior.

The little dependence of the atomic charge on the oxi-

dation state can be rationalized according to an early

proposal by Pauling, who made a distinction between

oxidation state and actual charge. Based on the electrostatic

principle that an electrically charged solid metal sphere has

its charge entirely on its surface, he proposed the electro-

neutrality rule [8, 9], which states that ‘‘the electronic

structure of substances is such as to cause each atom to

have essentially zero resultant electrical charge, the amount

Fig. 2 Examples of known compounds with a transition metal in its

highest and lowest oxidation states, expanded and updated from [1]

Fig. 1 Minimum (lower left corner) and maximum (upper right
corner) oxidation states known for each transition metal, expanded

and updated by the authors from [1, 2]

1 In Pauling’s words: ‘‘In a covalent compound of known structure,

the oxidation number of each atom is the charge remaining on the

atom when each shared electron pair is assigned completely to the

more electronegative of the two atoms sharing it’’ [8].
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of leeway being not greater than about ±�’’. Remarkably,

the computed copper charges shown in Fig. 3 present

values between ?0.5 and ?0.8 in the presence of donor

atoms of low electronegativity, such as H, As, P, Sb, Si or

Sn, but the most electronegative donor atoms, F and He,

give significantly higher charges that approach the value of

the formal oxidation state.

3 Electronegativity of donor atoms and atomic charges

We have seen above that changes in the oxidation state of

the metal atom bring about variations in the ionic/covalent

character of the metal–ligand bonding. Alternatively, we

may tune the covalency by changing the electronegativity

of the donor atoms while keeping the oxidation state con-

stant, as could be done by ligand substitution reactions, real

or fictitious. It is well known, for instance, that a metal with

a given oxidation state may have quite different redox

potentials depending on the ligands coordinated to it [10].

Thus, the Lever parameter EL [11] that calibrates the

contribution of just one ligand to the electrode potential of

a complex, has values ranging from -0.59 to ?0.99 V.

This translates to differences of about 15 kJ/mol in the free

energy of the corresponding redox reactions, indicative of

significant changes in localization/delocalization and

energy of the HOMO and LUMO, typically with a domi-

nant metal d character. If we change all the ligands in a six-

coordinate complex, for instance, dramatic changes in the

electrode potential may result for the same metal and

oxidation state, as found when comparing [Fe(CN)6]4- and

[Fe(NCMe)6]2?, with E0 values of -0.31 and 2.64 V,

respectively [10].

Our calculations for several Cu complexes show (Fig. 4)

that, for a given oxidation state, the calculated charge at the

copper atom increases with increasing electronegativity of

the donor atoms. Such a trend nicely reflects an increasing

ionic character of the metal–ligand bonds with more

electronegative donors, because the calculated charge

approaches the formal oxidation state as the donor becomes

more electronegative. However, the charge in the CuIII

complexes does not reach the limit of the ionic model (i.e.,

its ?3 formal oxidation state) even with the most electro-

negative ligands. As we move to lower oxidation states of

the metal, the atomic charges with the most electronegative

ligands become closer and closer to the formal oxidation

state, giving a charge of ?0.94 in the CuI complex

[CuHe4]?. It is also remarkable that the Cu atomic charges

do not significantly change with the oxidation state when

less electronegative donors are present. Another interesting

result is that with the most electropositive donor atoms

tried (Sn, Si and Sb), the copper charge is still significantly

higher (?0.5 and -0.5 with the NPA and APT population

analysis, respectively) than the value expected for a

covalent model 2 (-1.0), even if their electronegativities

are nearly identical to that of copper (1.72 in the Allred-

Rochow scale).

All the information presented in Fig. 4 can be translated

to the language of chemistry in a schematic way (Fig. 5), in

which all complexes with the same oxidation state are

represented by a line with different slope. We can move

Fig. 3 Limiting values of the charge at the Cu atom according to the

Lewis structures 1 and 2 (dashed lines), and calculated values for the

following complexes: [CuHe4]4-n (open squares), [CuF4]n- (trian-
gles), [Cu(NH3)4]4-n (filled squares), [Cu(CF3)4]n- (empty circles),

and [Cu(PH3)4]4-n (filled circles). The values for [CuH4]n-,

[Cu(AsH3)4]4-n and [Cu(SbH3)4]4-n (not shown) are practically

coincident with the lowest curves

Fig. 4 Calculated charges at the CuIII ion in [CuX4]- (X = CH3,

CF3, SiH3, SnH3, H, F, Cl, Br, I, OH, SH and SeH) and [CuL4]3?

(L = NH3, PH3, AsH3, SbH3 and He) complexes (circles), compared

to the formal charges corresponding to the ionic (1) and covalent (2)

Lewis structures. The values for some analogous CuII and CuI

complexes are represented by triangles and squares, respectively
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along each of those lines, at least formally, through ligand

substitution reactions, in which the oxidation state remains

constant. Conversely, we can move vertically, from one

oxidation state to another one by redox processes in which

the coordinated ligands remain the same. In the case of the

copper complexes studied here, all those with the same

oxidation state (the same line in Fig. 5) have the same

stereochemistry: tetrahedral for CuI, flattened tetrahedral

for CuII and square planar for CuIII.

Paradoxically, a given compound with a low oxidation

state and a highly electronegative ligand (e.g., point a in

Fig. 5) may have a higher charge at the metal atom than

another complex with a higher oxidation state and a less

electronegative ligand (e.g., point b in Fig. 5). This is why

we use the term formal oxidation state to emphasize the

lack of a direct correlation between this parameter and the

atomic charge that we may obtain from DFT or post-Har-

tree-Fock calculations through some population analysis

scheme. Despite the lack of quantitative physical meaning

of the oxidation state, it is full of chemical significance,

providing us with a framework for classifying a variety of

compounds, and for describing the vertical (redox) and

diagonal (ligand substitution) relationships among them.

4 Oxidation state, stereochemistry and bond distances

As expected for metal ions with d8, d9 and d10 electron

configurations [12], the optimized geometries of the

[CuX4]n- anions are square planar, flattened tetrahedral

and perfectly tetrahedral (for n = 1, 2 and 3, respectively),

according to the corresponding continuous shape measures

[13]. The same stereochemical behavior is found for the

complexes with neutral ligands [CuL4]4-n. Also the cop-

per–ligand bond distances show a dependence on the

oxidation state for the less covalent complexes (Fig. 6),

which could be attributed to increased electrostatic attrac-

tion between metal and ligand or to the enhanced covalent

character of that bond. In the case of the Cu–C bonds, the

calculated distances are just slightly longer than the cor-

responding experimental values in copper(I) [the mean

value for seven organometallic Cu(I) compounds found in

the Cambridge Structural Database is 2.19 (10) Å], (II)

[14] and (III) [15–17] complexes, as usually found in

B3LYP calculations, but the dependence on the oxidation

state is remarkably similar to the experimental one.

5 Zooming in on the metal atomic orbitals

We focus now on the metal atomic orbitals that participate

in metal–ligand bonding in the square planar complexes

(x2–y2, 4s, 4px and 4py), whose acceptor ability toward the

ligands are expected to be different, given their different

energies and overlap with the ligand orbitals. For the

family of CuIII complexes, [CuX4]- and [CuL4]3?,

the population of the copper atomic orbital varies with the

electronegativity of the donor atom as shown in Fig. 7. The

population of the x2–y2 orbital increases with decreasing

electronegativity of the donor atom. Even with the more

electropositive donor atom studied (Sn), the population of

the acceptor x2–y2 orbital is significantly smaller than 2

(1.81), to be compared with occupations of 1.99–2.00

electrons for the rest of the d orbitals in all compounds

analyzed, with the exception of the He compound (average

occupation of 1.97 electrons). Extrapolation of the trend

observed in Fig. 7 tells us that only for donor atoms with an

Allred-Rochow electronegativity of *1.0 would x2–y2

Fig. 5 Schematic representation of Fig. 4 showing the chemical

relationships among complexes of the same metal and formal

oxidation state (continuous lines), and with the same ligand but

different oxidation states (dashed line)
Fig. 6 Calculated copper–ligand bond distances in several homolep-

tic complexes as a function of the Cu oxidation state, and

experimental Cu–C distances (open squares)
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become full. That value corresponds to the alkaline or

alkaline-earth elements.

Except for the most electronegative ligands, the high

population of the x2–y2 atomic orbital indicates that it has a

higher participation in the occupied bonding b1g MO than

the ligand lone pair orbitals (4b), opposed to the common

behavior of Werner-type complexes (4a). According to

Hoffmann, the implications of this bonding situation—that

he calls inverted ligand field (R. Hoffmann, personal

communication, September 4, 2008)—has been poorly

investigated and deserves further research.2 Notice, how-

ever, that the degree of localization of the b1g MO at the

metal atom shows a marked continuous variation with

changing ligands (i.e., a diagonal displacement in Fig. 5).

In contrast, a change in the formal oxidation state from

CuIII to CuII (a vertical displacement in Fig. 5) does not

significantly affect the population of x2–y2 in the com-

plexes with less electronegative ligands (CF3
- and H-),

and varies as little as 0.1 electron for such an electroneg-

ative ligand as fluoride. It must be noted, though, that the

population in the two oxidation states has different mean-

ings. While in the CuII complexes a good portion of the

x2–y2 population has positive spin, the CuIII analogs have

only paired spin population. Interestingly, the a population

in the case of CuII is in all cases of 1.0, and it is the b

population that significantly varies with the electronega-

tivity of the donor atoms.

Werner Ligand Field Inverted Ligand Field

b1g(σ)

2b1g(σ∗)

4a 4b

The population of the copper 4s orbital also increases

monotonically as the electronegativity of the donor atom

decreases, in keeping with an enhanced covalent character

of the copper–ligand bonds. The population of the copper

4p orbitals, in contrast, is very small and shows no sig-

nificant changes with the ligand’s electronegativity. The

differences in the degree of occupation of the different Cu

atomic orbitals involved in metal–ligand bonding, and in

their susceptibility to the electronegativity of the ligand,

nicely reflect the inverse dependence of their mixing

coefficients on the reciprocal of the orbital energy differ-

ence, according to perturbation theory [19].

6 The case of the d0 ions

The behavior of the ubiquitous tetrahedral oxoanions of d0

metals in regard with the occupation of their d orbitals is

remarkable. Consider the series formed by the vanadate,

chromate and permanganate anions, [VO4]3-, [CrO4]2-

and [MnO4]-. Even if the oxidation states are ?5, ?6 and

?7, the calculated metal charges are very similar for all of

them (1.05, 1.09 and 0.96, respectively). Similarly, for the

fluoro complexes [ScF4]- and [TiF4], the net charge at

the metal is the same (1.97), significantly higher than in

the oxo complexes, even if the oxidation states are lower.

Apparently, it is the electronegativity of the ligands that

affects most the net charge at the metal atom, irrespective

of its oxidation state. This means that for complexes with

the same ligands, increasing oxidation states are compen-

sated by an enhanced donation of electron density from the

Fig. 7 Calculated population of the Cu atomic orbitals in [CuX4]-

(X = CH3, CF3, SiH3, SnH3, H, F, Cl, Br, I, OH, SH and SeH) and

[CuL4]3? (L = NH3, PH3, AsH3, SbH3 and He) complexes, as a

function of the electronegativity of the donor atom. The labels
indicate the donor atom for most points in the upper curve

2 A significant example of an inverted ligand field was found in band

electronic structure calculations of the LaFe4P12 skutterudite, which

showed that the Fermi level has more phosphorus than Fe 3d
character, and lead to the conclusion that its superconductivity is

associated with the phosphorus sublattice rather than with the iron

atoms [18].
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ligands, resulting in higher population of the d orbitals

(Fig. 8). These computational results provide a nice illus-

tration of the Pauling electronegativity rule discussed

above.

Another interesting observation is that the 3d orbital

populations of the d0 [MnO4]- and the d5 [FeF4]- anions

are practically identical (5.8). While one might feel com-

fortable with that value for the d5 ion, it seems pretty high

for the d0 configuration. But the latter clearly does not

correspond to a d5 configuration, which would imply

occupation of all 3d orbitals with one unpaired electron

and, therefore, a net 3d spin density close to 5.0 (our cal-

culations give a spin density of 4.17 for [MnO4]-, resulting

from 4.99 a and 0.82 b electrons). On the contrary, the

large electron density at the 3d orbitals in the d0 ion cor-

responds fully to paired spins and a null spin density at the

metal atom, resulting from partial donation of the ligand

lone pairs.

7 Conclusions

The net charge calculated at the metal atom is, in most

of the complexes studied, closer to the formal oxidation

state associated to coordinated dative bonds than to that

expected for covalent metal–ligand bonds. The metal

charge varies continuously as the electronegativity of the

donor atoms is varied, becoming close to the formal

oxidation state when the ligands have a high electro-

negativity. The charge is less sensitive to changes in the

metal oxidation state, a behavior that is in agreement

with Pauling’s electroneutrality rule. In general, thus, the

oxidation state should be not considered as an approxi-

mation to the atomic charge, but as its upper limit, that is

approached as the ionicity of the metal–ligand bonds

increases.

The formal oxidation states provide a framework for

understanding and organizing chemical and physical

properties of families of compounds. Complexes with a

metal atom in the same oxidation state and different

ligands may present quite different values of the calculated

atomic charges, just a reflection of the varying degree of

covalency of the metal–ligand bonds. From a chemical

point of view, those compounds in the same oxidation state

are formally related via ligand substitution processes, and

present similar stereochemistries. Conversely, complexes

with the same ligand set but in different oxidation states are

related through redox (chemical or electrochemical) pro-

cesses, the metal–ligand bond distances follow consistent

trends, and so do the stereochemistry of the coordination

sphere. An interesting outcome of the Pauling electroneu-

trality rule is that the population of the x2–y2 d orbital in

complexes with not highly electronegative donor atoms is

very similar in the CuII and CuIII analogs. However, that

population has a net spin in the former case, since it comes

from both an unpaired electron and electron pair donation

from the ligands. On the other hand, in the CuIII complexes,

the electron population of x2–y2 has no net spin density,

since it comes only from donation of electron pairs from

the ligand.

Among the d0 tetrahedral complexes analyzed, we find

that the metal atomic charges are practically constant if the

ligands are the same and the metal oxidation state is varied,

e.g., in the series of oxoanions of VV, CrVI and MnVII, and

much closer to zero than to the value of the oxidation state,

in good qualitative agreement with the expectations of

Pauling’s electroneutrality rule. An additional argument

against the use of the results of population analysis to

discuss the oxidation state comes from the comparison of a

d0 and a d5 ion. Both have the same population at the d

orbitals (close to 5), but without a net spin density in the

former case, as corresponds to partial donation of electron

pairs from the ligands, and with a net spin density close to

five in the latter case, as corresponds to unpaired electrons

formally assigned to the metal atom. An interesting related

study of the relationship between oxidation state and for-

mal charges in solid state compounds has been published

by Jansen and Wedig [20] after submission of this paper.
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Appendix: Computational details

Unrestricted density functional calculations were carried

out using the GAUSSIAN03 package [21], with the B3LYP

hybrid method that employs the Becke three parameters

exchange functional [22] and the Lee-Yang-Parr correla-

tion functional [23]. An all-electron triple-f basis set was

used for all transition metals [24], supplemented with two

polarization functions [24, 25]. A basis set of similar

quality was used for the main group elements [24], sup-

plemented with extra polarization and diffuse functions,

except for the H atoms not bonded to a metal [25]. An

effective core pseudopotential was used for I [26] and Sb

[27]. The following complexes were fully optimized:

[CuIIIL4]3? (L = He, NH3, PH3, AsH3, SbH3), [CuIIIX4]-

(X = H, CF3, CH3, SiH3, SnH3, F, Cl, Br, I, OH, SH and

SeH), [CuIIL4]2? (L = He, NH3 and PH3), [CuIIX4]2-

(X = H, CF3 and Cl), [CuIL4]? (L = He, NH3 and PH3),

[CuIX4]3- (X = H, CF3), [ScF4]-, [TiF4], [VF4]?, [VOF3],

[CrO2F2], [MnO3F], [VO4]3-, [CrO4]2- and [MnO4]-. The

geometries of all Cu complexes were verified to correspond

to minima in the potential energy surface through vibra-

tional analyses. The [CuIX4]3- anions (X = F, Cl, Br and

I) have not been included in this study because they had

been found previously to be unstable toward ligand dis-

sociation [28]. The calculated charges reported were

obtained from a natural population analysis [29], but the

same qualitative trends were obtained with the atomic polar

tensors (APT) method [30] (see Supporting Information).
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