
Inorg. Chem. 1984, 23, 4627-4632 4621 

cannot effect the N-N bond length. Thus, the character of 
the 2e MO must control the strength of the M-N and N-N 
bonds. The Ru dimer has the shortest N-N bond length due 
to less M - N 2  l a g  donation, which results from less N2  
participation in the 2e MO. More electrons are donated into 
the p-N2 a* system in the mixed-metal Re-Mo dimer, the N b  
dimer, and the Zr dimer because the two unoccupied d* or- 
bitals located at higher energy than the two occupied d a  or- 
bitals stabilize the p N 2  lrg MO. This allows the l a g  MO 
to participate more strongly in the 2e MOs. In the Re-Mo 
case both high-energy d a  orbitals are primarily Mo d?r in 
character. The Nb and Zr dimers have one occupied and one 
unoccupied d r  orbital localized on each metal center. As a 

result, M - N2 lag - M electron flow can occur without 
charge depletion or charge buildup. Synergetic u donation 
is observed for the Nb dimer, which strengthens the M-N bond 
and weakens the N-N bond. 

The key to ambient-temperature nitrogen fixation may lie 
in d2 systems like those of Zr and Ta, where the N-N bond 
is lengthened by *-type synergism. 
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Generalized molecular orbital calculations with configuration interaction are reported for the dioxygen complexes of Co 
and Fe. The other ligands include a model ligand to represent the porphyrin ring system and a trans ammonia. The C e 0 2  
system is best described as a superoxide complex, Co3+-02-, with the unpaired electron in a nearly pure aB O2 orbital. The 
Fe-0, system is best described as a singlet dioxygen, O2 ('Ag) u donating to and a accepting from an Fe2+. All of the 
experimental results for both systems can be rationalized with these descriptions. The calculations predict a low-lying triplet 
state for the Fe02  system, but not low enough in energy to explain the recently reported paramagnetism of hemoglobin. 

Introduction 
Transition-metal dioxygen complexes continue to generate 

considerable interest.' Although relatively few of these 
complexes are biologically active, studies on model systems 
of both iron and cobalt have increased our understanding of 
the chemistry and structure of the biological systems. Evidence 
accumulated from X-ray studies on iron2 and cobalt3 model 
compounds and structural work on oxymyoglobin4 lead to the 
conclusion that in these and oxyhemoglobin the metal is six- 
coordinate with an end-on, bent M 0 2  linkage, 1, where it can 
be accurately determined the 0-0 distance in iron porphyrins 
is 1.23-1.25 A, while in cobalt complexes it is 1.26-1.30 A. 
The metal to oxygen distances are substantially different; Fe-0 
distances are 1.70-1.75 A while Cc-0 distances are 1.86-1.89 
A. The M-0-0 angles are larger for Fe(135-130') than for 

The vast amount of experimental work on both metals, 
which will not be reviewed here, can be accommodated with 
either a M2+-020 (dioxygen) or a M3+-02- (superoxide) de- 
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scription. Recent theoretical work has included extended 
Pariser-Parr-Pople and Xa multiple scattering calc~lations,~ 
which suggest that the FeO, unit could be viewed as an equal 
mixture of Fe2+ ( S  = 0)-02" (S = 0) and Fe2+ (S = 1)-02" 
( S  = 1). The latter description, which resembles ozone, was 
suggested as the major contributor by generalized valence bond 
calculations.6 However, other ab initio calculations suggest 
that Fe2+ (S = O)-O? ( S  = 0) plays the dominant role in the 
ground state.' Further confusion is added by recent INDO- 
SCF-CI calculations which suggest that the ground state has 
considerable Fe3+ ( S  = 1/2)-02- ( S  = l / J  character.* Pauling 
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101.4433. 
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The case for cobalt is perhaps simpler. The electronic 
configuration would be (u,)2(?r,)2(d,,)2(dxy)2(xy*)1. ESR 
experiments firmly establish that xy*, the orbital containing 
the unpaired electron, is nearly a pure O2 rg orbital.12 
Therefore, the xy MO must be nearly pure Co dyr. The dif- 
ference between the Co2+-020 and the Co3+-02- description 
involves the electron distribution in the u, orbital. If this orbital 
is nearly an equal mixture of Co and 02, then Co2+-020 would 
be the best description, while if it is mostly O2 in character, 
Co2+-02- would be preferred. For Co2+-Ozo the bond could 
be a strong covalent one or simply spin coupling of the two 
electrons, one in d,z and one in A;. 

In our description of the bonding we will reserve the term 
"spin coupling" for situations in which the interaction of the 
two fragment orbitals is weak. If two fragment orbitals have 
similar energy, the bonding MO will be an equal mixture of 
both fragment orbitals, and if their interaction is weak, the 
electronic structure is not properly described by a single 
configuration as in ordinary MO theory. In this situation the 
correct qualitative description involves a mixture of two con- 
figurations, such as (a)2-X(a*)2. The mixing of the configu- 
ration with the antibonding orbital occupied served to spacially 
separate the two electrons involved in this weak bond. In other 
words, a valence bond description of the two electrons in this 
bond is substantially better than the MO description. This 
situation arises in the dissociation of even a simple molecule 
like H2,13 in the A system of oz0ne,l4 and in the 6 bond of 
quadruply bonded chromium.15 If this situation also prevails 
for the a C0-02 bond, then one must describe this bond with 
two configurations and the bond would be very close to pure 
spin coupling. Otherwise the bond would be described better 
as a typical covalent bond. 

The iron-to-dioxygen bond is more complicated. In addition 
to the problem of the u system described for cobalt, the r 
system presents a similar problem. Thus, the r system could 
be described as one electron in the dyz orbital of Fe bonding 
with one electron in the A; orbital of 02. If the u system also 
involves little charge transfer, then the system would be de- 
scribed as Fe2+ (S = 1)-02 (S = l)  or ozone-like. However, 
if the u system was primarly on 02, a dative bond formed from 
( A  s)2 donating to drz, then the system would be described as 
FJ+ (S = 1/2)-02- (S = 1/2) or superoxide-like. This latter 
case would correspond to the Weiss model. 

A reasonable alternative for the A system would be an empty 
x; accepting electron density from (d,J2, Le., O2 being viewed 
as a strong A acceptor. Again, this leads to two situations for 
the two choices for the u system, an Fe2+ (S = 0)-020 (S = 
0) system if the u bond was dative, ( A ~ S ) ~  to dZ2 donation, or 
Fe+ (S = 1/2)-02+ (S = 1/2) if the u system was essentially 
a neutral covalent bond. The former is one of the primary 
resonance structures of the Pauling model, while the latter is 
rather unlikely in this molecule because of the high ionization 
energy of 02. 

There are still other possibilities, some leading to an even 
more highly reduced Fe and others that involve Fe4+ and 02- 
or a peroxide-like model. Although the latter model may be 

MPL M(02)PL 0, 
Figure 1. Qualitative molecular orbital diagram for the M(02)PL 
molecule. The M-0, u bonding and antibonding MO's formed from 
3d9 and 1778) are labeled u, and u,*, respectively. The M-O, x bonding 
and antibonding MOs formed from 3dy, and 1x: are labeled r and 
xy*, respectively. The other MOs can usually be identified with one 
of the MOs of the isolated fragments. The N atoms of the porphyrin 
model, P, bisect the x and y axes, and M4l2 lies in the xz plane. Thus, 
antisymmetric 1x: and 1x; are formed from 0 2py atomic orbitals. 
The point group symmetry is C,, the a' orbitals include 3ug, 1 T:, u,, 
3dx,, 3dx~9,  uz*, and 3uu, and the a" orbitals include 1x2, xy, xy*,  
and 3dxy. 

originally suggested the Fe*+-O; view? while Weiss suggested 
the Fe3+-02- view.1° Although considerable progress in our 
understanding of oxyhemoglobin has been made since these 
original suggestions, neither description has proved to be 
dominant. The situation for Co is only slightly less confusing. 
Ab initio calculations suggest a Co3+ (S = 0)-02- (S = 1/2) 
interpretation of the ground state. Drago, however, prefers 
a Co2+ (S = 1/2)-020 (S = 1) description of this system." 
The spin-pairing model of Drago can also be applied to other 
dioxygen complexes. 

In spite of the progress in the chemistry and structure of 
dioxygen complexes, there remains serious differences of 
opinion on the nature of the electronic structure in both iron 
and cobalt complexes. Some of these differences are more 
semantic than real while others are more formal than actual. 
In this work we report the results of ab initio calculations 
including configuration interaction on model iron and cobalt 
systems. These calculations, which are more accurate than 
previous ones, resolve many of the problems in the description 
of the electronic structure. 
Problem 

Figure 1 shows a qualitative molecular orbital (MO) dia- 
gram for a molecule such as l. All of the models for both iron- 
and cobalt-dioxygen bonding can be accommodated within 
this general MO model. The differences in the description 
arise from the relative amounts of metal or dioxygen character 
in the ur and xy molecular orbitals, the strength of the in- 
teraction between the metal and dioxygen, and the importance 
of mixing of the lx, and 3a, into the xY and uz molecular 
orbitals. 
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J .  Am. Chem. Soc. 1976,98, 5144. Drago, R. S. Inorg. Chem. 1979, 
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Table I. Comparison of Approximate MO Calculations for Fe(0,)PL 
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sym 
a' 
a' ' 
a" 
a" 
a' (HOMO) 
a' 
a' 
a' 
a" 
a" 
a' 
a" 
a" 

porphyrin (I)-imidazole model (6ha"onia  

energy, eV character 

7.26 
7.23 54% 3d,,, 44% P 

-4.38 
-5.57 
-6.86 
-9.92 90% 3d,2-,2, 8% P 

52% 3d,l, 17% L, 14% P 

21% 3dy,, 28% In,, 45% P 
5% 3d,,, 41% In,, 49% P 
21% 3dx,, 55% In,, 12% P 

-10.16 
-10.36 
-10.47 
-13.66 18% 3d.,,, 48% P 

15% 3d,,, 10% In,, 56% P 
20% 3d,,, 16% In,, 53% P 
31% 3d,,, 18% ln,, 43% P 

energy, eV character 

5.19 55% 3d,2, 14% L 
3.48 54% dxy, 39% P 

1 -4.76 28% 3d,,, 68% In, 
-6.45 31% 3d,,, 54% In, 

7.39 50% 3d,z-y2, 32% P { -14.61 35% 3dxl-y1, 41% P 
1 -9.13 18% 3dx,, 33% In,, 46% P 

44% 3dy,, 28% la,, 24% P -9.74 
.I-. 

-13.71 20% 3d,,, 54% P 
-16.83 12% 3dXy, 63% P 
-19.43 22% 3dXy, 76% P 

useful in a formal way if one wishes to view all transition metal 
to ligand bonds as dative with ligand to metal donation,16 it 
is unlikely that the actual charge distribution in the molecule 
is this highly polarized. Since our emphasis in the present 
study is on the actual charge distribution in the complex, the 
highly reduced or oxidized iron situations will not be given 
further consideration. 
Theoretical Section 

Porphyrin Model. Because we wished to use. a better basis set than 
those previously employed and to include electron correlation in our 
calculation, we found it necessary to replace the porphyrin ring system, 
2, with a simpler model. In order to choose between the various 

2 

7 Y 
H-N.. .N-H 

2- 

H - N  'b-H 
H H 

2- 

'C, 
H H  

3 

Y 
C d -  ->cy 
I; :I 

H, c H 

H-N.. .N-H 

2- 

H-N'' 'N-H 

4 

5 6 

(1 6) Summerville, D. A.; Jones, R. D.; Hoffman, B. M.; Basolo, F. J.  Chem. 
Educ. 1979, 56, 157. 

-13.57 41% 3dx,, 11% In,, 43%' P 
} -17.28 37% 3dXy, 56% P 

possibilities, [NH2Id2- (31, [NHCH2142- (41, [ (NH)~(cH)312~- (51, 
and [(NH)2CH]?- (6), we performed approximate molecular orbital 
 calculation^^^ on FeP and Fe(02)PL, where P = porphyrinato(2-) 
or model and L = imidazole or ammonia terminal ligand. The 
porphyrin ligand is, of course, an aromatic ring system with the 
nitrogen K electrons delocalized through the carbon framework. Our 
calculations indicate that his delocalization, present in 2, is absent 
in 3 but partially accounted for in 4, 5, and 6. Overall the last model, 
6, provides a reasonable balance between accuracy and economy. 
Although not required by symmetry in this simple model, the d, and 
dYz orbitals are nearly degenerate in FeP, P = 6. Evidence that 6 is 
an adequate model is presented in Table I, where we compare Fe- 
(02)PL for two situations: first where P = 2, L = imidazole and second 
where P = 6, L = ammonia. Except for some splittings due to 
near-degenerate mixing with the porphyrin model, which are denoted 
by braces, the O2 and Fe character of the upper valence orbitals is 
remarkably similar. The geometries and basis sets used for these 
calculations and the results of the other models are described else- 
where.l* We do not suggest that these approximate results will 
produce a definitive description of the Fe to O2 bond but only that 
since 6 is a reasonable model in the approximate calculation it should 
be a reasonable model in the a b  initio calculations. The Results and 
Discussion will refer to the a b  initio calculations. 

Geometry. The model 6 has N-C, N-H, and C-H bond lengths 
of 1.40,0.915, and 1.078 A, respectively. The N-C-N angle is 125.6'. 
The N atoms of 6 are placed 1.96 A from both Fe and Co, and the 
ammonia ligand is 2.07 A from both metals. The M-0 and 0-0 
bond distances were respectively 1.75 and 1.24 A (and 1.75 and 1.21 
A in a second calculation) in the Fe system and 1.86 and 1.27 8, in 
the Co system. The corresponding M-0-0 angle was 1 36.0' in the 
Fe system and 117.4' in the Co system. These geometries were 
estimated from the average values of a number of  structure^^.^ and 
correspond closely to geometries used in other  calculation^.^ 
Mi Set. The basis set is essentially double-{in the outer valence 

of the metal and dioxygen and minimal for the other atoms. The 
functions used in the a b  initio calculations were obtained from a 
least-squares fit of a linear combination of Gaussians to near-Har- 
tree-Fcck-quality Slater-type 0rbita1s.I~ The program, GW, processes 
the functions from the 1s orbital outward keeping each orbital of higher 
n quantum number orthogonal to the previous ones. This procedure 
results in an efficiently nested representation.20 The number of 
Gaussians used for each atomic orbital was increased until the integral 
error of the fit was I t  was found that three Gaussians per 
atomic orbital were sufficient except for the 0 2p, Fe 3d, and Co 3d 
orbitals. A 4-31G-type basis was used for 0 2p, and a 5-41G-type 
basis was used for metal 3d. These were obtained by splitting off 
the most diffuse component of the fully contracted set. Metal 4s and 
4p functions were included with exponents of 0.20 and 0.25. This 
process results in a [lOs,7p,5d]/(4~,3p,2d) basis for the metals, 
[6s,4p]/(2s,2p) for oxygen, [6s,3p]/(2s,lp) for nitrogen and carbon 
and [3s]/(ls) basis for hydrogen. 

(17) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, I J ,  768. 
(18) Newton, J. E. M. S. Thesis, Texas A&M University, 1982. 
(19) Roetti, C.; Clementi, E. J .  Chem. Phys. 1974, 60, 3342. 
(20) Marron, M. T.; Handy, N. C.; Parr, R. G.;  Silverstone, H. G. I n t .  J .  

Quantum Chem. 1970, 4, 245. 
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Calculations. The molecular orbitals, first determined by the 
generalized molecular orbital (GMO) approach, are subsequently 
subjected to a configuration interaction (CI) calculation, and "natural" 
orbitals are determined from this CI calculation. Details of the GMO 
approach have been presented elsewhere.2' Conceptually the approach 
divides the orbital space into five shells (doubly occupied, strongly 
occupied, singly occupied, weakly occupied, and unoccupied) rather 
than the usual three (doubly occupied, singly occupied, and unoc- 
cupied). The two new shells, strongly and weakly occupied, are 
composed of the orbitals containing electron pairs to be correlated 
and the orbitals that will be used to correlate these electron pairs. 
The GMO procedure solves for these orbitals with a limited type of 
multiconfiguration self-consistent-field calculation. The subsequent 
CI calculation usually includes at least all those configurations one 
can make from single and double excitations out of the strongly 
occupied into the weakly occupied. 

All calculations were performed on an AMDAHL 470/V6 com- 
puter at the Data Processing Center of Texas A&M University. The 
ATMOL3 integral-SCF package was modified by addition of a GMO 
module to the SCF program. The CI calculations were performed 
with a bonded function programz3 modified by T. E. Taylor for the 
AMDAHL-ATMOL3 system. Orbital plots were prepared by the 
program MOP LOT.^^ 

Results 

Iron-Dioxygen System. The orbitals in the strongly occu- 
pied set were the 30,, la;, la;, u,, ay, 3d,,, and 3d,~-~z, Le. 
the upper valence orbitals of the Fe0, moiety that would be 
doubly occupied in a standard MO calculation (see Figure 1). 
The weakly occupied orbitals were ry*, d,, n,*, and 30,; Le. 
the antibonding counterparts of the occupied orbitals. The 
initial orbital space consists of all those molecular orbitals that 
are formed from the five Fe 3d and six 0 2p orbitals. During 
the cycling of the GMO-SCF calculation la; interacted 
strongly with both the 20, and 20, orbitals of O,, eventually 
causing the primary la; character to revert to the doubly 
occupied shell. However, la;, 2aU, and 20, were doubly 
occupied in all the important configurations so this apparent 
change is not significant. At self-consistency the GMO cal- 
culation had a total energy of -1748.156 au. 

The strongly and weakly occupied orbitals generated in the 
GMO step were then used in a CI  calculation on the lowest 
'A' state. All single and double excitations from the strongly 
occupied orbitals to the weakly occupied orbitals were included. 
The lowest root of this 289-configuration CI matrix yielded 
a total energy of -1748.286 au. The HF configuration, 
(3 cr,),( 1 1 a;)2( a,)2(ay)2( 3d,J2( 3d,2-,~)~ (see Figure 1 ), 
represents 91% of the wave function. The next most important 
configuration (3%) involves a double excitation from ry to ry*, 
Le., two electrons leaving the bonding Fe-0, a combination 
and entering its antibonding counterpart. The remainder of 
the wave function is composed of small contributions (1% or 
less) from a large number of configurations; many of the more 
important of these involve one of the two electrons excited from 

The natural orbitals of this CI wave function were deter- 
ay to ay*. 

mined and their occupation numbers are 

(30,) 1.96( 1 a~)2.00(ay + 1 7rua)1.99(0,) 1.99 X 

(ay - 1 aua)'~90(~d,,)Z~00(3dxz~yz)2~00 X 

( T ~ * ) ~ , '  '( 3d,)0~0'( 0~*)0~0 ' (3~u)0~04 

Newton and Hall 

(21) Hall, M. B. Chem. Phys. Lett. 1979, 61, 461. Hall, M. B. Int. J. 
Quantum Chem. 1978, 14,613. Hall, M. B. Int. J. Quantum Chem., 
Quantum Chem. Symp. 1977,13, 195. Hall, M. B. NRCC Proceedings 
1980, No. 10, 3 1 .  

(22) Guest, M. F.; Hillier, I. H.; Saunders, V. R. ATMOL3 System, 
Daresbury Laboratory, Warrington WA4 4AD, U.K. 

(23) Corcoran, C. T.; Norbeck, J. M.; Certain, P. R. The University of 
Wisconsin, Madison, WI. 

(24) Lichtenberger, D. L. University of Arizona, Tuscon, AZ. 

a b C 

Figure 2. Plots of the FeO, x orbitals: (a) the bonding MO xy mixing 
with 1xua; (b) out-of-phase mixture of xy and laUa; (c) ay*. These 
orbitals have a" symmetry (C,) and are plotted in a folded plane that 
contains Fe-01-02 and is perpendicular to the xz reflection plane. 

a b 

Figure 3. Plots of the Fe02 u orbitals: (a) the bonding MO oz; (b) 
the antibonding MO u,*. These orbitals are plotted in the xz plane, 
which contains the Fe-O,-O, unit. 

As we have indicated in our notation for the orbitals, there 
has been rather strong mixing between la; and ay; the latter 
is the bonding combination of 3dy, and la:. 

The a (a") orbitals, ( ry + laua), (ay - laua), and ay*, are 
plotted in Figure 2 .  The most highly occupied orbital is 
primarily 3dy, strongly delocalized onto the closest 0 of the 
O2 molecule. The next most highly occupied orbital is mainly 
la; with an antibonding Fe-0, interaction. The weakly 
occupied orbital, ay*, is a nearly equal mixture of Fe and the 
two 0 orbitals with a node between each. This system of 
orbitals resembles a localized version of a three-center, four- 
electron a bond, such as one might find on ozone. 

The Fe-0, u bond is dominated by the strongly occupied 
u,, and there are only small contributions to the wave function 
from the very weakly occupied u,*. These two orbitals are 
plotted in Figure 3. The bonding orbital (Figure 3a) involves 
donation from an O2 molecular orbital, which is a mixture of 
la;, la;, and 30,, to an Fe hybrid that contains 3d,2, 4s, and 
4p, character. The mixing of la; and 30: into la; causes 
the lobe on the closest oxygen to enlarge and rotate toward 
the Fe. The orbital is in phase with 3d,z, 4s, and 4p,, but 
because 4p, must be orthogonal to 3p,, a node arises close to 
the Fe. The antibonding Fe-OZ orbital therefore has two 
nodes, one closer to the midpoint of the Fe-0 bond and one 
close to the Fe. Similar behavior has been in Cr-CO bonds.z5 
In both orbitals the contribution of the more distant 0 is 
substantially smaller. 

A second calculation with a shorter 0-0 distance of 1.21 
8, resulted in essentially the same qualitative wave function. 
The total energy at the CI level was -1748.279 au. Because 
so many of the excited states of oxyhemoglobin involve the 
porphyrin a system, we have not attempted to investigate them. 

( 2 5 )  Sherwood, D. E., Jr.; Hall, M. B. Inorg. Chem. 1983, 22, 93. 
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Figure 4. Plots of the Cooz a" orbitals in the same plane as Figure 
2: (a) nearly pure 3d,4 (b) nearly pure la:; (c) nearly pure 1rgS. 

However, the lowest energy excitations at 0.95 and 1.08 eV 
involve excitation into the rY* orbital.26 Recent magnetic 
results suggest a low-lying triplet 146 cm-' above the ground 
state.27 This result has been questioned on several  ground^^,^ 
but supported by INDO-SCF-CI calculationsag We have 
attempted a direct calculation of this energy difference. 
Preliminary CI calculations suggest that the most likely 
candidate for a low-lying triplet was 3A' corresponding to a 
rY* - rY transition. A similar state, 3B2, in ozone lies lower 
than 'Al in the HartreeFock approximation. In order to keep 
the calculation of these two states, 'A' and 3A', at the same 
level of accuracy, 3A' was treated as a single determinant 

(a,)2(d,,)2(d,~-~~>2(~y> Yry*)' 

and 'A' was treated as two determinants 

(~ , )2 (d , , )2 (d ,~-y~>2[ (~yTy)2  + X ( P ~ * ) ~ I  

Self-consistent-field calculations on these two states yield total 
energies of -1748.2091 au for the ground state 'A' and 
-1748.2052 au for the excited state 3A'. Although the energy 
difference, 0.1 1 eV or 850 cm-l, is small, it is much too large 
for the 3A' state to be populated thermally. 

Cobalt-Dioxygen System. As in the iron calculation we 
formed the strongly occupied set of orbitals from 3a,, l r? ,  
l ~ ; ,  u,, rY, 3d,,, and 3d ,~~z .  rY* was singly occupied, and 
3d,, uz*, and 3a, were weakly occupied. After the orbitals 
were optimized by the GMO procedure, we calculated the ,A'' 
ground state from a CI calculation, which allowed all single 
and double excitations from the strongly and singly occupied 
orbitals to the singly and weakly occupied orbitals. This 
procedure results in a 383-configuration wave function and 
a total energy of -1866.462 au. The H F  configuration, 
(3 uJ2( 1 P,")~( 1 P,")~( U , ) ~ ( P ~ ) ~ (  3d,),( 3d+2)2(7ry*) (see Figure 
l) ,  represents 94% of the wave function. There is no single 
configuration that dominates the rest of the wave function. 

The natural orbitals of this CI  wave function were deter- 
mined, and their occupation numbers are 

(3ug)1.96(1Pus + qZ)2~00(1P,a)1.99(ir; - u,)1,97 x 
(3 dyz) ' .99( 3 dxz) ,.O0( 3 dxZ-y*) .99 ( 1 P:) X 

( 3dXy)O.O2( a,*)0~03(3u,)0~04 

The P (a") orbitals are plotted in Figure 4. They are nearly 

(26) Eaton, W. A.; Hanson, L. K.; Stephens, P. J.; Sutherland, J. C.; Dunn, 
J. B. R. J. Am. Chem. SOC. 1978,100,4991. Chung, A. K.; Makinen, 
M. W. J. Chem. Phys. 1978, 68, 1913. 

(27) Cerdonio, M.; Congiu-Castellano, A.; Mogno, F.; Pispisa, B.; Romani, 
G. L.; Vitale, S. Proc. Natl. Acad. Sci. U S A .  1977,74,398. Cerdonio, 
M.; Congui-Castellano, A.; Celabrese, L.; Morante, S.; Pispisa, B.; 
Vitale, S.  Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 4916. 

(28) Pauling, L. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 2612. 
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Figure 5. Plots of the Cooz a' orbitals in the same plane as Figure 
3: (a) 3ug; (b) the Co u hybrid mixing with lr:; (c) the Co u hybrid 
mixing with 1"; (d) 3d,z out of phase with a mixture of 1r: and 

completely separated into 3dyz, lx:, and 1~;. ~ P , B  has mixed 
some with the Co, but the singly occupied lr; is nearly pure 
0, in character. The a' orbitals are plotted in Figure 5. 3ug 
mixes slightly with the P orbitals in order to rotate away from 
the Co (Figure sa). The main C0-0, bonding interaction is 
split between donation to a hybrid formed from 3d9, 4s, and 
4p, from both 1 ~ ;  (Figure 5b) and 1 ~ ;  (Figure 5c). Both 
have mixed slightly with 3ug to point their lobes toward the 
Co. One can easily imagine adding and subtracting these two 
orbitals to form a localized Co-0, bond and a 0, lone pair, 
respectively. Again a node close to the Co occurs because of 
orthogonality to 3p. The Co-0, antibonding orbital (Figure 
5d) is primarly Co 3d, in character with a node near the 
midpoint of the (20-0, bond. 
Discussion 

As in the Problem section, we will deal with the Co-0, 
system first. Clearly the calculations are in agreement with 
the ESR', results, which suggest that the unpaired electron 
remains essentially in a l ~ ,  orbital on 02. Our results show 
almost no direct delocalization of the spin density onto the 
cobalt, a result that supports the interpretation of Drago et 
al." Furthermore, the more distant oxygen, 02, carries about 
1.5 times as much spin density as the closer oxygen, 0' a result 
that is in total agreement with the experimental results. 

The C0-0, u bond, about which there is more controversy, 
consists of a mixture of 3u,, l r u ,  and IT, donating to a Co 
hybrid formed from 3d,z, 4s, and 4p,. The net bond is es- 
sentially an sp2 0, lone pair being donated to the Co. The 
fact that this bond is a mixture of 0, molecular orbitals 
localized toward the O2 ligand precludes the description as spin 
coupling. Our results are wholly consistent with previous ab 
initio results on Schiff-base systems7 and suggest that the O2 
in the cobalt system is best described as a superoxide, 0,-, 
forming a dative u bond by donating electrons to an empty 
Co3+ orbital. 

The situation with the Fe-0, bonds is clearly more com- 
plicated. The P bond (Figure 2) looks very much like a 
localized three-center, four-electron bond. The usual treatment 

1 r * S .  
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Figure 6. Qualitative representation of the charge distribution pre- 
dicted by various theoretical methods. 

for a three-center, four-electron bond such as found in the a 
system of ozone begins with three orbitals a, b, and c, of equal 
energy which form the molecular orbitals 

$ , = a + b + c  $ 2 = a - c  $ , = a - b + c  

What makes ozone unusual is that the triplet configuration 
$1$b2'$31 is of lower energy than the ground-state singlet $,$b,22 
unless CI is taken into account by allowing the singlet to mix 
in the configuration $12$2. Our Fe02 system has some sim- 
ilarities. Our 3A' corresponds to $1'$2'$3' with a total energy 
-1748.205 au. the singlet configuration $12$22 has an energy 
of -1748.1 56 au, but the two-configuration result ($12$22 + 
X$12$2) has an energy of -1748.209 au. Thus, for Fe02, like 
03, electron correlation must be introduced in order to obtain 
the correct ground state. However, the weight of the con- 
figuration $12$32 is rather small and in a qualitative sense 
$12$22 remains a fairly good description of the overall wave 
function. The plots in Figure 2 resemble the following linear 
combination of $,, q2, and 

$q + $2 = 2a + b $l - q 2  = b + 2c 
~ ) ~ = a - b + c  

but $3, the weakly occupied orbital, has somewhat more O2 
character than Fe character, which means the system is shifted 
toward high Fe 3d,, occupancy and away from a pure 
ozone-like system. Thus, the system also resembles (3d$ 
to 1 a: donation, as if 1 T: were an empty acceptor orbital on 
the O2 ligand. 

The u bond (Figure 3a) bears a close semblence to a 
localized version of the C0-O2 u bond (sum of parts b and c 
of Figure 5 ) .  It can most simply be described as a sp2 hybrid 
on O2 donating a small fraction of its electrons to the hybrid 
on the Fe. Again the strong mixing of la, and 3ug with la ,  
and the retention of the electron pair by the O2 preclude a 
simple spin-coupling view. Important contributions to the 
orbital asymmetry observed in the Mossbauer spectrum but 
neglected in most previous calculations arise from an expansion 
of dyp toward the O2 and contraction of d, away from the 02. 
Although the 3d,. orbital mixes with some of the 0 orbitals, 
it contributes little to the net F A z  bond, which arises mainly 
from the use of 3d,. This description can accommodate all 
of the experimental results. 

We can get an overall picture of the situation from Figure 
6, which shows four extreme situations: Fe2+ ( S  = 0)-02 ( S  
= 0) would be (lagS)2(1aga)o, Fe3+ ( S  = 1/2)-0~- ( S  = '/2) 
would be (l~;)~(l~:)l, and Fe2+ (S  = 1)-02 (S  = 1) would 
be ( l~;)~( l~:) l ,  We have plotted in Figure 6 the results of 
population analysis of our calculation and that of other cal- 
culations. Our result and most other results are close to the 
line joining the two spin possibilities for a Fe2+02 charge 
distribution. Our calculation suggests contribution from all 
three resonance structures, but the simplest description results 
from viewing the bond as an O2 with a (1a~)2(la:)o con- 
figuration ('$) forming a u bond by donation from the la; 
orbital and a contributing a bond by accepting electron density 
from Fe 3d,, into la:. If one views the system as Fe3+-02-, 
then one must add strong a donation from 02- to Fe. Sim- 
ilarly, if one views the systems as ozone-like, Fe2+ ( S  = 1)-02 
( S  = l) ,  then one must add strong u donation from the Fe to 
the O2 in addition to a donation from O2 to Fe. 
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