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dynamics. An analysis of the resulting structures has been de
veloped employing a detailed evaluation of the strain energy that 
is imposed by the NOE derived distance constraints. 

This NOE-induced strain energy analysis is shown to be more 
useful in discriminating structural models developed for bi-
phenomycin than analyses that use deviations from NOE distance 
bounds or torsion angles derived from J coupling as the criteria. 
We conclude that the most effective criterion for the evaluation 
of model structures is not how closely a relaxed structure matches 
the distance data, but rather how much strain is induced when 
the structure does fit the NOE data. 
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The presence of low-lying states of different multiplicities is 
a characteristic feature of heme active sites, as evidenced by their 
observed electromagnetic properties and by changes in spin states 
that occur during their biological function.1"5 Studies of model 
heme complexes have revealed that the relative ordering of the 
manifold of low-lying spin states depends greatly upon the axial 
ligand(s) and the geometry of the complex.6"9 A parallel de
pendence is also observed in intact heme proteins.5 Therefore, 
theoretical identification and characterization of such spin states 
are very important in understanding the origin of electromagnetic 
properties and spectra of the heme proteins and the influence of 
chromophore geometry and axial ligands on their biological 
functions. Spin-state changes frequently occur during the bio
logical function of heme proteins, accompanied by geometry 
changes or changes in axial ligands of the heme unit. Thus, it 
is important to establish a 1:1 correspondence between geometry, 
nature of axial ligand, and spin-state manifold that would allow 
spin to be deduced from geometry and vice versa. 

We have, in the past, successfully applied10 a semiempirical 
INDO/S method11'12 to characterize the ground and excited states 
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of various closed-shell model heme complexes. Now, by employing 
a restructed Hartree-Fock (RHF) and a generalized CI for
malism,13-15 the application of the INDO/S method can be ex-
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Abstract: We report here the systematic application of a semiempirical INDO/S-RHF (restricted Hartree-Fock) open-shell 
procedure to calculate the relative energies, electron and spin distributions, and Mossbauer quadrupole splittings for the low-lying 
spin states of a series of eighteen high- (S = 5 /2) , intermediate- (S = 3 /2) , and low-spin (S = '/j) ferric heme complexes for 
which crystal geometries are known and the ground spin states can be inferred from the observed electromagnetic properties. 
In general, the predicted ground spin state and the calculated energies of the other spin states relative to it are quantitatively 
consistent with the observed effective magnetic moments, ESR spectra, and the Mossbauer quadrupole splitting spectra for 
the compounds studied. For all the high-spin compounds studied, the doublet states are predicted to be thermally inaccessible, 
being 14-35 kcal/mol higher in energy than the sextet state. The calculated energy separation between the quartet and sextet 
states are significantly high in the five-coordinated compounds (~ 11 kcal/mol) and decreases to less than 5 kcal/mol in the 
six-coordinated compounds. For diaquo and diethanol ferric heme complexes, we calculate near-degenerate 5 = 3/2 and S 
= 5/2 states. The intermediate-spin compounds exhibit a quartet ground state, consistent with experimental observations, with 
an energy separation of 2-7 kcal/mol from the sextet and about 20 kcal/mol from the doublet states. The calculated results 
for the low-spin complexes all exhibit rather pure S = '/2 ground states. Only for complexes exhibiting different crystal geometries 
for the same axial ligands are the sextet and quartet states close enough in energy to the doublet state that interaction with 
these spin states of higher multiplicity may be significant. The results obtained for all complexes studied allow insights into 
the effect of geometry and axial ligand(s) on the relative energies and observable properties of various spin states of ferric 
heme complexes. 
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tended16,17 to all hemeprotein complexes independent of their 
oxidation and spin states. However, given the approximate nature 
of the semiempirical methods, an even-handed and reliable pre
diction of the spin states and the associated electronic and elec
tromagnetic properties in hemeprotein requires a systematic 
calibration and test of the method in systems for which crystal 
geometries are known and the electromagnetic properties are 
reasonably inferred from experiments. 

Fortunately, the structures of a variety of five- and six-coor
dinated model ferric heme complexes have been characterized by 
X-ray diffraction18"35 techniques. Furthermore, Mossbauer res
onance,23'25'26'29"31'36"41 magnetic susceptibility,22"26^^ 
and electron spin resonance (ESR) spectra28,29 have been measured 
for many of these compounds and/or their analogues. Some ferric 
complexes display properties that are characteristic of one pre
dominant ground spin state. Others display large zero-field 
splittings, temperature-dependent magnetic moments, or highly 
anisotropic ESR g values which indicate contributions from more 
than one dominant spin state.43"48 These deviations in the 
electromagnetic properties from the values expected for pure spin 
states have been interpreted in terms of either a thermal equi
librium between pure, noninteracting S = 5 /2 and S = ' / 2 spin 
states49 or a quantum mechanical mixture of low-lying quartet 
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and sextet states,48 through spin-orbit coupling. Mixing of both 
sextet and quartet spin states with a doublet state has also been 
suggested from the optimization of ligand-field parameters to 
account for the observed magnetic properties of ferric heme 
complexes.43"47 

Synthesis of model ferric complexes has shown that different 
crystal geometries can be obtained with the same axial ligands,29,35 

resulting in different relative mixing of spin states. For example, 
both monoclinic29 and triclinic35 crystal forms of [Fe(OEP)(3-
ClPy)2]ClO4 have been isolated, which on the basis of magnetic 
susceptibility and Mossbauer data have been characterized as a 
quantum-admixed intermediate-spin29 and a low-spin35 complex, 
respectively. Similarly, two crystal forms of [Fe(OEP)(NCS)(Py)] 
and [Fe(TPP)(NCS)(Py)] are reported to be high-spin (S = 5/2) 
and low-spin (S = ' /2) complexes, respectively.24 

In this paper, we report the results of a systematic investigation 
of the effect of geometry and axial ligand(s) on the relative energies 
of the low-lying spin states and the calculations of quadrupole 
splitting, Af1Q, for 18 model ferric heme complexes. This study 
represents a test of the capabilities of the INDO/S-RHF method 
to identify and predict the ground spin state and the electronic 
properties of iron porphyrin complexes and hemeprotein active 
sites. The ferric heme complexes used in this study include a 
representative number of high-, intermediate-, and low-spin 
systems for which crystal geometries are available. The unbiased 
frozen-crystal-geometry calculations of the relative energies of 
various spin states should provide important information about 
the relationship between geometry and spin and the role of axial 
ligands in stabilizing a particular spin state. 

Methods 
All calculations were carried out using an INDO/S (intermediate 

neglect of differential overlap) program that includes parametrization for 
transition metals. A restricted Hartree-Fock (RHF) formalism, devel
oped by Zerner et al.,13 was employed to quantitatively evaluate the 
relative spin-state energies. This program has been used successfully to 
study the low-lying spin states of ferrous porphine,14 ferrous nitrosyl-
heme,16 ferric chlorohemin,15 and ferric cytochrome P450 complexes.17 

The iron-porphyrin-ligand geometries for each complex were taken 
directly from the X-ray crystal coordinates.18"35 However, the peripheral 
substituents on the porphyrin ring were replaced by hydrogens, thus 
making the porphyrin a porphine model. All C-H bond lengths were 
assumed to be 1.08 A and were oriented ideally according to whether the 
hybridization at the atom they are attached to was sp2 or sp3. 

Energies of the lowest lying sextet, quartet, and doublet states were 
calculated for each of the 18 complexes studied. The d orbital configu
rations corresponding to the lowest energy spin states were (dxy)

1(dxz,dy2)
3 

for the doublet, (d^)2(d„)l(d„)'(d^)1, for the quartet, and (d^)1-
(d„)1(d>,z)

1(dz2)1(d,2.y!)1 for the sextet states. The notation corresponds 
to the orientation of the porphyrin macrocycle being in the xy plane with 
the pyrrole nitrogens placed, as nearly as possible, on the x and y axes. 
The sextet-state configuration is unique. The choice of the lowest energy 
configurations for the doublet and quartet states was confirmed by cal
culating various quartet and doublet configurations, obtained by assigning 
the unpaired electron(s) to different iron d orbitals, in some representative 
number of complexes. They are also corroborated by a recent detailed 
study of chlorohemin.15 

The quadrupole splitting, A£Q, for each complex was calculated from 
the INDO-RHF eigenvectors. This quantity is determined by first 
calculating the nine components (Vtj) of the electric field gradient tensor 
by using an appropriate one-electron operator and the spin density ma
trix, taking into account only the iron d-orbital contributions over all the 
singly and doubly occupied orbitals. The resulting 3 X 3 electric field 
gradient tensor is then diagonalized, and the principal values are ordered 
a s \vu\ > \vjj\ > \Vkk\- These values are then used in the expression 

AEQ = Ii(I-R)Qq[I +v2/W2 (1) 

where q = V„, n = (Vkk- Vj1)[Vn (Q < v < \),(\ - R) = Sternheimer 
shielding constant, and Q = nuclear quadrupole moment. The sign of 
AEQ is the sign of the largest field gradient component, Vu. Values of 
Q and (1 - R) used in these calculations are 0.187 and 0.68, respectively. 
As discussed in the text, the coefficient S is equal to 1 for low-spin and 
2 for both high- and intermediate-spin complexes. 

Results 
Table I shows the calculated relative energies in kcal/mol for 

the S = 5 /2 ,3 /2 , and ' / 2 spin states for the crystal geometries of 
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all model ferric heme complexes studied. The division of the 
complexes into high-, intermediate-, and low-spin reflects only 
the commonly accepted assignment of their spin state. For 
convenience, this formal spin state is used as reference, and the 
energies of the other two spin states are given relative to this state. 
Although porphyrin substituents are replaced by hydrogens in our 
calculation, these substituents are included in the list of the 
complexes to reflect the formula of the crystal structure from 
which the geometry was taken. Table I also shows the calculated 
quadrupole splitting, AEQ, and the asymmetry parameter, ti, for 
the relevant spin state of each complex. The observed values of 
AEQ and the net effective magnetic moment for either the same 
complex or a close analogue of it (indicated in the footnotes), where 
available, are also given for comparison. 

Since calculations of the spin states correspond to a frozen 
crystal geometry, in instances where different crystallographic 
forms or crystal geometries for the same two axial ligands result 
in different spin states, each case is listed according to the spin 
state inferred from the observed properties for that geometry. 
Accordingly, [Fe(OEP)(NCS)(Py)] is listed among the high-spin, 
[Fe(OEP)(3-ClPy)2]mo„ociinic+ among the intermediate-spin, and 
[Fe(OEP)(3-ClPy)2]lriclinic

+ and [Fe(TPP)(NCS)Py] among the 
low-spin complexes. 

Table II gives the calculated open-shell and closed-shell electron 
populations of the iron d orbitals. The open-shell population 
represents the unpaired spin density, and the sum of the open-
and closed-shell populations corresponds to the total electron 
density in each orbital. Deviations of the spin densities (open-shell 
population) from unity in the iron dz2 and d^.^ orbitals for the 
sextet and dz2 orbital for the quartet states usually indicate the 
extent of spin derealization from these orbitals. Similarly, de
viations of the closed-shell populations from the "ionic" limit of 
zero indicate the extent to which each orbital is the recipient of 
electrons from the axial ligand(s) and/or porphyrin ring. Table 
III displays the calculated Mulliken50 net charges and unpaired 
spin densities on the iron, axial ligand(s), and the porphyrin ring 
for each complex. 

The quadrupole splitting, AEQ, observed in Mossbauer reso
nance spectra is an important indicator of the spin state of heme 
complexes. However, as shown in eq 1, the numerical values for 
A £ Q are determined not only by the calculated electric field 
gradient around the iron nucleus but also by the choice of the 
Sternheimer factor and the nuclear quadrupole moment. The 
numerical values used for these factors vary over a wide range 
in the literature. Previous calculations of AEQ in our laboratory, 
using values indicated in the Methods section, have resulted in 
good numerical agreement between the calculated and observed 
values of AEQ for the closed-shell ferrous heme complexes51 and 
the UHF treatment of the higher iron oxidation state in HRP 
compound I.52 The present study represents the first time the 
RHF wave functions of open-shell ferric heme systems are used 
in a systematic calculation of A£Q. We have found that, while 
the calculated AEQ'S for the low-spin complexes are generally in 
agreement with the observed values, those calculated for the 
intermediate- and high-spin complexes are systematically lower. 
However, as shown in Figure 1, the correlation between the 
calculated and observed values is linear for the complexes studied, 
and the ratios of the observed AEQ'S, which should be independent 
of constant factors, are rather well reproduced by the calculations. 
We tentatively attribute the systematically lower values of the 
calculated AEQ'S for the intermediate- and high-spin complexes 
to a subtle imbalance in the net electron occupancy of the d^ and 
d^!^ orbitals, resulting in lower deviations from spherical sym
metry, in the determination of the electric field gradient. The 
linearity of the correlation in Figure 1, however, suggests a cor
rection factor in eq 1 of S = 2 for all intermediate- and high-spin53 

complexes and a value of 5 = 1 for the low-spin ferric heme 
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Figure 1. Calculated Mossbauer quadrupole splitting, AEQ, vs experi
mentally observed values for intermediate- and high-spin ferric heme 
complexes. The solid line corresponds to 5 = 2 in eq 1. 

complexes. Accordingly, the A B Q values reported in Table I are 
corrected by these factors. 

Discussion 

High-Spin Complexes. The results in Table I show that the 
sextet state is indeed the ground state in all the five-coordinate 
high-spin complexes, and it is definitively more stable than either 
the doublet or the quartet state by an average of ~30 and ~ 12 
kcal/mol, respectively. These results are consistent with the 
observed effective magnetic moments of 5.90-5.94 /ib

23,42 for these 
compounds, indicating a pure high-spin ground state. The cal
culated A£Q of 0.44 mm/s for [Fe(C2-Cap)Cl] and 0.56 mm/s 
for [Fe(PPIX)Cl] are in good agreement with the observed36 value 
of 0.46 mm/s for [Fe(TPP)Cl]. No measured values of /*eff or 
AEQ have been reported for the fluoride complex. The calculated 
value of AEQ for the bromide complex is anomalously low and 
may be the result of the bromine parameters. 

Table II shows that, in the five-coordinate high-spin compounds, 
the d^, dx!, and Ayz orbitals, with open-shell populations near one 
and closed-shell populations near zero, contribute very little to 
the spin derealization and have no significant electron density 
donation from either the axial ligands or the porphyrin. By 
contrast, the d^.^ orbital contributes significantly to the spin 
derealization on the porphyrin ring. As shown in Table III, the 
total unpaired electron density on the porphyrin ring is about 0.5 
electron for these compounds. Similarly, the d^ orbital contributes 
to the spin derealization on the axial ligand. Both dz2 and d ^ ^ 
orbitals are also recipients of substantial forward donation of 
electron density from both the axial ligand and the porphyrin ring, 
as shown by the significant closed-shell populations of these two 
orbitals (Table II) and the reduced net formal charge on the ferric 
ion (Table III). 

In contrast to the five-coordinate compounds, the high-spin 
complexes with two axial ligands exhibit a significant stabilization 
of the quartet and doublet spin states. Indeed, the calculated 
energy of the quartet state is only about 5 kcal/mol above that 
of the sextet state in the [Fe(OEP)(NCS)(Py)] and [Fe-
(TPP) (TMSO)2]+ complexes, and the two spin states are predicted 
to be near degenerate for the diaquo and diethanol complexes. 
The energy differences between the sextet and doublet states, 
however, are still in a range of +14 to +18 kcal/mol. Although 
this is significantly reduced from the ~30 kcal/mol calculated 
for the five-coordinate complexes, it is still too large to indicate 
a significant role for the doublet state in determining the observed 
electromagnetic properties of the six-coordinate compounds. 

The smaller energy separation between the S = 3 /2 and 5 = 
5/2 spin states shows the potential importance of the quartet state 
in the six-coordinate complexes and is reflected in the interaction 
of the dx2_y2 and dr2 orbital6 with the porphyrin ring and axial 
ligands. As shown in Tables II and III, with the exception of 
[Fe(OEP)(NCS)(Py)], the six-coordinate high-spin complexes 
exhibit a significantly higher electron donation (increased 
closed-shell population) and spin derealization (decreased 
open-shell population) between the d^-y and porphyrin ring and 
a lower dz2 orbital interaction with the axial ligands than in the 



7336 J. Am. Chem. Soc, Vol. Ill, No. 19, 1989 Axe et al. 

Table I. Calculated Relative Energies and Mossbauer Parameters for the High-, Intermediate-, and Low-Spin Ferric Complexes 

compound 

[Fe(C2-CaP)Cl]" 

[Fe(PPlX)Cl]'' 

[Fe(PPIX)F]' 

[Fe(PPIX)BrK 

[Fe(TPP)(NO3)]'' 

[Fe(PPIX)(SC6H4NO2)V 

[Fe(OEP)(NCS)(Py)]* 

[Fe(TPP)(TMSO)2]+' 

[Fe(TPP)(H2O)2I+" 

[Fe(OEP)(C2H5OH)2I+" 

[Fe(TPP)(ClO4)]' 

[Fe(OEP)(3-ClPy)2]+1 (monoclinic) 

[Fe(OEP)(THF)2]+u 

[Fe(TPP)(CN)2]-" 

[Fe(TPP)(CN)(Py)]' 

[Fe(TPP)(Py)2]+' 

[Fe(TPP)(N3)(Py)]" 

[Fe(OEP)O-ClPy)2I
+-C 

(triclinic at 98 K) 

[Fe(TPP)(NCS)(Py)]* 

spin 

V2 
V2 
V2 V2 
V 2 
V2 V2 
V2 
V2 V2 
V 2 
V2 V2 
V2 
V2 V2 
V 2 

V2 V2 
V 2 
V2 V2 
V2 

V2 V2 
V 2 

V2 

V2 
V2 

V2 

V2 V2 

V2 
V2 V2 

V2 
V2 V2 

V 2 

V2 
V2 
V2 
V2 
V2 
V2 
V2 
V2 
V2 
V2 

V2 
V2 
V2 

V2 
V2 
V2 
V2 
V2 

A£, 
kcal/mol 

calcd 

A £ Q , « 

mm/s 
High-Spin Complexes 

+32.6 
+ 11.9 

0.0 
+32.3 
+ 12.1 

0.0 
+26.7 
+ 11.9 

0.0 
+35.2 
+ 13.5 

0.0 
+37.3 
+ 14.0 

0.0 
+28.3 
+ 12.4 

0.0 
+ 18.3 

+4.9 
0.0 

+ 17.9 
+4.5 

0.0 
+ 14.3 

+0.5 
0.0 

+ 17.1 
-0.4 

0.0 

Intermediate-
+25.1 

0.0 

+ 1.8 
+ 17.2 

0.0 

+2.8 
+22.1 

0.0 

+7.1 

Low-Spir 
0.0 

+22.4 
+ 18.9 

0.0 
+22.6 
+ 19.0 

0.0 
+ 11.4 
+ 16.3 

0.0 

+ 12.3 
+ 12.2 

0.0 

+7.7 
+9.6 

0.0 
+7.4 
+9.4 

2.75 
2.16 
0.44 
2.73 
1.64 
0.56 
2.91 
2.40 
0.43 
2.73 
1.99 
0.36 
1.79 
2.45 
0.40 
1.35 
1.41 
1.01 
3.44 
2.45 
0.12 
3.17 
3.27 
1.12 
3.80 
4.63 
1.32 

2.56 
3.46 

1.46 

1 

0.85 

0.96 

0.84 

0.91 

0.83 

0.27 

0.77 

0.10 

0.03 

0.01 

0.04 

•Spin Complexes 
3.26 
3.20 

0.95 
3.44 
3.14 

1.02 
3.65 
3.48 

1.57 

i Complexes 
2.31 
3.59 
0.42 
2.46 
3.39 
0.51 
2.71 
2.35 
0.23 
2.19 

1.21 
0.85 
2.46 

2.21 
0.28 
2.39 
2.23 
0.37 

0.30 

0.08 

0.01 

0.16 

0.16 

0.37 

0.12 

0.58 

0.67 

£Q(T),« 
mm/s 

0.46* (4 K) 

0.464 (4 K) 

0.75« (6 K) 

0.76' (4 K) 

1.22"(4K) 

1.53" (78 K) 
1.69 (298 K) 

3.47P (4 K) 
3.32 (115 K) 
2.97 (295 K) 
1.89« (4 K) 

3.50s (4 K) 
3.16 (195 K) 
2.79 (295 K) 

2.7' (4 K) 
2.52 (295 K) 

3.34" (4 K) 
3.18 (298 K) 

0.35" (4 K) 

1.24>(4 K) 

1.95"° (4 K) 

2.25^ (4 K) 
2.45" (4 K) 

2.10' (4 K) 
2.08 (295 K) 

obsd 

Meff ( T ) , 

Mb 

5.92' (200 K) 

5.92c (200 K) 

5.94* (200 K) 

5.9' (258-303 K) 

5.90J (295 K) 

5.9* (77-299 K) 

6.05' (25 0C) 

5.6" (77-298 K) 

4.5" (295 K) 

5.9« (4-100 K) 

4.5-5.3' (25 "C) 

3.7-4.7' (77-295 K) 

4.2-4.7» (77-275 K) 

2.26° (21 0C) 

2.6' (25 0C) 

2.2-2.9w (200-320 K) 

2.09-2.33" (77-297 K) 

2.7'' (77 K) 

3.04-3.67* (77-295 K) 

"Reference 18. »[Fe(TPP)Cl], ref 36. c [Fe(TPP)Cl], ref 42. ''Reference 19. 'Reference 20. 'Reference 21. 
(TPP)Br], ref 42. 'Reference 22. >'Reference 23. * Reference 24. 'Reference 25. m [Fe(TPP)(Me2SO)2I+, ref 25. 
'[Fe(OEP)](ClO4)(EtOH)2, ref 38. « [Fe(TPP)(EtOH)2]+, ref 37. 'Reference 28. 'Reference 40. ' Reference 29. 
"'[Fe(PPIX)(CN)2]-, ref 41. 'Reference 32. > [Fe(PPIX)(CN)(Py)], ref 41. 'Reference 33. ""[Fe(PPIX)(Py)2J

+, 

*[Fe(TPP)Br], ref 36. *[Fe-
"Reference 26. "Reference 27. 
" Reference 30. " Reference 31. 
ref 41. "[Fe(OEP)(Py)2

+, ref 
43. "Reference 34. ""CCP-N3, ref 41. "MMB-N3, ref 41. "Reference 35. **The numerical value of the quadrupole splitting A£Q in mm/s is 
obtained from the relation A£Q = 10.126(1 - R)QqO + T/2/3)1 /2 , where the electric field, q, is in au and the constants Q, R, and & are given in the 
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Table II. Mulliken Closed-Shell (Open-Shell) Populations" for the Iron d Orbitals in the High-, Intermediate-, and Low-Spin Ferric Complexes 

compound d^-„2 

[Fe(C2-Cap)Cl] 
[Fe(PPIX)Cl] 
[Fe(PPIX)F] 
[Fe(PPIX)Br] 
[Fe(TPP)(NO3)] 
[Fe(PPIX)(SC6H4NO2)] 
[Fe(OEP)(NCS)(Py)] 
[Fe(TPP)(TMSO)2]+ 
[Fe(TPP)(H2O)2J + 

[Fe(OEP)(C2H5OH)2] + 

[Fe(TPP)(ClO4)] 
[Fe(OEP)(3-ClPy)2] + 

(monoclinic) 
[Fe(OEP)(THF)2] + 

[Fe(TPP)(CN)2]" 
[Fe(TPP)(CN)(Py)] 
[Fe(TPP)(Py)2J

 + 

[Fe(TPP)(N3)(Py)] 
[Fe(OEP)O-ClPy)2J + 

(triclinic at 98 K) 
[Fe(TPP)(NCS)(Py)] 

0.65 (0.67) 
0.67 (0.66) 
0.44 (0.76) 
0.55 (0.71) 
0.45 (0.77) 
0.75 (0.61) 
0.57 (0.71) 
0.35 (0.82) 
0.33 (0.83) 
0.30 (0.84) 

0.29 (0.83) 
0.31 (0.83) 

0.22 (0.88) 

0.70 (0.00) 
0.68 (0.00) 
0.56 (0.00) 
0.63 (0.00) 
0.54 (0.00) 

0.53 (0.00) 

High-Spin Comple 
0.56 (0.71) 
0.55 (0.72) 
0.57 (0.71) 
0.55 (0.72) 
0.56 (0.72) 
0.54 (0.73) 
0.56 (0.71) 
0.67 (0.66) 
0.75 (0.62) 
0.73 (0.63) 

0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.02 (0.99) 
0.03 (0.99) 

Intermediate-Spin Complexes 
0.67 (0.00) 1.99 (0.01) 
0.68(0.00) 1.96(0.02) 

0.70 (0.00) 

Low-Spin Complexes 
0.46 (0.00) 
0.51 (0.00) 
0.56 (0.00) 
0.50 (0.00) 
0.56 (0.00) 

0.54 (0.00) 

1.99 (0.00) 

1.98 (0.00) 
1.98 (0.00) 
1.96 (0.00) 
1.98 (0.00) 
1.96 (0.01) 

1.94(0.02) 

0.10 (0.95) 
0.10 (0.95) 
0.13 (0.94) 
0.10(0.95) 
0.17 (0.91) 
0.10(0.95) 
0.08 (0.96) 
0.08 (0.96) 
0.10(0.95) 
0.09 (0.95) 

0.08 (0.96) 
0.10(0.95) 

0.09 (0.95) 

0.98 (0.49) 
1.53 (0.22) 
1.57 (0.20) 
0.79 (0.59) 
0.81 (0.59) 

0.99 (0.50) 

0.10(0.95) 
0.10 (0.95) 
0.12 (0.94) 
0.10 (0.95) 
0.15 (0.92) 
0.10 (0.95) 
0.08 (0.96) 
0.08 (0.96) 
0.09 (0.95) 
0.10(0.95) 

0.09 (0.95) 
0.07 (0.96) 

0.08 (0.95) 

1.04(0.46) 
0.51 (0.73) 
0.49 (0.75) 
1.32 (0.33) 
1.25 (0.38) 

1.11 (0.43) 

'Total orbital electron density is the sum of the closed-shell and open-shell populations. 

Table III. Net Charges and (Unpaired Spins) on Fe, Axial Ligands, and Porphyrin in the High-, Intermediate-, and Low-Spin Ferric Complexes 

compound 

[Fe(C2-CaP)Cl] 
[Fe(PPIX)Cl] 
[Fe(PPIX)F] 
[Fe(PPIX)Br] 
[Fe(TPP)(NO3)] 
[Fe(PPIX)(SC6H4NO2)] 
[Fe(OEP)(NCS)(Py)] 
[Fe(TPP)(TMSO)2] + 
[Fe(TPP)(H2O)2] + 
[Fe(OEP)(C2H5OH)2] + 

[Fe(TPP)(ClO4)] 
[Fe(OEP)(3-ClPy)2]+ 

(monoclinic) 
[Fe(OEP)(THF)2] + 

[Fe(TPP)(CN)2]" 
[Fe(TPP)(CN)(Py)] 
[Fe(TPP)(Py)2] + 
[Fe(TPP)(N3)(Py)] 
[Fe(OEP)(3-ClPy)2] + 

(triclinic at 98 K) 
[Fe(TPP)(NCS)(Py)] 

Fe 

1.35 (4.31) 
1.36(4.31) 
1.29(4.38) 
1.21 (4.37) 
1.25 (4.34) 
1.23 (4.28) 
1.29 (4.34) 
1.38 (4.40) 
1.26(4.35) 
1.35 (4.37) 

V 
High-Spin Complexes 

-0.79 (0.17) 
-0.79 (0.19) 
-0.64 (0.14) 
-0.62 (0.12) 
-0.60 (0.12) 
-0.62 (0.17) 
-0.68 (0.11) 

0.16 (0.10) 
0.19 (0.04) 
0.15 (0.04) 

Intermediate-Spin Complexes 
1.16(2.78) 
1.21 (2.77) 

1.30(2.80) 

1.55 (0.95) 
1.48 (0.95) 
1.37(0.96) 
1.30 (0.92) 
1.32 (0.97) 

1.32(0.95) 

-0.75 (0.05) 
0.18 (0.05) 

0.12 (0.02) 

Low-Spin Complexes 
-0.81 (0.00) 
-0.74 (0.00) 

0.21 (0.00) 
-0.53 (0.05) 

0.21 (0.00) 

-0.68 (0.00) 

L2" 

0.14 (0.03) 
0.16 (0.10) 
0.19 (0.04) 
0.15 (0.04) 

0.18 (0.05) 

0.12 (0.02) 

-0.81 (0.00) 
0.14 (0.00) 
0.21 (0.00) 
0.16 (0.00) 
0.21 (0.00) 

0.17 (0.00) 

porph 

-0.56 (0.52) 
-0.57 (0.50) 
-0.65 (0.49) 
-0.59 (0.51) 
-0.65 (0.54) 
-0.61 (0.55) 
-0.75 (0.52) 
-0.54 (0.50) 
-0.64 (0.57) 
-0.65 (0.55) 

-0.41 (0.17) 
-0.57 (0.13) 

-0.54 (0.16) 

-0.93 (0.05) 
-0.89 (0.03) 
-0.79 (0.04) 
-0.93 (0.03) 
-0.73 (0.03) 

-0.81 (0.05) 
1L1 and L2 refer to the axial ligands in the order shown in the compound formula. 

five-coordinate complexes. The net effect of the increase in the 
dx2-y2 interaction with the porphyrin and the decrease in the dz2 
interaction with the axial ligands is an increase in the energy 
separation between the dz2 and the dxi-yi orbitals, which results 
in the enhanced stability of the 5 = 2/2 spin state in the six-co
ordinate complexes.6 

The crystal structures of [Fe(TPP)(TMSO) 2 ]+ and [Fe-
(OEP)(NCS)Py] are both examples of rarely obtained six-co
ordinate complexes exhibiting pure high-spin properties as indi
cated by their observed effective magnetic moments.24 '25 Our 
calculated value of A £ Q for [Fe(TPP)(TMSO) 2 ]+ is in good 
agreement with the observed value of 1.22 m m / s for the [Fe-
(TPP)(Me2SO2)]"1" complex.25 The isothiocyanate complex is very 

interesting in that, in addition to a high-spin [Fe(OEP)(NCS)Py] 
complex, a low-spin crystal structure of it with different porphyrin 
substituents, [Fe(TPP)(SCN)Py], has been synthesized,24 which 
is also included and discussed in the present study. The high-spin 
complex exhibits calculated orbital populations resembling those 
of the five-coordinate complexes, which is not surprising since the 
crystal structure of this compound is very similar to that of a 
five-coordinate complex. That is, the iron atom is 0.24 A out of 
the pyrrole nitrogen's plane, and its distance to the isothiocyanate 
and pyridine ligands is 2.03 and 2.44 A, respectively.24 The 
iron-pyridine distance is probably too long to significantly perturb 
the electronic structure of this essentially five-coordinate complex. 
In fact, the calculated AEQ for this complex is the smallest for 
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the high-spin series, more resembling the calculated values for 
the five-coordinate complexes. 

Our study indicates that the diaquo and diethanol complexes 
display significant deviations from the pure high-spin series in 
Table I and more closely resemble the intermediate-spin com
plexes. In the case of the diaquo complex, our results predict 
near-degenerate S = ! / 2 and 3/2 states with the sextet state being 
slightly more stable. The measured value of the /ueff for the 
reported crystal structure26 is 5.6 jub over a temperature range 
77-298 K. Additional determinations on other preparations26 have 
also resulted in jueff = 5.5-5.7 Mb at 298 K. These values are 
somewhat lower than the value of 5.9 Mb for a pure high-spin 
complex. The anisotropic ESR g values are typical of predom
inantly high-spin mixed with a quartet state via spin-orbit coupling 
(g =* 6 and g, =* 2). The observed values of AEQ for this complex 
are 1.53 and 1.69 mm/s at 78 and 298 K, respectively,26 compared 
with calculated value of AEQ = 1.32 mm/s for the sextet state. 
In view of our results, the observed properties of the diaquo 
complex can best be interpreted in terms of a dominant sextet 
ground state with significant quantum mixing from the quartet 
state. 

The diethanol complex presents a more enigmatic situation. 
Dolphin et al.38 have reported a *ieff value of 4.5 Mb (295 K) and 
AEQ values of 2.97 mm/s (295 K) to 3.47 mm/s (4.2 K) for a 
Fe(OEP)C104-2EtOH complex. On the basis of the large values 
of AEQ and the observation of narrow-line symmetric doublets 
at all temperatures, they have assigned a S1 = 3/2 single-spin ground 
state for this complex with no thermally induced spin crossover. 
The crystal structure of the ethanol solvate, [Fe(OEP)-
(EtOH)2]ClO4-EtOH, which has been used in this study, has been 
interpreted27 as high spin on the basis of equatorial ligand distances 
in the structure data. In another study37 of a [Fe(TPP)(EtOH)2J

+ 

complex in which structure was determined g values of g =* 6 and 
g, a; 2, Meft = 5.9 Mb and AEQ = 1.89 mm/s were reported, which 
are characteristic of a predominantly S = 5/2 spin-mixed state. 
Finally, Mitra et al.39 have reported AEQ of 1.98 mm/s (77 K) 
and Meff values of 5.2 Mb (80-293 K) and 3.6 Mb (3.5 K) for yet 
another Fe(TPP)(C104)-2(EtOH) + V2CH2Cl2 complex, which 
they have interpreted as a spin-mixed ground state with predom
inantly S = 5 /2 character. 

Our calculation for the [Fe(OEP)(EtOH)2] complex results 
in a ground quartet state with a near-degenerate sextet state for 
the crystal geometry27 used. The calculated AEQ'S are 1.46 and 
3.46 mm/s for the S = 5 /2 and S = 3 /2 states, respectively, both 
in agreement with the values reported for the high-37,39 and the 
intermediate-spin38 ground states of such a complex. Our results 
indicate that, contrary to the inference made from structural data27 

and in agreement with Dolphin's conclusion,38 the crystal geometry 
used in our calculations corresponds to a dominant S = 3/2 ground 
state, with significant quantum mixing from a sextet state. Un
fortunately, magnetic data on this particular structure are not 
available for comparison because of crystal instability.27 Although 
we have not explicitly calculated the spin states of the [Fe-
(TPP)(EtOH)2J+ complex, for lack of complete crystal geometry 
information,37 it is likely that, on the basis of our isothiocyanate 
results (vide infra), the porphyrin substituents in this complex may 
impose axial ligand geometries that would lead to the stabilization 
of the sextet state. Independent of which spin state is the dominant 
ground state for a particular geometry, the near degeneracy of 
the calculated energies indicates that a significant mixing of these 
states is responsible for the observed magnetic properties. Since 
the extent of spin-orbit coupling varies inversely with the energy 
separation, nearly degenerate states would be expected to have 
significant spin mixing. These spin-mixed states could also, in 
principle, be present in a thermal equilibrium distribution. 
However, the absence of two sets of quadrupole-split doublets in 
the temperature-dependent Mossbauer spectra argues against 
significant thermal population of more than one state.38 

Intermediate-Spin Complexes. Table I shows that, for the three 
formally intermediate-spin complexes considered, the S = 3/2 state 
is the lowest in energy followed by the 5 = 5/2 and S = ]/2 states, 
respectively. The calculated energies of the doublet spin states 

are at least 17 kcal/mol above that of the quartet states. 
Therefore, a doublet contribution to the ground-state electronic 
and magnetic properties should be negligible. On the other hand, 
the calculated quartet states of [Fe(TPP)(ClO4)] and [Fe-
(OEP)(3-ClPy)2]

+ are only 1.8 and 2.8 kcal/mol more stable than 
their respective sextet states. The bistetrahydrofuran complex, 
with a quartet-sextet energy difference of ~ 7 kcal/mol, exhibits 
the most stable S = 3/2 ground state among the three complexes. 

Our calculated results are consistent with and account for the 
observed magnetic susceptibility and electron spin resonance 
measurement of both [Fe(TPP)ClO4]28 and mono-[Fe(OEP)(3-
ClPy)2]

29 complexes and indicate closely lying quartet and sextet 
states. Magnetic susceptibility measurements of [Fe(TPP)(ClO4)] 
yielded pc„ values of 4.5-5.3 Mb at 25 0C.28 The ESR g and gt 

values for this complex are 4.75 and 2.03, respectively. Similarly, 
Meff for [Fe(OEP)(3-ClPy)2]+ is 3.7-4.7 Mb in the temperature 
range 77-294 K, and the g and gt values are 4.92 and 1.97, 
respectively. 

The Mossbauer spectra of both complexes exhibit single 
quadrupole doublets in zero magnetic field at all tempera
tures.28-29'38 This behavior is indicative of the contribution of only 
one electronic state,38 which could be spin mixed by interaction 
with other low-lying spin states, which do not, however, have 
appreciable population in thermal equilibrium. Our calculated 
A£Q'S are in very good agreement with the assignment28'29,38'40 

of S = 3/2 as the ground state of these complexes. A triclinic form 
of [Fe(OEP)(3-ClPy)2]+ is found to be low spin, which is also 
correctly predicted by our calculations as discussed later. 

The calculated energy difference of 7 kcal/mol between the 
sextet and quartet states of tetrahydrofuran complex predicts that 
the ground state of this complex should be a pure S = 3 /2 spin 
state. This is in agreement with the calculated AEQ for this state. 
However, the observed Mefr values of 4.2-4.7 Mb m the temperature 
range 77-275 K and the g value of 4.61 at 77 K30 are larger than 
those expected for a pure S = 3/2 state and may indicate con
tribution from a low-lying 5 = 5/2 state. In view of the reasonable 
predictions of the stability trends for all complexes studied here, 
the calculated 7 kcal/mol energy difference between the quartet 
and sextet states makes the possibility of thermal equilibrium 
between the two states unlikely in this complex. On the other 
hand, this value is not too much larger than the calculated energy 
differences between the sextet and quartet states of the high-spin, 
six-coordinate complexes, and the possibility of quantum mixing 
in tetrahydrofuran cannot be precluded. 

It is generally accepted that the conditions for favoring an 
intermediate spin in a complex are weaker axial ligand and 
stronger in-plane ligand interactions with the iron dr2 and d.^2 
orbitals.6'53 However, comparison of the calculated closed-shell 
populations, in Table II, between the intermediate-spin and the 
six-coordinate, high-spin complexes does not reflect any pro
nounced variation arising from the interaction of the equatorial 
ligands with the d^_^ orbital. This indicates that the assignment 
of spin state purely on the basis of equatorial ligand distances 
alone, as may be made from the structure data,27 is not necessarily 
sufficient to distinguish between high- and intermediate-spin states. 

The closed-shell dr2 populations of [Fe(TPP)(ClO4)] and 
[Fe(OEP)(3-ClPy)2]

+ are similar to those of six-coordinate diaquo 
and diethanol complexes. This is consistent with the fact that the 
interaction of sextet and quartet states is important in all these 
complexes. The bistetrahydrofuran complex exhibits the weakest 
dz2 axial ligand interaction, consistent with the rather pure S = 
3 / 2 spin state predicted for this complex. 

As shown in Table III, the spin derealization from the iron 
to the ligands and the porphyrin in the intermediate-spin com
pounds is considerably less (~0.2 e) than in the high-spin com
pounds (~0.7 e). Correspondingly, there is also much less un
paired spin on the porphyrin ring. Since most of the porphyrin 
unpaired spin is localized on the pyrrole nitrogens, the interme
diate-spin complexes are expected to display less hyperfine splitting 
than the high-spin complexes. 

Low-Spin Complexes. As shown in Table I, the calculated S 
= ' / 2 states are the lowest energy states in all formally low-spin 
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complexes investigated. Indeed, the ordering of the energy dif
ferences between either the sextet or the quartet state with the 
doublet state is roughly proportional to the combined field strength 
of the two axial ligands. For the first four low-spin complexes, 
the calculated energies of the higher multiplicity states are large 
enough that they are not expected to make any contribution to 
the S = ' /2 ground state. This is in agreement with the observed 
magnetic moments,31,32,34 which are typical of low-spin ferric 
complexes in a strong octahedral field.34 Our calculated AEQ'S 
for these complexes are also typical of the low-spin values. 
However, they are in poor agreement with the reported values 
for dicyano and cyanopyridine ligands.41 We believe that the 
reported values, obtained from the analysis of the spin Hamiltonian 
using crystal field parameters,41 are anomalously low for these 
complexes. To our knowledge, AEQ has not been reported for 
[Fe(TPP)(N3)(Py)]. However, AEQ values for the closely related 
azide complexes of metmyoglobin (MMB) and cytochrome c 
peroxidase (CCP) have been measured.41 Although these com
plexes differ by one axial ligand, an imidazole instead of pyridine, 
the calculated value of 2.19 mm/s for the azopyridine complex 
is in good agreement with the experimental values41 of 2.45 and 
2.25 mm/s for CCP-N3 and MMB-N3, respectively. 

Spin derealization in these systems appears to be minimal, 
<0.05 e, with unpaired spin remaining in the dyz and d ẑ orbitals. 
The net charge on the iron is essentially the same in the low-spin 
complexes as it is in the high- and intermediate-spin complexes. 

We have also calculated the spin states for the low-spin forms 
of the tri-[Fe(OEP)(3-ClPy)2]+ and [Fe(TPP)(NCS)(Py)] com
plexes using the frozen geometry of their appropriate crystal 
structures.24'35 In both cases, the 5 = ' /2 state is the lowest energy 
state, with the quartet and the sextet states about 7 and 9 kcal/mol 
higher in energy, respectively. The relatively stable low-spin states 
calculated for these complexes are in agreement with the typical 
low-spin magnetic moments observed for them.29,35 The calculated 
AEQ for tri-[Fe(OEP)(3-ClPy)2]+ is also in good agreement with 
its observed value.29 

The calculated energy difference between the S = 3/2 and 5 
= 5 /2 states of tri-[Fe(OEP)(3-ClPy)2]+ is similar to that cal
culated in the case of the intermediate-spin monoclinic form of 
the complex. While the monoclinic complex is a predominantly 
S = 3/2 admixture, the triclinic form is low spin at 98 K and a 
mixture of high and low spin at 293 K.35 Our calculations of the 
triclinic form shows that, at the frozen low-temperature crystal 
geometry,35 the S = '/2 ' s a single spin state, with minimal thermal 
or quantum mixing contributions from the higher spin states. This 
is in agreement with the observation35 that the high-spin complex 
at room temperature has a different geometry than the low-spin 
crystal. However, change of the axial ligand distances to the 
reported high-spin values still results in a calculated quartet ground 
state. On the basis of the results for the intermediate-spin, 
monoclinic form and the close energies of S = 5 /2 and 3/2 states, 
we can assert that, in the higher spin forms of this complex, 
whichever is the dominant spin state, the contributions from both 
5 = 3/2 and 5 = 5/2 states are important. However, in its low-spin 
form, the doublet state is probably a pure spin state. 

Finally, we have also calculated the relative energies of the spin 
states for the frozen geometry of the low-spin [Fe(TPP)-
(SCN)(Py)].24 The low-spin state predicted for the complex is 
expected to be rather pure. The calculated AEQ is also typical 
of a low-spin complex consistent with the magnetic data.24 

Our use of frozen crystal geometry with porphyrin substituents 
replaced by hydrogens allows us to draw an important reference 
about the role of these substituents in determining the spin state. 
Our correct prediction of the spin states primarily from the ge
ometries of the axial ligands and the porphyrin ring alone suggests 
that the porphyrin substituents have little direct electronic effects. 
Their role appears to be to modulate the geometry of the axial 
ligands either directly, i.e., by steric interaction, or indirectly, i.e., 

by affecting crystal packing parameters. The resulting ligand 
geometries then are one factor in determining the spin state of 
the complex. 

Conclusions 
We have quantitatively calculated the relative spin-state energies 

and the Mossbauer quadrupole splittings, AEQ, for a large number 
of high-, intermediate-, and low-spin model ferric heme complexes, 
for which the crystal structures are known. The predicted spin 
state and the calculated energies of the other spin states relative 
to it are quantitatively consistent with experimentally observed 
electromagnetic properties for each of the complexes studied. The 
results are, therefore, both qualitatively and quantitatively sensitive 
to the type(s) and geometries of the axial ligand(s). 

For all five-coordinate high-spin and six-coordinate low-spin 
complexes, for which unambiguous spin states have been assigned, 
our calculations also predict the correct ground spin state, with 
the other two spin states at much higher relative energies to have 
any significant interaction with the ground state. In general, 
six-coordinate high-spin complexes show a lowering of the sex
tet-quartet energy separation, indicating an enhanced interaction 
of S = 5/2 and 5* = 3/2 spin states. In the case of ferric complexes 
with diaquo or diethanol ligands, the sextet and quartet states 
become near degenerate. Therefore, while the exact S = 5/2 or 
S = 3/2 nature of the ground spin state may be sensitively de
pendent on geometry or other factors, the mixing of the two spin 
states, either thermally or through spin-orbit coupling, is evident. 

Our calculated relative energies strictly correspond to pure spin 
states with no spin-orbit coupling interaction. They, therefore, 
cannot explicitly distinguish between thermal equilibrium or 
quantum admixture of the spin states. However, from the order 
of magnitude of the calculated energies and the experimental 
evidence, particularly Mossbauer spectra, we can infer that a 
quantum admixture, rather than thermal equilibrium, of S = 3/2 

and 5 = 5 /2 states is probably the prevalent mechanism for 
spin-state interactions in the complexes studied. This observation 
seems to be true for all complexes exhibiting predominantly in
termediate or high spins.54 We, thus, in contrast to previous 
reports,43"47 find that contribution from the doublet state to more 
stable states of higher multiplicity or interaction of these states 
with a ground doublet to be negligible or minor in the complexes 
studied. 

Our calculations, which are carried out for frozen crystal ge
ometries, faithfully predict the spin states even in cases where 
different crystal geometries for the same two axial ligands lead 
to different spin states. Since porphyrin substituents were not 
included in our calculations, this indicates that they have little 
electronic effect, at least in these model compounds, on the spin 
state of the complex. The spin state is primarily determined by 
the type and the geometry of the axial ligands. Furthermore, the 
equatorial ligand distances alone are not sufficient to distinguish 
between a high- or an intermediate-spin state. 

The model ferric heme calculations presented here indicate that 
the INDO/S-RHF method can be applied with confidence to 
characterize the spin state(s) of the heme active sites in intact 
proteins and enzymes, whenever the ligand types and geometries 
are known. Inversely, in the absence of such information, the axial 
ligand types and geometries can be inferred from comparison of 
the observed and predicted electromagnetic properties of various 
intermediates in the enzymatic cycle of a given enzyme. 
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