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The temperature dependence of magnetic susceptibility and Miissbauer quadrupole splitting for oxyhemoglobin is con- 
sidered to arise from contribution from a _eround state singlet and two excited tripIet electronic states. Using vaiues of pa- 
rameters obtained from titting data for both measurements. the plausibility of this hypothesis is estabhshed. 

1. introduction 

The Miissbauer spectra of the iron in oxyhemo- 
globin show a marked temperature dependence fl] 
and both the isomer shift and the quadrupole split- 
ting are similar to that of ferric compounds f23, sug- 
gesting the existence of low lying paramagnetic states 
at energies comparable to the room temperature ther- 
mal energy. However earlier magnetic susceptibility 
measurements [3] had described the iron-dioxygen 
complex as diamagnetic at room temperature. To 
reconcile the susceptibility result with the Miissbauer 
observations it has been proposed that the oxygen 
molecule, bent as in the Pauling model [43, can ro- 
tate to occupy four equivalent minima separated by 
energy barriers [5,6] _ A similar description has been 
proposed for model compounds, the so-called “picket 
fence” porphyrins [7 ] . 

However, while for the models the X-ray structure 
is consistent with the proposed rotations [8 3 , it is 
not so for oxyhemoglobin [9] and oxymyoglobin 
[lo], where the oxygen must be blocked in a single 
position. Moreover recent magnetic susceptibility 
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data [I 11 are at variance with the earlier ones [3] 
and indicate that, in frozen solutions of HbGz, the 
iron-dioxygen complex is in a thermal equilibrium 
between a diamagnetic singlet ground state and ex- 
cited states of higher spin multiplicity. An extension 
of the measurements to liquid solutions at room tem- 
perature [ 123 shows complete agreement with the 
results for frozen solutions. 

If the oxygen cannot rotate and the iron-dioxygen 
complex is not diamagnetic at room temperature, we 
may go back to the obvious interpretation of suscep- 
tibility and Mossbauer data in terms of states with 
both paired and unpaired spins. On the other hand, 
recently, some Fe(H) complexes have been reported, 
which show Mijssbauer and susceptibility data very 
similar to those of HbO, and were easily interpreted 
on the basis of a spin equilibrium between nearly de- 
generate singlet and triplet ground states [13,14] _ A 
similar model is used here to obtain a simultaneous 
fit of Mossbauer quadrupole splitting and magnetic 
susceptibility data of HbO, _ 
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2. Theoretical model and calculations should strongly reduce the spin-orbit coupling, 

As outlined in the previous section, the experi- 
mental data are consistent with a singlet ground state 
and low-lying levels of higher spin multiplicity_ If 
one considers the level scheme proposed for deoxy- 
genated hemoglobin [ 15,161 and previous calcula- 
tions on Fez+, (d6 configuration) complexes in C,,. 
symmetry [ 133 , the level 3E is the most probable 
candidate to approach to the ground state IA, _ There- 
fore we assume as a mode1 an esacoordinated Fe(G) 
complex with singlet and triplet levels separated by 
an ener,qy comparable with the thermali one_ More- 
over, if the oxygen molecule cannot rotate, a rhombic 
component has to be included. The resulting level 
scheme we have considered is shown in fig. 1, where 
the labels of the terms are those for C2v symmetry 
and 3B,, 3B2 arise from the 3E in C,, symmetry. 
A first assumption we made is to consider these trip- 
let terms deriving directly from the 3TL, in 0, sym- 
metry, thus neglecting the mixing with the terms at 
higher ener=T, but this assumption is not too drastic, 
because the next triplet states are we11 separated [I 5, 
163 ; in this way the two levels can be described, in 
the strong field configuration, as 

PB,): --&/%&“~?P) - ;I&&%?, 

13B2): 5 41&27je’) - $~g~&+f*), 

where f, p, 5, 8, E, stand for the one-electron d levels 

d d,,?d,,,, Y=’ dzz , dxz,2, respectively_ 
A second approximadon we introduced is to ne- 

On this basis we fitted the experimental values of 
the magnetic susceptibility [I l] by means of the 
van Vleck equation [17], using A, and A2 as fitting 
parameters_ 

The resulting A, and A2 values were then intro- 
duced in the expression (1) [ 18,191, which gives the 
temperature dependence of the quadrupole splitting 

AEQ in C2v symmetry, if lattice contributions are 
assumed to be negligible [ 161: 

where V,, {k = x,3’, z) are the components of the 
electric field gradient tensor and can be obtained, fol- 
lowing the operator equivalence f 19f , as: 

Vk_ = 3 e(l - R)W%,,, (2) 

and I,, is a thermal average given by: 

Here 9, and A, are the wavefunctions and the ener- 
gies, respectively of the different terms taken into ae- 
count. 4s in a previous paper [ 163 , the nuclear qua- 
drupole moment & was taken to be 0.21 b and the 
quantity (1 - R)W3), where (1 - R) is the Stem- 
heimer factor for the 3d electrons, was taken to be 
3.3 au, so that eq. (1) becomes: 

glect completely the mixing between the levels, due 
to the spin-orbit interaction. This is partially justi- 
fied, since the high covaiency together with a likely 
quenching operated by the vibronic coupling fl6] 

aEQ = 4.1 F mm/s, 

where 

(4) 

Iif covalency effects are neglected, the three levels, 

‘Al, 3Bl, 3B2 should give no contribution to the 
quadrupole splitting and AEQ = 0. However experi- 
ments show a AEQ value of 2.24 mm/s at 1.2 K for 
Hb02 [ I] , thus indicating a strong covalent bond and 
an asymmetrical charge distribution_ 

Fig. 1. 

Only a general molecular treatment could give an 
accurate picture of the iron-l&and covalent bond; 
however bonding effects may be taken into account, 
in a semi-empirical way, by replacing the metal d- 
orbitals, used in the simple point charge model, by 
molecular orbital combinations of the suitable sym- 
metry [20] : indeed in a molecular drbital treatment 

(1) 



each metal orbital is mixed with opportune l&and 
orbital so that the one electron levels with mainly 
iron character, for the different representations (we 
adopt the notation for C,,, symmetry), can be ex- 
pressed as: 

(6) 

where Zi 4 is a short notation for the correct corn- 
bination of ligand orbitals; since we are interested in 
the contribution of the metal d-orbitals to calculate 
the quadrupole splitting PEa> it is not necessary to 
know the values of the coefficients of the l&and or- 
bit&, since they may contribute to AEQ only to a 
minimum extent. Consequently if Ail and A, are 
known, AEQ becomes a function of the five param- 
eters cy 1, a~, @I , &, & ; however, since dXz_Yz are 

antibonding orbit& and are situated at energy higher 
than that of the &and-s. we make the ~pprox~ation 
Cq *ff(y2= 1. 

As for the other three parameters, these latter are 
considered fitting parameters for the temperature 
dependence of AEQ. It is evident that the fitting is 
significant if the values obtained are consistent with 
the physical sense. In fact we can expect, from semi- 
empirical calculations of model oxyheme f2 I ] , a val- 
ue of & close to unity_ Moreover, if the rhombic 
component is small, #at is a small A2 - A,, p1 and 
& are expected to be not too different one from an- 
other. Indeed, as it will be shown in the following 
section, the parameter values we find are in agree- 
ment with the above requirements_ 

3. Results and discussion 

Fig. 2 shows the theoretical molar susceptibility 
(xhi) versus absolute temperature, computed for A, 
= I40 cm-l and A, = 300 cm-1 ) together with the 

Fig. 2. Best fit of t&e molar susceptii2ity per heme versus absolute temperature as in ref. [ 111 with Al = 140 cm-l and A2 = 300 

cm”. 
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experimental data fl If _ Our analysis gives a satisfac- 
tory fitting also for a, = A2 similarly to the previous 
interpretation [ f If , but the agreement is improved 
if one of the two levels, 3B1 or 3B2, is allowed to 
increase in energy; however, beyond a certain value 
of A,, about 500 cm-l, the fitting becomes worse. 
An analogous behaviour is observed for the theoretical 
temperature dependence of quadrupole splitting AEo, 
as shown in fig. 3. 

These findings are cons&tent with a little rhombic 
component, A2 - A1 = 100-300-cm-1, as it is ex- 
pected on the basis of the stereochemistry of the 
chromophore and of recent theo,mtical resufts for de- 
oxyhemoglobin and myoglobin [I 6,22 J , for which 
negligible or very small rhombic components are re- 
quired. 

As for the parameters PI, 02 and &, we have found 
that & must be very close to 1,0.95 =G p3 =G 1.0, while 
the best values for PI and pz are comprised in the 
range 0.6-0.7: the fitting of fig. 3 was obtained setting 

& = 098 and f3, = & = 0.69. The condition @I = & 
is not strictly necessary, because little difference be- 
tween the two parameters do not alter appreciably 
the values of AEQ _ 

The strong reduction of the values of PI and & 
with respect to unity is expected, because the orbitals 
dXz and dYz of the iron are mainly involved in the 
covalent bonding with the oxygen molecule, when 
this is situated in a bent configuration [9,10] _ 

From our calculations the asymmetry parameter 

n=<vz- fryyl/f/ zz can be evaluated, and the result 
7t S 0.3 in the range O-300 K, is consistent with those 
obtained for modei compounds, Q 2 OS [21,23]. 

4. Conclusions 

Xn conclusion, we note that, in spite of the c-rude 
approximations made, our model accounts very well 

for both MBssbauer and magnetic data, using a set of 
reasonable values for the parameter, As it is evident 
from fig_ 3, the hypothesis of a singlet-triplet spin- 
equilibrium works as well as the rotating oxygen 
model in explaining the temperature dependence of 
the quadrupole splitting. On the other hand, the “ox- 

ygen rotating model”, in our opinion, can interpret 
with difficulty the dependence of the magnetic sus- 
ceptibility with temperature. Therefore, we may con- 

I 
0 sb tbo r&o 2bO 2bD 3 

TPK) 

Fig. 3. Best fit of the quadrupole splitting versus absolute tem- 
perature_ Experimental data from ref. Il] and 161. 

&de that the “spin equilibrium” hypothesis appears 
the most likely in those systems, like oxyhemo~ob~ 
and OxymyogIobin, where the oxygen is blocked in a 
single position, although it is possible that bo*& re- 
stricted rotation in the protein and a singlet-tripfet 
equilibrium contribute to the temperature depen- 
dence of the Mbssbauer spectra. At lasi: we would 
like to remark that our simplified hypothesis works 
very well, but, on the other hand, more accurate mo- 
lecular orbital calculations on explicit HbO, models 
are needed for further confirmations_ 
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