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A theoretical analysis of quantum mechanical mixing of 
spin with spin and admixed spin z-z states in ferric 
haem complexes 

3 5  

Archana Gupta and G P Gupta 
Physics Department, Lucknow University, Lucknow 226007, India 
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Abstract The quantum mechanical admixture of spin and 2 has been analysed theoretically. 
The analysis reveals that under the influence of the S = $ spin state, the h e r s  doublets of 
S = 3 split with S, = *I being the ground state in contrast to the case of the S = 3 and S = 
admixture. The study af the mixing of spin S = 1 with admixed spin $5 states shows that 
when S = 1. states %e brought closer to the mixture, keeping the ;-; gap at a Constant value. 
the two Krnmers doublers of S = 4 come closer to each other. cross over and become inverted. 
The effect of this crossover on the magnetic susceptibility and EPR signals is also discussed. 

3 3 

1. Introduction 

Haem proteins are a class of biologically important macromolecules. In spite of the diverse 
functions, such as transportation of oxygen, reversible transfer of electrons and irreversible 
transformations of substrates, all haem proteins have the unifying feature of a common 
active site composed of an iron-porphyrin complex. Although the axial ligation to the haem 
group and the nature of the immediate environment are critical variables in modulating their 
enzymatic activity and biological control, it is believed that biological functions of haem 
proteins are determined to a large extent by the conformational and electronic properties 
of this haem group. Its versatility lies in the fact that the Fe ion can exist as Fe”, 
Fe3+ and sometimes as Fe4+ in a variety of crystal fields in high, low or intermediate 
spin configurations. A great deal of experimental and theoret& effort has been directed 
towards the elucidation of the detailed structure of the haem group. The close relation of the 
spin state to the structure made the investigation of spin states of considerable importance 
(Williams 1961, Hoard ef al 1965, Hoard 1971, Scheidt and Reed 1981). Given the spin 
state of an Feporphyrin complex in either of its commonly occurring Fe (11) or Fe (III) 
oxidation states or with incompletely characterized states such as those of Fe (r) and Fe 
(IV), confident predictions about its structure can be made; e.g. the displacement of the 
Fe ion out of the porphyrin plane is linked with the spin state, the stereochemical ‘trigger 
mechanism’ of haemoglobin cooperativity. Magnetic susceptibility is one of the physical 
probes used to determine the electronic state at the haem site with the goal of relating the 
structure of the protein to its chemical function. 

In the case of the fenic state the five d electrons can be arranged into three possible 
spin configurations-the low-spin (S = i) state, the intermediate-spin (S = z )  state and 
the high-spin (S = $) state. The low- and high-spin states,are well known and a number of 
examples of haem protein derivatives have been reported in which the Fe 011) atom is in 
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thermal equilibrium between the low- and high-spin states (Beetlestone and George 1961, 
Iizuka and Kotani 1968, 1969a, b, Iizuka et a1 1968, 1971, Maltempo etal 1974, Scheidt et 
a1 1982). However, the intermediate magnetic moments of bacterial haem proteins, known 
as the ferricytochromes c', could not be explained on the basis of thermal equilibrium 
between the low- and high-spin states. The data could be interpreted in terms of a quantum 
mechanical admixture of the intermediate-spin state and the high-spin state (Maltempo 
1974, Maltempo and Moss 1976). Since then, Mossbauer and susceptibility data of several 
synthetic haem complexes have been analysed using such an admixed spin $-; state (Gupta 
et ul 1986, 1987a, b, Scheidt et al 1989). Somehow the cases of quantum mechanical 
admixture of S = 5 and : have rarely been invoked as an explanation for experimental 
magnetic data of haem proteins (Gregson 1981). In this communication a theoretical study 
of the behaviour of a quantum mechanical admixture in ferric haem systems is presented 
with special reference to the 4-$ state. 
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2. Theoretical formalism 

The ground and low-lying excited states mix substantially via spin-orbit coupling to give 
spin mixed states. Such spin mixing gives rise to zero-field splitting, the magnitude of 
which is related to the strength of the spin-orbit coupling, the nature of the ground and the 
excited electronic states and their relative energies. The selection rules for the spin-orbit 
interaction between different haem Fe spin states are (i) S = 0, & I ,  (ii) S, = 0, &l (Griffith 
1461). As a consequence the intermediate-spin state can mix quantum mechanically with 
the low-spin state as well as the high-spin state, precluding any possibility for the mixing of 
the high-spin state with the low-spin state. Besides this the mixing depends pn-the energy 
separation between unperturbed pure states. It can occur only if the energy separation is 
comparable to or less than the spin-orbit coupling constant (Salmeen and Palmer 1968). 

In octahedral symmetry Oh the five d orbitals are split into two sets of degenerate 
orbitals: the triply degenerate tzg orbitals (d,,, dzz, d,,z) and the doubly degenerate e, 
orbitals (dZz+ and dz2). In ferric haem complexes the axial ligands lower the crystal field 
symmetry at the Fe site from Oh to C4". For example in femcytochromes c' the symmetry 
at the Fe site is and there is no magnetic evidence contrary to that (Maltempo 1974). 
The axial field corresponds to different ligand charge density in the xy plane and along the 
z axis and consequently splits both the eg and tZg orbital sets. The amount of lODq splitting 
and the loss of energy in violating Hund's rule of maximum spin can cause one of the 6 A ~ ,  
4 A ~ ,  4E, 4E, zE, zE and Z B ~  states to be the ground state. The electronic configurations of 
these energy levels are represented in figure 1. 

In order to analyse the behaviour of quantum mechanical mixing of the above mentioned 
24 states the eigenvalue problem was solved for the Hamiltonian 

31 = Aij + h lj . si + E(& + 2si) . H 
i j  i i 

with respect to a basis set consisting of 24 IS,) components of the 6A1, 4Az, 4E, 'E, 
ZB2, ZE and 2E states. The three terms in the Hamiltonian represent the crystal field, 
the spin-orbit and the Zeeman interactions respectively. The Ajj values are the energy 
gaps between different energy levels and may be introduced as free parameters along the 
diagonal elements corresponding to the respective energy states. h is the one-electron spin- 
orbit coupling constant and has been assumed to be equal to a usually accepted value of 
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Figure 1. Electronic configurations of Various energy levels of a ferric ion ib the presence of 
an axidly symeuic crystal field. 

150 cm-' (Gupta et al 1986, 1987a, Scheidt et ~l 1989). An electrostatic energy term, 
which is constant for all the states, has been omitted from the  expression.^ The 24 x 24 
matrix elements of the Hamiltonian are generated from 10 x 252 Slater determinantal wave 
functions (Lang 1989) where 10 corresponds to the number of one-electron states in five 
d orbitals with spin up or spin down and 752 is the number of possibilities in which five 
electrons of Fe3+ may be placed in the 10 one-electron states. 

3. The interaction of S = 1 with S = 9 

A careful examination of the matrix elements of the spin-orbit interaCti0h term in the 
above mentioned basis set reveals that 'B2 states do not interact directly with 4A2 states. 
Nevertheless they interact with 'E states, which directly mix with "Az states. The matrix 
elements connecting 2B~-2E, 2E-2E and zE-4A2 states are given in table 1. An exclusive 
interaction of S = with S = 2 spin states was studied by keeping 6 A ~  states very far 
(- 90000 cm-') from the ground state. Further, group theoretical methods indicate, and 
also by structural arguments it is evident, that only the 4A2 quartet is stabilized in Fe 
porphyrins. This fact has also been established by fitting the susceptibility and Mossbauer 
data of a number of synthetic haem complexes (Gupta et al 1986, 1987a,b, Scheidt et al 
1989). In view of these considerations and for the sake of simplicity both the 4E states were 
also kept far away from the ground state (- 90000 cm-'). Accordingly the interaction of 
all three doublets belonging to S = 4, namely 'Bz, 'E and 'E only with the quartet 4Az 
was taken into consideration. The calculations were further simplified by considering the 
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Table 1. The matrix elements of the spin-orbit interaction apemtor I; , s;. 

energy gap between the two *E states to be equal to zero, assuming the crystal field to be 
axially symmetric. 

The mixing of ’B?, ’E and 4A2 states was studied first by varying A I  keeping A2 
constant, where A ,  and A2 correspond to ’Bz-’E and ZE-4Az energy gaps respectively. As 
shown in figure 2, when AI was varied keeping A2 constant the position of ’B2 states did 
not affect the splitting of other energy doublets significantly. However when A, was kept 
constant and A2 was varied a large amount of mixing was observed. Figure 3 shows the 
changes in energy position of different Kramers doublets for A2 varying from -1000 cm-’ 
to 1000 cm-’ for a typical value of AI = 50 cm-’. As may be seen in figure 3, when 
A2 is large and negative all the doublets are nearly pure states with ’E being the ground 
state. The two Kramers doublets S, = 2ki and S, = zk;, corresponding to 4A2 states, are 
almost degenerate whereas the two ’E doublets are not degenerate because of their mutual 
interactions. As the value of A2 is increased, all the states come closer to each other, their 
wave functions start mixing and finally for a large positive value of Az the states become 
pure again hut inverted, i.e. now ‘A2 becomes the ground state. The amount of mixing 
and the nature of the Kramers doublets can be ascertained by estimating the gL value of 
the ground state,. As shown in figure 4, for large negative values of A2 the value of gl 
approaches 1.68, creeping towards two, the ideal value for S = 4. As A2 is varied the 
value of gl decreases gradually and finally, for a large positive value of A2 it approaches 
zero. indicating that the Kramers doublet now belongs to S, = &:. This point may be 
confirmed by estimating the gl value of the next Kramers doublet (shown as a dotted line 
in figure 4). It approaches the value of four, the ideal value corresponding to S, = &; 
belonging to S = f .  It is interesting to note that when 6AI mixes quantum mechanically 
with 4Az, S: = becomes the ground state in contrast to the present situation. This fact 
may be of significant importance in the interpretation of magnetic susceptibility data and 
EPR signals, and prompted more investigations as discussed below. 

4. The  interaction of S = 1 with an S = $-2 admixture 

Since the effect of ‘B2 on both ‘E and “A2 states was minimal as discussed above, the *B2 
energy levels were taken far away from the ground state (- 90000 cm-l) to facilitate the 
study of the combined effect of ’E and 6 A ~  on “A2 states. Calculations reveal that when 
A,, the gap between 2E and “Az, is large as compared to A,, the gap between 6AI and 
4A2 states, the energy doublets of 4 A ~  are split in accordance with the Maltempo model 
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Figure 3. The energy eigenvalues fbr the 4A2, IB2, 2E and K m s r s  ddublW platted as a 
function of A l .  

(Maltempo et a1 1974, Maltempo and Moss 1976) i.e. S, = zki becomes the ground state. 
As AI is decreased the two Kramers doublets of 4Az come closer to each other, cross over 
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and are finally inverted i.e. S, = ?c$ become the ground state. A typical behaviour of the 
two Kramers doublets as a function of A2 for A3 equal to an arbitrary value of 100 cm-' 
is shown in figure 5. The behaviour suggests that the effect of S = states on the quantum 
mechanical admixture of S = f and $ increases exponentially when they are brought closer 
to the mixture. In order to understand the relative effect of *E and 6AI states on 'A2 
states the ratio A;/A; was plotted as a function of A; as shown in figure 6 where A; and 
A; are the critical values of AT and Ax respectively for which the crossover of the two 
Kramers doublets of 4A2 takes place. As may be seen in figure 6 the ratio A;/A: increases 
exponentially for low values of A;, which means that even if 6 A ~  is very close to 4 A ~  its 
effect is negated by the distant S=; f spin states. 

As has been mentioned above the crossover phenomenon may significantly affect the 
observed behaviour of EPR signals and the magnetic susceptibility of a system. In the case 
of the S = z-i quantum mechanical admixed spin state, since the ground state Kramers 
doublet is S, = j.4 it provides strong EPR signals corresponding to both 81, and g l  values. 
However, if S = f spin states are close to the S = $-; admixture such that A2 c A; (for 
A, = A:), the ground state is S, = +; and EPR signals corresponding to g~ are reduced 
to zero. The cases of interest are under investigation and will be reported separately. 

In order to see the effect of the crossover on the magnetic susceptibility a set of curves 
of NrR. the effective Bohr magneton number, as a function of temperature, corresponding to 
the situations depicted in figure 5, are shown in figure 7. The values of Nee were calculated 
using the relation 

(2) 
, ,  . ,  

Nefr = d--3kTg(S) /HB 
and the powder average was estimated using the relation 

Neif = +&~(ll) + $ N d U  (3) 
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Figure 5. The enqies  of the two b e n  doublers of 4A2 plotted as a function of A2 for 
A, = 100 cm-'. 
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Figure 6. A;/A; plotted as a function of A;. 
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~ 
As shown in figure 7, at low temperatures, where crystal field effects are dominant, 

values of Nen increase as A2 is decreased from 800 cm-' to 500 cm-I (shown as dotted 
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Figure 7. The vdues of N,n pl&d a? a function of temperature for different values of A2 and 
a fixed value of A3 = 100 cm-'. 

curves). For A2 = 500 cm-' the curve becomes approximately a straight line parallel to 
the temperature axis. This corresponds to the situation when the crossover is taking place 
and the two Kramers doublets are almost degenerate. The susceptibility behaviour is quite 
close to that obtained from the Curie law. When A, is decreased further from 500 cm-' 
to 300 cm-I the low-temperature pari of the curve moves downward again but at a Caster 
rate (shown by the solid curves). This is conceivable in view of the fact that now S, = =!=$ 
becomes the ground state and does not contribute to the perpendicular susceptibility of the 
system. 

In a number of cases reported in the literahue the low values of N,r at low temperature 
and the weak EPR signals have been interpreted in terms of a dimer type of weak 
antiferromagnetic coupling. It may be interesting to investigate whether both observations 
are due to the presence of S = 4 spin states in the vicinity. 

As an example, the susceptibility data of [Fe(oEP)(3-ClPy)]ClO4 (OEP = octaethylpor- 
phyrinate) had been interpreted in terms of a quantum mechanical mixture of spin 2 and 
$ only. The deviation of the theoretical curve from the experimental data, which started 
from - 130 K, was attributed to,the dimer type of antiferromagnetic coupling (Gupta et 
aI 1986). A preliminary fitting of these data by taking into account 2E states along with 
an S = i and $ admixture is shown in figure 8. The calculated values match well with 
the experimental ones for A2 = 410 cm-', A, = 260 cm-' and A = 135 cm-I. As may 
be seen in figure 8, the theoretical curve deviates from the data only below - IO K. This 
suggests that the antiferromagnetic coupling present in the dimers may be much smaller 
than the previously reported value, which might have been estimated too high as *E states 
had been ignored. The other important point is that the ground state in this case is S, = &$ 
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rather than S, = k;. As mentioned earlier, this point may play an important role in the 
interpretation of EPR and Mossbauer data. A detailed analysis of this and other complexes 
is under investigation at present and~will be reported separately. 
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