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The simple Hiickel method was first applied to the electronic structure of the iron-porphyrin
complexes by PuriMan et al. [12]. In this paper, their work is extended to include (a) the
effect of a dipole or a point charge placed at the sixth coordination position, and (b) the effect
of a nitrogen atom placed at the fifth coordination position. A set of new parameter values is
used, whose estimation is made by directing special attention to their dependence on the
charge distribution among the ators.

The resulting charge distribution for ferro-porphyrin seems to be reasonable. The fact that
the position of the Soret peak is insensitive to the sixth ligand can be understood from the
resulting orbital energy levels,

The difficulty of finding a reasonable charge distribution for ferri-porphyrin is discussed.

Die einfache Hiickelsche Methode ist auf die Elektronenstruktur der Kisen-Porphyrin-
Komplexe zuerst von PuLLman eb al. [12] angewandt worden. In der folgenden Arbeit wird
ihr Verfahren auf (a) die Wirkung eines Dipols oder einer Punktladung an der sechsten
Koordinationsstelle und (b) die eines Stickstoffatoms an der fiinften erweitert. Ein Satz neuer
Parameterwerte wird verwandt, bei deren Bestimmung besonders auf ithre Abhéngigkeit von
der Ladungsverteilung geachtet wird.

Die erhaltene Ladungsverteilung fiir Ferroporphyrin erscheint verniinftig. Die Unemp-
findlichkeit der Lage der Soret-Bande gegen den sechsten Liganden ist aus den erhaltenen
Energieniveaus zu verstehen.

Die Schwierigkeit, eine verniinftige Ladungsverteilung fiir Ferriporphyrin zu finden, wird
diskutiert.

La simple méthode de Hiickel a été appliquée & la structure électronique des complexes
fer-porphyrine pour la premidre fois par PULLMAN et al. [12]. Dans larticle suivant, leur
travail est étendu afin d’inclure (a) Peffet d*un dipble ou d’une charge ponctuelle sur la sixiéme
position coordinative, et (b) Ieffet d'un atome de nitrogéne sur la cinquidme position, Un jeu
de nouvelles valeurs des paramdtres est usé qu’on détermine en tenant compte spécialement
de Jeur dépendance de la distribution des charges atomiques.

La distribution de charge obtenue pour la ferroporphyrine semble étre raisonnable. Le fait
gque la position de la bande Soret est insensitive contre le sixiéme ligand, peut étre compris &
Paide des énergies des orbitales calculées.

La difficulté de trouver une distribution de charge raisonnable pour la ferriporphyrine est
discutée.
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1. Introduetion

One of the most interesting chemical properties of Fe-porphyrin complexes is
the existence of “high-spin” and “low-spin” states. For example, the number of
unpaired spins in HbH,0 and HiH,0 is 4 and 5 respectively, while that in Hb0,
and HiOH- is 0 and 1 respectively.

Another interesting feature is their spectra. All these complexes show an
extremely strong band, called the Soret band, at 390 — 430 mu. The position of
the peak does not change very much for HbH,0, Hb0O, and even for metal-free
porphins,

The complexes are known to play very important roles in oxidative and
reductive reactions in biological systems. It has been pointed out that this redox
power is closely related to the orbital energies of the highest occupied and the
lowest unoccupied molecular orbitals [17].

It is very difficult to give a theoretical interpretation of these phenomena
from first principles. And it is even more difficult to explain the oxygen-uptake
power of haemoglobin. However, it is clear that one of the most fundamental
pieces of knowledge about this molecule is its electronic structure.

We use the simple Hiickel method in this work not because it is adequate for
our purposes, but because it is simple enough to be easily applied to complicated
systems such as the iron-porphyrin complexes.

The simple Hiickel method was first applied to the iron-porphyrin complexes
by PuLLMAN, SPANJAARD and BERTHIER [72, 13]. Their calculations are extended
in this work to include (a) the effect of a dipole or a point charge placed at the
sixth coordination position, and (b) the effect of a nitrogen atom placed at the
fifth coordination position. We also introduce new parameter values, whose
estimation is made by directing special attention to their dependence on the
charge distribution among the atoms.

In PuLmax and others’ work [12, 13] it was assumed that in the high-spin
complexes the 3 d electrons of the iron -atom do not participate in the bonding
between Fe and the porphin ring, while in the low-spin complexes, they do. The
calculated molecular orbital energies differed considerably for these two types of
complexes. The work, therefore, suggested that when a complex changes its spin
state, there are drastic changes both in the character and in the energy of the
molecular orbitals involving the 3 d orbitals. This may well be true, but the
specific assumption mentioned above is rather artificial. Here we lift this assump-
tion. Changes in molecular orbitals will be brought about through the dependence
of the parameters on the charge distributions which are different for the high- and
low-spin state.

2, The Model

All the peripheral substituents of the porphyrin ring are neglected so that the
system under consideration contains 20 C’s, 4 N’s, and one Fe in the molecular
plane (cf. Fig. 1), and one N under the Fe atom — this will be denoted hereafter N'.
The assumed distances between the atoms are the following: Fe— N 1.80 A,
N—C 1384, 0'—C and ¢'—C" 140 A, Fe— N’ 2.10 A. The bond angle
< O'NC' of 108° is also assumed. These figures are fairly close to the observed
ones for nickel ethioporphyrin [I] and myoglobin [4].



380 Ko Omrxo, YuriTo TaNABE and FurAsHI SASAKT:

The ligand at the sixth coordination position apparently determines the spin
state of the system. We replace this ligand by a dipole or a point charge and
investigate its effect. A dipole with its axis perpendicular to the molecular plane
or a point charge is thus placed above the Fe atom at the distance of 2.06 A.
The system has the symmetry Cy,.

The system is so large that only the bonds between Fe and four surrounding
N’s are considered for the o part; also the possible 7z bonding between Fe and N’
is neglected. With all these simplifications, there are 42 electrons (one each from C,
three each from &, 8 from Fe and 2 from N') for the ferrous complex and 41 elec-
trons for the ferric complex. To describe
them, we use the following 38 atomic
orbitals: one 2 pz of each C, one 2 pz and
one sp? hybridized ¢ of each N, five 3 d,
one 4 s and three 4 p of Fe and one sp?
hybridized orbital of N/ pointing to Fe.

3. Method of Caleulation

Our model has the symmetry of Oy

Fig. 1. The skeleton of iron-porphyrin. Ex indicates
the position of a dipole or a point charge but if we digregard the point charge or

dipole at the sixth coordination position
and the N’ atom at the fifth coordination position, the symmetry is Dyy. It is more
convenient to name some of the molecular orbitals after the irreducible represen-
tations of the group D,;. The names of the irreducible representations of the
groups Dy and Cgy and the relation between them can be seen in Tab. 1.

Table 1. Irreducible representations of the groups Dan and Cuy

.D4h Alg Azu -Blg Bzu .A2g Alu BZy Blu Eg Eu
—_— ———— —— ——— ——
Cio 4, B, R B, B

Putting aside the orbital of N', we form linear combinations of the 37 atomic
orbitals available. The linear combinations form bases for the irreducible re-
presentations of Dyy. These are called symmetry orbitals and explicit forms are
given in Appendix I. The irreducible representations which appear and the number
of linearly independent functions belonging to these follow: Aiy (2), Asy (5),
Bua (3), Bau (3), By (7), Asg (3), Bag (2), Bag (1) and By (2).

When the atom N’ andfor a point charge or a point dipole are considered,
we have A4, (9) instead of A, (3) and Ay (5) and an sp? hybrid of N’ pointing
to the Fe atom. Off-diagonal elements between By, and Bsy, By and Byy, Ky
and. B, will be zero under the approximations employed in the present calculations.
(This will be explained in the next section.) Even in the general case we shall keep
the symmetry notation of D,y except for Ay, and Agy.

Thus we have expressed the symmetry orbitals in terms of atomic orbitals.
In order to know how much these symmetry orbitals mix to give molecular orbitals,
we have to set up and solve the secular equations.

Integrals which appear in the secular equations can be reduced to those
involving atomic orbitals. In the simple Hiickel theory, they are the Coulomb
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integrals «, the resonance integrals f and the overlap integrals S. They are
defined as

wp = | 7 (1) Hogg (1) 1 (1) dry (3.1)
Boa = | 73 (1) Hor (1) 16 (1) iy, 32)
Spo= [ 28 (1) g (1), (3.3)

where ¥, and y, are the atomic orbitals. The total Hamiltonian is assumed to be
a sum of one-electron effective Hamiltonians Hoysy:

H =} Ho (i) : (3.4)

The one-electron effective Hamiltonian Hyysy (¢) may be considered to have the
following form:

. 1 - B
me=—§m+%wm, (3.5)

where v, is the effective potential due to atom a.
The Coulomb integral &, for an atomic orbital y, centred on the atom a can
be split into two parts, «p and «p:

1 -~ w . p
ocpzjx;‘ <—§A+va>xpdr+b;ajx1; Uy Ap 0T = &xp+ xp . (3.6)

The first term x, may be equated to a suitable valence-state ionization potential
for occupied atomic orbitals (e.g. 2 pr of €, N and 3 d of Fet+) or to an electron
affinity for empty atomic orbitals (e.g. 4 s and 4 p of Fett). The second term «,
is neglected unless atom b has an appreciable formal charge. When the atom b
does have a formal charge, Zp, the term is evaluated by assuming that a point
charge, Z, is situated at the nucleus b.

The resonance integrals 5, are estimated by a slightly modified Wolfsberg-

Helmholz approximation [74], namely

Boa = Spq <K = ; - E‘L;ﬂ> ’ (3:7)
where K =2 for z bonds and 1.67 for ¢ bonds. The basis of this approximation is
not quite clear but it is certainly most convenient in reducing the number of
unknown parameters. The modification we made consists in separating off the
electrostatic part o from «,. This is made in order to fulfill the requirement
that the resulting orbital-energy differences should not change, if we change the
zero point of the energy by adding a constant potential to the Hamiltonian.

The values of the overlap integrals can be evaluated without too much diffi-
culty, at least in principle.

It should be noted that all the parameters «, 8 and S depend on the formal
charge which the atoms carry. This necessitates the use of the method of trial and
error which goes as follows. We first assume a charge distribution and determine
the parameters. Then we obtain the molecular orbitals and orbital energies, and
thus we are led to a plausible electron configuration. Analyzing the wave function
of this electron configuration, we obtain a resulting charge distribution. If this is
close to the starting charge distribution, we can stop there. If the resulting

Theoret. chim. Acta (Berl), Bd.1 26
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electron distribution differs from the starting one, we have to start again assuming
a more appropriate charge distribution. This is a requirement of self-consistency
in charge distribution which seems to be quite important in dealing with very
hetero-polar systems like metal-porphyrine complexes.

The potentials due to a point charge (charge Ze) and a dipole (moment y with
the axis on the z axis) placed at the distance B from the origin can be expressed,
respectively, in the polar coordinates as follows:

=& Ze [ (r/R)¥, r< R,

V=3%yr 9) =

;02;‘0 k (cos 9) o {(RWHI’ re R, (3.8)

V— OZO Py (cosﬂ) = { — (k + 1) (r/ R)*, r< R, (3.9)
k=0 k (R[r)k+1, r> R.

In calculating matrix elements of these potentials with respect to the s-, p- and
d-type atomic orbitals, the integrals can be carried out over the angular parts
easily and the resulting expressions are listed in Appendix IIL.

4. Values of the Parameters for Ferrous Complexes

As was explained in the previous section, our parameter values depend on the
charge distribution we assume.

The choice of parameters by SPANJAARD and BERTHIER [ /3] indicated that they
started from a model in which all the atoms are neutral. The resulting formal-
charge distributions were Fe3-5+ porphin 3.5~ and Fel-5* porphin 1.5 for low- and
high-spin ferrous complexes respectively. In view of these results, we start with a
model in which the formal-charge distribution is Fe2-0+ N5~ all carbon atoms
being considered as neutral.

4.1. Valence-state tonization potential and electron affinity

The first term o, of the parameter « [cf. (3.6)] is equated to a suitable valence-
state ionization potential for occupied atomic orbitals or to an electron affinity
for unoccupied atomic orbitals. The values of these used in the present calculation
are collected in Tab. 2.

4.2. Contribution to x from the other aloms carrying a formal charge

The second term x,, is estimated by assuming the point charges Ze (Z = -+ 2
for Fe, and —0.5 for each of four N) are located on the nuclei. For O, for exam-
ple, we have

|2 p e (v) [2p7c (@) j|2pnc(r)]
ot ) Teoon ) e @Y
where Ry and RN’y are the position vectors of the nitrogen nuclei nearer and
farther to the ¢ atom under consideration, respectively. Each term in the right
hand side of (4.1) is a so-called nuclear attraction integral.

For the atomic orbitals used in estimating these integrals, for example 2 p sic
in (4.1), we take the Slater orbitals. The orbital exponents é are assumed as follows:

d (V) = 1.95,

6 (0) = 1.625,

S (Fe3d)= 208,

8 (Feds) =0 (Fedp)— 101

xg = 2

(4.2)
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Table 2. Valence-state ionization potentials and electron affinities (in V)

Tonization potential I ‘f Etectron affinity A
Atom Orbital I | Atom ] Osbital
C 2 pn 1142 * Fe?+ t 16.18***
N’ 2 pr : 14.26 ** Fe?t 11.41%**
N’ o4 18.67 ** \
NO5— 2 px 7.79 ** :
No.5— 4 12.08 ** i
Fe?t 3d 30.65%*% |

* The valence state is assumed to be the tetra-valent sp? state. The value is taken from
the paper by H. O. PritcEARD and H. A. SKINNER, Chem. Rev. 55, 745 (1955).

** For nitrogen, the valence state is assumed to be a mixture of V; s? p® with factor 1/3
and Vg sp* with factor 2/3. In estimating I for the sp? hybridized o, I of 25 for ¥, s2 p3 is
assumed to be the same as that for V, sp* Numerical values are taken from PrRrrcHARD and
SKINNER’S paper.

For N05—, an additional assumption is necessary. It is observed that the ionization
potential of 2 p electrons for N—, N and Nt is a linear function of the jonicity of the atom.
Thus it is assumed that

I(NOs=) = 2 [T () + T (N).

**x% ] (Fe**3d) = E(3d% — E (3d°%),

A(Fert4s) = FE(3d%) —E (3d%45s),
A(Fert4p) = E(3d°) — E (3d°4 p).

Atomic term values are found in the book by C. E. Moore: “Atomic Energy Levels”,

National Bureau of Standards, Vol. TI (1952).

For N and C, the values of the nuclear attraction integrals are obtained by inter-
polation of the table by Korant et al. [6]. To calculate the nuclear attraction
integrals which involve Fe atomic orbitals, the formulae given in Appendix IT
are used, where the values of the incomplete I” function are interpolated from
Prarsox’s table [9].

4.3. Values of Coulomb integrals x

The values of w,, , as well as &y = &, + «, are listed in Tab. 3.

Table 3. The parameter « for the model Fe2t N95— (in eV)

Atom Orbital o } o’ a=0o"+a"
Vo5 7 — 779 — 792 | —1571
No.s— i o —12.08 —11.72 . —23.80
o 7 —11.42 0.91 ( —10.51
c” ‘ 7 —11.42 044 | —10.08
c ! 7 —11.42 028 | —11.14
Fert ! 3d —30.65 15.80 —14.85
Fert 4s —16.18 1312 — 3.06
Fert 4p —11.41 13.12 1.71
N P —18.67 — 499 — 23.66

4.4. Overlap integrals

The values of the overlap integrals (except those involving the N’ orbital)
were calculated by SPaNJAARD and BERTHIER [13] using Slater orbitals. Those
involving the N orbital, we have calculated using the same AQO’s.

26*
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We adopt SPANTAARD and BERTHIER'S values for the overlap integrals between
C and C, and C and N. However, their values for the overlap integrals between
Fe and N are modified by multiplying them by the constant factor 0.75. This
factor is the ratio a/b. @ is the overlap integral between the Fe?+ Hartree-
Fock 3 do [14] and the N sp? hybridized Slater orbital evaluated along the inter-
nuclear axis. b is the same integral between the Fe Slater 3 do orbital and the
N sp? hybridized Slater orbital. This procedure is introduced to obtain approximate
overlap integrals between Fe?+ and IV, but is certainly a very crude one. However,
it is hoped that the results of the calculations
Table 4. Values of overlap integrals are not so sensitive to the values of theoverlap
integrals. The values used are given in Tab. 4.

(C2pn | C 2 pm) 0.2444
Eg 231’;1 [ |Z\17\722p;)l) 81328 4.5. Resonance integrals
(4 TJT .
(Fed pr | N 2 pr) 0.1297 Resonance integrals between non-neighbours
(Fe3 dz | N 2 po) —0.1133 are neglected. Those between neighbours are
g ei?fl_vyzzlng)z o) g;}gg calculated from Coulomb and overlap integrals
e . .
(Fe 4 po | N 2 po) 0.9939 Py using the formula (3.7).
E?Zi’ gzr J|V{\)7 ) g;ggg 4.6. Effects of a point charge or a dipole
(Fedp|N") 0.2976 The cases in which a dipole of either 0.5 or 1.0

a. u., or a point charge of 1.0 a. u. is placed at the
sixth coordination position are investigated.

The effects of these static fields on the Coulomb integrals («'') are calculated
by the formulae given in Appendix II. The resonance integrals are changed
accordingly [cf. (3.7)]. However, direct contributions of the static fields to the
resonance integrals are neglected.

In the non-oxygenated condition of haemoglobin, the water molecule is
attached at the sixth coordination position, while in the oxygenated condition,
the oxygen molecule is attached there.

The permanent dipole of the water molecule is known to be 0.728 a.u. (=1.85
Debye) by experiment. Induced dipoles of the water and oxygen molecules placed
at a distance of 2.01 A from Fe are estimated to be 0.54 and 0.55 a.u., respectively.
In this estimation, we must, of course, take into account the effect from the
negative formal charge of 0.5 on each nitrogen atom.

Assume that we can neglect the polarization of the surroundings although this
is very doubtful. Then the main part of the electrostatic interaction between the
haem and the oxygen (or water) molecule may be represented by placing a dipole
of 0.5 (1.0) a.u. at the sixth coordination position.

5. Results and Discussion for Free Porphin and Ferrous Porphyrin
5.1. Orbital energy and atomic population analysis

Orbital energies are tabulated in Tab. 5, and the significant energy levels are
illustrated in Fig. 2. Because a comparison of the absolute energies of cases
having different external fields has little meaning, the orbital energy differences
are recorded with respect to the 1 asy orbital, as shown in the figure.

For free porphin, we choose a model in which the two protons inside the
porphin ring are completely screened by o electrons. The four nitrogens contribute
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6 sz-electrons to the system. 26 s-electrons occupy the lowest 13 molecular orbitals

as follows:

(1 @2u)? (1 eg)? (1 Dau)? (L D1} (2 €g)* (2 @au)? (2 Bay)? (3 eg)t (1 @14)? (3 @24)2

FPorohin Ferro-porohyrin
, No external field External field ,
Iy \\ D=0fau  D=1au P=~Tau.
\ /~3drz~y22 by
\ — ————//7
5 /
) ;)
/
/—/
4 v @— éa. 7 £
264, ~— /
b/ —~w_ ~dd A y2 /
3 - ————/
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3 / fﬁrz,yz g
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v 2r°F ~ o - / 4
X / A
S
% / / 4e, | 7
S 7 , j T
R / )
§ Sgr———_ 77 pa 32y 725
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S g /
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7% A T e 2Dz
u AN = Y0y 4 p
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Fig. 2. Energy levels of porphin and ferro-porphyrin

If we apply MULLIKEN’s population analysis [7] to the wave function represent-

ing this electronic configuration, we obtain the following charge distribution:

N1.60 (0.95 0/0_95 (771,08

The charge distribution suggests that the nitrogen atoms attract electrons
from the carbon atoms but the degree is very small, and the whole molecule is
almost homo-polar.

For ferrous porphyrin, the degree of mixing of the iron orbitals in the molecular
orbitals is of some interest. In Tab. 6, the atomic populations are given for the
molecular orbitals which have more than 109, Fe 3 d population.
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Table 5. Orbital energies (in eV)
Iron-porphyrin
Porphin No external field i D = 0.5a.u. ] D = 1.0a.u. P~ —l0auw
9a, 7.27 | 9a 773 | 94 8.22 | 9a, 14.76
2en 547 | 2¢eqy 554 | 2e, 590 | 2e. 10.62
8a 249 | 84a, 2.93 | 8a, 3.37 | 8a, 8.88
3biu 041 | 3 b1y 0.25 | 3 b1y 0.39 | 3 b1y 3.75
Teg — 021 | 7e — 005| Tey 011 | Tey 3.57
3bi. — 0.50 Ta, — 151 7a;, — 130 7a; — 1.09]| 7o, 2.66
6 eg — 0.59 Qa1 — 337 | 2a14 — 325 | 2a1u — 312 | 2014 0.10
4as, — 0T 6e, — 462 |6e, — 444 6e, — 425 |6¢, — 071
214 — 3.95 3baw — 6.63 ) 3bay — 643 | 362w — 622 2 blg — 1.94
5eq — 4.89 2b1y — 848 | 2By, — 776 | 261y — 704 | 3b2w — 2.52
3baw — 6.4 2b1y — 897 | 2b1, — B86 |2, — 874|640, — 435
2bi. — 9.39 5e¢ —10.29 | 5e¢, —10.07 | 6a; — 9.60 | 2b.. — 5.61
de, —10.79 6a, —11.80|6a, —10.70 5¢ — 9.80 | 5¢ — 567
3as, —12.47 1ar, —1214 | 4¢, —11.83 | d ¢ —11.27 | 4 ¢, — 7.26
1a1. —12.92 50, —1236 | 1lara —11.98 | 1a1. —11.81 | 1 by, — 8.14
3¢, —1382 | 4e, —1240|5a, —1223|5a, —1240|1a., — 8.35
2620 —13.84 3eg —13.39 | 3e, —1325|3¢ —1341 54, — 879
2 a2, —13.86 2byy —13.76 | 2b2,, —13.63 | 102y, —13.28 | 3¢, — 9.80
2 eq —14.12 4a, —14.02 | 4a,  —13.85 | 2bey —13.49 | 25, —10.20
161, —14.66 1b1. —14.05 | 10w —1389 | 40, —13.68 | 4a, —10.22
16, —16.16 2eq4 —14.50 | 1bsy —14.07 | 151w —13.73 | 1 b1 —10.30
1eqy —16.30 1b2y —14.85 | 2¢, —142812¢, —14.08)2¢, —10.69
1as, —16.40 1baw —16.80 | 12, —15.93 | 162y —15.56 | 1baw — 11.44
(1es) 3a, —1637 ]3¢, —16.02|3a, —15.67 | 3a; —11.67
(1 a1g) }— 1875 | 1e, —17.91 |1¢, —17.81 |1e, —16.75|1¢e, —12.23
(1 b1g) | 2a, —2373|2a, —2342|2a —2309)1e, —1828
1ewg —2397 1e, —2356|1ex —2314)|2a, —1841
la, —2454|1a, —2409)|1a, —2368 1b, —19.09
1by, —2495|1b1y, —2447 |1k, —2400!1a, —20.34

The molecular orbitals which have the largest contribution of Fe 3 d atomic
orbitals are

and.

2 b]g ~ 3 dxz__y2,
6 y ~ 3 dzz,

4 €g ~ 3 dxz, 3 dyz,

1 bgg ~ 3 dzy.

They are indicated so in Fig. 2. There is one exception. In the case of the point
charge field, 5 ¢, instead of 4 ¢, has the largest 3 d;, 3 dy, character.
The order of the orbital energies & of these orbitals, namely

e (Lbay) < e (deg) <e(6ay) <e(2by),

is in agreement with the order indicated by electron spin resonance experiment
on ferrite complexes [2]. However, the calculated difference between these levels
is much too big in comparison with the values obtained by analysis of observed g
tensor of ferrihaemoglobin azide [4]. For example, the calculated value of
& (4 eg) — & (1 byy) is 2.5 eV while GRIFFITH’s estimate is only about 0.2 eV.
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It is apparent in Figure 2 that the orbital energies of the four orbitals of strong
Fe character are more sensitive to the external field strength than the energy of
the other molecular orbitals. This is quite natural since the Fe atom is the nearest
to the source of the external field. However, both the energy differences between

Table 6. Atomic population for some molecular orbitals

Atom Fe(3d)l ANo | 4Nz | 4C | 8¢ | 8¢” | N
MO ™~ 4s 420)
(X) No external field
2 b1y tos2 | — 0.179 ) i — | - — | -
6 a | 0.848 | 0.029 | 0.069 | 0.000 | 0.001 ' 0.000 | 0.000 & 0.053
4e, 0.429 \ — 0.247 | 0.001 | 0.090 | 0.233 —
2eq 0.114 ‘ — — 0.004 ‘ 0477 | 0.334 . 0.3711 \ —
1 bag 1.000 - = - = B —
1 e | 0.375 — — 0.579 \ 0.001 | 0.044 | 0001 | —
1a, ‘ 0127 |—0.008 | 0.573 | 0.000 | 0.000 | 0.000 | 0.000 ‘ 0.307
1 b1 0479 | — | 082 — ] i i
i i i

(IT) Dipolar field of 0.5 a.u.
2 byy 0.830 ‘ — 0.170 — = | =] =1 =
6a 0.862 | 0.032 | 0.060 | 0.000 | 0.000 @ 0.000 ; 0.000 | 0.045
4eq 0.462 — — 10490 | 0.001 | 0144 { 0.203 | —
1 bag 1.000 - i = — — — — -
1 eq | 0.321 - = 0.616 | 0.002 | 0.058 | 0003 —
1a, , 0.411 | —0.007 \ 0477 | 0.000 | 0.000 | 0.000 ; 0.000 | 0.420
1b1g | 0.170 — . 0830 — — — ’ — } —

(IIT) Dipolar field of 1.0 a.u.
2 by, | 0.838 — ‘ 0.162 — — — — —
6a, 0.873 | 0.035 | 0.052 | 0.000 | 0.000 | 0.000 ‘ 0.000  0.039
5eg 0.174 - = 0421 | 0.285 & 0.453 | 0.266 | —
4 ¢ 0.442 - = 0120 | 0.013 | 0.213 | 0.211 —
1 bag 1.000 - | = — — — ‘ — —
1eq C0.272 - = 0.646 | 0.004 | 0.074 | 0.005 —
1 b1, ; 0.162 — | 0838 — \ — - - -

(IV) Point charge of —1.0 a.n.
2 by - 0.844 — 0.156 — — — N
6 a, | 0.890 | 0.033 | 0.040 | 0.000 | 0.000 | 0.000 | 0.000 ‘ 0.028
5 e | 0522 — — 0156 | 0154 | 0035 | 0133 | —
4e, . 0165 - — 0.004 | 0136 | 0.362 | 0.334 _—
1 by } 1000 | — 1 — — ] = - -] =
1eq 0.177 - | - 0.627 | 0.016 | 0441 | 0.038 / -
1hy | 0458 | — | o0sas | — | _ — ‘ - -

these levels and the percentage of Fe AO’s in the orbitals do not change very
muech when the dipole is increased from 0 to 1 a.u. (about 2.5 Debye) or even for
the case when a point charge increases from 0 to 1 a.u.

6.2. Electrowic configuration and charge distribution of the low-spin state

For the low-spin state of ferro-porphyrin (with § = 0), the electrons occupy
the lowest 21 molecular orbitals as follows:
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(1019)* (1 21)® (1L ew)?* (2 a1)* (1 €9)* (3 @) (4 b2)*
(2 eg)* (1 bag)® (1 b1)? (4 @1)? (2 Dou)® (3 €9)* (5 @1)®
(1 14)? (4 )%

This configuration yields, by the population analysis [7], the charge distribu-
tions which are given in Tab. 7. These, except for the point charge case, are
reasonably close to our starting assumption about the formal charge, namely
Fe20+ NO.5~ In the case of the point charge of —1 a.u., its effect is so big that
electrons are repelled from the central Fe atom to the peripheral carbon atoms,
and the formal charge on the Fe atom is as great as -+4.0. As no stable ferrous
complex with a negative ion at the sixth coordination position is known, an effort
to make the calculation consistent in the charge distribution is not attempted.

Table 7. Charge distribution of ferro-porphyrin in the low-spin state.
The values in parentheses are the formal charges

No external field D = 0.5 a.u. D =10au. ' = —I1.0 a.u,
lold 1.03 (~ 0.03) 1.05 (- 0.05) 1.07 (- 0.07) l 1.20 (- 0.20)
c’ 0.88 { 0.12) 0.89 ( 0.11) 092 ( 0.08) 094 ( 0.06)
C 1.01 (- 0.01) 1.02 (- 0.02) 1.05 (- 0.05) ’ 1.22 (- 0.22)
N 3.66 (- 0.66) 3.64 (— 0.64) 3.61 (- 0.61) 3.53 (- 0.53)
Fe 6.16 ( 1.84) 593 ( 2.07) 554 ( 2.46) 3.97 ( 4.03)
N 1.91 ( 0.09) 1.92 { 0.08) 1.94 ( 0.06) 1.97 ( 0.03)

5.3. Electronic configuration of the high-spin state

For the high spin state (with 8 = 2), we must have four singly-occupied orbitals.
The sum of orbital energies is higher than that in the low-spin state, and the first
stabilizing factor we can think of is the exchange interaction. Then the singly-
occupied orbitals should be fairly localized around the Fe atom. The following
configuration suggests itself

coe (Long)? (4eg)? (6ay) (2byg). *

The charge distributions obtained from the above configuration are given in
Tab. 8. The computed charge distribution is not as close to the starting charge
distribution as it was in the case of the low-spin state. We should repeat the
calculation starting from & new charge distribution something like Fel.2+ NO0.5-
('0.1+, Then we could obtain new orbitals and their orbital energies and see how
much they are different from those in the low-spin case. We have not repeated
the calculation, however, because the dependence of the molecular orbitals and
their energies on the spin-state is caused also by electron-electron interaction
which is not explicitly taken into account in the Hiickel method.

The orbital energy differences (cf. Tab. 5) & (6 a;) + & (2 byg) — 2 & (4 ¢4) are
45eV, 5.2eV and 5.9eV for D=0, 0.5, 1.0 a.u., respectively. It seems not

* For the case of the point charge,
v (Tara)? (5 eg)? (6ay) (2 b1y)

would be the configuration, but we shall not discuss it because of its inconsistency in charge
distribution with the starting model.
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unreasonable to suppose that 4.5 — 6 eV could be gained from the electron inter-
action energy in going from the low-spin to the high-spin state. To settle this point,
as well as to obtain better molecular orbitals, it is necessary to apply a method,
such as PARISER-PARR-POPLE’s {8, 10], in which the Coulomb repulsion between
electrons is explicitly taken into account.

Tt may be worth mentioning that the orbital energy difference ¢ (6 a,) +¢& (2645 )—
— 2¢& (4 eg) is bigger when the dipolar field strength D is greater. As there is no
big change in the iron AO percentages of the three molecular orbitals 6 a;, 2 b4, and
4 ¢g when D increases from 0 to 1 a.u. (see Tab. 6), there should not be much
change in the electron interaction energy. It looks, therefore, like the high-spin

Table 8. Charge distribution of ferro-porphyrin in the high-spin state.
The values in parentheses are the formal charges

No external field \ D = 0.5a.u. r D = 1l0a.u.
¢ 0.97 ( 0.03) f 1.00 { 0.00) | 1.02 (- 0.02)
o 0.86 ( 0.14) | 0.86 ( 0.14) ! 0.86 ( 0.14)
o] 1.01 (- 0.01) | 1.02 (- 0.02) i 1.04 (- 0.04)
N 3.60 (— 0.60) | 3.60 (- 0.60) 3.60 (- 0.60)
Fe 7.00 ( 1.00) 6.73 ( 1.27) 6.40 ( 1.60)
N 1.96 ( 0.04) 1.97 ( 0.03) 1.98 ( 0.02)

state being more unstable when the dipolar field is greater. However, ferrohaemo-
globin (with the water molecule as the sixth ligand) is known to be in the high-spin
state while oxygenated haemoglobin (with the oxygen molecule, which has only an
induced dipole*, as the ligand) is in the low-spin state. Thus the computed result
contradicts the experimentally known fact. This might suggest that there is a
weak chemical bond between O, and haem and that the interaction is not essen-
tially electrostatic.

5.4. Spectrum

Iron-porphyrin complexes show either one or two bands of moderate intensity
in their visible spectra in the region 6300 A (~ 2.0 V) to 5000 A (~ 2.5 ¢V) and
an extremely strong band, called the Soret band, at about 4000 A (~ 3.0 eV).
Thus HbO,, HbH,0 and even metal-free porphyrin have Soret peaks around
4000 A.

The simple Hiickel method employed here is known to be not reliable in
discussing spectra. Nevertheless we try to see what we can say about the spectra
from the results of the present calculations.

We assume that the Soret band for metal-free porphin is assigned to the
transitions from the ground state to two excited configurations as follows: in one
an electron is excited from 3 ayy to 4 ¢4, in the other from 1 a4 to 4 ¢4 [3]. For
iron-porphyrin, then, it is natural to assign the Soret band to the transitions
5a,—b5e; and 1 a;, —> 5 ey, since 5 a,, 1 ay, and 5 e, correspond to 3 agy, 1 ayy
and 4 e, in porphin, respectively (cf. Fig. 2).

* The effect of a quadrupole is examined and found to be very small for a reasonable range
of the strength of the quadrupole field.
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The differences between the orbital energies of these two configurations
e(5ey)—e(Lagw) and & (5ey) — ¢ (5 a;) are listed in Tab. 9. This table shows
that these orbital energy differences are insensitive to the dipolar field strength.
There is a suggestion that the inter-configuration matrix element is roughly

Table 9. ¢ (5 e,) —e (1 a1.) and & (5 e5) — & (5 a,) (in V)

Iron-porphyrin
| Porphin
INO external ﬁeld‘ D = 0.5a.u ‘ 1.0au
|
e(5eg) —e(1laiu) 1.85 1.91 2.01 e(dey) —e(lara) | 243
e(5eg) —e(5a) 2.07 2.16 219 e(deg) —e(3az) | 1.68

constant for all porphins [3]. If we assume this, Tab. 9 indicates that the peak of
the Soret band is insensitive to the external field or the ligand at the sixth coordi-
nation position, in accordance with the experimental observation.

The inter-configuration mixing matrix element of 0.42eV was used by
GourerMAN [3]. This value and the calculated orbital energy differences give the
peak of the Soret band at about 2.5 eV (~ 4960 A), which is too big by 0.5 eV.
However, the agreement is as good as we could expect in the simple Hiickel
method*.

6. A Difficalty with Ferric Iron-Porphyrin

As was shown in Tab. 7, we obtained a charge distribution which is reasonably
close to the starting model Fe?+ N0.5- for the ferrous iron-porphyrin in the low-
spin state.

We have failed to obtain this consistency for the ferric iron-porphyrin. By
starting from the model Fe3+ N0.5- all the orbitals with strong Fe 3 d character
turn out to have much too low energies. The resulting formal charge on Fe is
nearly zero. By starting from the model Fe?+ N°-25- instead, the orbitals of strong
iron character still come out much too low.

If we regard the ferric complex as the ferrous complex minus an electron in the
highest occupied orbital, we arrive at the following model:

N'0.1+ Fg2.5+ N0.8— ('0.1+ (an electron missing from 4 eg).

If we speculate about the ferric complexes in the high-spin state, the above
models lead to a picture in which unpaired electrons are fairly delocalized. Then
the problem immediately arises; what is the stabilizing factor for the high-spin
state, as the exchange interaction should be small ?

On the other hand, if we assume the unpaired electrons are localized around
the Fe atom, we have to explain why an electron can be taken away only from the
Fe atom (without disturbing the balance between the Fe atom and the porphin
ring), when the ferrous complex is oxidized.

It would be extremely nice if we could find out the distribution of these
unpaired electrons in the complex from some experiment, such as a double
resonance experiment.

* Ag the system is large and all the molecular orbitals involved in the transitions are spread
over the porphin ring, we need not worry too much about a singlet-triplet splitting. The
exchange integrals between these orbitals should be fairly small.
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Appendix I

Symmetry Orbitals

The co-ordinate system and the numbering of atoms in the molecular plane are shown

in Fig. 3.
(L) Orbitals of the m-character
A O 2pn 1—24+8—4+5—-6+7—8
¢’ 2 p 1—-243—-445—-6+7—8 ¥
A2u  Fedpz ay \
N 2pn 1+2+3+4 be ey
C 2pn 1+2+3+4
0" 2 px 1+243+4+5+6+T7+8
¢ 2 pn 1+2+83+4+5+6+7+8
Bia (o] 2])76 1—2+3—4 "
O 2pn 1+42—-3-44+5+6—-7—8 7 iz
O 2 pr 1+2—-3—44+5+6—-7—8 P
Bew N 2pm 1—-24+3—4 s %
o' 2 pr 1-2-3+4+5—6—7+8
¢ 2 pn 1—2-3+4+5—-6-T7+8
Eg Fe3 dzz, (3 dyz)
N 2on 2—4, 1—3)
g,2pn ;—%—3-3—4,(’1—2——3—}-4) % %
2 pn +3—~6—7,(1—4—5+8) . . :
¢’ 2pn Led5-8 (23647 &% T ool esiem and
0" 2 pa 2+3—6—-7,(1—4—5+78)
C" 2 pn 1+4—5—-8(2—3—~6+1.
Here O’ 2pm 1—2+3—4+5—6+7—8, for example, means

P (A1e) = K [(2pn)en — (2 pm)oa + (2 p)es — (2 pri) e + (2 pr) s —
—{2pm)es + (2 pr)or- — 2 pr)es ],
with a suitable normalization constant K.

(IT) Orbitals of the o-character

Alg Fe3dz
Feds
N o

By Fe 3da_p
N o

BZg Fe 3 dzy
B, Fe 4 px, (4 py)
g

1+2+3+4
1—2+3—4
2—4,(1—3)

Appendix 11

Matriz elements of the potentials due to a point charge and a dipole

We denote the radial part of an atomic orbital by R (r), and introduce the following

integrals: R

i = 5 ([ Bt R /Ry vt [ Ros B g ar) A

0
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for the point charge case,

[£law = *( (& +1) JRM Buv (r/B)s r2dr + kj Raui Ryy (Rjr)etl g2 dr> (A2)
R

for the dipole case.
By using them, the matrix elements can be expressed as follows:

(s1V]8) = [0ss,
(z| V]2) = [0]pp + % (2155

@|V]a)=(y|V]y) - [OJM—i[z]pp,

(z2 | V|22 = [0]aa + — [2]01,1 o [4]dd,

(@ —y? | V|22 —y?) = (ay [V | 2) = [0lea — [2lea + 5 [4]ue
(2 |V {42) = (e | V| 22) = [O)aa + 7 [2Nas — o [A]ec,

(V]2 = V~ [2]eas

(V]2 = V=mm

(1 V]2 = e My + V%[s]pd,

@V 12) = (4| V| 29) = g Uoa — e Bloe

The integrals [£]:v can be expressed in terms of elementary functions when the atomic
orbitals involved are Slater functions and their principal quantum numbers are integers.
When the principal quantum number is not an integer (e.g. for 4 s and 4 p), the integrals
can be expressed in terms of incomplete gamma functions.
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