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(Por) porphine

(TBP) tetrabenzporphyrin
(TPP) tetraphenylporphyrin
(Pc) phthalocyanine
Hemoproteins

Hb hemoglobin

HP any hemoprotein

Mb myoglobin

Ligands

Im imidazole

1-Melm  1-methylimidazole
2-Melm  2-methylimidazole
Py pyridine

A. INTRODUCTION

The well-known class of hemoproteins (HP) with metalloporphyrins
(Me(P)) as active centres performs a wide range spectrum of functions from
oxygen transport by hemoglobin to hydroxylation of saturated hydrocarbons
by cytochrome P-450. Much effort has been devoted to the study of the
properties of these systems using all possible physical methods of investiga-
tion. In these investigations special attention is paid to the geometry and
electronic structure of these systems especially of their active centres, which
are directly coupled to almost all the physical observables. For many years,
the study of the electronic structure of molecular systems was limited mainly
to the determination of electronic energy levels and wavefunctions {molecu-
lar orbitals (MO)) for fixed nuclei, information that answered many ques-
tions concerning the structure and mechanisms of the functioning of these
systems.

During the last quarter of this century, the theory of molecular structure
(including electronic structure) was extended through the vibronic approach.
The main goal of this approach is better understanding of the influence of
electrons on nuclear configuration and dynamics (and vice versa) by means
of an improvement on the full separation of electronic and nuclear motions
in the crude adiabatic approximation. In its simple formulation this can be
done by taking account of the mixing of the electronic states (obtained for
fixed nuclei and fixed molecular geometry) under nuclear displacements.
This approach reveals the origin of the stable molecular configurations,
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conditions of instability and the influence of electronic structure on nuclear
configuration and its transformations, as well as all the consequent effects
on observable properties. '
The wvibronic approach is widely used in all areas of the physics and
chemistry of molecules and crystals [1-8]. In the applications to metallo-
porphyrins and hemoproteins reviewed in this paper, the vibronic approach
elucidates a series of new qualitative and semiquantitative regularities in
their properties and mechanisms of functioning. We have tried to take into
consideration all the literature data on the problem, to make appropriate
comparisons, and to note other points of view and approaches.

B. THE CONCEPT OF VIBRONIC INTERACTIONS IN STEREOCHEMICAL AND
ELECTRON-CONFORMATIONAL PROBLEMS

The concept of vibronic interactions starts with the idea that in many
problems of modern chemistry and physics the full separation of electronic
and nuclear motions in the framework of the adiabatic approximation (AA)
1s ivalid. It ignores many details of the electronic structure when analysing
the nuclear configuration and its dynamics [1). However, a complete rejec-
tion of the AA is neither necessary nor possible, since without this ap-
proximation the notion of molecular spatial configuration loses its meaning.
A simple way to go beyond the AA is to start with electronic states for fixed
nuclei (crude AA) and then to take into account the mixing of these
electronic states by nuclear displacements from the starting nuclear config-
uration (by the vibronic interaction terms in the Hamiltonian). This vibronic
approach proved to be very efficient in molecular problems and revealed a
series of new effects and regularities in all ranges of spectroscopy, stereo-
chemistry and crystal chemistry and physics, including phase transitions,
impurity crystal physics, chemical reactivity and activation [1-8].

The main idea of the vibronic approach may be illustrated by considering
a simple example of a molecular system with two energy levels, ground and
excited, which allows us also to introduce the notations used below (for
details see ref. 1). Let us divide the Hamiltonian of the system H into three
parts, H=H,+ H,+ V(r, q), where H, is the pure electronic part, H, is
the nuclear kinetic energy and V(r, g) includes all the electron—-nuclear and
nuclear—nuclear interactions, r and g being the sets of electronic and
symmetrized (normal) nuclear coordinates respectively. Let us expand
V{(r, q) into a series with respect to small displacements of the nuclei from
the imitial high symmetry point g = (0 as follows:

2
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and assume that by solving the Schrdinger equation with the zeroth order
Hamiltonian H' = H,+ V(r, 0) we obtained two non-degenerate states ¥,
and ¥, (ground and excited) with energies E, and E,. Then introducing the
remaining terms of eqn. (1) (the vibronic interaction terms are not taken into
account in the zeroth Hamiltonian H '), say, the first-order term in ¢, as a
perturbation, we obtain the following secular equation for the dependence of
the energy levels on gq:

—A—-& Fq
Fyq A—&

with roots & = + (A% + F2¢?)!/?. Here

(o),

is the so-called vibronic constant determining the measure of mixing of the
two states by nuclear displacements in the direction of the g coordinate. For
non-zero F values, ¢ has the symmetry of the product of symmetries of ¥,
and ¥, (the energies are read off the middle of the interval 2 A= E, — E,).
Taking account of the term 3 K,q*, where K, is the primary force constant
(the average of the operator of quadratic vibronic interactions, see ref. 1), we
obtain the following expressions for the electronic energy as a function of g
(the adiabatic potential):

=0 (2)

%) 3)

1 1/2 1 F?
gl(?)=§K042_(52+F242) = -—ﬂ+5(KO—T)q2+...

1 1 1 F?
é”z(q)+—2-K0q2+(A2+F2q2)/2=A+5(K0+T)qz—... (4)
Equation (4) shows that vibronic mixing lowers the force constant of the
ground state from K, to K;=K,— F?*/A (this state is softened), while
increasing that of the excited state to X, = K, + F2 /A (the state is hardened).
If

Fi/A > K, (5)

the ground state becomes unstable with respect to small g displacements
(Fig. 1).

The effect of instability or softening of the lower state owing to the
vibronic mixing with the upper state is called the pseundo-Jahn—Teller effect
[1] (distinguished from the Jahn-Teller effect when the two mixing states are
degenerate at ¢ = 0). The term “second-order Jahn—Teller effect” seems to
be less acceptable since, as shown above, the effect occurs as an exact
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Fig. 1. The shape of the adiabatic potential sheets with (solid lines) and without (broken
lines) the pseundo-JahnTeller effect for two non-degenerate mixing terms.

sohution of a two-(many)-level problem (including all the orders of perturba-
tion theory).

If there are several excited states, each of which mixes independently with
the ground state under the g displacements, then for the force constant K
we obtain

K=K0~Z§_ (6)

where F, is the vibronic constant of mixing with the ith state and 24, is the
energy distance to this state. In this case the vibronic instability occurs if

Z_:F}z/&i = Ky (7)

The important question is the following. Is vibronic mixing of the ground
electronic state with the excited states the only possible source of dynamic
instability for polyatomic systems (negative X value), or can the non-vibronic
part K, itself be negative? The answer is that in all cases when Coulomb
forces are compensated, K, = 0, and hence instability in the g direction can
occur due to (and only to) the vibronic mixing with excited states [9-11].
This statement was proved both in general (analytically) and for concrete
systems by numerical ab 1nitio calculations [10]. The latter also allows us to
clarify the nature of the excited state causing the instability of the ground
state and 1o obtain numerical estimates of all the contributions to the effect
(all the parameters in eqn. (5) or (7)).

For a better understanding of the next sections we present here a visual
interpretation of the pseudo-Jahn-—Teller instability condition (eqn. (5)).
What is the visual origin of the forces driving the system toward lower
symmetry in the vibronic cases under consideration when the Coulomb
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Fig. 2. Illustration of the visual treatiment of the origin of the pseudo-Jahn—Teller effect using
the N-Fe-N fragment of the square-planar FeN, molecular group as an example.

forces are compensated? To answer this question let us consider an example
with a transition metal atom Me, having an unoccupied d,: orbital, sur-
rounded by four nitrogen atoms with highest occupied 2p, orbitals. The
cross-section of this system along the line N—Me-~N is shown schematically
in Fig. 2. It is seen that when the Me atom lies in the plane of the four
nitrogen atoms, the integral overlap of its d,: orbital with the nitrogen p,
orbitals equals zero, and hence no bonding between them is possible in this
configuration. However, if the Me atom goes out of the plane of the nitrogen
atoms, then the &,:—p, integral overlap becomes non-zero, and additional
Me—N 7 bonding occurs. The condition of eqn. (5) means that if the energy
of this additional = bonding formed by the out-of-plane displacement of the
Me atom is larger than that lost by the appropriate deterioration of the
Me—N o bonds, then this out-of-plane displacement of the Me atom is
energetically favourable. Thus the forces driving the system toward lower
symmetry in the pseudo-Jahn—Teller cases under consideration are nothing
else than exchange forces of additional covalent bonds formed by this
distortion.

In addition to this main contribution to the instability among the terms

F?/A, in eqn. (5) or (7) there may also be terms originating from the mixing
of orbitals of the same atom (either Fe or N in the above example). These
terms have the physical meaning of electronic polarization due to distortion.
As a rule the polarization contributions are an order of magnitude smaller
than that of new covalencies. In the numerical results mentioned above [10],
for instance, in the case of the NH, molecule, the nitrogen polarization term
(the F/A, value due to the 2p—-3s mixing), which occurs owing to_the
nitrogen dxsplaccment out of the H; plane, equals F’/A_ =~ 0.06 mdyn A1,
whereas for the covalent contribution, FZ2/A_= 0. 62 mdyn A-'. Similar
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ratios between covalent and polarization contributions were obtained for
systems with transition metals.

The condition for dynamic instability (eqn. (5)) is especially important for
biological systems. Indeed, the latter possess many low frequency vibrations
(soft modes) providing small X, values for appropriate nuclear displace-
ments g. In combination with non-filled (open shell) close-in-energy 4 states
of the active centres (small A values) the condition of instability (eqn. (5) or
(7)) 1s most favourable. Having soft modes, the local distortion due to the
vibronic instability moves easily along the system, resulting in conforma-
tional changes.

In biological systems such conformational transitions are usually initiated
cither by the appearance (disappearance, excitation) of one electron, or by a
more complicated electronic rearrangement, for instance, caused by the
coordination of another molecular system to the active centre [8] (electron-
conformational transitions). In these cases the process can be more conveni-
ently described by means of the so-called orbital vibronic constants f{'” [1].
If we denote the changes in the MO occupation numbers by A p,, then the
force F, occurring as a result of this electronic rearrangement and acting
upon the nuclear framework in the direction of the symmetrized displace-
ments g equals [1,8]

F,= Z AP:‘f; (8)

where £ = £, is the diagonal orbital vibronic constant having the mean-
ing of the force with which the electron of the ith MO distorts the nuclear
framework in the g direction (in the equilibrium state F,= 3 Ap,f!=0).

With known orbital vibronic constants (some of them can be determined
from spectroscopic data [1]) one can predict the direction and magnitude of
the force F, resulting from certain electron rearrangements, and the confor-
mational transition caused by this force.

In application to stereochemical problems, the inequality (5) is a powerful
means for the analysis of possible unstable (stable) molecular system config-
vrations. Indeed, since the vibronic mixing is the only source of dynamic
instability, then, starting with a certain (mostly high symmetry [1]) config-
uration of the nuclear framework, the inequality (5) can be employed to
decide whether this configuration is stable. To do this one must know (at
least approximately) the wavefunctions and energies of the electronic states
which are mixed. The criterion of eqn. (5) is especially fruitful for compari-
sons of similar molecular systems. Many examples of this approach are in
the literature [1,4,12].

In the present paper the concept of vibronic interactions in its widest
meaning 1s used to analyse the structure (spatial configuration) and proper-
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ties of metalloporphyrins and hemoproteins. Most attention is paid to the
stereochemistry of metalloporphyrins and their complexes with different
ligands, the ongin of special features of photolysis, and optical absorption
spectra. These observable properties, as shown below, are determined by the
vibronic effects, in which the main contribution is due to the formation of
new covalent bonding by distortion of the high symmetry configuration,

C. VIBRONIC ORIGIN OF THE METAL POSITION AND SPIN STATE OF FOUR-CO-
ORDINATE METALLOPORPHYRINS

The relationship between the nature of the metal and its position with
respect to the porphyrin ring was the subject for long discussions (for
reviews see refs. 13—17). In 1963, Hoard [18], generalizing the experimental
data available at that time, put forward a hypothesis (which afterward
developed inte a concept [13,16]) that the internal radius of the porphyrin
ring in the non-distorted and non-stressed state is 2.01 A and the energy of
its deformation is very high. Therefore the out-of-plane or in-plane position
of the metal with respect to the porphyrin ring in the metal porphyrin is
dependent on whether the sum of the radii of the metal and the pyrroie
nitrogen is smaller or larger than the above magnitude. This approach
attributes the out-of-plane position of the Fe(II) atom in high spin com-
plexes (including deoxyhemoglobin) and its in-plane position in low spin
complexes to the radius of the iron atom, which decreases when passing
from the high spin to the low spin state. Indeed, the high spin state can be
obtained from the low spin state by means of the excitation of one electron
from the d,, ,. orbital to by (d,2_,2), resulting in an increase in the atomic
dimensions in the xy plane (see Fig. 3).

Almost the same explanation for the out-of-plane position of the high
spin iron atom was suggested by Perutz [19-23]. He assumed that in the
high spin complexes the population of the b,,(d,:_,2) MO, which is anti-
bonding with respect to the metal-porphyrin bond, results in a strong
repulsion between the metal and the pyrrole nitrogen. This repulsion tends
to increase the distance between them, the out-of-plane position of the iron
atom being one of the possibilities to realize this increase in the interatomic
distances. It should be noted that in both the Perutz and Hoard suggestions
the possibility for ring deformation is completely ignored.

However, new experimental data contradict the Hoard—Perutz hypothesis.
The X-ray analysis of Ag(P) and Zn(P) [24,25] shows that the metal occupies
the in-plane position. This is in contradiction to the Hoard concept. Indeed,
in these metals the b,,(d,:_,2) MO is populated, resulting in an ionic radius
larger than that of the high spin iron atom [26]. Contrary to the Hoard
concept, this leads not to an out-of-plane position of the metal, but to a
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Fig. 3. Electron J orbital angular wavefunctions.

distortion (enlarging) of the cavity of the porphyrm ring (in Zn(P) its radius
equals 2.04 A [24,25], whereas in Ag(P) it is 2.09 A [25]).

The same contradiction arises for phthalocyanine (Pc) complexes with
different metals. Following the Hoard concept the optimal radius of the (Pc)
cavity is 1.90 A [16]. The X-ray analyses of Mn(Pc), Fe(Pc) and Zn(Pc) show
that the metals occupy the in-plane position and the radii of their cavities
are 1.94 A, 1.93 A, and 1.98 A respectively {27]. Here too, as in the case of
Me(P) complexes, the metal position is not related to the ionic radii. (The
discrepancy between the sum of metal and ligand ionic radii and the cavity
radius in the case of Me{Pc) complexes is even larger than in case of Me(P)
complexes.)

It follows that the Hoard assumption, that the out-of-plane position of
the metal in metalloporphyrins 1s always preferable to the porphyrin ring
distortion, is ungrounded. In addition, in this model the mechanism control-
ling the multiplicity (spin state) of the metal remains unclear. (Why, for
instance, in the case of Mn(P) the high spin state of the metal is realized,
whereas in the case of Mn(Pc) its state is of intermediate spin [27a,28]?)

However, as shown in Section B, the question whether the in-plane
position of the metal in complexes is stable or not is a typical vibronic
problem which can be solved directly by using the criterion of instability
(egn. (5) or (7)) with respect to out-of-plane nuclear displacements. In order
to fulfil the inequality (5) an excited state ¥, is needed, for which the
vibronic constant F of its mixing with the ground state ¥,, as in eqn. (3), is
non-zero and large enough. It is shown in this section that, on the basis of a
rigorous vibronic approach, a non-contradictory description of the structure
and properties of metalloporphyrins is achieved, which can explain the
experimental data concerning both geometries and spin states.
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(i} Adiabatic potentials for different electronic states [29]

We shall consider the energy scheme for the one-electron highest occupied
MO (HOMO) and the lowest unoccupied MO (LUMO) for several 3d
metalloporphyrins (Mn, Fe, Co, Ni, Cu, Zn) and manganese phthalocyanine
(MnPc) [30-33] (Fig. 4). It is seen that low lying high spin states are present
for Mn, Fe, Co and Ni only. In the case of Mn(P), Fe(P) and Co(P) the high
spin state of lowest energy is formed by electron excitation from the eg(d,)
MO to b,,(d,:_,2), whereas in the case of Ni"(P) it can be obtained by an
ayg(d.2) = by, (d,2_,2) excitation. Thus all the states of interest can be
divided into four qualitatively different classes: (1) with partially occupied
ay(d.:) MO and empty b,,(d,:_,2) MO (the ground state of Mn''(P),
Mn'(Pc), Co''(P), Fe"(P) and Fe'(P)); (2) with filled a,,(d,:) MO and
empty b, (d,._,2) MO (the ground state of Nil'(P), Co'(P) and Fe?(P)); (3)
with filled a,,(d.2) MO and fully or partially occupied b, (d,:_,2) MO (the
ground state of Cu"(P) and Zn"(P)); (4) with partially occupied a,,(d,:)
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Fig. 4. Energy levels for the highest occupied and lowest unoccupied MO of manganese
phthalocyanine [32] and metalloporphyrins [30,31,33).
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and b, (d,z_,2) MO (excited high spin states of Mn"'(P), Mn"(Pc), Fe''(P),
Fe'(P), Fc"(P) Co"(P), Co'(P) and Ni'(P)).

Now we shall consider qualitatively the shapes of the adiabatic potential
surfaces for the electronic states of these four classes in the space of nuclear
displacement driving the metal atom out of the plane of the porphyrin
(phthalocyanine) ring. Since the symmetry of the systems in the metal-in-
plane configuration is D, the out-of-plane displacement of the metal atom
is of 4,, symmetry. This displacement mixes the ground electronic state
with certain excited states having appropriate symmetries. In case (1) the
lowest of such states (with the same multiplicity as the ground state) can be
obtained by excitation of an electron from the a,,(7) MO to a,,(d.2)
(A, X Ayy=A5,). As a result of the vibronic mixing of the ground and
excited electronic states their adiabatic potential energies have the form of
eqn. (4), where g is the symmetrized A4,, displacement under consideration
(for the metal in-plane position g =0), 2A is the energy gap between the
mixing c¢lectronic states, K, is the force constant of the A4,, displacement
(without taking account of vibronic mixing ) and F is the vibronic mixing
constant specified above.

If the criterion of instability (egn. (5)) is fulfilled, then the in-plane
position of the metal is unstable, and if the Me(P) is chemically stable, then
the minima (stable configurations) are displaced to the points (Fig. 1)

F* a2\
rgo=|—7 — > 9
w52 - o) ©)
The energy at these points is
Af F? K, A
El’m=——2-—(KOA+ = ) (10)

In case (2) there are no low lying excited states which are admixed with
the ground state by A, displacements. Thus the ground state at g = 0 is not
softened by the vibronic interactions.

In case (3), according to ref. 14, the population of the blg(d 1_,2) MO
results in the metal being in plane and accompanied by an increase in the
radius of the porphyrin ring cavity by about 0.1 A. Therefore in order to
determine the equilibrium configurdtion in this case, the interaction with
totally symmetric 4,, displacements has also to be taken into account [1].
We denote them here by ¢’ and the appropriate vibronic constant by F’ (g’
will be read off from the geometry of complexes with unoccupied b, (d,:_,2)
MO).

It is easily seen from Fig. 4 that the only low lying state which mixes with
the ground state under A4,, displacements in class (3) of the states is that
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obtained by a one-electron excitation by (d,:_,:) = by, (7 *). The vibronic
mteraction of these two states described by the wvibronic constant Fj, is
assumed to be relatively small. This assumption is based on X-ray experi-
ments [34—-36] showing that for all the metalloporphyrins with in-plane
positions of the metal atom the mean sguare amplitude of the metal
out-of-plane vibrations (and hence elasticity constants) do not differ by
more than 10%-20%. Direct calculation of the adiabatic surface of Fe(P)
[37] does not agree with these experimental data. Considering the interaction
with both A4,.,(g”) and A,,(g) displacements we obtain (cf. eqn. (4))

Es(q, q')=*A+F’Q’+£~(-2Qi+%(Ko—*I;£)q2 (11)
which gives
9= —F'/K’
go=20 (12)
and

2
Eypin= —0— L) (13)

Here — A is the energy of the state under consideration at g"=0 and ¢ =0,
2 & is the energy gap to the excited state, K’ and K, are the elasticity
constants (force constants) for the 4,, and A4,, displacements respectively.
It is seen that the interaction with the totally symmetric displacement 4,,
results in a shift of the position of the minimum along the ¢’ coordinate by
— F’ /K’ (the experimental data [14] yield F’ < 0) and a lowering of its
energy by (F’)?/2K’. The interaction with the A4,, displacements leads to a
softening of the force constant K; in this direction (not resulting in
instability since ( F2/8) < K, as assumed above).

For class (4), ¥, are the excited states and their energy is denoted by
E — A. By the A,, displacements these states mix with two upper states
which are close in energy. The first, ¥,, is formed by an a,,(7) — a,,(d,2)
excitation, the state with the doubly occupied a,, MO having the energy
E + A (cf. class (1)). The vibronic constant of mixing of these two states, F,
coincides with that of class (1). The second upper excited state, W,, is
appropriate to a b,,(d,:_,2) — by, (7 *) excitation (cf. class (3)). The energy
of the ¥, stateis E+ 2 8 — A, its mixing with ¥, being characterized by the
same vibronic constant Fj as in the case of class (3) (since it is mixing of the
same electronic states by the same nuclear displacements).

Let us consider now the interaction of these states with both 4,, and 4,,
displacements. Following the reasoming given above for classes (1) and (3),
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we consider the mixing of the states ¥, and ¥, exactly, while the mixing of

¥, and ¥, by the same displacements will be taken into account as a

perturbation. In this approximation the adiabatic potentials of the states

under consideration are eigenstates of the following matrix:

E—-f!t+F'q’+%a‘(’(qr')z+%1<oqz-%Foqz Fyq 14
Fq E+A+Fg' +1K'(g" )+ 1K g2

from which we obtain
1 R’
4 §

22,2 1,2
—[(A+ %—) +qu2] (15)

From this equation it follows that the minima of the adiabatic potential lie
at the points

Edq,q)=E+F'qg + 1K' (g') + 1K.q* +

9= —F'/K'

2_ 08 [a(a+28)(1—-8)]""—(a+8)
4o ~2?0 B2 (16)
a=F?/K, A; B=F2/2K 6 (17)

and the condition (necessary and sufficient) for instability of the system at
g=1>0is

F LK

(cf. egn. (7)).
The energy at the minimum point (cf. the Jahn—Teller stabilization energy
[1] (Fig. 1)) 1s as follows:

_ (F’)* 1-8)a+B8)—[ala+ B)1 - B)]"?
Eswn=E~ Sgr——4 FE (19)

Thus in the framework of the approximations employed above, we obtained
the qualitative features of the adiabatic potentials in all four classes of
possible electronic states in the systems under consideration. It allows us to
pass to the solution of the problem of ground state multiplicity and
geometry.
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(ii) Ground state multiplicity and geometry

If the ground state of the metalloporphyrin with a planar configuration
possesses an intermediate spin, then by an out-of-plane displacement of the
metal atom, the high spin state can become-the ground state if its energy
decreases faster by this displacement than that of the intermediate spin. It
follows from egns. 10, 14 and 19 that such a situation is quite possible, since
the high spin state has a reduced force constant compared with that of the
intermediate spin state owing to the vibronic mixing with the next excited
state ¥,

Concerning the nature of the intersection of the above two terms of
different multiplicity, two situations must be distinguished.

(a) Only the high spin term is vibronically unstable, i.e. the relation (18)
is obeyed, whereas the relation (5) is not valid. In this case the high spin
term becomes the ground state when the Jahn-—Teller stabilization energy is
greater than the excitation energy at g = 0 (Fig. 5(a)).

(b) Both terms under consideration are unstable (both inequalities (5)
and (18) are obeyed). In this case the high spin term becomes the ground
state upon distortion, if its Jahn—"Feller stabilization energy is larger than the
sum of that of the intermediate-spin state and of the energy of excitation at
q = 0 (Fig. 5(b)).

This consideration explains a series of experimental data. Indeed, as seen
in Fig. 4, most softening, or even instability, of the in-plane position of the
metal atom is expected for Mn''(P) and Fe''(P) whose empty or partially
occupied a,,(d,:) orbital produces the lowest A value for these systems. In
Mn"(Pc) the A value is much larger than in Mn"(P), which results in an
inversion of the inequality (5) and explains why the Mn atom in Mn*!(Pc)
occupies the in-plane position [27] in spite of the fact that in phthalocyanine
the internal cavity is 0.2 A smaller than in porphyrin. As noted at the
beginning of this section, from the point of view of the requirement of

@} “q)

g g
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Fig. 5. The mutual positions of the adiabatic curves for intermediate or low (curve 1) and
high {curve 2) spin states in the cases when the former is stable (a} and unstable (b) at g = 0.
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correspondence between the radius of the metal atom (or ion) and the
dimensions of the cavity [13,16,20], the fact that the Mn atom in Mn''(Pc)
occupies the in-plane position was not understood. Within the vibronic
approach, these (and other) facts acquire a natural explanation.

Similarly, the in-plane position of the metal atom in Zn(P) and Ag(P)
observed experimentally [24,25,38,39] can be explained. Indeed, because the
mixing of the b,(d,:_,2) and b,,(7*) orbitals by A,, displacements is
weak, the inequality ( F; /8) > K, is not fulfilled and the in-plane position
of the metal, although slightly softened, remains stable, whereas the increase
in the metal dimensions by population of the blg( »2) MO results in a
totally symmetric deformation of the porphyrin ring. In the case of Ni''(P),
Co'(P) and Co%(P) the ground state has a filled a,,(d,») MO and a vacant
by (d,:_,2) MO, and thus the in-plane position of the metal is not even
softened by the vibronic interactions.

The high spin Ni"(P) and low spin Co''(P) must be considered more
carefully using numerical estimations of the parameters of the inequality (5).
Indeed with the vibronic constant F estimated for Fe(P) to be F2 = 0.25 eV

~2 [40-42] (for other appropriate 3d metalloporphyrins, F is expected to
be of the same order of magnitude since it is determined by quite similar
MOs), the force constant K, < 1 eV A~2, obtained in a series of theoretical
[43] and experimental [44—46] studies, and with the values from refs. 30—33
and 47 (see Fig. 4), we conclude that for these compounds the inequality (5)
is not obeyed and hence the metal in-plane position is stable. Thus for
Co''(P), Co'(P), Co®(P) and Ni''(P) in their ground states, an in-plane
configuration of the metal atom is expected in accordance with experimental
data {34,35,48-51). From this point of view, the calculation of the potential
energy surface for Co'(P), predicting an out-of-plane position of the Co
atom [52], remains unclear.

The origin of the high spin ground state of Mn(P) wu:h the out-of-plane
position of the Mn atom [28] can be understood to result from the strong
vibronic mixing of this state with the excited state. It follows from eqns. (10)
and (19) that the high spin state is the ground state, if the following
inequality is valid:

(F) _ OA-B)a+B)—[ala+p)Q -] _ _A 1
Sy < FE 5(“*’5)

(20)

It can easily be shown that this inequality is obeyed when the parameter
a=F?/(K, A) is large enough, which ceteris paribus requires a small
energy gap A to the excited state. As seen from Fig. 4, the A value is indeed
the smallest for Mn(P).
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Finally, let us compare the theoretical predictions of the vibronic theory
with the experimental data for the most studied case, namely Fe(P). Accord-
ing to the above mentioned estimnates of the parameter values in the
inequality (5), the relation F?/(K, A) =1 is valid. Therefore, first, the
imequality (20) 1s not fulfilled and hence the ground state is expected to have
intermediate spin. Secondly, for an empty or partially filled 4_. orbital, this
state is either softened (with the adiabatic potential minimum at g =0) or
unstable with two shallow minima (with a small Jahn-Teller stabilization
energy); in both cases the in-plane position of the Fe atom in Fe''(P) is very
soft; this result is also important for the analysis of the spatial configuration
in the presence of axial ligands given in the next section.

As seen from Fig. 4 in the case of Fe'’(P), the lowest intermediate-spin
state can be either 4, [(xy)*(xz)'(¥2)'(2)?] or *E [(xy)*(xz, yz)*(zH)'].
With the term ?4,_, the d,» orbital is completely occupied and therefore the
in-plane position of the ironm atom is stable and not softened. On the
contrary, in the 3Eg state the in-plane configuration is either strongly
softened or even slightly unstable. Direct quantum-chemical calculations
[53—-58] of the planar Fe''(P) show that the ground state in this configura-
tion is 4,, with the ’E, state somewhat higher in energy. This result is
confirmed by magnetic susceptibility measurements [59], nuclear magnetic
resonance [59,60] and the Mossbauer effect [61]. X-ray analysis [62] is also in
favour of the filled a,,(d,2) orbital in the ground state.

The only experimental results which disagree with this statement are those
obtained by resonance Raman scattering in Fe!'(OEP) [63]. In this work, it
is claimed that the ground state is 3Eg, since the frequency of the IV Raman
band, indicating the magnitude of electronic charge transfer from the metal
to the porphyrin states, is near to the frequency of the low spin system
Fe''(OEP) (Im),. The number of d, electrons is three, and the frequency
differs from the frequencies of compound IT of horse-radish peroxidase
where the number of d, electrons is two. Three 4 electrons determine the
353 term, whereas in the >4 2¢ term there are only two electrons. However, it
should be noted that the transfer of 4, electrons from the metal to the #
states of the porphyrin ring depends not only on the number of 4, electrons
on the metal atom, but also on the nature of the axial ligands. Therefore the
conclusion [63] about the *E, ground state in the Fe''(OEP) is questionable,
especially when compared with the other data listed above.

Assuming that the ground state of Fe'(P) is °4,,, the iron atom occupies
an in-plane position in agreement with X-ray investigations [64,65]. The
planar configuration of Fe"(P) is also consistent with the *E, ground state
with the reservation that in this case the 4., vibrations have to be of much
lower frequencies than in the case of the 3A2g state. It follows that [Fe(P)]™
and [Fe(P)]*” also have a planar configuration. Indeed, the addition of
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electrons to the Fe''(P) systems cither influences the population of the 4.-
orbital making it fully occupied, or changes the population of the other MO
not involved in the formation of the nuclear configuration under considera-
tion. In both cases the resulting state leaves the metal in-plane configuration
undistorted in agreement with experimental data [66].

The origin of the stable nuclear configuration of Fe(P) was also investi-
gated by direct quantum-chemical calculations [53,56,67]. It was shown that
in all the electronic states studied the in-plane position of the iron atom is
stable, but the force constant for the 4., frequency varies from state to
state.

The vibronic origin of possible out-of-plane displacements of the iron
atom in Fe(P) was also considered by Mizuhashi [68-71]. Starting from the
same idea of the importance of vibronic interactions in this problem, the
approach in refs. 68-71 differs from that described above, in that it is
assumed that the contribution to the instability of the planar configuration
1s due to mixing of the pure atomic states of iron arising from its different
electronic configurations, namely a mixture of the 3d°® and 34°4p configura-
tions. This means that only the effect of polarization of the atomic shells by
nuclear displacements is taken into account. This approach cannot be
considered satisfactory, since, as shown in Section B, the polarization
contributinn 1s smaller by an order of magnitude than the main contribu-
tion, which is due to the effect of formation of new covalent bonds by the
nuclear displacements (covalent contribution). Therefore it is not surprising
that in the Mizuhashi model (polarization approach) a variety of data on
different metalloporphyrins cannot be explained. In particular, the origin of
the well-known planar configurations in Ni(P), Cu(P), Zn(P) and Ag(P)
cannot be understood in this model. Moreover, the calculations of the
magnitude of mixing using eqn. (4} of ref. 70 results in an overestimate of
the vibronic mixing constants and hence in an underestimate of the resulting
force constants [70,71]. Apparently, this is the reason for the conclusion that
the planar configurations are unstable in all low lying electronic states of
Fe''(P) [70,71] in contrast with experimental data [64,65]. Also ungrounded
seems to be the estimate of the initial (non-vibromic [1]) A,, force constant
K, in refs. 69-71. It is smaller by an order of magnitude than that given in
ref. 69 for the iron—nitrogen interaction. (It is seen from Fig. 3 of ref. 69 that
the main contribution to the frequency of the vibration comes not from the
displacement of the iron atom, but from the non-planar displacements of the
porphyrin ring atoms.)

To summarize this section, the experimental data on the geometry and
electronic ground state multiplicity of 3d metalloporphyrins are satisfacto-
rily explained by means of the vibronic approach in which the mixing of the
a,,(d.z) and a,,(7) MOs by out-of-plane metal displacement plays a key
role.
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D. STEREOCHEMISTRY OF METALLOPORPHYRIN AND HEMOPROTEIN ACTIVE
CENTRE COMPLEXES WITH AXIAL LIGANDS

In this section the vibronic approach is used to elucidate the geometry
and stereochemistry of metalloporphyrins with one or two axial ligands, and
of hemoprotein active centres in the deoxy form, as well as their complexes
with different ligands.

(i) Perturbation theory for geometry changes by coordination

There are several versions of the perturbation theory aimed at the
investigation of chemical reactivity [72—75]. In application to the change of
molecular geometry by chemical bonding such a version of perturbation
theory, to our knowledge, was first reported in refs. 76 and 77. (A related
problem of the mutual influence of ligands in simple complexes was consid-
ered carlier [78—-80].} In this subsection, the version of perturbation theory
under consideration is illustrated by its application to the case of three
interacting subsystems (reagents).

We present the Hamiltoman of the system in the form

H=H,+ W (21)
where
Hy=Hf + Hy + H>+ H™ + HY= (22)

and Hj, Hf' and H}* are the Hamiltonians of the non-interacting subsys-
tems P, L, and L, in some fixed stable (with respect to totally symmetric
nuclear displacements) configurations. H'" and H™: are the components
of the interaction opcrators of the subsystems P and L,, and P and L,
respectively, which are diagonal with respect to the eigenfunctions of the
operator Hf + H}' + H2; W denotes

where Hp  and Hp, are the electronic non-diagonal (in the sense given
above) parts of the interaction between the subsystems, and H, is the
operator of the vibronic interactions with non-totally symmetric displace-
ments within each of the subsystems.

For the sake of simplicity we assume that the interaction between L, and
L, can be neglected. Since we arc interested only in the influence of all the
interactions under consideration upon the geometry of one subsystem P, we
consider the vibronic interactions within this P system only.

The perturbation problem can be reduced to the following secular equa-
tion:

”HU_ES:' | =0 (24)

1
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Its solution can be obtained by the matrix representation of the Hamilto-
nian (eqn. 21) built up by the eigenfunctions of the zeroth order operator
HE + Hy' + HY*. (It should be noted that the MOs are orthonormalized
only within each of the subsystems, thus being non-orthogonal between the
subsystems.)

To solve eqn. (24) we use the perturbation theory with respect to the
operator W. The first non-vanishing correction to the ith MO owing to the
vibronic interactions within P and non-diagonal interactions between the
subsystems is the following second-order perturbation correction:

2
(pVi} — Ef(ﬂ)sf‘f)
E®—E®

E@- - %

J

(25)

Considering only one non-totally symmetric coordinate of vibronic inter-
action g (in the absence of interactions, ¢ = 0) and denoting

(il‘H'PL1 V7 =Aij
<i|HPL1|j) =Br’j
(i|H,|j)=Tfi,a (26)

we deduce from eqn. (23), that for different / and j, the matrix element W,
acquires the values given in Table 1.

The change in the total energy is approximately equal to the sum of the
energy corrections to each MO (eqn. (25)) multiplied by their occupation
numbers. In this sum the terms describing the interaction of fully occupied
orbitals vanish, since they occur twice with opposite signs (in the nominator
W, = W,,, the denominators have opposite signs).

TABLE 1

The matrix elements W, for different / and ;j values of the wavefunctions

i J
jeprP FE=¥ jeL,
ie P f,-jQ“‘Afj"'ij Ai_.i BU’
(SU =0)
ieL, A,, Ay 0
(Sij =0)
iel, B;; 0 B,

(S;; =0
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Thus the expression for the energy as a function of the g displacement is
as follows:

E(q)=E,+2Z+ }K,q° — '}qux(P!j}_zj/Aﬂ) - QE [pz‘f:‘j(Aij + Bij)/Aﬁ]
iJ i
(27)
where / and j label the functions of the subsystem P, p, is the occupation
number of the ith MO
2A,, = E® — E® (28)

and K,q?/2 is the elastic energy for the g displacement in the P subsystem;
% denotes the pure electronic corrections independent of g. Assuming

Ko> X p:if5/A) (29)
o

we obtain that the equilibrium geometry of the P subsystem as a result of
interactions between the three subsystems (and vibronic interactions within
P) changes from g =0 to

Z:_[Pifij(Aij + B:‘j)/Aj:']
iJ
Ko — Z(P:‘f:‘?/‘&ji)

f’j’

(30)

do =

It should be noted that the nature of instability of the P subsystem at
g = 0 obtained here is different from that obtained in Sections B and C.
Indeed, in these cases the instabilities are dynamic in nature (i.e. they
correspond to the maximum of the adiabatic potential where the first
derivatives, the forces, equal zero) and take place only when the condition of
strong vibronic interaction (eqn. (5)) is obeyed. However, in the case under
consideration in this section the instability at g = O is static in nature, i.e. it
arises due to a non-zero force and almost always takes place. There are two
exceptions: the first if

A,;+B;;=0 (31)
and the second if
fi; =0 (32)

It is obvious that the condition given by eqn. (32) cannot occur for any i
and j since from symmetry considerations for any ith MO there can be such
an excited ;j which mixes with the ith MO under the g displacements.
However, if the j state is high in energy, then A, is large and the distortion
(eqn. (30)) is small. Equation (31) can be obeyed for any / and j for certain
symmetries of the complex and the displacement (see below). In this case the
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distortion of the P geometry can be due only to its dynamic instability at
g = 0, i.e. when the inequality, inverse to eqn. (29), takes place. It should be
noted that in the presence of interactions with L, and L, the inequality (29)
is different from that expected for the free P system owing to changes in the
A,; values (by interaction) already in the zeroth order Hamiltonian (eqn.
(22)).

The nature of the 4,; and B,; parameters of eqns. (27) and (30) will now
be considered. As we can see from eqn. (26) and Table 1, the 4;; and B,,
values characterize the influence of the ligand-field charges of the subsys-
tems L, and L, on the electronic structure of the P subsystem. In this
meaning the A;; and B;; parameters are analogous to the appropriate
crystal-field approximations [5,81]. It also follows from eqn. (27) that, when
q is non-degenerate, the sum 4, + B;, has the same transformation proper-
ties as g. In particular, if the crystal field of the subsystems L, and L, is
totally symmetric, the term in eqn. (27) which is linear in the non-totally
symmetric displacement ¢ equals zero.

(ii) Application to the spin state / metal position relationship

In this subsection we use the perturbation theory version, considered
above, to investigate the relationship between the out-of-plane displacement
g of the metal atom from the porphyrin ring and the number and nature of
axial ligands. Thus in the formulae of the previous subsection, L, and L, are
the first and second axial ligands and P is a metalloporphyrin. In the
application of eqns. (27)—(30) the mixing of only the highest occupied MOs
(HOMO) and lowest unoccupied MOs (LUMO) of the metalloporphyrins
(including the 4p orbital of the metal) will be taken into account since, as
shown above, the contributions of the MO mixing, other things being equal,
are inversely proportional to the energy gap between them.

The crystal-field contributions of the axial ligands transform as the
irreducible representations of the D, group. As indicated above, the metal
out-of-plane displacement under consideration transforms as the 4,, repre-
sentation. Therefore only the 4,, component of the crystal field of the
ligands gives non-zero contributions to the matrix elements 4,; and B, its
totally symmetric component being included in the zeroth order Hamilto-
nian (eqn. (22)). Thus non-zero matrix elements 4,; and B,; can be obtained
for the following pairs of MOs: a,(d,:) and a,,(7), by (d,:_,:) and
by (7*), e, (d,) and e,(4p,), a,,(d,2) and a,,(4p,); hence the mixing of
the orbitals within these pairs results in an out-of-plane displacement of the
metal atom from the porphyrin ring.

Equations (27) and (30) were obtained under the condition given by eqn.
(29). This condition is valid for the complexes Co(P), Ni(P), Cu(P) and
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Zn(P). Indeed, in these metalloporphyrins without axial ligands, as shown in
Section C, the criterion of pseudo-Jahn-Teller instability (the inequality
inverse to eqn. (29)) is not valid. By ligand coordination the energy gap 4,
between the a,,(7) and a,(d,:) MOs increases (owing to the totally
symmetric component of the crystal field), while that between the b, (d,2_ )
and b,, (7 *) MOs is almost unaffected. As a result, the planar configuration
becomes dynamically more stable.

For the complexes Fe(P) and Mn(P) we assume (see also ref. 47) that,
owing to interactions with the totally symmetric component of the ligand
crystal field increasing the A,; values, the metal in-plane configuration
becomes dynamically stable at ¢ = 0. This assumption is strengthened by the
fact that the instability criterion at ¢ = O (egn. (18)), as well as the criterion
of term crossing (egn. (20)), is very sensitive to the interaction with the axial
environment (see Section C).

(a) Complexes with one axial ligand

Complexes with one axial ligand in which the metal atom is five-coordi-
nated will be considered now in more detail. In this case, B;; =0 and eqn.
(30) transforms to

_E,_ ( pr‘f:‘jAfj/&jf)
i,J
Kq — E(P:fxi/ﬁﬁ)

i7F

(33)

do =~

The energy of the system at this point equals

2
. Z(Pfffinj/Aﬁ)
_ 15 34
Bl = o O g e X (nifirny) -
i F

The stabilization energy (the reduction in the energy due to the metal
out-of-plane displacement g,) is

Z(p:'ffinj/&jf)
e LT /
2 Ko— 2 p:f3rAs)

f.j

2

AE = (35)

We shall consider now complexes of different metalloporphyrins. It
follows from general considerations that the orbitals most mixed by external
fields are pairs of MOs (from those listed above), which are directed
perpendicular to the porphyrin ring, the mixing being the more effective the
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closer to each other and to the ligand are their electron densitiecs. Hence the
maximum values of A4;; are expected for the following pairs of MOs: a,,(7)
and a,,(d,:), and a,,(d,:) and a,,(4p,). However, the smallest appropriate
elasticity constants are expected for complexes with partially occupied
ay,(d;z) and b,,(d,2_,2) MOs. It follows that the largest metal displace-
ments g, (eqn. (33)) are expected only for compounds with partially filled
ayg(d,2) and by (d,:_,:) orbitals. Indeed, the largest displacements of the
metal atom are observed in the high spin complexes of Fe(11), Fe(11I) and
Mn(II) [14] which obey these conditions. The same effect explains the
smaller out-of-plane displacement of the metal, Mn-Ct=027 A, in
Mn(TPP)C17) (S =2) [82] than in Fe"'(TPP)}Cl™) (S =5/2), where
Fe-Ct=0.39 A [83], since in the former case the big(d,2_,:) MO is
unoccupied, whereas in the latter case it is occupied.

It follows also from this discussion that the interaction of the 4,,, d,,
and d,, orbitals with the metal out-of-plane displacements is weak, and
therefore the population of these orbitals, other things being equal, does not
affect the magnitude of this displacement. In particular, the change in the
charge state of the iron atom, Fe(IT) — Fe(IIl), is expected to result in rather
small changes in the magnitude of the out-of-plane displacement. The
differences in the dimensions of the iron ions in ferri- and ferro-complexes,
as in the case of metalloporphyrins without axial ligands, is thus expected to
influence only the dimensions of the ring cavity and not the out-of-plane
Me—Ct distance. This result is confirmed by the experimental data on the
stereochemistry of iron porphyrin complexes with one axial ligand [83],
which show explicitly that the reduction of the iron ion charge by unity
increases essentially the dimensions of the cavity and does not influence the
Fe-Ct distance at all. These data are incomprehensible in the framework of
the Hoard model [18]. _

We shall now consider the influence of the axial ligand on the multiplicity
of the ground state of the metalloporphyrins using Fe(P) and Mn(P) as
examples. With egns. (33) and (34) we easily obtain the following expression
for the difference in energies at the minima configurations for high, inter-
mediate and low spin ground states:

E*(g§) — B (i)
~ E*(0) — E'D(0)
— 3 QSZ(Pff}inj/Aﬁ) - Q'(E)(!) (p:(”f;'inj/Aji) (36)
ij i,J

The upper indices #, i/ and / denote the high, intermediate and low spin
states respectively. It should be noted that the expression in the square
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brackets of eqn. (36) is always positive since in the high spin state the
ay,(d,;2) and b,,(d,:_,z) orbitals are partially populated, thus resulting in a
higher stabilization energy by distortion. Hence the out-of-plane displace-
ment of the metal atom leads to a decrease in the energy gap between the
states of high spin and intermediate (or low) spin. If the inequality

‘I(})'Z ( P}h :‘jA:‘j/&ji) - qé")z ( P::(l)ﬁjﬂfj/ﬁjf) > 2[ Ek(o) - Ei(z)(o)] (37)
I i,r

applies, the high spin state becomes the ground state; the greater the value
of g,, the more probable that the high spin state becomes the ground state.

Some care has to be taken when the magnitudes of distortion g, and state
multiplicities are compared for metalloporphyrins with and without axial
ligands. Indeed, the additional ligand produces a diagonal component of the
crystal field which shifts the MO energies (mainly of the ,,(d,:) and
a,,(4p,) type). As seen from the energy scheme in Fig. 4, for all the 34
metalloporphyrins except Ni(P), this shift increases the energy gap between
the low (or intermediate) spin state and the high spin state.

Thus the addition of one ligand to the metalloporphyrin results in two
competing effects determining the ground state multiplicity: the first effect
produced by the non-diagonal crystal field promotes the out-of-plane dis-
placement of the metal atom and lowers the energy of the high spin state,
and the second effect, which is due to the diagonal component of the crystal
field, increases the energy of the high spin (and even intermediate spin) state
with respect to the low spin state and decreases the vibronic reduction of the
A,, force constant, thereby resulting in a decrease in the g, value.

It follows from the above arguments that the high spin ground state can
be realized only in the case of weak-field ligands, i.e. ligands such as
imidazole and mercaptide which produce small changes in the energy
spectrum of the system A, [30,47,84,85]. In the case of ligands with a strong
diagonal component of the crystal field (and small non-diagonal component),
a low spin ground state with a not so large g, value is expected (see eqn.
(38)). Examples of strong-field ligands include C,HS , CS, O, and NO. Their
coordination, although favouring an out-of-plane displacement of the metal
atom, produces a low spin ground state [13,14,76,77,83,86—94].

We shall consider next the influence of the same ligand on the out-of-plane
displacements of the metal atom in metalloporphyrins of different metals
(Mn, Fe, Co). The f,; values (Section C) and A;, magnitudes (Fig. 4) change
weakly when passing from one compound to another in this series.

Therefore the change in the g, value is determined by the change in 4,,.
The more the axial orbitals of the metal atom are extended in the direction
of the ligand, the greater the magnitude of the matrix element of the
non-diagonal crystal field. It is known [31] that the extent of the a,,(4p.)
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and a,,(d,:) orbitals decreases in the following sequence: Mn > Fe > Co.
Hence the magnitude of the metal out-of-plane displacement in the series
Mn(P), Fe(P), Co(P) with one axial ligand has to decrease in the same order.
This conclusion is confirmed by experimental data [14] showing that in
complexes with NO the distances from Mn, Fe, Co to the ring plane equal
0.34 A, 0.21 A and 0.09 A respectively, while in the complexes of metallo-
porphyrins of the same metals with imidazole these distances change to 0.52
A, 0.42 A and 0.13 A respectively. The fact that the metal displacement is
smalier in complexes with NO than in those with imidazole, is because the
crystal field of NO has a stronger diagonal component than that of im-
idazole, resulting also in the low spin ground state in the complex with NO,

It should be noted that the steric repulsion between the nitrogen atom of
the NO group and the nitrogen atom of the pyrrole rings increases in the
order Co < Fe < Mn [14,94] promoting the increase in the Me—Ct distance
in the same order as the vibronic interaction. On the contrary, in complexes
with substituted imidazoles the steric hindrance is stronger in (2-Melm)Fe(P)
than in {1-MeIm)Mn(P), whereas the Me—Ct distance is larger by 0.1 A in
the latter case than in the former [14]. This comparison confirms that in the
out-of-plane displacement of the metal atom from the porphyrin ring, the
vibronic effects are of primary importance and prevail over the hindrance
effects.

The same vibronic approach can be used to explain the origin of the
out-of-plane position of the metal atom in hemoprotein active centres. As a
rule, the magnitude of the metal out-of-plane displacement here does not
differ much from that of metalloporphyrins and model compounds
[19,20,25,26,95-99]. At the same time the stronger the vibronic softening of
the in-plane iron position, the greater the influence of the protein on the
heme stereochemistry [100-103]. Following from the discussion above, the
multiplicity of the ground state of the heme is determined not only by the
metal atom position with respect to the plane of the porphyrin ring, but also
by the strength of the crystal field of the proximal ligand which depends on
the orientation of the latter, the distance to the metal atom [104,105] and the
measure of protonation [106—108).

(b) Complexes with two axial ligands

Two equal axial ligands will be considered first. In this case, eqn. (31) is
obeyed by symmetry considerations. Indeed, the sum of two identical fields
within the point group symmetry D, transforms as the totally symmetric
representation, and hence the non-totally symmetric part described by eqn.
{31) equals zero. Hence, if the system is dynamically stable at ¢ =0 (i.e. if
the inequality (29) is valid), its distortion in the case of two identical ligands
is g, = 0. In the opposite case (when the inequality (29) is reversed) two
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Fig. 6. Energy levels for the highest occupied and lowest unoccupied MO of ferroporphyrin
complexes with [47] and without [31] axial ligands.

equivalent minima of the agdiabatic potential are expected, for each of which
the metal atom is in the out-of-plane position (on one or other side of the
plane) with possible tunnelling between the two minima configurations
(similar to the metalloporphyrin case without axial ligands).

If the two axial ligands are different, eqn. (31) is not valid, and there is a
non-zero non-diagonal component of the crystal field producing a non-zero
distortion, g, * 0, even when eqn. (29) is valid. However, in this case the
magnitude of the metal out-of-plane displacement is expected to be smaller
than in the case of one axial ligand. Indeed, in the case of two ligands, the
diagonal part of the crystal field is stronger than in case of one ligand,
producing a larger increase in the energy gap between the populated and
empty MOs (Fig. 6). It should be noted that in the deoxy form of all
hemoproteins (which are able to coordinate axial ligands) only one ligand,
namely imidazole, tyrosine or mercaptide, is coordinated to the iron atom.
The infiuence of the ligand on the active part of the energy spectrum is
relatively small. On the contrary, the coordination of a strong ligand such as
CO, NO and O, results in a sharp increase (more than an order of
magnitude) in the gap between the a,,(7) and a,,(d.) orbitals (Fig. 6), and
hence in an essential hardening of the iron atom out-of-plane vibrations.
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This general conclusion is confirmed by experimental data on the coordi-
nation of CO to myoglobin [109]. It follows that the coordination of the
above ligands, as second axial ligands, leads to a shift in the metal atom
position toward the porphyrin plane (the steric effect also promotes this
shift).

This conclusion agrees well with almost all experimental data on model
compounds [13,14,83,94] and hemoproteins [19,20,105,108,110-127]. The
complex of erythrocruorin with oxygen [100] is the only exception, the iron
atom being displaced from the porphyrin ring by a distance 0.1 A larger
than in the deoxy form. The reason for this anomalous change in geometry
under the influence of the protein globula may be due to some special
interactions in this case which are not yet elucidated.

Following from the above discussion, the coordination of axial ligands
with strong diagonal crystal fields leads to a ground state transition, high
spin — low spin, in agreement with experimental data [13,14,19,20].

Thus the vibronic approach explains not only the fact of the metal
out-of-plane displacement in the deoxy form of hemoproteins, but also its
return toward the porphyrin ring (and even its return into the porphyrin
plane) by coordination of strong ligands resulting in particular in the T — R
conformational transitions in hemoglobin. In this case, the stronger the field
produced by the coordinated ligand (the larger the energy gaps A, . ), the
more stable the in-plane position of the iron atom (and the smaller is the
influence of protein globula and the #rans ligand). In particular, it follows
from Fig. 6 that the CO ligand produces a stronger crystal field than O,.
This explains in a natural way both the smaller influence of the steric
hindrance of the trans ligand L, in the case of Fe(P)(L;)(CO) than in the
case of Fe(P)(L,)(O,) [128], and the weaker influence of the protein globula
on the iron out-of-plane displacement in the hemoprotein CO complexes,
than in the same complexes with O, [20,83,100,116,117,120].

The conclusion concerning the weak influence of the oxidation state of
the iron atom on the magnitude of its out-of-plane displacement, in metal-
loporphyrin complexes with one axial ligand, remains valid for two axial
ligands. This conclusion naturally explains why the heme geometry in
cytochromes ¢ and c¢-551 is almost completely independent of the iron
oxidation state [122-126].

The problem of the influence of axial ligands on the magnitude of the
iron atom out-of-plane displacement in metalloporphyrins was also investi-
gated in refs. 71 and 129-131. In ref. 129 the influence of different factors
on the iron geometry in complexes with one axial ligand is considered by
calculation of the energy surface in the w-electron approximation combined
with consideration of the o interactions using empirical potential functions.
It follows from this work that in the high spin complexes under considera-
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tion the metal out-of-plane displacement is determined mainly by the
interaction of the metal atom with the porphyrin ring, modulated by the
axial ligand, while the steric effects are less important.

Loew and Kirschner [130] performed a semiempirical (iterative extended
Hiickel) calculation of the potential energy curves for electronic states of
different multiplicity as a function of the out-of-plane metal displacement in
(Im)Fe(P) complexes. They showed that some special features of these
curves for states of different multiplicity depend on the interelectronic
interactions in the iron atom. The conclusion [71,131] that in ref. 130 the
mixing of orbital spin states for §S=2 and S =1 only is considered is
unfounded, since the Hiickel as well as other quantum-chemical calculations
intrinsically include the mmxing of different electronic states and among
them also those of different parity. Therefore the statement of Mizuhashi
[71,131] that the direct quantum-mechanical and pseudo-Jahn—Teller ap-
proaches are, in principle, different, cannot be accepted: both approaches
consider the same interactions but in different ways. The Jahn-Teller
approach separates the most important interactions revealing general laws
which are less quantitative, but valid for different compounds; the direct
quantum-chemical numerical calculations yield results which, although more
quantitative, are valid only for the concrete compound for which the
calculations were carried out.

In refs. 71 and 131 the adiabatic potential curves for states of different
multiplicity are built up by a combination of the pseudo-Jahn—Teller mixing
of the iron 3d and 4p states with the crystal field effect of the imidazole
nitrogen atom. As emphasized in Section C, this approach, based on
polarization effects only [77-79], ignores the most important covalent con-
tribution to the pseudo-Jahn-Teller effect, the formation of additional
covalent bonds between the metal atom and porphyrin ring by the out-
of-plane displacement (Section B; see also ref. 129). Therefore the approach
[77-79] cannot be correct even if the parameters can be chosen to satisfy the
experimental data. (In the work reported in refs. 68—70 the vibronic reduc-
tion of the A4,, displacement, as mentioned above, is overestimated.)

The influence of vibronic effects on the geometry of the active centre of
hemoglobin in the process of oxygenation was also constdered 1n ref. 132. In
this work it is assumed that a Jahn-Teller 7,,—¢, interaction (—e problem,
see ref. 1) in the excited state of oxyhemoglobin may promote weakening of
the iron—-oxygen bond and the metal out-of-plane displacement in the deoxy
form. However, as shown in refs. 133 and 134, the active vibration consid-
ered in ref. 132 does not include the metal displacement and therefore it
cannot be responsible for the changes in the prosthetic group of the
hemoproteins under consideration.
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(iii) Geometries of coordination of diatomics

It is known that diatomics are usually coordinated to metalloporphyrins
in two modes: hnearly (Fig. 7(a)) and bent (Figs. 7(b) and 7(c))
[13,14,94,135,136]; in some recent studies [14,84,94,137-139] a symmetric
coordination (Fig. 7(d)) of oxygen is assumed. When included in the protein,
the geometry of ligand coordination may be different from that observed in
model compounds [20,98,100,116,117]. In this subsection, we consider the
vibronic mechanisms responsible for different geometries for coordination of
diatomic molecules to metalloporphyrins and hemoproteins [29(a),76,140].

First we shall consider linear coordination (Fig. 7(a)} and its possible
instability due to the pseudo-Jahn-Teller effect wath respect to normal
displacements which distort the linear configuration toward the bent config-
uration (Fig. 7(b)). The porphyrin molecule with a linearly coordinated axial
ligand has C,, symmetry. (The influence of the trans ligand, if present, is
neglected since it does not essentially change the C,, symmetry [47].)

The bending displacement (Fig. 7(b)) in this point group transforms as
the E representation. Therefore the vibronic constant of mixing of the
ground state with an appropriate excited state 1s non-zero, if (and only if)
the direct product of their representations contain the E representation.
Since the lowest excited states are formed by one-electron excitation of the
ground state, i.e. by an electron transfer from the populated MO to the
empty (or partially filled) MO, the vibronic constant is non-~zero if the direct
product of the irreducible representations of these two MO contains the E
representation.

In Fig. 8 is shown a qualitative one-electron MO energy scheme, based on
guantum-—chemical calculations, for complexes of metalloporphyrins with
linearly coordinated diatomics CO, NO and O, [30,47,84,85]. There are
several possible combinations of one degenerate and one non-degenerate {or
degenerate) MO, for which the direct product of their representations
contains the E representation. However, not all the formally possible
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Fig. 7. Modes of coordination of diatomics to metalloporphyrins.
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Fig. 8. Schematic MO energy diagram for linear end-on coordination of diatomics (a) CO, (b)
NO and {c¢) O, with metalloporphyrins.

mixings are important to the vibronic effects: some of them may yield very
small vibronic constants with a small contribution to the effect. The most
important are those orbitals which contribute mostly to the metal-ligand
bond [1]. Therefore in the case under consideration the vibronic mixing of
one of the two e MOs, e,(d, + 7*) or e,(d,, — #{*) (which are metal-ligand
bonding and antibonding s orbitals respectively), with the metal a,(d.:)
orbital (which contributes predominantly to the metal-axial ligand ¢ bond-
ing) is most essential. The appropriate energy gaps between these two
mixing pairs of MOs are 28, and 28, respectively (Fig. 8). The contribution
of the mixing of the porphyrin ¢ MO and the metal orbitals b,(d,:_,:) and
b,(d,,) (located in the plane of the porphyrin ring) with one another and
with other MOs is negligible, since these orbitals do not take part directly in
the bonding under consideration.

We shall consider first vibronic mixing of the ground E( X, Y) state, ¢.g.
for one electron in the e, MO, with one excited A, state by the E-type
nuclear displacements, g, and ¢,, in the linear (with respect to ¢) approxi-
mation assuming that the high symmetry configuration corresponds to the
point g, = g, = 0. The vibronic interaction operator in this case is [1,7]

V(r, 4., 4,) = (3V/34.)0a. + (3V/34, ), 4, - (38)
Using the Wigner—Eckart theorem (see refs. 7 and 81) we have
(X)(BV/3¢q, )01 A1) =Y |(8V/3q, ), | 4,) =F

(Y(3V/3g.)o | A1) =< X |(dV/3g, ), 4:) =0 (39)
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and the appropriate secular equation for the energy levels of the E and A4,
states perturbed by the vibronic interactions is as follows:

—8—& 0 Fq,
0 —86—-& Fgq,|=0 (40)
Fq, Fq, d—&

where 28 is the energy gap between the E and A4, states at g, =¢4,=0. In
polar coordinates

g.=pcos¢ g,=psing (41)
and the roots of eqn. (39) are

1,2

& 5= £ (8 +F %)

e s (42)

and for the lowest sheet of the adiabatic potential energy, also taking into
account the elastic energy (1/2)K -p?, we obtain

2
E(p, #) = Ko = (82 + F %) = 5+ § (K= T o+ . (@)

Equation (43) shows that the ground state force constant K, becomes
reduced by an amount % 2/8, and if

(F#2/8)> Ky (44)

the ground state becomes unstable with respect to nuclear displacements of
the E type, its adiabatic potential surface acquiring the shape of a circular
trough. The condition of vibronic instability (eqn. (44)) can easily be
generalized to the case of vibronic mixing of the ground E state with two
excited A, states, AV and 4{®, by the E displacements (cf. eqn. (7)):

‘9-1 2 ‘9;-2

2
5, + 5, > Kg (45)

where #, and %, are the linear vibronic constants of the appropriate two
mixings, E with A" and E with 4, their energy gaps being 28, and 28,.
In this case, too, the adiabatic potential surface is an axial trough (Fig. 9).

For the sake of simplicity we now pass to the more useful (although less
rigorous) one-¢lectron MO language in which the adiabatic potential energy
can be presented as a sum of MO energies &,(p, ¢) multiplied by the
appropriate population numbers p;:

E(p, ¢) =3Kep’ + 2 p.8(p. ¢) (46)
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Fig. 9. Adiabatic potential curves for the terms AV, 4{® and E with (solid curves) the
without (broken curves) the pseudo-Jahn—Teler effect taken into account.

In this presentation the condition of instability (egn. (45)) takes the follow-
ing form:

[‘%2(191 _Pa)/sll + [-%Z(Pz —Ps)/azl > Kg (47)

where #, and %, are the linear vibronic constants of the vibronic mixings
of the ¢, MO with the a; MO and the ¢, MO with a; MO respectively, and
Ps, py and p, are the population numbers of the orbitals a,, e; and e,
respectively,

Let us consider now how these vibronic effects influence the geometry in
concrete cases of complexes of metalloporphyrins with CO, NO and O,.

In the case of (CO)Me(P) the 28, and 28, values are of the order of
magnitude of 0.3 eV and 4 eV respectively (Fig. 8(a)) [30,47,85]. Taking into
account the orders of magnitude of the vibronic constants %#; and %, and
the force constant K., we can see that if only the ¢; MO is populated
( p; = p; = 0), the inequality (47) is not valid, since &, is too great. Hence in
this case the linear geometry is stable. If the ¢, MO is also populated
(p;#0, p, #0, p;=0), then condition (47) can be obeyed owing to the
much larger additional contribution of the second term. In this case,
obviously, the bent geometry of coordination is expected. However, in all
the complexes of 34” metalloporphyrins with CO studied so far, the e, MO
is not populated (in the ground state), and this explains the observed
experimentally linear coordination of CO in (CO)Fe(P) and (CO)Co(P)
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[50,94,141-144). The calculations [47,85] show that in all the 3d" complexes
under consideration (including 3d'°(Zn)) the e, orbital is not expected to be
populated, and hence in all these complexes the linear coordination of CO
(Fig. 8(a)) 1s expected.

The opposite situation emerges in the case of (O,)Me(P). Here the two ¢
MOs are at approximately the same energy separation from «a, (28, = 2.5
eV; 28, = 3 eV [47]) and almost equally contribute to the softening of the
linear coordination. Therefore the linecar coordination of O, 1s expected to
be soft or even unstable for any number of metal 4 electrons. However, if
this number exceeds four, the distortion may increase sharply since in this
case both e-type MOs contribute to the vibronic softening. This qualitative
conclusion agrees well with experimental data [13,14,90,136,145-151].

For (NO)Me(P) complexes with linear coordination of NO the 2§, and
28, values are almost the same (of the same order of magnitude)} as in the
(CO)Me(P) complexes. However, the MQ energy level ordering is different
from that of (CO)Me(P) (Fig. 8(b)), and the ¢, MO becomes populated
when the number of metal d electrons exceeds five. Therefore for complexes
of NO with 34" metalloporphyrins linear coordination of NO is expected, if
n < 5, and non-linear coordination is expected for n > 5. In the latter case
the increase in the number of 4 electrons, increasing the population number
P, increases the softening (bending angle) of the linear configuration (see
eqns. (46) and (47)). In particular, in porphyrin complexes of iron(III) and
manganese(Il), linear coordination of NO is expected, whereas in iron(II)
and cobalt(1l) the bent configuration of coordinated NO is expected, the
bending being greater in the case of cobalt(IT) than in iron(II). All these
conclusions are confirmed by experimental data [14,94,152-157].

It follows from eqn. (43) that the magnitude of distortion of the linear
geometry p, is the greater, the less is the energy gap 28, between the MO
e;(d,— o) and a,(d,.) and the greater i1s the vibronic constant .%,.
Therefore coordination of the second axial ligand, which increases the &,
value and reduces (by covalent effects) the %, value, must reduce the
bending of the NO coordination. This conclusion is also confirmed experi-
mentally [94,153,154). Moreover, following the shape of the E displace-
ments, the coordination geometry in Fig. 7(c), and not Fig. 7(d), is expected
in agreement with experimental data [149].

It follows from the above discussion that the vibronic approach allows
not only the origin of all the experimental data on the coordination
geometries of diatomics to metalloporphyrins to be explained, but also the
possible geometries of coordination of small molecules in complexes not yet
synthesized or studied to be predicted. In the case of metalloporphyrins with
diatomics, the prediction 1s straightforward: for distortion of linear coordi-
nation it is necessary (and enough) to populate the e,(d, — #* )MO.
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So far we have employed an approximate vibronic theory linear in ¢, and
q,- This generates an adiabatic potential surface having the form of an axial
trough for which the bent configuration of the coordinated diatomics is
independent of the angle ¢ (in the plane of the porphyrin ring) specifying
the direction of bending. In this approximation the symmetry of the system
increases from the initial C,, to C_., (see the E—¢ problem in refs. 1, 6 and
7. To avoid this non-physical result the quadratic terms of the vibronic
mteractions should be taken into account. In so doing, the operator of the
vibronic interactions, instead of eqn. (38), becomes

V(r, q.. q,) = (3V/3q,)oq, + (3V/0q,),a, + 1(8°V /342 )oq3
+(8V /34,89, ),9.q, + 3(3*V/3q}),4} (48)

Using the Wigner—Eckart theorem we obtain in the case of E—-4, mixing
the following equation:

—8+8(qg2—q7)—¢ 2vq.q, Fg,
2744, -86—-B(q2—q)—¢ Fq,[=0 (49)
Fq, Fq, 5 &

where 8 and y are the appropriate reduced matrix element—second-order
vibronic constants [1]:

B=1(X|(3°V/342),|X)
v =3{x|(8°V/84:34,),| Y)

In polar coordinates (eqn. 41), eqn. (49) transforms to
&+ 88% — &[86% +F %% + p*(B? cos?2¢ + y? sin?2¢)]
—8% — 8F %p? — (B cos®2¢ + v sin*2¢ ) F p*
+8p°(B* cos?2¢ + v? sin*2¢) =0 (50)

The cubic egn. (50) has three roots &,, the corresponding adiabatic poten-
tials being as follows:

E (p, ) =3Kgp® + & (p, ¢) (51)

from which it follows that at the extrema points

(5,3
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Taking the derivative of eqn. (50) over ¢ and using eqn. (52), we obtain
(v~ B)(&o—8)(y+B)—F?| sindp=0 (53)
From this equation it is seen that if y % 8, the extrema points with respect
to ¢ are determined by the equation
sin 4¢ =0
with the roots
b=imm (m=0,1,...7) (54)

Four of these points are minima and the other four are maxima with respect
to the angle ¢. In order to specify the maxima and minima the Opik and
Pryce [158] procedure can be employed. One of the extremum coordinates is
[76]

¢=0
p=2{B2K2(K:+B)] V| F|(B+2K:)K:

x[(#72 - 8B8)Kp(Kz+ B — K2(Ke+ B2 —88)) " (55)
and its energy is
E,= —287 | F (K + B) — [(F2 - 88) K|V +5 (56)

With these expressions the condition of instability with respect to bending
displacements p in the direction ¢ = 0 (from symmetry considerations the
same is true for ¢ =7 /2, 7, 37 /2) at the point p=¢ =10 is

(F/8)>K.+ 8 (57)
The energy of the next {(to ¢ = 0) extremum at the point

¢=mn/4 |

o =2[vKe(Kz+¥)] (| F (v + 2Ke) Ke[(F? - 8v) K

x(Kp+7)]"? - KE(Kz+y)2F2—8v)}"” (58)
is as follows:
2
Evr/4 = "27_2{|-§‘|(K£ + ?)1/2 - [(‘gz - SY)KE] 1/2} + 38 (59)

while the condition of instability at p = ¢ =0 for ¢ =« /4 (and hence for
¢ =3w/4, Sn/4, Tm/4) is

(F2/8)>Ks+v (60)
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It can easily be seen from eqms. (56) and (59) that E, and E, , are
monotonic functions of 8 and y respectively, and therefore if

B>y (61)

then the energy minimum corresponds to the p coordinate determined by
eqn. (58) and to the ¢ coordinates as follows:

b=immn (m=1,3,5,7) (62)
whereas the points with the p coordinate according to eqn. {55) and
b=imm (m=0,2,4,6) (63)
are saddle points. However, if

B<vy (64)

then the points given by eqns. (55) and (63) are minima, whereas those with
the coordinates given by egns. (58) and (62} are saddle points. It is obvious
that, depending on the barrier height between the minima, there is a smaller
or greater probability of the ligand moving between the minima (to rotate
around the axial axes). Both conclusions about the direction of bending and
of possible ligand rotation are confirmed experimentally [94,146—-149,152,
154,155,159,160]. Thus the vibronic approach incorporating quadratic
vibronic terms also explains the bending direction and possible rotations of
the bent configuration.

The instability of the linear coordination may result in either the bent
(Figs. 7(b) and 7(c)) or the symmetric (Fig. 7(d)) configuration. In order to
distinguish between these two possibilities the symmetric configuration can
be tested for vibronic instability with respect to distortion toward the bent
configuration. The procedure is similar to that performed above, and is
illustrated below with the example of oxygen coordination. In the symmetric
configuration (Fig. 7(d)) the system possesses (C,, symmetry, while the
normal displacements of ligand bending transform as the B, or B, represen-
tations of this group. Under these displacements the vibronic contribution to
the softening of the symmetric configuration involves mixing of either the
by(d,.) MO or the b,(d,,) MO with a,(d,:) orbital. Since both the mixing
orbitals are non degenerate, the vibronic pseudo-Jahn—Teller problem is
reduced to the solution of eqn. (2). According to the results of refs. 84 and
137, this interaction is much weaker in the complex (O,;)Mn(P) than in
(O,)Fe(P) where the oxygen molecule is bent [90,94,146]. Therefore we can
assume that in (O, )Mn(P) in contrast with (O,)Fe(P), symmetric coordina-
tion of oxygen 1s possible [14,94,138,139].

The inclusion of a metalloporphyrin complex into a crystal lattice or into
a protein may result in a change in ligand geometry, firstly owing to steric
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hindrance [15,20,98,114-117,135,159-166]. As shown in these studies, steric
effects may lead either to distortion of linear coordination in proteins, as
compared with the model compounds, or to discrimination of the equivalent
configurations at the points given by eqns. (62) and (63) resulting in
localization of the system near one of the minima (or even in a change in its
coordinates).

The problem of coordination geometry of diatomics is discussed in a
series of papers [141,167-177]. The researchers [141,167,168] suggest a
qualitative model for the interaction of the metalloporphyrin and ligand
MO, 1n which the energetic preference of the bent coordination is explained
by the hybridization of the 7 and ¢ orbitals. The importance of such
hybridizations i1s confirmed in refs. 169 and 170. In refs. 84, 137 and
171-176 the coordination geometry is 1nvestigated by means of direct
quantum-chemical calculation. In ref. 177 the mechanism determining the
coordination geometry of diatomics (in particular, NQO) is considered by
including the vibronic interactions. However, in contrast with the studies
described in refs. 29(a), 76 and 140, the researchers [177] consider an
interaction with the non degenerate displacement, which in fact describes
the distortion of the porphyrin ring, but not the ligand geometry.

Several papers are devoted to investigations of the Jahn—Teller effect in
the ground electronic state of some hemoproteins [178-183]. The anisotropic
part of the g factor of ferrihemoglobin complexes with azide is attributed to
the combined influence of the Jahn—Teller effect, rhombicity and covalency
[178,179]. The temperature dependence of the magnetic susceptibility and of
the quadrupole splitting of deoxyhemoglobin is also interpreted in the
framework of the Jahn—Teller effect [181-183). (However, it should be noted
that according to refs. 184—-186, for a correct description of the experimental
data from Madssbauer spectroscopy, the low symmetry components of the
crystal field within the protein molecule must be taken into account.) A
vibronic approach to the study of proton dynamics in free base porphyrins is
given in ref. 186(a).

E. PHOTQOLYSIS OF COMPLEXES WITH DIATOMICS

The nature of the mutual influence of the active centre and globula in
hemoproteins has been subject to intensive investigation by means of flash
photolysis [23,187-193] used in combination with light absorption
[189,194-207], resonance Raman spectroscopy [193,208-214], natural di-
chroism [192], magnetic circular dichroism [206,215,216], IR [201,217] and
Mossbauer spectroscopy [218], extended X-ray absorption fine structure
(EXAFS) [219,220] and magnetic susceptibility {221].
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The method of flash photolysts consists of the photodissociation of the
model complex or the hemoprotein complex into the ligand and protein,
followed by investigation of the relaxation effects in the heme and different
parts of the protein globula. Using this method, the mechanism of coordina-
tion of diatomics to myoglobin, hemoglobin and its separate chains
[197-201,203,207], cytochrome P-450 and its models {194,206,215,216], per-
oxidase [189], as well as the dynamics of the protein globula [193,202,206—
210,214,216-218] and the nature of protein movement in the membrane
[192] etc., were considered.

In this section the mechanism of photolysis of complexes of 3d metallo-
porphyrins and hemoproteins with diatomics is investigated by the vibronic
approach in which the vibronic interactions in the excited states of these
systems are considered.

(i) Formulation of the problem

The photolysis of diatomic (L) complexes with metalloporphyrins and
hemoproteins has been studied experimentally by many groups [195,196,
202-205,208-213,218-220,235,237,239). The following conclusions can be
reached.

(a) The complexes of 3d Me(P) with linearly coordinated ligands
(L)' Me(P) and appropriate hemoproteins (L)'HP dissociate with a quantum
yield of ¢(L)' = 0.5-1.0 [195,196,204,224-229], whereas for complexes of
Me(P) with bent coordinated ligands (L)°*Me(P) and appropriate hemopro-
teins (L)PHP the quantum yield is much smaller, ¢(L)?=10"2-10"*
[195,196,204,222,225,226,228,230-233], the complex (NO)*Co(TPP) with
¢ (NO)® = 1 being the only known exception [238].

(b) The low ¢(Q,)" values have been related to fast geminate recombina-
tion [231,236}. However, experimental data [226,228,232] show that geminate
recombination can reduce the quantum Yyield of photodecay at most by a
factor of two. Therefore it is suggested [222,226,228,232,234] that the low
$(0;)® values must be attributed to more efficient radiationless relaxations
to non-dissociative states in the oxygen complexes, than in complexes with
carbon monoxide. It has been shown recently [319] that the geminate
recombination is absent at least in the first 10 ps. In ref. 233 the low ¢(NO)®
value is related to geminate recombination, although the possibility of
radiationless relaxation to non dissociative states is not excluded.

(c) The characteristic photodissociation time is 7= 107-10""% s [210,
222-224.227-229,231-233).

(d) The photodecay quantum yield for the (L)Me(P) and (L)YHFP com-
plexes is slightly sensitive to the frequency of the absorbed light in the
region 280-620 nm [204,224,228].



39

In spite of intensive experimental investigation, the photolysis mechanism
relevant here remained unclear for a long time. The following four questions
are of primary interest in the determination of the photolysis mechanism.

(1) Can the main features of the photolysis be explained in terms of
direct decay of the photoexcited state, or are radiationless relaxation
processes essential?

(2) What is the origin of the electronic state responsible for the photode-
cay?

(3) What 1s the coordinate of photodecay?

(4) In what state do the products of photodecay occur?

Let us discuss these questions in turn.

(1) If the characteristics of photolysis are determined predominantly by
radiationless relaxations, then these can increase or reduce the magnitude of
the quantum yield, depending on whether a dissociative or a non-dissocia-
tive term is populated by the radiationless transitions. In the former case,
the quantum yield of bent complexes (L)*Me(P) and (L)’HP is expected to
be at least but not less than that for linear (L)' Me(P) and (L)'HP. Indeed,
the radiationless transitions are expected to be more effective in the case of
bent complexes owing to their lower symmetry causing more favourable
conditions for selection rules. For radiationless transitions to a non dissocia-
tive state this reason may, in principle, explain the higher quantum yield of
linear configurations, as compared with bent complexes, owing to the lower
rate of transition to the non-dissociative state (and hence the higher prob-
ability of decay). However, this assumption seems unrealistic. Indeed, the
formation of non dissociative terms (and transitions to and from them)
depends critically on the details of electronic structure, and therefore it is
extremely improbable that these electronic features remain the same in
many different complexes (CO)'Fe!l(P), (NO)!'Mn"(P), (NO)*Co"P, and
(NO)'Fe''(P), vyet change sharply when passing to (NO)*Fell(P),
(0,)°Fe''(P) and (0,)"Co"(P).

However, the assumption of decay directly from the photoexcited state is
not consistent with the weak dependence of the quantum yield on the
frequency of absorbed light.

(2) To our knowledge the first discussion of the nature of the state
responsible for photolysis was given for (CO)'Fe(P) [30]. On the basis of
electronic structure calculations, it was assumed that the photodecay takes
place owing to either the direct optical excitation e(d, + 7*) — a,(d,:), or
the relaxation of the optically excited state to that obtained by such
excitation. However, in complexes with O, and linearly coordinated CO the
above excited state is much higher in energy [47,85,240-243], than the state
@, the transition to which results in photodecay. Therefore the state e(d,, +
71 ) — a,(d,:) cannot be responsible for photodecay in these complexes.
However, the investigation of the dependence of the energy gap between the
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ground and some excited states on the iron—ligand distance and on the angle
of ligand bending [241-243] shows that bending of the linear coordination
of CO leads to a sharp decrease in the energy of the e(d, + #*) — a,(d,2)
state. Thus, as a result of the CO bending, this energy becomes equal or even
lower than the optically populated @ state. On the basis of this result the
researchers [241-243] concluded that for efficient photodecay a bent CO
coordination is needed. This requirement is inconsistent with X-ray mea-
surements {94,143,144] which show that in the complexes under considera-
tion the CO ligand is linearly coordinated.

An alternative photolysis mechanism is suggested in refs. 204 and 244
where it is assumed that photodecay takes place directly from the singlet
states '(# — 7 *) or their lower-in-energy triplet analogues *(# -» 7 *) formed
by light absorption within the ¢ and B bands. This assumption also
explains the fact that the quantum yield does not depend on the frequency
of absorbed light in the 280-620 nm region, but it disagrees with calcula-
tions [241-243]. However, the conclusion drawn from these calculations that
the term under consideration is non dissociative cannot be considered as
final. The conclusion is based on the result that the iron electronic environ-
ment remains almost unchanged by the above excitation, which is in
disagreement with some other theoretical [240] and experimental [245-247]
studies. Moreover, it is shown [240] that for a correct determination of the
parameters of the Q and B states, higher order configurational interactions,
up to the triple excited states, have to be taken into account, whereas in refs.
241-243 only single excited states were considered.

(3) It is assumed that the dissociation of the complex takes place along
the totally symmetric coordinate, i.e. the metal-ligand bond breaks by
elongation in the direction perpendicular to the plane of the porphyrin ring
[30,47,85,241-243]. In this case photolysis may take place as a result of
either direct population of the strong metal-ligand antibonding MO by
photoexcitation, or as a result of mixing (by totally symmetric displace-
ments) of the photoexcited state with the upper states containing antibond-
ing orbitals. Unfortunately, calculations [241-243] do not contain data on
the excited state energy dependence of the iron-ligand distance, and we
cannot decide upon the nature of the decay of the e(d, + 7*) — a,(d.2)
state along the totally symmetric coordinate.Moreover, doubt is cast on this
possibility by results [85] which show that all the electronic states obtained
by one-electron excitation from the different metal-ligand MO to the most
antibonding a,(d.:) MO are bonding with respect to ligand displacement in
the direction perpendicular to the porphyrin ring. Therefore a transition to
these states cannot cause this mode of decay i the totally symmetric
direction.

However, it is known that decay has to take place in the direction of the
lowest potential barrier. At the top of the barrier the system is dynamically



41

unstable, and since the vibronic mixing of the electronic state under consid-
eration with the upper states is the only source of dynamic instability (see
Section B and refs. 1 and 8--10), the direction and magnitude of this barrier
is controlled by vibronic effects. In particular, the direction of the lowest
barrier is expected to be that of strongest vibronic mixing with excited states
[1,8-10,12,248].

Thus, if the photoexcited state is not dissociative, then the decay coordi-
nate has to both increase the metal-ligand distance and strongly mix this
state with close-in-energy higher states. In our case the only non totally
symmetric coordinate containing the departure of the ligand is the FE
coordinate [167]. This coordinate also provides strong mixing of the photo-
excited ¢ MO (see below) with the upper MO, obtained by excitation from
the ¢ MO to the a,(d,2) MO (see Section D). Note that this E coordinate,
as shown in the previous section, is responsible for the distortion of the
linear to the bent coordination in complexes of Me(P) with NO and O,. As
shown below in this section, this fact alone explains the origin of the
essential difference in quantum yields of photolysis for hincarly and bent
coordinated complexes.

(4) As emphasized in part (3), the researchers in all previous work
assumed that the photolysis of metalloporphyrin and hemoprotein com-
plexes with diatomics takes place along the totally symmetric coordinate.
With this assumption, the electronic structure of the photolysis products
were studied in order to reveal the process scheme. In the mechanism of
photolysis suggested within the vibronic approach, one of the main ideas is
that the decay coordinate is the E coordinate, quite different from that
assumed earlier. In this sense, investigation of the vibrational and rotational
states of the products (which are more sensitive to the adiabatic potential
shape along the dissociation path) is expected to give more information than
the electronic states about the mechanism of photolysis.

Therefore the main problem in the elucidation of the photolysis mecha-
nism is the determination of the coordinate of photodecay, which is directly
related to the adiabatic potential surface of the photoexcited state. Below in
this section, the vibronic approach is employed [249,250] to confirm the
assumption that photodecay takes place along the E coordinate, to explain
qualitatively the origin of the essentially different quantum yields in the
linear and bent cases, and to suggest some experiments which can verify the
proposed photolysis mechanism.

(ii) Influence of vibronic effects on the magnitude of the activation barrier to
photodecay

We assume that photodecay of Me(P) and HP complexes with diatomics
takes place directly from the photoexcited state (as shown in the next
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subsection, this condition is not absolutely necessary for consistency with
the suggested photodecay mechanism) and we consider the adiabatic poten-
tial shape for this state. As shown by experiments on the absorption of
polarized light [47,251], the photoexcited state is formed by electron excita-
tion from the non-degenerate MO of the ground state to the e-type MO.
Moreover, it follows from resonance Raman spectroscopy investigations on
(LYHP complexes [245-247] that by this excitation the electronic structure of
the iron site changes mainly by a change in the population numbers of its
e{d,) orbitals. This was shown [240] to result from either covalency or the
configuration interaction admixture of the metal-porphyrin MO to the pure
porphyrin MO involved in the tramsitions # — #*. On the basis of these
data we assume that the optically populated state ¢, has a contribution
from the e(d, — wi*) MO. The next state obtained from i; by a one-elec-
tron excitation, e{d, — m*) — a,{d,:), is denoted by +,, the energy gap
between them being 28 (the energy is read off from the middle of this
interval). One of these two states (say y,) is two-fold degenerate and the
other (¥,) 1s non-degenerate, and therefore they mix under the E-type
nuclear displacement. Without this vibronic mixing the adiabatic surfaces E,
and E, of the states y, and ¢, in the space of the g, and g, components of
the E displacement are as follows:

El(qxs q.).-) =—&+ %Kl(q-f + q)z')

(65)
E;(q., q,) =8+ 1K,(ql + q7)
where K, is the E-type force constant of the system in the state ¢,.

If X, > O the state i, is stable. The decay may take place directly from
this state only if there is another dissociative state, its adiabatic potential £,
crossing E, (Fig. 10). Two limiting cases for the crossing are possible, i.e.
with weak and strong interaction at the crossing points. In the case of weak
interaction {corresponding to predissociation from the , state) its influence
on the shape of the crossing surfaces can be neglected, although it causes
transitions between these states. In this case the height of the activation
barrier to decay equals the energy difference between the crossing point and
the minimum of the y; state. In the case of predissociation a high quantum
yield of photolysis is not expected. Apparently, the observed (LYMe(P) and
(LYHP photolysis is appropriate to the other limit when the interaction
between the crossing states is strong.

Leaving apart the absolute value of the barrier height, we shall consider
its reduction by vibronic mixing of the £, and E, states, assuming that this
mixing does not essentially affect the interaction of E; with E;. Without
defining the nature of the F£,; term (it follows from refs. 241-243 that it may
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E A

Fig. 10. The intersection of the decay term E, with the terms of the bound ¢, and J, states
with (solid lines, &,, &, and &; terms) and without (broken lines, £, and E, terms) the
vibronic mixing of these states by the E-type displacements taken into account.

be the e(d_ + =) — a,(d,2) state), we assume only that it crosses the I,
state in the region of small enough ¢, and g4, values, resulting in an
activation barrier in this region. Therefore keeping only quadratic terms in
the expansion of E; with respect to ¢, and g,, we have

E;=E,— }Ky(q2 + q2) (66)

Consider now the influence of the vibronic mixing of the ¥, and ¢,
states on the shape of the E, surface and hence on the activation barrier of
decay from this state. In the linear approximation the vibronic interaction
operator is given by 'eqn. (38) and, using the Wigner—Eckart theorem (eqn.
(39)), we obtain, similarly to egn. (40), the following secular equation where
%, is the constant of vibronic interaction with the £ displacement:

El(Qx’ qy) —@f 0 ‘%QJC
0 El(‘;xs qy) —& ‘%Qy =0 (67)
Fodx ‘%Qy E2(Qx’ Qy) —&

The roots of this equation, &, &, and &5, are the appropriate sheets of the
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adiabatic potential taking account of the vibronic mixing. In polar coordi-
nates (egn. (41)) we have

& (p. ¢) = Ey(p. ¢)

Ei(p, ¢)+ E;(p, ¢ Ey(p, 9)— Ei(p, ¢) |? e
éa1’3(p, ¢)= 1( )2 2( ) + {[ 2( )2 1( ¢)] +%2p2}
(68)
or, taking into account eqn. (63), we have
K,+K K,—K; ,\? 172
&s(p)=—"7—"0"% l(8+———*"2 192) +5%2p"‘]
&(p) = —~8+ 1K, p? (69)

Thus the point of intersection of the &, and E,; terms is reduced by AFE
through the vibronic mixing (Fig. 10):

AE = K,[(K, + K;3;)(K; + K;)] _1({[K2(Eo + &)
+ Ki(8— Eg) + 2K, 8] + 8F2 252 + K\ (Ey— 8) + 2K, E,
+ K, (Eq + 5)]}1/2 — [K(Ey+8)+ K (8 —Ey) + 2K, 8]) (70)

For any value of %#;+ 0, AE > 0, and the greater the value of %, the
larger is A E. Assuming, as mentioned above, that the terms E, and &, (Fig.
10) interact almost equally with the termn E,;, we may state that the
pseudo-Jahn-Teller (vibronic) mixing lowers the activation barrier by the
same value AE.

For some simplification of the above formulae, we assume that X, is
large enough, while A E is relatively small, so that if the difference between
p coordinates of the intersection of the terms &, and E, with £, 1s small
enough (Fig. 10), we can assume the approximation

Pe, = Pg, = Po (71)

In this approximation the energy at the point of intersection between E,
and E; is

E = —8+ 3K,p] (72)
The vibronic interaction lowers this energy, and hence the activation barrier,
by

K,— K, ,\° 172 K, K
aEA=[(8+%p%) +9’-a2p%] —(8+ 225202 (73)
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It is seen from this equation that the smaller the value of K,, i.e. the larger
the contribution of the antibonding MO to the vibronically admixed i,
state, the greater is AE,. Denoting % /K,=EY, K, p*°/2=E" and
K,pt/2 = E® we can obtain, instead of eqn. (73), the following expression:

| E@ _ g2 1/2 E® _ g
AEA={[8+—I-2—]—-} +2E§PE1‘”} — |8 == (74)

(iii) Mechanism of photolysis

Considering the adiabatic surface of the lowest sheet of the photoexcited
state &, obtained above, we can separate the following possible qualitatively
different variants for the properties of the system discussed in Section E (ii).

If E{Y < 8, then linear coordination of the diatomics in the photoexcited
state Y, is stable, although, as seen from eqn. (69), it has an elasticity
constant softened by the amount %2 /8. However, as shown in the previous
section, in the systems under consideration, the population of the e(d, — 7*)
MO results in an opposite inequality, EY’ > §, the linearly coordinated
configuration being unstable. If, in addition the inequality AE, < E, (E, is
the activation energy for the dissociation of the state in the absence of
vibronic mixing (Fig. 11(a)) is obeyed, the point of the top of the barrier is
higher than that at p = 0 (Fig. 11(b)). In this case the iy, state is bonding,
provided it is generated at p < p, {p, is the point of intersection).

a b 4 d

Fig. 11. The cross-section of the lowest adiabatic potential surface along the E coordinate
without {(a), and with weak AE, < E, (b}, sufficiently strong AE, > E, (c), and very strong
(d) pseudo-Jahn-—Teller effect in the cases of weak (broken curves) and strong (solid curves)
interaction with the decay term E,.
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Fig. 12. Possible types of photoexcitation of (a) (L)' Me(P) and (b) (L)*Me(P) at low (line 1)
and high (line 2) temperatures.

For AE, > E,, either the barrier top point is lower in energy than that at
p =0 (Fig. 11(c)), or the adiabatic curve decreases monotonically (Fig.
11{d)). In the former case the system in ‘the ., state generated at p=0
occurs in the continuous spectrum with respect to the E displacements and
decays, whereas if generated at the minimum point (Fig. 11(c)), it is stable.
Independently of the mode of generation of the photoexcited state, the case
of Fig. 11(d) is appropriate to a dissociative situation.

Let us consider now the qualitatively different situations which occur by
photoexcitation to the i, state of two different classes of complexes: (a)
linearly coordinated (L)' Me(P), and (b) bent coordinated (L)*Me(P). In the
case (a), as seen from Fig. 12(a) after the Franck-—Condon electronic
transition, the system falls at a point near to p = 0, which in the case of a
strong pseudo-Jahn—Teller effect (AE, > E,) in this state corresponds to
the continuous spectrum. This results in the decay of the system along the £
coordinate (Fig. 12(a)).

Another situation occurs in the case (b). As shown in Section D, the
vibronic effects responsible for ligand bending are due to the mixing of the
populated e(d, —#*) MO with the empty a,(d,:} MO. Therefore the
addition of one electron to the (4, — #;*) MO does not essentially change
the adiabatic potential shape (cf. the geometries of (NO)?Fe(P) and
(NO)Y?Co(P) [14]). This means that after the electronic transition by light
absorption, shown in Fig. 12(b) the system occurs at a point near the
minimum of the adiabatic surface corresponding to the bonded state, for
which dissociation may only take place when the higher vibrational states
are populated. In this case the low photodissociation quantum yield occurs
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as a result of competition between the low probability of population of high
vibrational states (determined by the height of the potential barrier) and fast
(7 < 107? 5 [252-256]) radiationless relaxations.

The same is true when the dissociation state under consideration (prim-
arily involving the e(d, — #y ) MO) is generated as a result of a radiation-
less transition from another optically excited state, provided the system does
not fall into strongly excited wvibrational E states as a result of this
transition. Under this condition the system occurs at a point near p = 0 of
the state and behaves as described above.

(iv) Discussion of results

The photolysis mechanism revealed above for (L)Me(P) complexes answers
the questions in Section E (i).

(1D It 1s most probable that photodecay takes place directly from the
optically excited states which interact strongly with the dissociative term. As
a result of this interaction the system in the process of decay moves along
the adiabatic potential surface in the direction of the E (bending) displace-
ment. In the absence of an activation barrier in this direction the process of
photodecay is highly efficient (¢ = 1). In the opposite case of a high barrier,
the decay efficiency is determined by competition between the probability to
overcome the barrier and the probability for radiationless transitions to
non-dissociative states.

(2) The optically excited Q and B states have a contribution from the
e(d, — ) MO owing to covalency and /or configurational interaction (the
role of the e(d, — 7{*) MO in ligand bonding and the photolysis of Me(P)
complexes is also dlscussed in ref. 257).

(3) Photodecay takes place along the E coordmate In the optically
populated states the linear coordination of the ligand is unstable with
respect to bending which is just the same E coordinate. The bending of the
ligand in the photoexcited state results in its intersection with the dissocia-
tive term E, (which can be obtained from the ground state by an electron
e(d, +m) — a,(d,:) excitation [241-243]). The interaction between the
photoexcited state and the dissociative state realizes the situation described
above in part (1), with additional emphasis that in the elucidation of the
peculiarities of photolysis, the shape of the cross-section of the adiabatic
potential surfaces of the interacting states along the E coordinate is most
important.

(4) As seen from Fig. Al of ref. 167, the normal E coordinate is a
symmetrized displacement containing a superposition of the rotation of the
ligand and its shift as a whole parallel to the porphyrin ring (overall
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appearing as a bending). Therefore immediately after photodecay the popu-
lation of the rotational states of the free ligand will be thermodynamically
non-equilibrated. (In this sense the photolysis of (L)YMe(P) resembles the
photodissociation of ICN — I + CN [258-263], in which the CN molecule
after dissociation occurs in inversely populated rotational states.) According
to Fig. 12, the CO molecule has to emerge from the photodecay in a fast
rotating state. This conclusion is in indirect agreement with data [201]
concerning the rotation of the CO molecule by recombination at low (about
40 K) temperatures. As already mentioned above, in the vibronic photolysis
mechanism under consideration, the high guantum yield for (L)' Me(P) is
due to photoexcitation to the state which falls in the continuous spectrum
with respect to E displacements (Fig. 12(a)). The low quantum yield for bent
complexes, ¢(L)" = 1072-10"%, is due to the metastable photoexcited state
(Fig. 12(b)). This conclusion is in good agreement with results [222] showing
that the complex (O,)PHb, compared with (CO)'Hb, has a higher lifetime in
the excited state, and relaxes to the ground state without decay.

The metastable state can only be realized if the adiabatic potential surface
has the shape shown in Figs. 11(b) and 11(c), i.e. the photoexcited state has
a stable bent configuration. If this state is strongly unstable with respect to
bending and has no minima in the £ direction (Fig. 11(d)), then high
photolysis quantum yields are also expected in complexes (L)?Me(P) with
bent configurations. Apparently, this is the situation which occurs in
Co(TPP)(NO)® and Co(OEP) (NO)® [238].

It also follows from this development that for high quantum yields in the
cases of (CO)'Me(P) and (CO)'HP, distortion of linear coordination in the
ground state is not necessary (contrary to the statement of refs. 241 and
243); the bending takes place in the excited state. This result also confirms
the assumption [204] concerning the rearrangement of the nuclear subsystem
in the excited @ state leading to a reduction in energy of the e(d_+ =*) —
a,(d,z) state. )

So far we have considered vibronic effects in the photolysis of complexes
of metalloporphyrins with diatomics. In order to apply these results to
appropriate hemoprotein complexes the influence of the protein on the
active centre must be taken into account. If this influence is small, the
expected quantum yields, ¢(L), are almost the same for both (L)YMeP and
(LYHP. In the opposite case of a strong influence of the protein upon the
adiabatic potential shape in the E direction, the ¢(L) values may differ
significantly. Therefore some conclusions about the coordination geometry
of diatomics in proteins can be drawn from the observed ¢(L) values.

For instance, X-ray data show [29] that in the crystalline state the
coordination of CO in (CO)Mb 1s strongly non-hnear (bent). However, the
photolysis quantum yield of (COYMb in solution is very high, ¢{(CQO) = 0.7
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[204,225,230,264,265]. This testifies to the conclusion of refs. 264 and 266
that there is almost linear coordination of CO in (CO)Mb in solutions, as
distinguished from 1its crystal state. It should be noted that high ¢(L) values
are not evidence for the absence of any distortion; they only inform about
the absence of E-type distortions in the ground state (cf. refs. 23, 116 and
237). '

The vibronic approach also explains the reduction of the quantum yield in
the complex (O,)Hb by its excitation to the state ¢’ with the triply
populated e(d, — 7)) MO [267]. Indeed, this state is lower in energy (by
approximately 1 ¢V) than the Q state, and therefore the intersection of the
term E’ of this state with the dissociative term E, takes place at larger p
values than that of the & term. As seen from Fig. 11, in this case the
activation barrier increases, lowering the quantum yield.

F. VIBRONIC EFFECTS IN EXCITED & AND O STATES

A typical optical absorption spectrum of metalloporphyrins consists of an
intense B band (or the Soret band) in the near UV region (A = 400 nm) and
a weak @ band in the visible region (A = 550 nm). These two bands
correspond to electronic transitions from the non-degenerate ground state to
the doubly degenerate B and Q states [268,269]. The origin of this spectrum,
as well as of some other features, can be explained in the framework of a
combination of the four-orbital model suggested by Gouterman [270] with
the vibronic approach.

(i) The four-orbital model

As shown in ref. 270, the B and Q@ states transform as the degenerate
representations of the D, point group and are formed by the exchange
interactions of one-electron configurations, which are electron excitations
from the highest occupied a,,(7) or a,,(#) MO to the x and y components
of the unoccupied e (7 *) MO. (Hereafter we denote these configurations as
(aneg.), (aeg,), (A1.€5:) and (ay,e,,) respectively.) It is convenient to
present the wavefunctions of the B and Q states in the following form (only
the y components are given, the x components being similar):

— RO 0
B,=BJcosv+ Q, sin p
Q,= —B) sin » + QY cos » (75)

Wht:l-'c B)? and Qg are 50-50 mixtures of the approprate electronic config-
urations:

B)? = (2)_1/2[(a2uegy) + (aluegx)]
Q? = (2)_1/2[(a2uegy) - (aluegx)] (76)
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and » is determined by the relationships
sin 2p = Ay (B3 +43) '

- (77
cos 2» = By (BZ + A3)
Here 8, is the appropriate exchange integral:
BO = f(a2uegy)H(aluegx) d? (78)
and 2A, is the energy gap between the configurations (a,.e,,) and (a,,e,,):
2a0=@a(a2uegy) _'ép(aluegx) (79)

As shown in ref. 270, the matrix element R, of the dipolar transition
ay(7m) = e, (7™*) is approximately equal to that of a,,(7)} — ¢, ,(7™*), R,,
and therefore R, = 7,, where
Ry = (2)_1/2(R1 +Ry) 1= (2)*1/2(R2‘"R1) (80)

It follows from eqns. (76) and (80) that in compounds with sin v <« 1 (i.e.
Ao,/Bp << 1) the intensity of the ¢ band, determined by the magnitude
(¥g,—»)>, is lower than that of the B band determined by the value R}. This
exact situation is observed in metal complexes of a series of porphyrins
(porphine, tetraphenylporphine etc.). Moreover, as can easily be shown [270]
for small » values, the energy gap between the B and Q states becomes
minimal and equals approximately

Another situation is observed in complexes of tetrazaporphyrins, in
which, owing to the increased A, value, the inequality A,/8; <<1 is no
longer valid. (It should be noted that the B, value is weakly dependent on
the type of porphyrin [270).) In this case the Q band becomes intense and
the energy gap £z — £, increases:

Ep— E,=2(B¢ + 8%)" =28, /cos 2v (81b)

The four-orbital model, in addition to the experimental data mentioned
above, also explains the origin of the polarization of light in the B and Q
bands and the influence of the peripheral substituents on the shape of the
band Q. However, the explicit form of the wavefunctions shows that the
magnitudes of the splitting of the B and @ states in low symmetry external
fields must be equal to each other [270,271]. However, experimental studies
[272--275) show this conclusion to be valid only for complexes of tetrabe-
nzporphins Me(TBP), whereas with other porphyrins the B- and Q@-band
splitting differs. Below we show that the difference in the splitting of the B
and Q states 1s due to the different vibronic interactions in these two states
[276].
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(ii) Vibronic effect manifestations

If follows from eqns. {75) and (76) that each of the B and Q states are
twofold degenerate and span the E, representation of the D, group. Since
(E,XE,]J=A+B,,+B,, and E, XE,=A4,,+ By, + A4,, + B,,, each of
these states separately couple with the 4,,, B,, and B,, displacements, the
interaction with the last two displacements resulting in the Jahn-Teller
effect [277,278]. The vibronic intermixing is non-zero for the 4,,, By, 4,,
and B,, nuclear displacements (the pseudo-Jahn—Teller effect) [270]. The
vibronic intermixing becomes apparent in optical spectroscopy where the
vibrational satellite (0 — 1) of the Q transition occurs due to the admixture
of the state B with that of Q [266,269]. It also results in the appearance of
resonance Raman scattering peaks due to excitation of non-totally symmet-
ric vibrations in the Q(0 — 0) region [279].

The magnitude of the vibronic mixing between the B and Q states was
calculated [280] in the cyclic polyene model, and it was shown that these
states can only be mixed by non-totally symmetric vibrations. It follows
from the four-orbital model (egn. (76)) that the matrix elements of non-tot-
ally symmetric one-electron operators, calculated with each of the B? and
Q° functions, equal zero [270,271,281,282]. Therefore the matrix elements
for the mixing of the B and Q states, as seen from eqn. (75), are propor-
tional to cos 2v. Hence strong mixing is expected in complexes with small »
values, i.e. with rather different B and Q band intensities. For large » values
the mixing is weak. Both these conclusions are confirmed by experimental
data [268,269,283,284].

In the case of Me(TBP) where cos 2» = (0.7 [271] the phonon satellites are
weak in emission only [273], whereas in absorption they are strong. One
explanation may be interference between the Franck—Condon transition and
the vibronically induced part [273). It should be noted that in Me(TBP)
complexes the Jahn-Teller effect, permitting the Franck—Condon @ (0 — 1)
transition, is much stronger than in porphyrins with small » values (see
below).

According to egn. (75), the matrix elements of non-totally symmetric
one-clectron operators within each of the B and Q states are proportional to
sin 2v. Hence the Jahn-Teller effect is expected to be strong enough in
compounds with intermediate values of sin 2», e.g. in Me(TBP), and weak
for small » values [270,285]). However, in spite of its weakness, the
Jahn-Teller effect was positively identified in the Q state of Zn(Por)
[286,287]), Mg(Por) [274], ethanol-Mg(Por) [288] and Cd(TBP) [273] by
means of low temperature Zeeman spectroscopy in Shpol’skii matrices. The
polarized low temperature fine structure fluorescence spectra of Zn(Por) and
Pd(Por) in n-octane [289] confirm the presence of distortion along the B,,
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displacement. The resonance Raman spectra testify to the Jahn—Teller
instability in the Q state of Ni''(EtioP) and CICr™(TPP) [279,290] as well as
(py), Me(OEP) (Me = Fe(1I), Ru(Il), Os(1II)) [291].

In the excited triplet state of the porphyrin ring, the Jahn—Teller effect is
expected to be stronger [285] owing to the absence of exchange mixing of
appropriate one-electron configurations, sin 2» = 1. However, experiments
in magnetic fields give no direct information about the magnitude of the
Jahn-Teller effect, since the main contribution to the splitting of the
electronic states in this case is due to the interaction of the magnetic field
with the spin subsystem [286, 292]. The proper Jahn-Teller effect here is
expressed by the so-called vibronic reduction factors [1,4,6,7], reducing the
main electronic quantities: the orbital moment, spin—orbital interaction etc.
However, the zero-field splitting reveals the symmetry of the displacements
along which the system is distorted.

For instance, Zeeman effect measurements show that in the *E, state of
Cu(Por) the distortion is of B,, symmetry [293], whereas in the ’E, state of
Pd(Por) and Pt(Por) it is of B,, symmetry [293,294]. The electron spin
resonance (ESR) spectra in the >E and 4E, states confirm these results [295]
and show that in the triplet states of Zn(Por) and Mg(Por) the distortions
are of B,, symmetry [292,296]. However, from the low temperature fluores-
cence spectra of the singlet Q('E,) state of Pd(Por), in n-octane, the
distortion is of B,, symmetry [289]. It is rather difficult to explain why in
Pd(Por) the B,, type distortion in the *E, state changes to the B, distortion
in the 'E, state.

The Jahn-Teller effect on the Zeeman splitting in metalloporphyrins
introduced intoc Shpol’skii matrices was considered theoretically in refs.
286-287. It was shown that owing to the vibronic interaction the orbital
moment of the system is reduced and the two components of the split Q
state behave differently in the magnetic field. A comparison of the theoreti-
cal with the experimental results vields the value ag:

ap=24q5/dy (82)

where g, and a, are, respectively, the displacement of the minimum
position (the distortion) and the amplitude of zeroth vibrations along the
Jahn-Teller coordinate. The a, values are given in Table 2.

Many papers are devoted to investigation of the resonance Raman spectra
of metalloporphyrins [279,281,282,297—-305]). Briefly, the results are as fol-
lows. Owing to the JahnTeller effect, the usual selection rules break down
[1,6,7), and the Franck—Condon transitions to excited states with excitation
of one or more vibrational quanta of Jahn—Teller active vibrations become
possible. This is also true for light scattering in the region of the Q(0 — 0)
and B transitions [279,281,282,290,306]. In refs. 298, 299 and 306 it is shown
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TARBLE 2
Numerical values of parameters determining the splitting of the B and © bands

g hwg Bo/cos2y tan2y p 7 7
(em 1)  (ecm™1) {theoretical) (experimental)

Zn(Por)y 1.1 180 3575 0.15 0.40 233 214

[287) [287] [308] [308] [275]
Mg(Por) 0.7 193 3650 0.06 0.64 4.55 -

[274) [274] [308] [308)
CA(TBP) 1.27 150 4200 1 0 1 0.86

[273) [273] [307) [271] [273]

that the multimode vibronic interaction with the totally symmetric vibra-
tions affects the shape of the Raman excitation profiles. Moreover, the
simultaneous effect of vibronic interactions and low symmetry external
fields may lead to the dispersion of the depolarization of light scattered by
vibronic active modes [301,303] (see also ref. 3). The influence of low
symmetry external fields is investigated also in ref. 281; in this work some of
the requirements of the four-orbital model (the relationship between the
matrix elements of the same one-electron operator calculated by different
functions of the B and Q states) are violated.

(iii) Simultaneous effect of vibronic interactions and low symmetry external

fields

Let us consider the combined influence of an external field of By,
symmetry and vibronic interactions with displacement of the same symme-
try on the adiabatic potentials in the excited B and Q states of metallo-
porphyrins. Using the explicit form of the wavefunctions of the electromic B
and Q states (egn. (75)), we can obtain for the Hamiltonian of interactions
with the displacement g and with the external field W, on the basis of these
functions, the following matrix expressiop [282]:

— (B, /cos 2v) 0 (fg+V)cos2v 0
—(fg+V¥V)sinv»
0 —{ By /cos 2¥) 0 —(fg+V)coslds
- +{fg+V¥V)sin2yp
(fg+V)cos2r 0 (By/cos 2») 0
+(fg+V)sin2p
0 —(fg+V)cos2y 0 (By /cos 2v)
—(fg+V)sin2»

(83)
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where
f= <egx I(BH/BQ)O 1 egx)
V= <egx I w I egx>

For the eigenvalues of this Hamiltonian the following expressions can be
deduced:

Eo.e,y= —[(Bo/cos 20)" + (fg+ V) £ 28,(fg+ V') tan 2»

E5.5,=[(Bos/cos 20 + (fg+ V)* £ 2B,(fg + V) tan 2] (84)

It is seen from eqgn. (75) that in the absence of vibronic interactions, the
force constants of the B and Q states differ little and depend weakly on the
» value. Therefore we assume that without the vibronic interactions the
force constants for the B,, displacement are the same in the B and Q states
and equal to X, which is independent of ». Then, using eqn. (84), we can
obtain the adiabatic potentials of the components of split B and Q states by
adding to & the elastic energy 3K,g2. For the sake of convenience we
assume that

[(fg+ V) cos 2»/‘60]2 <1 (85)

Expanding the expressions for & according to eqn. (84) in a series with
respect to the parameter given by eqn. (85) and keeping terms to second
order only, we obtain the following expressions for the adiabatic potentials
of the components of the B and Q states:

Eg 0,= —(Bos/cos 2v) ~ (V2 /28,) cos’2»
FV sin 2v — [(V/B,) cos®2v + sin 2»] fg + (2) (1 — p)K,q°
Eg(8,= {Bo/cos 2v) + (V2 /28,) cos®2» + V sin 2»

]1/2

+[(V/By) cos®2y Fsin 2»| fg+ (2) (1 + p) Koq? (86)
where p is the magnitude of the pseudo-Jahn-Teller softening
f? 3
= cos”2 87
P = KoBy 5 (87)

It follows from egn. (86) that the force constants of the g displacement
are the same for the two components of the Q state, but differ from that of
the two components of the B state, the latter also being equal to each other:

KQ K,(1—p)

Ky=K,(1+p) (88)
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Also from eqn. (86) the expressions for the energy differences between the
minima of the adiabatic potentials may be obtained:

AEy= ES® — EZi» =2V sin 2v + 2Vp(1 —p) ™ sin 2»
=2V(1 —p) ! sin 2
AEg=Effi® — EFin = —2V sin 2» + 2Vp(1 —p)” ' sin 2»

= —2V(1+p) ' sin2» (89)

It is seen that two terms contribute to the AE, and AE, values: the first
describes the influence of the external field; it is also non-zero when the
vibronic interactions are absent and it changes sign passing from the Q to
the B state. The second term describes the combined action of the external
field and vibronic effects; it has the same sign in the B and Q states, but is
always larger in the latter case than in the former. In the Q state both effects
are summed, whereas in the B state the first effect (term) is subtracted from
the second. This circumstance leads to the conclusion (emerging directly
from eqn. (89)) that for any parameter values the following relations hold:
{AE,| = 2|V sin 27| = | AEp|, the inequality being valid in the case of the
non-zero pseudo-Jahn—Teller effect ( p > ().

(iv) Splitting of the B and Q absorption bands

Figure 13 illustrates the light-induced 0 — 0 transitions from the ground
state to the B and Q states. The splitting in each of the ¢ and B bands
under the influence of the low symmetry field is determined by the shift in
the energy of the x-polarized states with respect to the y-polarized states.
The magnitudes of vibrational quanta of Q, and @, (as well as B, and B,)
are equal, since they have the same force constants (eqn. (88)). As a result
the magnitude of the Q (or B) band splitting is determined by the energy
difference of the minima of the adiabatic potentials of the Q, and Q, (or B,
and B,) states given by eqn. (89).

It follows from eqn. (89) that the ratio 1 between the splitting of the O
and B bands in external fields is

n= |AE, | _ 1+p
lAEs] 1—p

(20)

(It follows from eqn. (86) that the ratio of the coordinate differences of the
minima of the x and y components of the split Q state to that of the B state
is also equal to the n value)) The parameter 5 for different Me(P) can be
obtained from the numerical values of the A wg frequencies of the Jahn—Teller
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Fig. 13, Optical 0 — 0 transitions to the B and @ states in the presence of low symmetry
fields neglecting (broken curves) and taking account of (solid curves) vibronic interactions
with displacements of the same symmetry.

B,, vibration in the ( state, the Jahn-Teller distortion a, where
[273,274,286,287]
2 4 )1 /2

aQ=2]sin2v|(——

K, hcoQ (91)

and parameters ¥ and £, [271,307,308]. Indeed, from eqns. (87), (88) and
(91} we obtain p:

(92)

( 4tan’2y B, ] '
r=11+ > 5
aohw, C€OS ¥

Some numerical estimates of 7 are given in Table 2. It is seen that in
complexes of tetrabenzporphin the splitting of the Q@ and B terms by the
external field are expected to differ weakly (% = 1), whereas in Zn(Por) and
Mg(Por) this difference must be large (n = 2.33 and n = 4.55 respectively).
This conclusion is confirmed by experimental data on B- and Q-band
splitting in n-alkanes [273,275] (see also Table 2). The dispersion of experi-
mental values of 5 for Zn(Por) may be due to the influence of the B,
component of the crystal field in A sites of n-alkanes [287] (not taken into



57

account in the calculations), which is different in different crystals. It is
expected to be reduced more by interactions with the B, displacement in
the Q than in the B state. Indeed, the vibronic reduction factors in the Q
and B states are exp( —ay/4) and exp( — aj/4) respectively [286], where a,
is given in eqn. (91) and «a,, similarly, is

2 4 2
aB=2l51n2P|(K—Bh—%) (93)
It follows from egns. (88), (90), (91) and (93) that
2 3/4
29_=(5£ﬁ)1/ =(&)" gy (94)
oy Ky wp K,

Since 5 = 2.33 (Table 2), the vibronic reduction in the ¢ state is about 1.5
times stronger than in the B state. The fact that the ratio of the Q- and
B-band splitting in the B sites of n-alkanes is less than unity [275] does not
contradict our results and can be explained in the above scheme with the
assumption that in the B sites the crystal field of the Shpol’skii matrix has a
predominant B,, component. The observed n value in C4(TBP), which is
slightly less than unity, is presumably due to the contribution of orbitals not
included in the four-orbital model [309].

The change in the p parameter on passing from Zn(Por) to Mg(Por) can
be explained, perhaps, by a small (about 20%) increase in the orbital
vibronic constant (see Section B) in Mg(por). Using eqn. (89) and assuming
that the orbital matrix element of the crystal field of n-octane does not
change passing from Zn(Por) to Mg(Por), the ratio between the Q band
splitting of metalloporphins in the external field can be estimated:

AEy(Zn) _ sin2¢(Zn) 1—p(Mg) _
AE,(Mg) sin 2v(Mg) 1 — p(Zn)

The experiment yields a value AE,(Zn) /A E,(Mg) = 1.8 [274,287], confirm-
ing that the orbital matrix element of the crystal field changes little by
substituting the Zn by the Mg atom.

Thus the vibronic approach explains the difference in O- and B-band
sphtting in low symmetry fields as due to the difference in the Jahn-Teller
distortions of the system in these two states. The results of ref. 310 also
support the contribution of such a distortion to the splitting of the Q band.

The vibronic approach also explains the rather greater splitting of the Q
band (about 2960 cm ™' [270]) than that of the B band (from 240 cm ™ [270]
to S00 cm ™' [311]) when substitution of the metal by two protons takes
place. Indeed, the two protons in H,(TPP) produce an additional field of
B,, symmetry [270]. Following from these arguments, the combined action

1.5
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of the vibronic interactions and the low symmetry fields leads to different
splitting of the B and @ bands. The different splitting of the B and @ bands
in free base porphins [270,311] and almost equal splitting in H,(TBP)
[269,307] can be explained to be due to the differences in the magnitude of
the pseudo-Jahn—Teller effect and hence in the 5 values (see Table 2). From
this point of view the two-electron integrals only increase the difference
between AE, and AE, in these compounds. The direct quantum-chemical
calculation of the optical absorption spectra of free-base porphyrins, without
taking account of the different nuclear configurations in the B and Q states
[312-318] show that AE, and AE,; may differ by no more than a factor of
2.5. Moreover, following from eqn. (89) in the systems under consideration
there is the vibronic amplification effect of electronic operators dis-
tinguished from the usual vibronic reduction effect thereof.

G. CONCLUDING REMARKS

In this review we have tried to present a systematic approach to the
explanation of many properties and regularities of metalloporphyrins and
hemoproteins. This approach, based on the vibronic interaction theory,
establishes a direct correlation between the electronic structure of the
complexes under consideration and the stability (or instability) of their
nuclear configuration. In this correlation the most important criterion is the
pseudo-Jahn—-Teller (vibronic) instability of the high symmetry configura-
tions. In the framework of this approach, understanding is achieved for the
origin of the observed stereochemistry, ground state spin multiplicity, the
influence of axial ligands, the principal features of photodecay, absorption
band splitting in different derivatives of metalloporphyrins and active centres
of hemoproteins etc.

The following are currently unsolved problems.

For some of the systems considered in this paper the estimates and
comparisons of observable magnitudes were carried out in a qualitative way.
Although the qualitative conclusions based on a comparison of these relative
magnitudes obtained within a series of similar compounds are convincing,
more rigorous numerical estimates of some of the quantities under consider-
ation secem to be necessary. These include, for example, estimation of the
coordination geometry of diatomics, more accurate determination of the
adiabatic potential surface of the excited state responsible for the photode-
cay of diatomics, calculation of the displacement of the metal atom from the
porphyrin ring etc.

The vibronic approach opens the way for solutions of some problems that
have not vet been considered. Among them the problem of chemical
activation of small molecules by coordination to metalloenzymes is very
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tmportant. This problem can be considered by means of the vibronic theory
in a similar fashion to the case of coordination to the usual transition metal
complexes (see Section B). The conclusions of Section F can be used directly
for the investigation of the magnetic circular dichroism spectra, resonance
Raman scattering, Zeeman effect etc., in the B and Q bands, that have as
vet had no proper treatment.

Special attention should be paid to the results which stimulate new
experimental work. These include prediction of the in-plane position of the
metal atoms with occupied d,: orbitals (atoms with 4%, 4'° and low spin 4%
electronic configurations) partially confirmed by experimental data. Not yet
confirmed are predictions of the highly excited rotational states of the
photodissociated diatomics {CO, NO) immediately after dissociation, of the
relationship between the splitting magnitudes of the zero-phonon transitions
to the B and O states and of the weak influence of the iron charge
(Fe?* z2 Fe®*) on its position with respect to the heme plane etc.
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