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The review deals with the properties and behaviour of porphyrin molecules in an excited state. Modern data on the
electronic structure of metalloporphyrins and their luminescence-spectroscopic properties are presented. The problems
of the photonics of metalloporphyrins, which are of great importance for the understanding of the initial stages in
photosynthesis and for the control of the latter, are discussed in detail.
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I. INTRODUCTION

Porphyrins belong to one of the most thoroughly inves-
tigated classes of organic compounds, owing to their
enormous role in biological processes. Several funda-
mental monographs and reviews devoted to the structure
and coordination chemistry of metalloporphyrin'~® as well
as their reactivity6 were published in recent years.
There are no reviews in the modern chemical literature
in which the properties and behaviour of porphyrin mole-
cules in an excited state are discussed. A monograph?,
which is partly devoted to the luminescence of porphyrins,
is an exception. However, during the period which has
elapsed since its publication, new extensive information
has accumulated on the photophysical properties of metallo-
porphyrins. Furthermore, the photonics of porphyrins
is of primary importance for the understanding of the
essential features of the processes underlying the initia-
tion of the electron transport chain in photosynthesis and
for the control of these processes as well as for the simu-
lation of natural systems suitable for the transformation
of light energy into a chemical form. The aim of the
present article is to fill the existing gap in the literature
and to survey the experimental data on the photonics of
porphyrins obtained mainly during the last decade.

Porphyrins are derivatives of porphin—a cyclic system
formed by four pyrrole rings linked by methine bridges:

porphyrin
(R = H throughout)

we have etioporphyrin (I; Ri = Rs = Rs = Ry = CHs, Ro =
R: = Rs = Rg = C2Hs, Ree = Rg = Ry = R6 = H), mesopor-
phyrin (IX; R; = Rz = Rs = Rg = CH3, R2= R4 = CHs,

Rs = Ry = CH.CH,COOH, Ra = Rg = Ry = R§ = H);
haematoporphyrin (IX; R; = R3 = Rs = Rs = CHs, Ro =

R4 = CHzCHzOH, RB = R7 = CHzCHzCOOH, Ra = Rﬁ =

Ry = R§ = H), octaethylporphin (Ry = Rz=Rs =Rs = Rs =
Rs =Ry =Rg = C2H5, Rao = RB =Ry =R§= H), and tetra-
phenylporphin (R = Rz=Ra=Rs = Rs = R¢ = Ry = Rs = H,

Ra = R =Ry = R6 = Cel5). Hydrogenation of the double
bond in the pyrrole ring leads to chlorins, the most impor-
tant representative of which is chlorophyll, while hydro-
genation of two double bonds result in the formation of
bacteriochloring, the natural representatives of which
transform light energy in bacterial photosynthesis. When
methine bridges are replaced by tertiary nitrogen atoms,
azaporphyrins are obtained. Structures consisting of
four isoindole units linked by methine bridges are called
benzoporphyrings. When the methine bridges in tetraben-
zoporphin are substituted by nitrogen atoms, tetrabenzo-
tetra-azaporphin or phthalocyanine is obtained.

Porphyrins are amphoteric compounds capable of com-
bining two protons via the lone electron pairs of the unsub-
stituted nitrogen atoms or can exhibit acid properties,
giving up two central protons in an alkaline medium.
substitution of the protons by a doubly charged cation
results in the formation of chelate complexes—metallo-
porphyrins. The metal atom in these compounds is linked
to the four nitrogen atoms by equivalent chemical bonds.
As a result of complex formation, the molecule acquires
a fourfold symmetry axis.

The

II. THE ELECTRONIC STRUCTURE OF METALLOPOR-
PHYRIN MOLECULES

All porphyrins have similar electronic spectra, a
characteristic feature of which is the presence in the
visible region of four absorption bands and of an intense
band, the so called Soret band, at the boundary between
the ultraviolet and visible regions. The positions and
relative intensities of the absorption bands depend on the
nature of the substituents. Fundamental studies have now
been carried out on the interpretation of the absorption
spectra of porphyrins 2 It has come to be assumed that
the long-wavelength bands in the spectra of both porphyrins
themselves and of their metallo-derivatives are due to
transitions in the branched 7-electron system of the bonds
in the tetrapyrrole macroring. This is suggested by the
results of quantum-chemical calculations and experimental
data. Polarisation measurements’~° have shown that the
electric dipole moment of the electronic transition lies in
the plane of the porphyrin molecule. The weak influence
of the solvent on the position of the absorption band is also
evidence for the m — 7* type of the lowest excited states.

A purely phenomenological approach confirms this conclu-
sion. Indeed the #» — 7* transitions in nitrogen-containing
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heterocycles occur in the region of approximately 310 nm. 10
If account is taken of the presence of an intramolecular
hydrogen bond in the porphyrin molecules, the above
absorption should occur at still higher frequencies. The
formation of metalloporphyrins is accompanied by signifi-
cant changes in the spectrum. In the vast majority of
cases, the four-band spectrum in the visible region is
converted into a two-band spectrum without an appreciable
change in the position of the Soret band—the latter merely
becomes appreciably narrower.

The positions of the absorption bands of metalloporphy-
rins depend little on the nature of the central metal atom:
the wavelengths of the longest-wavelength maximum varies
within the range of 30 nm. A correlation has been
observed between the position of this band and the stability
of the complex. Thus the stability decreases and Amax
increases in the sequence!!™*

Pd>Pt >Ni>Co>Ag>Cu>Zn>Mg>Cd>Ba

It has been noted that, within the limits of the same sub-
group in the Periodic System, the stability of the com-
plexes decreases with increase of the atomic number of
the central metal atom' ., The hypsochromic shift of the
absorption bands observed as the stability of metallopor-
phyrins increases, is evidence for the dominant role of ¢
bonds in complex formation, compared with 7-dative
bonds, i.e. for a weak interaction of the central metal
atom with the 7-electron system of the ligand'®, The
electronegativity of the ions increases in the above
sequence with increase of the stability of the complexes“.
A linear relation has been established between the elec-
tronegativity of the central ion and the first oxidation
potential for a series of metallo-derivatives of porphyrins
and chlorins'®"®, Such correlation is associated pri-
marily with the decrease of the energy of the highest
occupied level on enhancement of the electron-accepting
properties of the central atom; this should entail also a
decrease of the energy of the lowest vacant level. As a
result of the latter, smaller reduction potentials of the
complex correspond to higher oxidation potentials and
conversely. This conclusion is fully congistent with
experiment °.

The similarity of the electronic spectra of the majority
of metalloporphyrins and their weak dependence on the
nature of the central metal atom are apparently additional
confirmation of the fact that the absorption of all the
metalloporphyrins is due to the same chromophore. It is
noteworthy that the “simplification” of the spectra of por-
phyrins on formation of metallo-derivatives, noted above,
is attributed to the increase of molecular symmetry from
Dah to Dyp.t”

The interpretation of the spectra of metalloporphyrins
is based on Gouterman's four-orbital model*®”°f., In
this model the optical properties of the metalloporphyrins
are accounted for by the electronic transitions from the
two highest occupied orbitals to the lowest vacant orbitals
taking into account the configuration interaction. The
lowest vacant orbitals €gx and egy of metalloporphyrins
are degenerate, while the highest occupied orbitals a1
and @py are almost degenerate. The (@ueg) and (azyeg)
configurations interact in pairs, giving rise to states in
which almost equal dipole moments of the transitions
weaken or enhance one another. This leads to the occur-
rence of a weak @ transition and a very intense B transi-
tion corresponding to an absorption band in the visible
region and to the Soret band. The longest-wavelength

+The latter is based on earlier investigations 2’2",
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absorption band and the Soret band in the spectra of metallo-
porphyrins are associated with purely electronic transi-
tions; the second band in the visible region has a vibronic
origin'". The four-orbital model has been confirmed
satisfactorily by the results of numerous spectroscopic
studies 2. The four main transitions in the visible spectra
of free porphyrins are interpreted as the daughter transi-
tions @x and @y and two vibrational transitions. The Bx
and By transitions are in the region of the Soret band. It
is significant that the intensities of the @x and Qy bands
are extremely sensitive to substituents, while the intensi-
ties of the vibronic bands are almost independent of the
nature and positions of the side groups. This factor con-
stitutes a theoretical basis for the classification of porphy-
rins in terms of spectral types.

The interpretation of the electronic spectra of porphy-
rins and their metallo-derivatives within the framework of
the four-orbital model agrees satisfactorily with the
results of studies on magnetic circular dichroism (MCD)
and magnetic optical rotatory dispersion (MORD). The
magnetic optical activity of tetrapyrrole pigments has been
investigated in fair detail 27*°. Stephens et al. ** ana-
lysed the MORD data ?*2* and confirmed that the visible
bands in the spectra of Zn-haematoporphyrin and Mg-
phthalocyanine correspond to the vibrational components
of the ‘Alg — 'Ey transition, while the Soret band corre-
sponds to the second 'A,g — 'Ey transition. It has been
found from MCD data that the longest-wavelength bands in
the spectra of free porphyrins are due to two electronic
transitions, the moments of which are mutually perpen-
dicular and lie in the plane of the molecule. Comparison
of the magnetic moments obtained by Stephens et al. 2
with the values calculated by Simpson ” and Gouterman'®
showed that the four-orbital model leads to data in good
agreement with experiment. The interpretation of the
absorption spectra of chlorins proposed by Gouterman '°
has also been confirmed by MCD data 2.

Experiment has shown that the set of configurations of
the four-orbital model is in many cases quite sufficient
for calculations of the spectra of metalloporphyrins. For
axample the @ state of chlorophyll consists to the extent
of 97% of the configurations of the four-orbital model 22,
However, the influence of new configurations introduced
into the calculation varies from porphyrin to porphyrin 22,
so that in the studies carried out in recent years account
is taken of a large number of singly excited configurations.
As an example, one may quotethe calculation for porphyrin
and its zinc complex carried out by the Pariser—Parr-
Pople method taking into account all singly excited configu-
rations °**®, The electronic structure of the metallo-
derivatives is characterised by the occurrence of three
low-lying electronic transitions 2*. The first apparently
corresponds to the longest-wavelength band and the second
and third to the Soret band and its shoulder respectively.
Differences from the results obtained on the basis of the
four-orbital scheme are observed for porphyrins.
According to one calculation 2°, three electronic transitions
correspond to the Soret band. Bands I and III have been
interpreted as purely electronic, and the authors assumed
that the third transition in the visible region can refer
either to band IV or to the Soret band. The calculated
charges on the atoms and the bond orders indicate the
presence in the Zn-porphin of two equivalent conjugation
chains—inner and outer (Fig.1?). Of the two conjugation
chains of free porphin (Fig.1a), that which passes through
unsubstituted nitrogen atoms makes the greatest contri-
bution to the charges and bond orders. The conjugation



Russian Chemical Reviews, 47 (1), 1978

chains served for a long time as models for the early
quantum-chemical calculations on porphyrins * 2,

It has been observed recently that the absorption spectra
of metalloporphyrins containing certain ions with powerful
electron-accepting properties have an anomalous form.
These include derivatives of the dimethyl ester of meso-
porphyrin (IX) with FellIC1, BillIOH, MnIlIC1, ASIIIC1, and
Hgll, of aetioporphyrin with SbIIIC1 %2 and of octaethylpor-
phin with MnIIIOPh (OPh is the phenoxy-residue)®.
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Figure 1. Conjugation chains of porphin (@) and metallo-
porphin (b)2°,

In order to be able to understand the nature of the
excitation and to elucidate the mechanism of the deactiva-
tion of the excitation energy, it is necessary to know the
electronic structure of the molecule. For the majority of
metalloporphyrins, it has sofar been possible to obtain data
for the electronic levels of the central metal atom from
quantum-mechanical calculations but not on the basis of
spectroscopic studies. Calculations of the energy levels
of porphyrins and their metallo-derivatives can nowadays
be carried out only by semiempirical methods. The
majority of the calculations have been performed by the
extended Hiickel method (EHM). The series of theoretical
studies by Gouterman and coworkers, devoted to the
investigation of metalloporphyrins containing Group II-VIII
clements (mainly those of the Third Period), are of inter-
est in this sense® ™,

Fig. 2 illustrates the energy level diagram for metallo-
porphyrins quoted by Zerner and Gouterman®®, In the
zinc complex the d orbitals are located fairly low in the
above scheme and are almost completely mixed with the
orbitals of the tetrapyrrole ring. The highest occupied
orbital is &y, which is a ¢ orbital. Cu-porphyrin has a
similar electronic structure. In the molecule of this com-
plex the b, ¢ orbital is also below the vacant eg(m) orbital
of the porphyrin, but possesses a more distinct aixz_y2
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character than in the zinc derivative. Other d orbitals
with lower energies resemble the corresponding orbitals
of the zinc complex. The blg orbitals of Ni- and Co-por-
phyrins are vacant. They lie below the vacant eg(n) orbi-
tal or porphin and are almost pure dx2-y2 orbitals of the
metals. The remaining d orbitals are occupied and are
located between the highest occupied @.y(m) levels and the
vacant eg(n) levels of the tetrapyrrole ring; the splitting
of the d levels is approximately 0.05 eV. A distinctive
feature of the iron and manganese complexes of porphyrins
is the presence of low-lying vacant dz2 and d(m) orbitals.
The vacant d level between the occupied and vacant levels
of the tetrapyrrole chromophore creates the necessary
conditions for the corresponding intramolecular electronic
transitions. Indeed the anomalous absorption spectra of
certain iron(IlI) and manganese(Ill) complexes of porphy-
rins, described above, have been attributed to 7 — d(m)
transitions in a number of recent studies®Z™**. We may
note that the idea of the interpretation of the absorption
bands of Fe-porphyrins as charge-transfer bands was put
forward as early as 1957 by Dain and Ashkinazi®’ on the
basis of the photochemical behaviour of these compounds.

The quantum-mechanical calculations on metalloporphy-
rins can be tested by comparison with the results of
experiments on the reduction and oxidation of metallopor-
phyrins. It is then necessary to take into account the fact
that, when the pigment molecule is reduced, the electron
is localised either at the central ion or occupies a vacant
eg(m) orbital of the conjugated bond system. On the other
hand, in the oxidation reaction the electron can also be
split off either from the central ion or from the organic
component of the molecule. The site where the electron
is added or abstracted should apparently be determined
by the relative positions of the energy levels of the ligand
and the metal (within the framework of the simple molecu-
lar orbital model).

The available data for the oxidation-reduction reactions
of the majority of metalloporphyrins are summarised
below:

1. Metal ions which remain stable in the electrochemi-
cal oxidation or reduction of metalloporphyrins:

(a) univalent—alkali metals;

(b) divalent—alkaline earth metals, Pd, Cu, Zn, and
Cd;

(c) trivalent—Sb, Sc, Al, Ga, In, and TI;

(d) tetravalent—-Si, Ge, Sn, TiO, and VO.

2. Oxidation-reduction reactions involving the metal
atom:

(
(b) M(II) = M (III)--Mn, Fe, Co, Cr, Ag, and Ni;
(c) M(II) = M (IV)—Pb;
(d) M(II) = M(IV)—Cr and Fe;

(

Evidently experiments agree satisfactorily on the whole
with calculated data (Fig.2). The VO, copper, and zinc
complexes of porphyrins are exceptions. Indeed, when
they undergo electrochemical oxidation, an electron is
abstracted from the tetrapyrrole ligand despite the fact
that the highest occupied orbital in the molecules of these
substances is the dxz-yz orbital. In this case explanations
based on the EHM calculations for the initial molecules
alone are clearly inadequate. The data for the electro-
chemical reduction have been confirmed by the results
obtained in the study of the reduction of metalloporphyrins
by electron donors such as alkali metals and anthracene,
naphthalene, pyridine, benzophenone, etc. radical-
anions*%"7,
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Figure 3.

molecule.

It is of interest that in the case of porphyrins containing
trangition metal ions oxidation-reduction reactions may
lead to compounds with the metal atom in an unusual oxi-
dation state. Thus it is suggested that the electrochemical

The energy levels of metalloporphyrins *.

reduction of Co-sulphophthalocyanine involves the transi-
tion of the central metal atom to the zero-valent and uni-
valent states in the primary stages®®. Evidently in all
cases the number of electrons which can add to the central
metal atom is determined by the number of vacant levels
below the eg(ﬂ) electronic level. The compounds formed
are of interest from the standpoint of isoelectronic com-
plexes. Such a compound was obtained for the first time
by Watt and Davis*® on reduction of Cu-phthalocyanine by
metallic sodium in liquid ammonia. They identified a
compound having the composition K,CuPhe, in which the
copper ion has the electronic configuration 3d!°4p,.

Metalloporphyrins derived from transition metals can
combine with up to four electrons in each doubly degener-
ate eg(ﬂ) orbital, the properties of the anions have been
thoroughly investigated. Since these data are important
for the understanding of the photochemical reduction reac-
tions of metalloporphyrins, they will be considered in
detail below.

III. THE LUMINESCENCE SPECTROSCOPIC PROPERTIES
OF METALLOPORPHYRINS

The main electronic transitions associated with the
step involving light absorption by porphyrin molecules are
shown in the simplified diagram in Fig.3. The probabili-
ties of these processes are determined by the nature of the
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substituents in the ring and at the central metal atom. We
shall consider here only the influence of the metal atom on
the photophysical processes in metalloporphyrins.

The Table lists the main luminescence spectroscopic
parameters of certain metalloporphyrins. Evidently
metalloporphyrins can be divided into three groups in
terms of their luminescence properties: (a) complexes of
porphyrins with non-transition metals; (b) complexes of
porphyrins with the majority of transition metals; (c) com-
plexes of porphyrins with platinum-group metals and also
with copper(Il) and VO(II).

The luminescence spectroscopic characteristics of metal-
loporphyrins (¢ = quantum yield; 7 = phosphorescence
and fluorescence lifetime; 7y = interconversion quantum
yield).

Metal Porphyrin [2i} 7fl, 0S| ¥phosph | 7phosph, M$ k4 References
Mg(i1) aetio- 0.25 12.0 — — 0.75 50
meso- 0.2 — —_ — 0.62 51
Zn(1l) aeto] 0.043 2.8 — — 0.98 50
TPP 0.04 — —_ - 0.92 52
Si(IV) QEP* 0.20 — 0.018 95 —_ 53
Ge(IV) OEP 0.078 — 0.042 42 — 53
Sn(1V) OEP 0.0078 —_ 0.068 30 — 53
Pd(1l) aetio- 0.0001 0.5 1.93 - 53, 54
Pt(1l) aetio- nil nil 0.9 0.121 — 54
Cu(1l) aetio- nil nil 0.6 0.08 — 54
Mn(I11) meso- il nil nil il nil 53, 54
Fe(III) meso- nit nil nil nil nit 56, 57
Ni(ll) meso- nil nil nil nil nil
Co(Il) meso- nil nil nil nil nit
Ag(1l) meso- nil nil nil nil nil
*Tetraphenylporphin.
**Qctaethylporphin.

(a)Metalloporphyrins containing non-tran-
sition metals fluoresce and phosphoresce.
It has been shown for various porphyring that the sum of
the fluorescence and intercombination transition quantum
yields for these compounds is approximately unity *2"°*>%.
Hence it follows that the main pathways to the deactivation
of excited porphyrin molecules are fluorescence and tran-
sition to a triplet state, while the probability of the radia-
tionless transition from the excited singlet state to the
ground state is apparently low. The nature of the axial
ligands apparently has virtually no influence on the lumi-
nescence properties of porghyrins containing trivalent and
tetravalent metal atoms**’**®®.  The tabulated data show
that, with increase of the atomic number of the central
metal atom, the intensity of the fluorescence falls while
that of the phosphorescence increases.” This finding can
be explained by the influence of the heavy inner atom which
increases the probability of the intercombination transi-
tions®®. Indeed, when the central metal atom is replaced
by one of a heavier element, all three rate constants 7, p,
and g for intercombination transitions increase. It is of
interest that the central metal atom has the greatest influ-
ence on 7 and the smallest on g. The probability ¢ of
intercombination degradation in free porphyrin molecules
is greater than in their magnesium and zinc derivatives.
This is associated with the involvement of the vibrations of
the N-H bonds in the radiationless deactivation of the
lowest triplet state of porphyrins® 2
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(b) Metalloporphyrins containing the tran-
sition elements manganese(II), manga-
nese(IIl), iron(II), iron(IIl), cobalt(IIl),
cobalt(III), nickel(II), etc. do not fluoresce
or phosphoresce. The existence of excited triplet
states of these pigments could not be observed either by
the usual pulse technique® or with the aid of laser photoly-
sis used recently®’®°, Thus excited states with lifetimes
exceeding 10™° s were not observed for these compounds.

(c)Metalloporphyrins containing platinum
metals, copper(II), and VO(II) do not fluo-
resce but phosphoresce intensely. The phos-
phorescence and intercombination transition quantum
vields for many complexes of this group are unity. It is
remarkable that the lifetimes of the excited triplet states
of the compounds under consideration are much shorter
than those of derivatives with non-transition metals. Thus
measurements of the lifetimes of the triplets carried out by
the laser technique for the copper derivatives yielded 7 =
9%x10"*sat TTK and 1.5 X10™7 g at room temperature. *®
The presence of the above ions also greatly reduces the
lifetime of the excited singlet state. The lifetime of this
state has been estimated® for the copper and vanadium
complexes of porphyrins from the width of the quasi-lines
in Shpol'skii's spectra. It proved to be 3 X 107'* s, while
the rate of the intercombination transition was found to be
approximately 107** s,

The problem of the mechanism of the deactivation of the
excited states of metalloporphyrin molecules containing
transition metal atoms is complex. It is simplest to
postulate that the influence of the central metal atom tends
to increase the rates of the intercombination transitions
S* = Tand T — So. However, this hypothesis does not
show which perturbations cause the very marked increase
in the probabilities of the above processes. Presumably
the magnetic effects of the ions are insignificant; thus
the diamagnetic nickel complexes of porphyrins neither
fluoresce nor phosphoresce, while the copper derivatives,
containing the paramagnetic copper ion, exhibit an intense
phosphorescence. Analysis of the tabulated data shows
that the enhancement of the spin—orbital interaction on
passing from light to heavier elements also plays a secon-
dary role in the deactivation of the excited states of por-
phyrin complexes with transition metals. Thus the zinc
and cadmium derivatives fluoresce, while metalloporphy-
rins containing the lighter elements (Fe, Mn, Ni, and Co)
do not luminesce at all. The influence of transition metal
ions is apparently specific.

As shown in the previous Section, the formation of com-
plexes by porphyrins with metal ions result in the addition
of the d levels of the central metal atom to the existing
system of the singlet and triplet levels. Depending on the
nature of the metal atom, two variants of the relative
positions of these two systems of levels are possible (Fig. 4).
In the first case (Fig.4a) the vacant d orbitals are distri-
buted above the vacant eg(7) level of the ligand. Condi-
tions for the transfer of an excited electron to the d levels
of the metal do not then exist and the porphyrin is charac-
terised by radiative transitions from the singlet and triplet
states. In the second variant (Fig. 4b), the electron may
pass from the excited S and T levels to the corresponding
vacant levels of the metal. Such transitions should be
more probable than the S(T) — S, transitions because of
the smaller difference between the energies of the d and
T* states.
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The ideas about the specific influence of the central ion
on the photonics of metalloporphyrins have been formulated
in a general form and developed*®*®” on the basis of the
study of the photochemical oxidation and reduction reactions
of chlorophyll derivatives containing variable-valence
metals. The photochemical activity of complexes con-
taining variable-valence metal ions can be accounted for
by the intramolecular electron transfer from the ligand to
the central ion. The proposed mechanism of the deactiva-
tion of the excited states of metalloporphyrins containing
transition metal ions has also received direct experimental
confirmation. Thus the effect of a powerful laser pulse
on the iron, manganese, and the nickel complexes of por-
phyrins has been studied®’®®*. The authors were unable to
record the absorption for the metastable level of these
compounds, but did observe a decrease in the intensity of
the absorption band unambiguously related to the “simpli-
fication” of the initial state. This finding can be explained
in terms of the mechanism of the deactivation of the
excited states considered here. 1In the light of ideas about
the interaction of the d orbitals of metals with the excited
orbitals of the m-electron system, one can explain certain
types of “anomalous” behaviour of many metalloporphyrins
containing transition metals (Cu, Pd, Pt, and VO).

Sp Sy -

a b

Figure 4. The electronic transitions in metalloporphy-
rins: a) a transition to atomic levels is impossible;

b) there is no fluorescence and phosphorescence as a con-
sequence of radiationless transitions of excited electrons
to low-lying d levels.

The nickel complexes of porphyrins do not fluoresce
although their vacant orbitals lie below the eg(n) level.
This can be explained ® by the finding that the distance
between the dz2 and dx2 y2 levels is small (Fig. 2) and
there is therefore a possibility of the transition of a single
paired electron to the dx2-y? orbital. Conditions are
thereby created for the migration of the excited 7 electron
to the incompletely filled metal orbital.

The situation is different for the luminescence of por-
phyrins containing platinum-group, copper, and vanadyl
jons. In these compounds there are vacant d levels
located below the excited nm* orbitals of the ligand.
Furthermore, they are characterised by an intense phos-
phorescence. The phosphorescence spectra of the copper
and VO derivatives of porphyrins consist of two bands *°.
According to Gouterman and coworkers ***™, the short-
wavelength band is associated with the electronic transition
from a “triplet-doublet” state, and the less intense band

Russian Chemical Reviews, 47 (1), 1978

is due to a transition from the quartet state arising as a
result of the splitting of the triplet level of the ligand on
interaction with the d orbitals of the central metal atom.
The small energy difference AE between the d and nm*
levels constitutes a condition for such interaction. In
complexes with much greater AE values intramolecular
electron transfer is probably responsible for the quenching
of the luminescence. The temperature dependence of the
luminescence intensity shows that the existence of two
phosphorescence bands of Cu-porphyrins is associated with
the occurrence of two electronic transitions®. When the
solution temperature is reduced from 77 to 10 K, the
duration of the luminescence increases (by an order of
magnitude) and the intensity of the short-wavelength emis-
sion band diminishes markedly. This effect of tempera-
ture can probably be explained by the fact that the triplet-
doublet level is populated partly owing to the thermal
activation of the electrons in the doublet level.

The deactivation of the excited states of metalloporphy-
rins by intramolecular energy transfer to the central
metal atom has been observed in the ytterbium complex of
tetrabenzoporphyrin™, in the photochemical excitation of
which a weak glow associated with transitions in the metal
atom was observed. It is of interest that in this case the
electronic excitation energy is degraded already after the
step involving energy transfer to the Yb®* ion.

IV. THE PHOTOCHEMISTRY OF METALLOPORPHYRINS

According to modern ideas, chlorophyll undergoes
oxidation-reduction reactions following the initiation of the
electron transport chain during photosynthesis. The
electron phototransport reactions are therefore of greatest
interest for investigation. The photochemical properties
of natural porphyrins—chlorophyll and bacteriochloro-
phyll—have of course been investigated most thoroughly.
In 1948 Krasnovskii discovered the phenomenon of the
reversible photochemical reduction of chlorophyll’?, which
initiated the extensive and systematic study of the photonics
of tetrapyrrole pigments.

It follows from the analysis described in the previous
section that the electronic structure of the central metal
atom determines the photophysical properties of porphyrin
compounds. In consequence of this, the metal atom must
influence also the reactivity of the excited molecule.

Electron phototransport with participation of porphyrins
apparently has the same features as those of the photo-
chemical reactions of other classes of organic compounds.
According to a generally accepted view, any oxidation-
reduction reaction in solution includes three stages: the
formation of complexes, electron transfer within the reac-
tion complex, and decomposition of the latter. Interme-
diate complexes may be formed from molecules either in
the ground state or in an excited state:

h§ —— P +A
A - P+A~ — - [PHAT] 1
P4 P [ 1 o Pt AT , (1)
—— P +A
hv -
R, pr prp A [PATT 2
P P* P* 4 [PrATY] et AT s (2)

where P is the porphyrin and A the electron acceptor.
The occurrence of the reaction via the first or second

pathway is determined by the oxidation-reduction proper-

ties of the reacting molecules and the characteristics of
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their excited states. For the reaction to proceed via
mechanism (2), the following condition must be fulfilled:

1
— < kg 1AL
To

where T, is the lifetime of the excited state, 2qiff the rate
constant for the diffusion of molecules (in non-viscous
liquids at room temperature, kdiff = 10'° litre mole™ s™*),
and [A] is the concentration of the reactant. Metallopor-
phyrins ccntaining transition metals do not satisfy the
condition formutated above (70 <<107% s). Electron photo-
transport in such cases apparently takes place only when
the complexes formed under dark conditions are acted
upon by light. Thus Fe(III)-phaeophorbide is reduced only
when the introduction of an electron donor into the solution
causes a change in the absorption spectrum of the initial
pigment, indicating the formation of a complex™.

The introduction of electron donors and acceptors into
solutions of fluorescent metalloporphyrinsg is accompanied
by a decrease of the fluorescence quantum yield. In
general the quenching of the fluorescence is a complex
phenomenon and can be due to various factors. Dilung
and Chernyuk”®"® concluded on the basis of the correlation
between the degree of quenching of the fluorescence of
pigments of the chlorophyll series and the redox potentials
of the fluorophore and the quenching agents (aromatic
nitro-compounds and hydrazine derivatives) that the
quenching of the fluorescence is based on electron trans-
fer. Subsequently this was confirmed in the quenching
of the fluorescence of Mg-phthalocyanine and ethylchloro-
phyllide™ ™ tetraphenylporphin and its zinc derivative™,
and pyrochlorophyll® by nitro-compounds and of the fluo-
rescence of chlorophyll by quinones® ®*2,  The study of the
quenching of the fluorescence can provide an answer to the
question whether electrons are transferred via mechanism
(1) or (2). It was stated above that the choice between
these mechanisms is determined primarily by the donor-—
acceptor properties of the interacting molecules. One
should therefore probably only consider whether or not a
particular type of interaction predominates.

The study of the quenching of the fluorescence of Zn-
phthalocyanine by aromatic amines has shown that the
degree of quenching is greater than might have been
expected from the complex-formation constant in the ground
state®. This is probably evidence for the simultaneous
occurrence of the competing processes (1) and (2), which
are responsible for the quenching. Similarly it has been
concluded® that the quenching of the fluorescence of meso-
porphyrin (IX) by m-dinitrobenzene is due to the complex
formation reaction between them, both in the ground and
excited states, but the role of the latter is significantly
greater. The study of the dependence of the lifetime of
the excited singlet states of porphyrin molecules on the
concentration of m-dinitrobenzene®® and the dependence of
the constants for the quenching of the fluorescence of
chlorophyll and its analogues by benzoquinone on solvent
viscosity®® also provided grounds for the conclusion that
there is competition between the two types of quenching;
it has been shown that the dynamic mechanism (2) makes
the main contribution. It is interesting that, even in the
case of a powerful acceptor such as 1,3,5-trinitrobenzene,
the quenching effect is not wholly due to the formation of a
charge-transfer complex in the ground state®®.

On interaction with electron acceptors, porphyrin
molecules exhibit powerful 7-donor properties. This is
indicated primarily by the high formation constants of the
charge-transfer complexes®. The charge-transfer bands
of complexes with powerful electron acceptors such as
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7,7,8,8-tetracyanoquinodimethane, 1,2,4,5-tetracyanoben-
zene, and tetracyanoethylene (TCE) are in the infrared

and are observed only at low temperatures®. It is of
interest that the position of the charge-transfer band
depends only slightly on the nature of the central metal
atom. This is apparently a consequence of its weak inter-
action with the 7-electron system of the ligand. On the
other hand, the powerful influence of the lateral substitu-
ents of the tetrapyrrole ligand on complex formation is
incomprehensible. It follows from the available data®
that the absorption band arising when Zn-aetioporphyrin
reacts with TCE is located at 1070 nm, while that due to
the reaction of Zn-tetraphenylporphin with the same accep-
tor is at 900 nm.

There are data showing that in the case of metallopor-
phyrins containing transition metal atoms electrons may be
transferred from the d levels of the metal. Thus a study
has been made® of the interaction of Co-tetraphenylpor-
phin with tetracyanoethylene and it has been shown that the
system containg complexes of two types: [Co(I)TPP]".
.[TCE]™ and [Co'(II)TPP).[TCE]". When the second com-
plex is formed, an electron is transferred from the d orbi-
tal of the cobalt atom to TCE.

The electron transfer schemes show that the primary
products arise in a single solvent “cage”. This creates
favourable conditions for their recombination. There is
no doubt that the usually observed low quantum yields of
photochemical processes are associated with this factor®,
However, when there is a possibility of reactions which
eliminate one of the radical-ions from the system, the
photochemical oxidation quantum yield increases. An
elegant procedure was used by Bobrovskii and Kholmo-
gorov®? In the oxidation of chlorophyll and Zn-aetiopor-
phyrin they used tetranitromethane as the electron accep-
tor, which decomposes, following the addition of an elec-
tron, into NO, and C(NOz)s.

The properties of excited complexes formed by porphy-
rin molecules with electron acceptors and donors are of
undoubted interest. The hypothesis of the existence of
chlorophyll exciplexes was put forward for the first time
by Dain and Dilung® in connection with the analysis of the
results of the quenching of the pigment fluorescence by
aromatic nitro-compounds. The formation of exciplexes
was postulated as an intermediate stage in the photochemi-
cal oxidation of chlorophyll. However, this was not con-
firmed by experimental data.

In the presence of electron acceptors the intensity of
the fluorescence spectra of tetrapyrrole pigments as a
rule decreases in parallel with increase of the concentra-
tion of the acceptor without the appearance of new emis-
sion bands®**. On the other hand, the interaction of
chlorophyll with electron donors (amines and pyridine
derivatives) leads to a shift of the fluorescence band with-
out an appreciable change in the absorption spectrum®®,
The authors attribute this finding to the interaction of the
excited chlorophyll molecules with electron donors,
leading to the formation of fluorescent exciplexes.

Data® for the formation of ternary exciplexes,
including, apart from chlorophyll, electrondonors (amines,
pyridine bases, and esters) and acceptors (nitro-com-
pounds) merit attention. The conclusion that ternary
exciplexes are formed was reached on the basis of changes
in the fluorescence spectra of the pigment in the presence
of the above compounds. Later similar ternary exci-
plexes were observed for tetraphenylporphin and its zinc
derivative™. It is significant that the formation of ter-
nary exciplexes facilitates electron phototransfer from the
porphyrin compound to the acceptor. This is confirmed
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by the fact that the formation of exciplexes is accompanied
by a significant increase of the fluorescence quenching
constants ®® and by an increase of the photopotentials and
photoconductivity®”. The authors regard the ternary exci-
plexes as analogues of D — M — A complexes, which,
according to Shilov's ideas®®, play the role of a transition
state in dark heterolytic reactions.

The ESR spectra of both radical-cations and radical-
anions of the majority of tetrapyrrole pigments consist of
narrow lines without any signs of a hyperfine structure*® .
This indicates a high degree of delocalisation of the charge
in the m-electron system of the tetrapyrrole ligand.
Indeed, with increase of the extent of the m-electron sys-
tem on passing from porphyrins to phthalocyanines, the
ESR spectra of both radical-cations and radical-anions
become narrower still'®. The radical-anion forms of
tetrapyrrole pigments are highly reactive. The radical-
cations are powerful oxidants, while the radical-anions
exhibit a considerable tendency towards protonation reac-
tioni;:3 Their short lifetime in solution is due to this fac-
tor.

The high reactivity of the radical-ion forms of pyrrole
macrorings is responsible for their involvement in sensi-
tisation processes. Krasnovskii'®"% and Evstigneev'®
investigated the interaction of the primary photochemically
reduced forms of chlorophyll and other photosensitising
pigments with electron acceptors (Methyl Red, Acid
Orange, Safranine T, riboflavin, etc.). The mechanism
of the involvement of the radical-anions of tetrapyrrole
heterocycles in photosensitised oxidation-reduction pro-
cesses was proved by these investigations. Direct evi-
dence for the involvement of the primary oxidised form of
chlorophyll in the sensitisation of oxidation-reduction
reactions has been published“’s. In a study of the sensi-
tising action of chlorophyll and phaeophytin on the photo-
chemical oxidation of the leuco-bases of triphenylmethane
dyes (Malachite Green and parafuchsin) by nitro-com-
pounds a correlation was found between the yield of the
process and the oxidation potentials of the nitro-com-
‘pounds. On this basis, it was concluded that the primary
sensitisation reaction involves the photochemical oxidation
of the pigment.

It was mentioned earlier that, depending on the relative
positions of the vacant energy levels of the metal atom and
the ligand, either the tetrapyrrole ligand or the central
metal atom is reduced. This was also shown for the
photochemical reduction of metalloporphyrins containing
titanium-subgroup®” and also manganese(IIl), iron(II),
and cobalt(IIl) ions'%. The elimination of an electron
from the tetrapyrrole ligand or its addition to the latter
leads to profound spectroscopic changes associated with
the alteration of the chromophoric system of the molecule.
Changes in the valence state of the central metal atom as
a rule entail merely a displacement of the absorption bands
and a redistribution of their intensities.

Irradiation of Mn(III)-, Fe(IlI)-, and Co(IlI)-porphyrins
in the presence of reductants leads to the reduction of the

central metal atom %%,

Iron(ITI) and manganese(III) derivatives of phaeophytin
and phaeophorbide are of considerable interest from the
standpoint of models of the second photosynthetic system.
It has been shown!®®"!° that these compounds are reduced
by hydroxide ions on irradiation with visible light. In
order to interpret these results, the concept of the 50
called intramolecular sensitisation of the photochemical
oxidation and reduction processes was put forward *°.
According to this hypothesis, when the r-electron system
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of the porphyrin skeleton is excited, an electron is trans-
ferred to the vacant d orbital of the metal. The charge
deficiency is made good by an electron of the electron
donor present in the system.

It is of interest that metalloporphyrins are photochemi-
cally inactive in relation to divalent transition metals.
Thus irradiation of copper(ll), manganese(Il), cobalt(II),
and iron(Il) complexes in the presence of reducing agents
does not lead to changes in the absorption spectra.
Furthermore, these complexes are readily hydrogenated
by hydrogen at the instant of their isolation''*. Their
photochemical stability is probably associated with the
short lifetime of the excited states.

The complexes of porphyrins containing central atoms
of non-transition elements readily undergo photochemical
reduction.

The photochemical reduction of porphyrin molecules is
a multistage reaction including several dark and photo-
chemical stages. It was already showninthe early studies
that the primary reaction products are radical-anions''2
Investigation of the interaction of porphyrin molecules with
electron donors showed that porphyrins combine with an
electron whilst in the triplet state'®,

As mentioned above, the radical-anions of tetrapyrrole
systems exhibit a high proton affinity. A mechanism for
their protonation reactions has been put forward'**. The
first stable product of the protonation reaction of metallo-
porphyrins is a substance with an intense absorption band
in the range 435-465 nm. On the basis of NMR spectra,
the structure of dipyrromethene (PH,) was attributed to
it''%. It was suggested that it is formed ag a result of the
disproportionation of the monohydro-derivative (PH™)
arising in the first hydrogenation stage:

P-4 H* - PH' |
2PH" — PH,+4 P7,

Next, PH, may interact with the bases''*/16:

PH3 + OH~ —» PH--+H,O .,

The PH™ spectrum is characterised by absorption bands
in the range 435-465 and in the region of 800 nm.''* On
interaction with atmospheric oxygen, PH™ and PH, regen-
erate the initial metalloporphyrin.

The products of the protonation of the radical-anions
of metalloporphyrins described above (PH™ and PH;) are
obtained in the majority of cases together with chlorins
and bacteriochlorins on photochemical reduction of metal-
loporphyrins in solution.

There is no unanimous view in the literature concerning
the relation between these porphyrin hydrogenation prod-
ucts. The majority of workers believe that chlorins are
obtained from the products PH™ and PH; as a result of
dark isomerisation'""'2°,  On the other hand, others'?
postulate the formation of chlorins independently of the
formation of PH™ and PH,. It has been suggested''® that
the isomerisation is a photochemical reaction.

The isomerisation of the “reversible product” of the
reduction of PHzto chlorin®'® under the influence of an
acid was demonstrated recently. The stronger the acid,
the higher the rate of reaction'22 The study of the trans-
formations of chlorin and PH- revealed that, on keeping a
solution of Zn-chlorin in t-butyl alcohol for 37 h at 130°C
in the presence of KOH, the chlorin is completely con-
verted into the “reversible product”.!®?

In this connection the results of a study of the photo-
chemical reduction by hydrazine-hydrate of porphyrin
compounds containing atoms of aluminium-subgroup ele-

ments are of special interest’®*: by employing light at
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different wavelengths, it was shown that the conversion of
the primary hydrogenated species into a product of the
chlorin type takes place in the course of 2 multiphoton
reaction. Under the influence of light corresponding to
the long-wavelength maximum of the metalloporphyrin
(TPP.InBr) at 600 nm, a product is formed with absorption
bands at 450 and 800 nm, i.e. apparently PH™., It is con-
verted into chlorin under the simultaneous influence of
light with A > 700 nm and 510 nm. The rate of formation
of chlorin from PH™ under these conditions is proportional
to the intensity of the light raised to the power 1.5. Thus,
apart from the photochemical stages in the formation of
primary hydrogenated forms (PH™ and PH.), further
transformations of the “reversible products” are also
photochemical:

hv, T, hvy

P

The multiphoton mechanism of the photochemical reduc-
tion of porphyrins was also demonstrated for the remaining
pigments containing aluminium-subgroup elements as well
as zirconium and hafnium*®’.
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