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A. INTRODUCTION 

Metal complexes of the planar tetradentate ligand porphyrin (Fig. 1) are 
of interest not only in themselves but also because of their relationship to bi- 
ologically important molecules. Particularly significant are heme, dn iron 

porph-yrin which is the prosthetic group of hemoglobin and many cyto- 
chromes; and the chlorophylls, which are magnesium chelates of chlorins (di- 
hydro-porphyrins, Fig. 2). Although the free base porphyrin has the disadvan- 
tage for molecular orbital calculations of being large, it has the advantages of 
being symmetrical and highly conjugated. Thus it is just 25 years since the 
first MO calculations on porphyrin were reported 11,2] . Since these neces- 
sarily crude calculations, semi-empirical MO methods have been developed 
and applied extensively to small and medium-sized molecules, where they 
have proved invaluable in correlating and interpreting properties (if not in 
predicting them). At the same time, the size and speed of computers have in- 
creased enough to permit the application of semi-empirical methods to sim- 
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Fig. 1. Free-base porphyrin. 

H 

Fig. 2. Dihydroporphyrin (chlorin). 

pie porphyrins and their complexes. At the time of writing, the all-valenee- 
electron CNDO method has recently been applied to porphyrin and its dian- 
ion, to its copper(H) complex, and to two magnesium complexes [4--G]. This 
means that calculations of similar reliability may soon be expected for realist- 
ic anaiogues of chlorophylls, if not also for hemes. 

In view of this stage of development, this article will review the under- 
standing gained in the past 25 years by molecular orbital calculations on por- 
phyrins and their complexes. Since porphyrins are highly coloured com- 
pounds, most of the calculations have been performed in order to interpret 
optical absorption spectra, and this emphasis will be reflected here. Consider- 
ation of excited states is also relevant to studies of energy transfer in biologi- 
cal processes such as photosynthesis. Most of the calculations to date have 
been on simple model porphyrins and their complexes. These calculations 
have been performed both for their own sake and also for extrapolation to 
the more complicated porphyrins occurring naturally. For clarity we shall 
discuss only the method adopted in each piece of work, and the principal re- 
sults. Details of the range of porphyrins studied are given in tabular form in 
the Appendix. 

The electronic absorption spectra of free-base porphyrins consist of four 

Q-bands in the region 500-600 nm, an extremely intense Soret or B-band at 
about 400 nm, and several other bands labelled N, L and M at shorter wave- 
lengths (nomenclatures as in ref. 7). For metal porphyrins the spectra are 
similar except that only two Q-bands are seen. Recent spectra [S] of free- 
base octaethyl porphyrin (OEPj and of zinc OEP are shown in Figs. 3 and 4. 
The calculations for free-base porphyrin itself have been compared with vari- 
ous different experimental spectra, but to provide a common standard of ref- 
erence we shall compare them all with the spectrum shown in Fig. 3. 

X-ray crystallographic studies [Q] have shown that in the solid state the 
porphyrin molecule is significantly distorted from planarity, being “ruffled” 
by alternate upward and downward displacements of the pyrrole rings. This 
distortion may persist in the free porphyrin molecule, but other molecules . 
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Fig. 3. Vapour-phase absorption spectrum of free-base octaethylporphyrin, after ref. 8. 
The intensities of the UV and visible bands are separately normalized to unity. (We are ad- 
vised that the Q,(O,O) band should be somewhat weaker than the Q,(l,O) band at longer 
wavelengths, the comparable intensities shown being probably due to some chlorin im- 
purity.) 

found to be non-planar in the crystal [lo] are known to be planar in the free. 
state owing to the removal of the crystal forces. Accordingly, most of the 
MO calculations have treated the molecule as planar for simplicity (or, in the 
earher calculations, for want of evidence to the contrary). In any case, a cal- 
culation [ 111 using the ruffled structure obtained results little different from 
those using the planar structure. Another structural detail concerns whether 
the hydrogen atoms bound to nitrogen in free-base porphyrins are bonded to 
opposite nitrogens (as shown in Fig. l), giving a molecular point group of 
I&, or to adjacent nitrogens, giving CaV. The weight of evidence [12] favours 
the “opposite” structure. Early X-ray.work left in doubt the structure of por- 
phyrin itself while confirming the “opposite” structure for aryl and alkyf sub- 

Fig. 4. Vapour-phase absorption spectrum of zinc octaethylporphyrin, after ref. 8. The in- 
tensities of the UV and visible bands are separately normalized to unity. 



262 

stituted porphyrins, but more recent work has finally confirmed the “oppo- 
site” structure for the parent compound too [ 131. Most MO calculations 
have assumed the “opposite” structure; we note exceptions where appropri- 
ate. 

Since porphyrins are such large molecules, exact or ab initio MO calcula- 
tions have been out of the question. However, porphyrins have been studied 
using all the main empirical and semi-empirical methods (i.e. methods in 
which all or some of the required integrals are obtained from experimental 
quantities), and it proves convenient to organize this review by method of 
calculation. The methods fall into two classes: n-electron methods and o-elec- 
tron methods. Porphyrins are ideal subjects for n-electron methods since 
they are planar (with the reservations noted above) and highly conjugated. 
However, u-electron methods are essential to deal with metalloporphyrins. 
Section B of this review deals with the n-electron methods and Section C 
with o-electron methods. The results are summarized in Section D and pros- 
pects for future development are discussed. Despite the organization by meth- 
od of calculation, the emphasis is on the substances rather than the details of 
the techniques, which have been reviewed recently [ 141. For convenience of 
reference, the Appendix summarizes the available calculations, classified ac- 
cording to the porphyrin studied. 

Some points about our nomenclature should be made clear at this stage. 
We have used “porphyrin” for all the substances we discuss, as recommended 
by Bonnett (ref. 13, p. 745). The parent compound illustrated in Fig. 1 is 
“free-base” porphyrin. This may be protonated, and the result when two pro- 
tons have been added is porphyrin “dication”. Conversely, two protons may 
be removed to give the “dianion”. Complexes of divalent metals with porphy- 
rin arise by a formal replacement of these two protons by the metal ion. in 
the context of metal complexes, the parent compound may therefore be 
thought of as the acid [ll. 1, but for consistency we do not adopt this usage. 

B. n-ELECTRON METHODS 

Since the porphyrins are effectively planar and highly conjugated, they are 
obvious candidates for n-electron MO treatments, In such treatments it is as- 
sumed that the n-electrons are free to move over the molecular skeleton inde- 
pendently of the a-electrons, and that electronic spectra and other properties 
are principally governed by the n-electrons. The calculations are thereby 
greatly simplified, In particular, the size of the problem is reduced because it 
is governed by the symmetry of the n-electron system, Da, rather than the 
lower symmetry of the molecule (E& for free-base porphyrin). It should be 
noted that the resulting orbitals are therefore classified according to their 
transformation properties under Dti symmetry. 

(i) Free electron molecular orbital (FEMO) method 

In its simplest form, this method is just an extension of the one-dimension- 
al particle-in-a-box problem. Cyclic systems like porphyrin are treated using 
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a particle-on-a-ring model, in which the n-electrons are considered to be con- 
fined to a ring of constant negative potential energy, with zero potentiaI en- 
ergy away from the ring. Detailed accounts of the theory are given in refs. 15 
and 16. The a-electrons are fed into molecular orbitals with energies 

Eg = q2A2/2mr2 (q = 0, 1,2, ._.) (1) 

where q is the orbital ring quantum number. This equation is also convenient- 
ly written as 

Eg = q2h2/2mC2 (2) 

where C is the circumference of the ring, taken as the sum of the bond lengths 
making up the perimeter of the model. Energies of spectral transitions are 
taken as differences in the E,. 

This simplest version of the FEMO method (known as the perimeter free- 
electron model) was the first MO method applied to porphyrin [1,2]. The 
difference between carbon and nitrogen atoms was ignored, and so was the 
branching in the n-skeleton. Of the various possible choices of molecular pe- 
rimeter, both Kuhn [I] and Simpson (2 ] used an eighteen-membered ring in- 
cluding two of the nitrogens. Kuhn reported agreement with the position of 
the observed spectral bands but not with their complexity. The theory actual- 
ly gives four degenerate transitions beteen orbit& characterized by f~ = 24 
and ?5. Simpson noted that 4 is essentially an angular momentum so that. the 
excited states would have net angular momenta of tl and 29. These com- 
bined states would then be split in energy, transitions to the former pair be- 
ing allowed and to the latter forbidden, so accounting for the separation and 
different intensities of the Q and B bands. Simpson’s energy for the degener- 
ate transitions is given in Table 1. 

Porphyrin was also treated [ 171 by a variant 1183 of the FEMO method 
in which the a-electrons are treated as being confined in two cylindrical po- 
tential wells above and below the molecular plane. Again no separate account 
is taken of the nitrogen atoms. The results are summarized in Table 1. 

TABLE 1 

Energies” of spectral transitions in free-base porphyrin calculated by FEMO methods 

Simpson Takeda and Oki 
I21 [l’il 

16.10 

26.40 

a Expressed as E/la3 cm-‘. 

Platt 
f191 

16.00 

23.00 

Nakajima and Ron Experiment 
1211 181 

15.60 16.39 
20.20 19.49 
25.60 25.97 
30.10 31.95 
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Another modification of the FEMO method is the three-dimensional box 
model applied to porphyrin by Platt [ 191. Porphyrin is represented by a cir- 
cumscribed square box of side 2 in which two-dimensional wavefunctions are 
calculated, with orbital energies. 

E: = (~2: + n,2)h2/8m12 (3) 

where n, and nY are quantum numbers. Results are quoted in Table 1. It tran- 
spires that although no information about atomic positions is incorporated 
into the calculation, the net electron density given by 26 electrons in the 
lowest orbitals has maxima close to where the bond would be in the box. The 
implications for porphyrin spectra were later discussed [Xl] in much the 
same way as Simpson had done [Z], in a way foreshadowing the four-orbital 
model [7] (see Section B(ii)). 
Nakajima and Kon [21] applied a “refined” FEMO method to porphyrinand 
tetrahydroporphyrin, taking account of branching and heteroatoms by a 
combination of the FEMO and linear combination of atomic orbit& (LCAO) 
methods. The n-skeleton is divided into twelve parts joining the atoms where 
branching occurs, and each is given a separate free-electron wavefunction Ui 
(i = 1 to 12). The molecular wavefunctions are formed as linear combinations 
of the ui, and are then treated by standard methods to give MO energies. The 
nitrogen atoms are simulated by deeper potential sub-boxes; their effect on 
the energy of a transition is incorporated as a shift calculated by first-order 
perturbation energy ]22]. Results with these shifts are given in Table 1. The 
same method of incorporating the effect of the nitrogen atoms was applied to 
the perimeter free-electron model by Rackow [ 231, who used the innermost 
sixteen-membered ring including all four nitrogens, obtaining qualitative 
agreement with experiment. 

Although FEMO theory gives useful results rapidly, it is a very crude ap- 
proximation, which in its simplest form gives only transition energies with 
no specification of the symmetries or multiplicities of states. Nevertheless, 
the method does give physical insight into the physical origin of the spec- 
trum. It still finds use in treating large interacting systems where no other 
method is feasible (cf. a recent study [ 241 of chlorophyh complexes). 

(ii) Hiickel molecular orbital (HMO) metkod 

The HMO method is the one which has most often been applied to free- 
base porphyrins. It is an empirical method giving useful results without ex- 
cessive computation. The molecular orbit& are expressed as linear combina- 
tions of atomic orbitals, with the advantages that they can be readily visual- 
ised and interpreted in chemical terms; they are also amenable to group- 
theoretical analysis, which simplifies the computation. Moreover HMO treat- 
ments yield not only transition energies but also such physically important 
quantities, as bond orders and charge densities. A general account of Hiickel 
theory is given in ref. 25, from which the present notation is taken. The vari- 
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ous treatments of porphyrins discussed here differ in the magnitude assumed 
for the overlap integral S and in the treatment of the empirical Coulomb and 
resonance integrals involving nitrogen, an and /&,_ 

A general scheme for HMO calculations on large molecules including par- 

phyrin was devised by Platt 1261. In this scheme, all QS are set equal and all 
/Is are set equal, with Poe = -23000 cm-‘, so that no account is taken of 
heteroatoms. The MO energies E are calculated neglecting overlap, but then 
corrected for overlap using 

X COlT =x/(1 +Sx) (4) 

where x is (E-(Y)/& and the overlap integral S is taken as 0.25. The results 
are given in Table 2. 

The standard method of modifying the empirical parameters to take ac- 
count of the nitrogen atoms is by writing [25] 

&N = aC + hNb.X (5) 

ikN = bdkc (6) 
where hN and kCN are parameters. This scheme was used by Matlow [27] to 
distinguish between nitrogens with and without bonds to hydrogen. He treat- 
ed not only the opposite and adjacent structures, using hN = 0.8 and 1.0 for 
nitrogens with and without attached hydrogens, but also a hypothetical sym- 
metrical structure with the hydrogens above and below the centre of the por- 
phyrin plane, in which all nitrogens had hN = 0.9. The adjacent structure was 
predicted to be most stable and the symmetrical structure least stable. At- 
tempts were made to explain the porphyrin spectrum as that of a mixture of 
opposite and adjacent isomers, but this assumption is not supported by ex- 

TABLE 2 

Energies” and oscillator strengths (in brackets) of spectral transitions in free-base porphy- 
rin calculated by HMO methods 

Pfatt Longuet-Higgins 
f26J etal. f31J 

Goute~an 
et al. 1361 
Kw 

Chen 
137 1 
WI) 

Experiment 
PI 

9.0 14.5 16.75 17.24 16.39 
(0.019) (0.2) 19.49 , 

(0.006) 

21.3 16.5 23.98 24.45 25.97 
(3.14) (2.06) (1.4) 

21.3 23.0 

n Expressed’as E/lo3 cm-‘. 



perimental evidence, nor indeed necessary with more sophisticated theories. 
The effects of varying hN between 0 and 1.5 were investigated by Kobayashi 
EZ8]. The standard method, with hN = 0.7 and kCN = 1.0, was applied by 
Pullman f291 to calculate charges on the carbon atoms bridging the pyrrofe 
rings in porphyrin and chlorin. In chlorin, the charges were found to be larger 
on the atoms adjacent to the pyrroline (dihydropyrrole) ring, so accounting 
for the greater reactivity of these atoms towards electrophilic attack. 

An alternative method of including the effect of the nitrogen atoms is due 
to Coulson and Longuet-Higgins [30] (CL). The change of Coulomb integral 
SaN from carbon to nitrogen is treated as a perturbation, giving the first-order 
perturbation energy for the rth MO as 

S&r = C Ci2,60!i (7) 
i 

where the sum runs over all nitrogen atoms and cir is the coefficient of the 
atomic orbital i in the MO. Longuet-Higgins et al. [31] applied this CL meth- 
od to porphyrin and tetrahydroporphyrin, using Platt’s scheme 126 ‘J and 
SUN/& = 1. Their results are shown in Table 2, where it can be seen that the 
main effect of including the nitrogen atoms is to raise the Q-band transition 
energy from 9000 cm-’ to 14 500 cm-‘, much closer to the experimental val- 
ues. The CL method was applied by Barnard and Jackman 1321 to porphyrin 
and its hydrogenated forms, using various values of Scrn, but the results were 
employed mainly to make structural inferences about bacteriochlorophyll. 
Calculations on various hydrogenated porphyrins were also reported by 
Seely 1331, who used the CL method with S1yN/pCc = 1. 

These various WMO treatments gave transition energies in reasonable agree- 
ment with experiment, but none of them explained why the Soret or B-bands 
are two orders of magnitude more intense than the Q-bands. In an attempt to 
explain the intensities and to account for the success of the free-electron 
treatments, Gouterman introduced the four-orbital model [ 7,341. The orbi- 
tals concerned are the highest occupied cllU and ati orbitals and the lowest 
unoccupied pair of eg orbitals. It was suggested that the (zlu and azU levels were 
almost degenerate. The excited co~~~~tions resulting from one-electron 
transitions from either level to the eg levels would then also be nearly degen- 
erate, and so would mix strongly to give states resembling those predicted 
from angular momentum considerations in the FEMO method [ 2,201. 
Gouterman showed that this model could rationalize the changes in spectra 
among different porphyrins; he also applied it, less convincingly, to triplet- 
triplet absorption spectra [35]. 

A quantitative HMO treatment of the four-orbital model was given by 
Gouterman et al. [ 36]_ They forced near degeneracy of the al, and ah levels 
by the parametrization 

aN = %! + %kC 

ljCN = 0.5&c 



265 

The mixing of the nearly degenerate excited configurations was then treated 
by configuration interaction (CI), that is, by constructing the excited state 
wavefunction as a linear combination of the four configurations resulting 
from one-electron transitions among the four orbitais. It was found that the 
strong interaction of the (axueg) and (asues) configurations did cause the 
higher-energy transition (B-band) to increase in intensity at the expense of 
the lower-energy one (Q-band). As can be seen from Table 2, the experimen- 
tal transition energies and intensities are quite well reproduced. Unfortunate- 
ly, this choice of parameters gives a C-N bond order of 0.218, corresponding 
to too long a C-N bond. This defect arises because the parameters imply 
that the nitrogen atoms contribute little to the conjugation path, which is 
thus effectively the outermost 2Omembered ring. 

A different parametrization was tried by Chen [37], viz. 

(YN = cc -+ 0.5&c 

*CN = 0-9&C 

This amounts to assuming that the conjugation path is the innermost 16- 
membered ring. This was further emphasized by taking the value of pee be- 
tween a carbon atom on the path and one off it as 60% of that between sim- 
ilar carbon atoms. The results preserve a realistic geometry, but as can be 
seen from Table 2 the intensity of the Q-band is then an order of magnitude 
too large. 

The main experimental observations on porphyrins can thus be rational- 
ized semi-quantitatively using Hiickel theory, notably in its most sophisti- 
cated form, the four-orbital model with limited CL This is a substantial 
achievement. At the same time, the success of the HMO treatments depends 
on a choice of parameters which, being empirical, cannot themsefves be ra- 
tionalized independently, Since this feature is inherent in empirical treat- 
ments, any more fundamental understanding of porphyrins must come from 
semi-empirical or non-empirical methods. The remaining n-electron treatment 
to be described here is thus a semi-empiricaI one. 

(iii) Pariser-Parr-Pople {PPP) method 

This is a semi-empirical self-consistent-field (SCF) method. In such meth- 
ods, each electron is assumed to move in an orbital subject to the nuclear po- 
tential and the average potential due to the other electrons. In exact (ab in- 
itio) SCF treatments, the MO’s are true eigenfunctions of the Hartree-Fock 
Hamiltonian operator F (see, for example, ref. 38). Completion of such a 
treatment requires the evaluation of two-centre electron repulsion integrals 

where ~~(1) is an atomic orbital based on atom ,u occupied by electron 1, For 



n atomic orbit&, there are thus some rz4 integrals, making an exact treatment 
very lengthy for porphyrins. Semi-empirical metlnods seek to reduce the num- 
ber of integrals to be evaluated by neglecting some and estimating others. 

The method introduced by Pariser and Parr [ 391 and Pople [40 ] depends 
on the zero differential overlap (ZDO) approximation, in which integrals in- 
volving a product of orbitals on different atoms are taken as zero. As a result, 
all overlap integrals are zero, and the only non-zero repulsion integrals are 
those of the form $J&JU>= 7w The other required integrals become 

U,, =sQE1(-$‘ci2+ V~~)~~d~ (9) 

(10) 

where the orbitals ~_r and Y are centred on atoms M and N with nuclear poten- 
tial V. The integrals are determined empirically, for example by fitting atom- 
ic spectroscopic data (see refs. 38 and 40). 

The PPP method was applied to free-base porphyrin by Kobayashi [42], 
who used the results to provide a value of hN = 1.0 for Hiickel calculations. 
He also undertook PPP calculations with and without CI (number of config- 
urations not stated) [43]. The 7pv were evaluated using Mataga and 
Nishimoto’s method 1443 : 

Y&w = l/[R + 2/(r, + 7LzJl WI 

the rp,, being obtained from Pariser’s approximation as Iu-Ap, where I and A 
are the ionization potential and electron affinity of the atomic valence state, 
and the U,, being taken as --rp The calculated singlet energies are shown in 
Table 3; they agree reasonably well with the measured absorption spectrum. 

Weiss et al. [ 451 studied both free-base .Dul porphyrin with a different pa- 
rameter U,, for pyrrole and pyridine-like nitrogens, and a D4h model with 
equivalent nitrogens, referred to as “metal porphin”. The ^fcu were obtained 
by Mataga and Nishimoto’s method, while the &, were calculated by scaling 
the value for benzene in the ratio of the overlaps between two Slater pt orbi- 
tak at the actual distance and at the benzene distance. ‘Iwo sets of values for 
the U,, and “fir& were used. Transition energies were calculated without CI, 
with CI on the four-orbital model, and then with 52 singly-excited configura- 
tions. The successive improvements are shown in Table 3. These calculations 
showed that the four-orbital model was substantially correct, for it was 
found that, whizhever set of parameters was used, the @rueg) and (atieg) con- 
figurations were indeed nearly degenerate before CI. Moreover, these config- 
urations made up over 97% of the states giving rise to the Q-bands. The sep- 
aration between the B-bands and Q-bands remained too large, and the intensi- 
ty ratio B:Q was now rather too large, probably because the Q-band intensity 
dapends critically on its interaction with the B-band. Triplet states were also 
investigated. The lowest triplet state was found to be 92% pure, and little 



TABLE 3 

Energies” and oscillator strengths (in brackets) of spectral transitions in free-base porphy 
rin calculated by PPP methods 

Kobayashi [43]= Weiss et al. [45fe Sundbom [ 80 ] Experimental [ 8 ] 

lb 7b.c lb 4b 52b allb 

14.4 

19.7 22.7 
21.0 23.4 

24.7 

25.9 26.2 36.85 

26.1 27.3 36.95 

16.9 
(0.004) 

29.0 
(6.86) 

16.2 
(0.004) 

28.7 
(5.86) 

34.6 

(0.90) 

37.8 
(0.30) 

13.6xd Q, I 16.39 

(0.002) 
16.3~~ QY : 19.49 
(0.012) (Q : 0.006) 

i 

26.4~~ B : 25.97 
(0.53) (1.4) 

30.9yd 
(1.8) 

r 

35.2~~ N : 31.95 
(2.5) 

35.7yd 
(0.61 

i 

40.2xd L: 37.74 

(1.0) 

42.4~~ 

(0.5) 

cI Expressed as E/lo3 cm-‘. 
b Number of singly-excited configurations mixed to construct excited states; 1 corresponds 
to no CI. 
’ Number not stated (but greater than 1). 
d Polarization. 
e D4h symmetry used rather than Dab. 

changed when represented by 58 instead of 16 singly and doubly excited con- 
figurations. The second triplet, represented by 31 configurations, was of very 
mixed parentage. This accounts for the relative failure of the four-orbital 
model in explaining the triplet-triplet absorption spectrum (35], which these 
later calculations explain very satisfactorily. Similar calculations by Caughey . 
et al. 146 ] , using 29 configurations, were employed to interpret a series of 
spectra, especially near-UV bands. 

Knop and Knop [47] included all 143 singly excited configurations, but 
still obtained too large a separation between the B- and Q-bands. They con- 
cluded that in free-base porphyrin conjugation was stronger over the eighteen- 
membered ring incorporating the nitrogens without attached hydrogens than 



270 

over the corresponding ring incorporating the other nitrogens, whereas in 
“metal porphyrin” with equivalent nitrogens the conjugation was much the 
same in r;he imwr s~teen-membered ring over the &rogens as in the outer 
twenty-membered ring avoiding the nitrogens. These conclusions sribstantiate 
the use of the eighteen-membered ring in the earliest FEMO calculations 
[1,2]. Honeyhoume [48] reported calculations with 81 configurations using 
the variable beta method [49], in which the Prv depend on the calculated 
bond orders. The results, which were much the same as in previous work, 
were applied to a study of porphyrin-like molecules, and later extended to 
calculate reactivity indices and spin distribution [Xl]. Electron densities and 
reactivity had also teen studied earlier [ 511 for porphyrin and some reduced 
porphyrins. 

The PPP method was also used 1521 to study the effect of the systematic 
changes in the ring geometry in complexes with metals of different ionic ra- 
dii. it was found that the energies of singIet excited states depended little on 
the changes in the ring, both with the four-orbital model and with more ex- 
tensive CI. The triplet energies, however, decreased systematically with in- 
creasing ionic radius; only the four-orbital model was used for these calcula- 
tions. These findings agreed well with absorption and phosphorescence spec- 
tra except for a constant shift in the energies. 

As we have seen, a major concern of MO calculations on porphyrins has 
been to explain the great difference in intensity between the B- and Q-bands, 
which has proved difficult, partly owing to the sensitivity of the Q-band in- 
tensity ‘to the amount of CL The calculations described so far obtained inten- 
sities from matrix elements of the dipole length operator. However, the inten- 
sities can equally well be obtained from matrix elements of the momentum 
or dipole gradient operator. The results are identical if the wavefunctions are 
exact, but not otherwise. In an approximate MO treatment one can therefore 
ask which method gives better agreement with experiment. Following work 
which showed that the dipole gradient method was better than the dipoIe 
!ength method for various conjugated hydrocarbons [ 531, Hush and Williams 
1541 appfied the dipole grgdient method to porphyrins. Both free-base and a 
“metal porphyrin” were investigated for the four-orbital model and by CI in- 
cluding 16 configurations, using the variable beta method. The positions of 
the bands generally accorded with those of Weiss et al. 1453, but it was 
found that the gradient operator did indeed give a much better intensity for 
the Soret B-band in both porphyrin systems. The intensity calculated for the 
Q-band remained unsatisfactory, and it was concluded that improved results 
would entail the use of vibronic wavefunctions. Similar results were obtained 
by McHugh et al. [ 553 iri a study using more extensive CT. This work showed 
that the gradient operator correctly gave the y-polarized component of the 
Q-band as more intense than the x-polarized component, a result obtained 
previously [45] with the length operator only by including &, between non- 
nearest neighbours. The results were used to interpret the spectrum in some 
detail, and were extended to calculate orbital angular momenta which were 
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in reasonable agreement with those deduced from magnetic measurements. 
One n-electron method very different from the PPP method is nevertheless 

conveniently mentioned here becatise, like the PPP method, it takes account 
of electron repulsion. This is the projected electron density method of 
F&sterling et al. [SS]. In this method, all n-electron orbitals are assumed to 
have the same functional form perpendicular to the molecular plane, reduc- 
ing the problem to one in two dimensions. Electron-pair repulsion is treated 
electrostatically, the other electrons being taken to constitute a medium of 
dielectric constant 2.5. Absorption spectra were calculated directly by time- 
dependent perturbation theory, with the approximation that transitions wore 
allowed to only two states. The calculated spectrum of porphyrin, with arbi- 
trarily chosen damping constants, was in good qualitative agreement with es- 
periment, but overestimated both the separation between the B- and Q-bands 
and the Q-band intensity. 

The PPP method can be seen to have put the successful predictions of 
Hiickel theory on a sounder theoretical footing. fn particular, it is confirmed 
that the Q- and B-bands arise from transitions to states which are essentially 
the sum and difference of the lowest energy excited configurations. Extensive 
CI, coupled with modified effective Hamiltonians and the use of the dipole 
gradient operator, has proved capable of reproducing all the main features of 
the spectrum down to the relative intensities of sub-bands. Nevertheless, be- 
ing a n-electron method, the PPP treatment can oniy give information about 
~-VT* transitions. It cannot tell us about the n-m* transitions expected for ni- 
trogen-containing molecules, nor about the effects of u-bonding to metals 
(though n-w* transitions have not been observed - for reasons which will ap 
pear later - and different metals have relatively small effects on absorption 
spectra). So once again, a more thorough understanding of porphyrins de- 
mands the application of more all-embracing theory, this time taking o-efec- 
trons into account. 

C. o-ELECTRON METHODS 

(i) modified Hiicket treatments 

The first attempts to treat u-electrons used Hiickel theory modified to in- 
clude only the o-bonding between the nitrogens and a central metal atom. 
The extended Hiickel method including all valence electrons is discussed in 
the next subsection. Extensions of Hi.ickel theory to a-electron systems usu- 
ally follow the scheme introduced by Wolfsberg and Helmholtz for calcula- 
tions on oxyanions ] 57 ] . Overlap integrals S, are calculated theoretically 
using Slater orbitals, and “resonance integrals” &,, are estimated from the 
equation [ 5’7,581 

Here the pW are “Coulomb integrals”, obtained from valence-state ionization 
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potentials, and k is an empiricaliy determined parameter close to 2. 
Calculations of this type were reported by Pullman et al. 1591 and by 

Spanjaard and Berthier [ 601, who studied iron porphyrins using 3d, 4s and 
4p orbitals on iron, Zpo and Zpn orbit& on nitrogen, and 2pn orbitals on car- 
bon. Ths results showed that the molecular orbitals giving rise to the optical 
spectra were predominantly on the porphyrin ligand, as expected from the 
similarity of free-base and metal porphyrin spectra. Calculations for a divinyl 
pcLrphyrin gave a smaller energy gap between the highest occupied and lowest 
empty MO than for the unsubstituted porphyrin; this finding accords with 
the shift to longer wavelengths in going from cytochrome c, with an alkyl- 
substituted porphyrin, to cytochrome b with the divinyl-substituted proto- 
porphyrin_ These calculations were extended by Ohno et al. 1611 to include 
the effects of nitrogen atoms, charges and dipoles placed above and below 
the ring; they also allowed the parameter values to depend on the calculated 
charges. Results for iron porphyrin were acceptable, but it proved impos- 
sible to obtain a consistent description of iron(IE1) porphyrin. 

Further calculations on iron(H) porphyrin with axial nitrogen ligands were 
reported by Millie and Veillard [ 621. Here Coulomb integrals were obtained 
by a modificat,ion [63] of the PPP method relating them to spectroscopic 
term values. The results again confirmed how little the higher occupied and 
lower unoccupied orbitals of porphyrin are affected by complex formation. 

(‘ii) Extended HCckel (EH) method 

This method, due to Hoffmann [ 641, is essentially that described in the 
previous subsection, bub with all valence electrons included and with reso- 
nance integrals retained between all atoms instead of just nearest neighbours. 
The deficiencies of HMO theory were already clear when EH theory was de- 
veloped, and doubts were expressed as to the likely usefulness of the method. 
Nevertheless, EH theory is less purely empirical than HMO theory, and offer- 
ed the hope of a systematic, if qualitative, treatment of u-bonded systems 
which could guide and stimulate experiment. For metal porphyrins, the EH 
method was particularly attractive because of the desire to include a-elec- 
trons without inordinate amounts of computation. 

Exhaustive EH calculations on metal porphyrins were carried out by Zerner 
and Gouterman [ 11,65-68]. The “Coulomb integrals” were calculated self- 
consistently from atomic orbital ionization potentials in the neutral and sin- 
gly-charged atom averaged according to the calculated net charge. The “reso- 
nance integrals” were calculated from the improved version of eqn. (12) 

(13) 

where the value of the parameter K , taken to be the same for both CJ- and 7r- 
electrons, was determined by comparison with PPP 5i-7i* transition energies. 
Use of the EH method allowed calculations to be performed using the actual 
non-planar porphyrin geometry found by X-ray c~st~lo~aphy (for nickel 



273 

etioporphyrin 1701). A.. = noted in the Introduction, the non-planarity had 
negligible effect. The spectroscopically important n-orb&& of the planar 
structure were modified into MO’s in which 99% of the electron density was 
still in n-AO’s, with energy shifts not exceeding 0.1 eV and no changes of en- 
ergy order among the MO’s 

The first set of EH calculations [ 111 dealt with porphyrin complexes of 
the first transition series from manganese to zinc. It proved possible to ration- 
alize the observed magnetic behaviour of the complexes in terms of the as- 
signment of electrons to the erstwhile d-orbit&, provided account was taken 
of the likely effect of ligands coordinated in the axial positions. In manga- 
nese@) and iron porphyrins, the d-orbitals had similar energies to the 
highest occupied (a,) porphyrin n-orbital, in keeping with the complicated 
behaviour of these porphyrins. The net charges on the metals were calculated 
to vary from +O.ll on Mn to +0.40 on Zn. It was confirmed that the metal 
atoms were only weakly coupled to the porphyrin n-system, but the small 
variations in spectrum from metal to metal were not reproduced. Some tran- 
sitions other than Z-W* were also discussed, Further calculations 165 f treated 
iron porphyrins with water, carbon monoxide and oxygen ligands in a variety 
of geometries, and this work was extended [70] to include nitrogen as a li- 
gand as well as iron(II1) complexes with hydroxyl, fluoride, chloride and cy,a- 
nide ion. Suggestions that nitrogen could bond were shown to be unlikely, 
and it was aIso calculated that the oxygen moIecule could bond parallel to 
the porphyrin ring but not perpendicular (axially). The spin states of the 
complexes were found to depend on the geometry assumed. 

After this largely interpretive work, EH calculations were performed for 
predictive purposes. For vanadyl (VO’+)’ porphyrin [60], the assumption that 
the vanadium atom was in the porphyrin plane led to strong mixing of the 
metal orbitals with the porphyrin ones, implying an unusual spectrum unlike 
that observed experimentally. An out-of-plane structure gave weak mixing 
and a more normal spectrum. Calculations for the unknown vanadium(H) 
porphyrin indicated that it should be stable, though readily oxidizable to va- 
nadyl porphyrin. As the only first transition series metal forming neither a 
porphyrin nor a phthaiocyanine complex was scandium, calculations were 
also performed [67] for &OH’* porphyrin. In this case, the strong mixing 
between metal and porphyrin orbit& found for vanadyl porphyrin persisted 
even with the scandium well above the porphyrin plane. This implied an un- 
usual spectrum, but the complex was predicted to be stable though possibly 
liable to photodissociate. 

EH theory was also applied to porphyrin complexes with non-transition 
metals. For the alkaline earth metals beryllium, calcium and magnesium, as 
well as for a hypothetical (13eCl)22* porphyrin with both beryllium atoms in 
the porphyrin plane, the porphyrin n-structure was found to be preserved 
once more, though there was the possibility of extra transitions in the spectra 
1681. The degree of covalent binding in the calcium and magnesium porphy- 
rins was Iess than for most of the transition metals, and comparable with that 
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calculated Ill] for zinc. Calculations were also performed 1711 for porphy- 
rin cornpiexes with divalent and tetravalent group IV elements. It was de- 
duced that the Ge” complex was planar, with the two extra electrons on the 
ring, while the Sn” and Pb” complexes were non-planar, with the extra efec- 
trons on the metal. A charge-transfer band in the spectrum was predicted, in 
apparent accord with experimental data. Charge-transfer bands were also 
found to be induced by hydroxyl and chloride ligands on the tetravalent ele- 
ments. 

The free-base porphyrin molecule has also been studied 5y the EH method. 
Mathur et al. [72] calculated n-W transitions farther ints the ultra-viofet, us- 
ing eqn. (12) for the &, with the rather high value of k = 2.52, chosen to fit 
the Q-band energy. The results correlated with the observed spectra [ 8,731. 
Schaffer and Gouterman [ 74 3 studied the spectral effects both of distortion 
of the carbon-nitrogen skeleton from D4h to II, symmetry and of placing 
the hydrogens symmetrically between adjacent nitrogens. They concluded 
that observed environmental effects on the Q,-Q,, band splitting (change of 
solvent, change from solution to vapour, etc.) could be attributed to skeletal 
distortions. 

Reservations about the use of EH theory have been expressed by several 
authors (e.g., Dewar f75]), but its shortcomings were well known to Gouter- 
man and co-workers when they applied it to porphyrins (e.g., see ref. II). 
flowever, as they remark in sevetii papers, EH theory, used judiciously, does 
permit clear and qualitatively cotir%t predictions to be made. For instance, 
EH calculations have shown that there may be marked spectral differences in 
complexes with the metal atom in or out of the porphyrin plane, so permit- 
ting structural inferences to be made from spectra. The usefulness of EH the- 
ory in providing MO’s for other purposes is illustrated by applications to in- 
terpreting the luminescence of porphyrin complexes 176-783. Recent work 
[111] has treated hemoglobin and coboglobin and their oxygen, carbon mo- 
noxide and nitric oxide adducts, using calculations of MBssbauer and ESR 
parameters to distinguish between possible configurations. 

(iii) ~f~d~~~ed PPP treatments 

This subsection deals with calculations by a Swedish group which has ex- 
tended the PPP method to include metal atoms and u lone pairs on nitrogen 
[79]. Sundbom [SO] investigated porphyrin and its dianion and dication us- 
ing a set of parameters obtained by the group specifically for nitrogen-con- 
taining molecules ISI]; all singly-excited configurations were incorporated. 
Recognising the possibility of hydrogen bonding between the pyrrole and 
pyridine-like nitrogens, she studied both a &, model for the free base 
with pyrrolic and pyridinic nitrogen parameters and a Dqh model with 
equivalent parameters, corresponding to strong hydrogen bonding. The 
experimental spectrum could be fitted by a model with an intermedi- 
ate degree of hydrogen bonding, about two-thirds of that in the XIah model. 
The lowest n-W transition was calculated to be weak and in the Soret region, 
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which explained why it had not been observed. With this treatment, the QY- 
band was correctly predicted to be more intense than the Q,-band even 
though the dipole length method was used. The results are compared with z- 
electron PPP treatments in Table 3. 

Later, Roos and Sundbom f 82 3 studied copper( II) porphyrin, using a 
method and parameters due to ROOS [ 83-85 J . The nitrogen u lone pairs 
were included as before, together with 3d, 4s and 4p orbitals on copper, but 
to obtain a correct multiplet structure for copper, one-centre exchange inte- 
grals had to be calculated outside the ZDO approximation. All singly-excited 
configurations were used to form excited states. In the ground state, the cop- 
per configuration was found to be approximately 3dg4sa54pa5, with a net 
charge +0.8. This value accords with ESR data [86,87] suggesting that the 
odd electron resides mainly on the metal, and is as usual considerably larger 
[ll] than the EH value C0.28, in which electronic repulsion is not explicitly 
accounted for. In the excited states, the porphyrin v-+z* transitions were 
found to survive essentially unchanged, but some of the metal-only d-+d tran- 
sitions were found to mix strongly with charge-transfer transitions between 
the metal and the porphyrin ring. The excited state energies and MO’s were 
used to calculate ESR g-values and hyperfine coupling constants in good 
agreement with the experimental results [86,87]. 

The value of this work was realistically assessed by Roos and Sundbom 
themselves [8‘2]. It emphasizes the need for CI to reproduce the mixed char- 
acter of some excited states, and should be useful for spectral assignments by 
giving the correct order of energy levels, if not their absolute positions. 

(iv) Complete neglect of differential overlap (CNDO) method 

The CNDO method is an all-valence-electron SCF MO method introduced 
by Pople, Santry and Segal [ SS-911. It consists of applying the ZDO approx- 
imation to the Hartree-Fock SCF equations, together with certain con- 
straints to ensure that the results are independent of the choice of coordinate 
axes. (This problem did not arise in the PPP method because the n-atomic or- 
bitals have a natural choice of axis, perpendicular to the molecular plane.) 
Detailed accounts of the theory and its parametrization are given in refs. 41 
and 92. There are in fact various CNDO treatments, each with different pos- 
sible ways of obtaining the parameters. The treatment [90] most often ap- 
plied to ground-state properties is CNDO/S. 

The first application of CNDO theory to porphyrin appears to have been 
not to the free base itself but to copper(H) porphyrin [4]. This treatment 
used an extension of CNDO/Z to complexes containing atoms of the first 
transition series [93]. The results were used principally to interpret ESR pa- 
rameters, and the calculated orbital energies were not quoted. It was found 
that there was considerable covalent bonding between the copper d, and d, 
orbitals and the ring, but that this changed substantially for small changes in 
the Cu-N distance. 
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The CNDO/Z method was applied to porphyrin itself and to its dianion 
and its magnesium and aquo-magnesium complexes by Maggiora 151. In the 
aquo-magnesium complex of tetraphenylporphyrin, the metal is known [94] 
to lie out of the porphyrin plane, but the position of the water protons is not 
known; the calculations showed that the protons must lie on the far side of 
the metal from the ring. The structure of the magnesium complex is not 
known, but the calculations confirmed the expectation that the metal should 
lie out of the porphyrin plane as in the aquo-complex. In Table 4, the ener- 
gies and symmetries of the three highest occupied MO’s are compared with 
the modified PPP results of Sundbom [SO] and the EH results of Zemer and 
Gouterman [ 11,681. According to Koopmans’ theorem [95], the ionization 
potential is the negative of the energy of the highest occupied MO; as can be 
seen, the results of Maggiora [5 ] and Sundbom [ 801 bracket the experimen- 
tal [96] value 7.42 eV. The principal disagreement between the various treat- 
ments !ies in the symmetries of the successive MO’s, but the order given by 
the CNDO treatment seems to be consistent [5] with ESR data on cation ra- 
dicals. 

It is known that the CND0/2 method, though adequate for ground-state 
calculations to predict conformations etc. is unreliable for excited-state cal- 
culations and hence for spectral assignments and predictions. A method more 
suitable for calculations of spectra is the CNDO/S method developed by Del 
Bene and Jaff& [97]. This was subsequently improved [98] to give better en- 
ergies, and to permit the intensities of R-W* and o-W transitions to be calcu- 

TABLE4 

Symmetries and energiesa of highest occupied MO’s in free-base porphyrin and magnesi- 
um porphyrin calculated by u-electron methods (after Maggiora [5]) 

- 

Free-base porphyrin (02h) 

Sundbom [SO ] Zerner and Gouterman 

El11 

Maggiora [ 5 ] 

bill - 6.58 blu -11.66 au - 8.34 
all - 6.67 au -12.00 blu - 8.59 
b% - 8.50 63s -11.79 

Magnesium porphyrin (Cd,) 

Zerner and Gouterman 

1681 

Maggiora [ 5 ] 

bl -10.65 =2 - 8.37 
01 -11.15 al - 8.82 
a2 -11.55 bz -12.14 

a Expressed as EieV. 
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lated by a partial relaxation of the ZDO approximation, which in its strict 
form makes such intensities zero. The improved method was applied to por- 
phyrin and its dianion by Maggiora and Weimann 161. Configuration interac- 
tion was carried out among the 80 lowest singly-excited configurations. The 
results were found to be generally as good as or better than those of preced- 
ing work [ 80,461: the predicted spectra, though subject to the usual overesti- 
mated Q-B separation, again gave the Q, intensity as greater than the Q, when 
the dipole length operator was used. Differences arose mainly in the L- and 
M-band region, where the calculated intensities were mostly smalfer than c~I- 
culated by Sundbom [80] _ For the dianion, one rz-~* band was predicted in 
the L-band region, in contrast to the two predicted by Sundbom [SO], one in 
the B-band region and the other in the M-band region; unfortunately, experi- 
mental resolution of these predictions will prove difficult owing to the near- 
by intense VZ* transitions. 

Exactly the same method has been apphed to the triplet states of porphy- 
rin [993. The lowest triplet energies are shown in Table 5, together with 
those calculated by Kobayashi [43] using the PPP method. The PPP levels 
are much more widely spaced than the CNDO levels (the E, levels split into 
B,, and Bzu levels as the assumed Dlh symmetry is reduced to Da), but the 
CNDO calcuIation stiil obtains one level substantiaily lower than that indi- 
cated by the phosphorescence [ 1001. The triplet-triplet absorption spectrum 
has not been investigated in detail, owing to the need 1451 to include doubly- 
excited configurations, but the positions of the transitions are in genera1 ac- 
cord with the experimental results [ 1011, whether the lowest or second- 
lowest triplet is used as the lower state. 

TABLE 6 

Energies’ of triplet states of free-base porphyrin 

Kobayashi 143 ] b Chantrell et al. [991c Phosphorescence 
I1001 

0.79 (&I 1.02 u33u) 

1.41 @I,) 
1.60 t&l) 1.61 v33U) 

1.71 (BllJ 
2.61 (E”) 2.79 (A,) 

2.79 Q32E) 
2.91 (&.J 2.80 (&Xl) 

2.98 W2g) 

a Expressed as WeV. 
’ PPP method with CI; D,, symmetry assr?med. 
c CNDOjS method with Cf (SO singly-excited configurations). 
’ TetrapheRy~porphyrin. 

1.57” 
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Progress towards a CNDO treatment of chlorophylls has continued in re- 
cent work on free-base chlorin and bacteriochlorin and their dianions [ 1083. 
The CNDO/S method was used to calculate absorption spectra as before f6]. 
There was found to be no systematic relationship between the calculated and 
experimental transition energies, although the energy differences appeared 
small enough to allow experimental spectra to be analysed with fair confi- 
dence. In the free bases, the hydrogene on the pyrrolic nitrogens are opposite 
one another, but may be on the reduced or both on unreduced pyrrole rings. 
CNDO/Z calculations indicated that the configuration with both hydrogens 
on unreduced rings was more stable in each case; this was confirmed by the 
CNDO/S spectral calculations for bacteriochlorin, but for chlorin the weight 
of evidence favoured the other configuration. The CND0/2 calculations 
should be the more reliable in this case, but did give a smaller energy differ- 
ence between the two configurations for chlorin than for bacteriochlorin. 
Examination of configuration mixing showed that, while the Q states could 
still be adequately described in terms of the four-orbital model, the B states 
involved substantial interaction with other configurations, to an extent mark- 
edly dependent on the position of the protons on nitrogen. Calculations by 
the CNDO/Z method have also been completed on magnesium complexes of 
these and other reduced porphyrins [ lOS]. 

The value of CNDO calculations on porphyrins has yet to be explored 
thoroughly, partly because the computing demands of the method remain 
rather severe (the CNDO/S calculations for the free-base singlet and triplet 
states [99] took some ten minutes on an ICL 1906A/CDC 7600 computer). 
The method also has different variants for different purposes. However, it 
seems likely that by careful comparison with calculations on similar smaller 
molecules, CNDO calculations will give results at a uniform level of approxi- 
mation. In particular one might hope to obtain a reliable treatment of the ef- 
fect of substituents on spectra. For example, recent CNDO/S calculations on 
2,4_divinyIporphyrin show that the vinyl groups leave the Q-bands’ position 
unchanged but make the B-bands extend to the lower energies (cf. the discus- 
sion in Section C(i)). 

D. RETROSPECT AND PROSPECT 

The strengths and weaknesses of the various methods have been discussed 
in detail in the appropriate subsection. The variety of porphyrins which has 
been studied is indicated by the Appendix, where the methods applied to 
each substance are noted. By way of conclusion, we make some more gener- 
al remarks. 

As we have seen, the size of the porphyrin molecule has restricted MO cal- 
culations on porphyrins to those small enough to be tackled by the releTant 
generation of computers, and this has meant the use of methods one or two 
steps less sophisticated than those possible for smaller molecules. However, 
this restriction has not been without advantages. By the time it becomes 
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technically feasible to apply a particular method to porphyrins, the method’s 
strengths and weaknesses have become apparent from studies on smaller mol- 
ecules. In effect, only mature theories are applied to porphyrins. This fact 
may account for the extent to which each more soph~ticated method has 
confirmed the general conclusions of its predecessors. So for example the 
physical understanding of freebase porphyrin spectra given by the free-elec- 
tron methods has not charged substantially through the successive develop- 
ment of the qualitative four-orbital model, the HMO treatment of the four- 
orbital model with CI, the PPP treatments with extensive CI, and the CNDOfS 
treatment. 

However, this is not to say that the steady increase in sophistication has 
not been worthwhile. The successive treatments have greatly increased our 
detailed knowledge of the electronic structure of porphyrins, and also its re- 
liability. We have progressed from asking why all porphyrin spectra are much 
the same to asking why porphyrin spectra differ. The differences are small, 
but small differences in molecules can often lead to significant changes in bi- 
ologicaf properties. Since the biologically-active porphyrins and related com- 
pounds contain metal atoms, the development of MO treatments for u elec- 
trons has been essential. The extended Hiickel method has proved very useful 
in interrelating properties of metal porphyrins, and in treating conformation- 
al and ligand effects. However, this method gives a distorted picture of the 
interaction of the metai with the ring, owing to its neglect of electron corre- 
lation, so that to understand fully the importance of the metal atom it has 
been necessary to apply SCF treatments, which do include some allow- 
ance for correlation. 

This brings us to the modified PPP method and the all-valence electron 
CNDO method, which are the most sophisticated so far applied to porphy- 
rins. The strengths and weaknesses of the CNDO method are now well appre- 
ciated from studies on smaller molecules. It has only recently been extended 
to treat transition-metal compounds, but its application to metal porphyrins 
seems now to be a problem mainly of computing. Larger CNDO programs 
may also be expected to yield information on substituted and less symmetrl- 
cal free-base porphyrins, and, in the foreseeable future, on realistic andogue~ 
of chlorophyll. 

These are developments of theories already applied to porphyrins. A more so- 
phisticated theory which is being applied to porphyrins is the method of mo- 
lecular fragments [ 1023. In this method, the molecule is divided into frag- 
ments like CHz, NH2, etc. Orbitals for each fragment are next calculated by 
exact numerical solution of the Hartree-Fock SCF equations, usually with a 
small basis set of atomic orbit&s. Molecular orbit&s for the whole molecule 
are then constructed from the fragment orbit&. Results have been published 
for molecules as large as naphthalene and the tetrapeptide of glycine [103]. 
The method has now also been applied to free-base and magnesium porphy- 
rin [IlO], with results essentially in agreement with the CNDO/Z catculations. 

Another development which may be expected is more extensive use of 
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available MO calculations to estimate spectroscopic properties. The Q-band 
in porphyrin spectra is clearly resolved into O-O and O-l vibronic sub-bands, 
and the weakness of this band indicates the need to consider vibronic borrow- 
ing of intensity and hence vibronic wavefunctions [ 104f. Similar considera- 
tions apply to porphyrin luminescence [‘76-781, where spin-orbit coupling 
-must also be treated. There is scope for further work on E§R parameters, 
Zeeman splittings and Jahn-Teller distortion 11051. In effect, we are reach- 
ing a stage where we have an adequate knowledge of the energies of porphy- 
rin excited states and can go on to use MO calculations in investigating prop- 
erties other than the energy. 
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APPENDIX: SUMMARY OF CALCULATIONS 

Free-base porphyrin itself has been studied by all the methods discussed 
in the text. Here we summarize the available MO calculations on other por- 
phyrins. We use the symbol PHa for free-base porphyrin, so that a complex 
with a divalent meta! M is written as MP. Other abbreviations are as in the 
text. 

Compound Method References 

(i,) Free-base porphyrins 

Porphyrin dianion (P2-) 

Porphyrin dication (PH4”) 

Dihydroporphyrin (chlorin) 

Modified PPP f CI 
CNDO/Z 
CNDO/S + CI 

Modified PPP + CI 

HMO 
HMO + CI 
PPP 
PPP + CI 
CNDO/‘S + CI 

80 
5 
6 

80 

27,28,29,32,33 
36 
51 
45,55 
108 

Tetrahydroporphyrin FEMO 21 
HMO 26,31,32,33 
HMO + CI 36 
PPP 51 
PPP + ci 45,55 
CNDO/S + Cf 108 



281 

Compound Method References 

Hexahydroporphyrin 

Octahydroporphyrin 

meso-Tetraphenylporphyrin (TPP) 

Etioporphyrin 

2-Vinyl-6-formyl-73 S-dihydropor- 
phyrin 

2,4-Divinylporphyrin 

(ii) Me tdloporph yrins 

BeP 
Be&&$? 

MgP 

MgPfH&) 

Cap 

Sc(OH)P 

VP 
VOP 

MnP 

Fe”P 

Fe”PfHzOf 
Fe”P(C0) 
Fe1’P(N2) 

Fe”P(02) (H,O) 
Fe”divinylporphyrin 

(protoporphyrin) 

Fe”‘P 
[FelnP]OH 
[ Fe’uP] F 
[ Fe”‘P] Cl 
[ Fe”‘P J CN 

HMO 33 
HMO + CI 36 
PPP + CI 45 

HMO 33 
HMO + CI 36 

FEMO 17 
HMO 106 

FEMO 17 

HMO 

CNDO/S + CI 

29 

99 

EHT 68 
EHT 68 

EHT 68 
CND0/2 5 
CNDOj2 5 

EHT 68 

EHT 67 

EHT 66 
EHT 66 

EHT 11 

Modified HMO 60,61,62 
EHT 11,65 
EHT 65,70 
EHT 65,70 
EHT 70 

EHT 65 
Modified HMO 60 

Modified HMO 60 
EHT 70 
EHT 70 
EHT 70 
EHT 70 
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Compound 

COP 

NiP 

CUP 

ZnP 
ZnTPP 

SiiV(OH),P 

GeI’P 
Ge’V(OH)2P 

G@%12P 

Sri”“” 
SnxVC12P 

Pb”P 

Method 

EHT 

EHT 

EHT 
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