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I. INTRODUCTION 

A. History and Nomenclature 

.. ... The importance of porphyrins in biological systems bas long been 

· .. recognized. Porphyrin ring systems are found iri hemoglobin, the oxygen 

carrier of the respiratory system in animals, in chlorophyll, the 

primary photosynthetic pigment in plants, and in various cytochrome 

enzymes, the electron-transport carriers in both plants and animals. 

The. first such compounds, isolated from hemoglobin around 1880, were 

called hematoporphyrins (from the Greek "hef!lato", blood, and "porphyros", 

purple) because of their purplish-red color. ·The term porphyrin has 

since become a class name for all tetrapyrrole ring systems. Porphyr:i,ns 
\ 

are mentioned in the literature as early as the 1840's, and by the late 

1870's a structural similarity had been suggested between blood and 

green leaf· pigments (Gurinovitch, et al., 1968). 

All porphyrins contain a heterocycle of four pyrrole rings which 

are connected by methylene carbons, as shown in Figure 1. Naturally-

occurring porphyrins have methyl, ethyl, formyl, acetyl, vinyl or pro-

pionic acid substituents on the eight B-carbon atoms of the pyrrole 

rings. Many in vivo porphyrins also contain a central metal ion, which 

forms a quadridentate chelate complex with the four nitrogen atoms; such 

compounds are called metalloporphyrins. In the absence of the metal 

complex, two hydrogen atoms are found in the center, resulting in two 

pyrrole-like and two pyridine-like nitrogen atoms; these molecules are 

called free-base porphyrins. Porphyrins all derive from three parent 

compounds (or their metallo derivatives): the cytochromes and hemes from 

free-base porphin, shown in Figure l(a); the plant chlorophylls and 
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(a) Free-base porphin (b) Free-base chlorin 

n2h symmetry C2v symmetry 

{' 

(c) Metalloporphin (magnesium) (d) Free-base bacteriochlorin 

D4h symmetry D2h symmetry 

XBL 766-5928 

Figure 1. Porphyrin structures. 
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derivatives from free-base chlorin (or dihydroporphin), shown in 

Figure 1(b); and the bacteriochlorophylls and related molecules from 

free-base bacteriochlorin (or opposite tetrahydroporphin), shown in 

Figure 1(d). ·These molecules, and metalloporphin, shown in Figure 1(c), 

serve as the models for studying the properties of the complex por-

phyrins of biological systems. 

The currently accepted structure of porphyrin was suggested by 

KUster in 1913. At the time the proposed large ring system was strongly 

criticized by many, including Hans Fischer, as being inherently unstabl~ 

The criticism drove KUster to renounce his formula in 1921. Ironically, 

it was Fischer who confirmed KUster's structure in 1929 with the total 

synthesis of hemin (Falk, 1964). Since the pioneering work of Fischer, 

'c,onsiderable progress has been made in synthesizing porphyrins. This 

progress in the chemistry of porphyrins has been extensively reviewed 

·in the literature; in particular, see Lemberg and Legge (1949), Harris 

et al. (1966), and Smith (1971). 

B. Porphyrin Absorption Spectra 

Spectroscopic studies of porphyrins closely paralleled the early 

isolation and synthesis resear~h. The intense cherry-red color of 

' 
porphyrin solutions, and their characteristic four-banded visible 

spectra had attracted researchers even before the isolation of the first 

pure porphyrin. Soret in 1883 detected an intense band in the near 

ultraviolet (around 400 nm), which is the chief characteri'stic common 

to all tetrapyrrole ring systems. This band, and the spectral region 

in which ~t is found, both bear the name of their discoverer. ·In the 

1930's Stern and co-workers considerably advanced porphyrin absorption 
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spectroscopy with their truly classic work on the forty-odd porphyrins 

synthesi-zed by Fischer. 
( . 

Using a manual spectrophotometer similar to a 

Beckman DU, they recorded spectra which remain standards of precision •. 

to the present day. The interpretation of porphyrin electronic spectra 

has been considerably advanced in the past ten years through the use 

of techniques such as circular dichroism (CD)~ magnetic circular 

dichroism (MCD), and fluorescence measur~ments. (See Stephens, et al., 

1966, Sevchenko, et al., 1966, and Gale, et al., 1972.) 

1. Spectra of porphins proper 

The spectrum of free-base porphin is shown in Figure 2(a). The 

four weak visible bands from 660 nm to 480 nm are typical of all free-

base porphins. The polarization assignment of the vis.ible bands is 

based on polarization studies and theoretical analyses. In a series of 

porphins '..rith different substituents on the a-carbon atoms of the 

pyrrole rings, the second and fourth bands vary little in intensity and 

follow the first and third bands at a fairly constant wavelength 

interval; this is characteristic of a vibrational overtone band. 

Substitution does change the relative intensity of the two visible 

electronic bands, called the Q. ban4s, after Platt (1956), but in all 

fully-oxidized (aromatic) porphyrins the Q bands remain 50 to 100 times 

weaker th~n the Soret band. The Soret band, or bands, is called the 

B band in Platt's nomenclature. The Platt notation is useful in that 
; . ,#. 

it is a generic system that can be used for a whole series of related 

compounds. The B bands are essentially unaffected by side-chain sub-

stituents. The assignment of the bands in the Soret region of· free-

base porphin remains somewhat uncertain, as will be discussed later in 
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Figure·2. Porphyrin absorption spectra. (Note that the phenyl groups 
are not conjugated into the ring, so these spectra should be 

. substantially the same as the spectra of the unsubstituted 
molecules. ) · 
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Section II. 

When free-base porphin is converted to a metalloporphin, a dramatic 

simplification of the visible spectra occurs, as shown in Figure 2(c) 

for Zn porphin. The four-banded spectrum collapses into two bands, with 

the two Q-band electronic transitions now degenerate. All metallo-

porphins show basically similar spectra, with the main differences 

being the intensity and wavelength changes in the Q bands (Dorough, 

et al., 1951). Notice also that in the metalloporphin the Soret band 

narrows markedly from the corresponding band in free-base porphin. 

2. Spectra ££ reduced porphins 

a. Chlorin 

Upon the reduction of one of the pyrrole rings of free-base 

porphin, free-base chlorin is obtained; the spectrum of a free-base 

chlorin molecule is shown in Figure 2(b). The assignments are from 

studies and arguments similar to those mentioned. for porphin. Again, 

the visible region shows four bands, but now the longest wavelength 

band is nearly ten times as intense as the corresponding band in porphin. 

Substituents on the S-carbon atoms of the pyrrole rings also change the 

Q-band intensities in chlorin., Notice that, compared to porphin, the 

Soret region is less intense and considerably broadened in chlorin. The 

metallochlorins do not show the dramatic simplification seen in the 

metalloporphins. The visible Q bands remain distinct, although their 

separation varies considerably, depending on the specific metal atom. 

b. Bacteriochlorin 

Reduction of a second pyrrole ring produces a tetrahydroporphin; if 

the two reduced rings are opposite one·another, the molecule is called 

' 

-. ~ 



·~ 

Bx 
" 

'¥ 100 ~ 
/I 
I I 
I I 
I I 

Oy 

0 

c 
__,, ... 
·~ ...... 

~ sor 
I I Oy 
I I '\ 

By I I ·'I 
I I /I 

f\ By I I 
I Chi a 1 ~-rv 
I 1 I 

>- 60 , I I 
I-- I I I 
> , 

I I - Bxl I I- I I 
a.. I I 
0::: ,-1 I I 

I 0 40 ' (f) I I I I 
CD 
<{ I I I I 

I I 

oc ~I 
I Ox I 

::i 20 . I I 

I ~I 0 . 
I ..... I ~ . 

_J I /1 \ .. / 

BChl a 
lc:~ 

~'"t" 
-'Ein·~ 

o~ ., 

c::~ 

'""lo>"lf 
'\,.,. 

'.!' 

c-... 

_J 
-
~ 0 

300 400 5QO 600 700 800 

b 

A, nm 
Figure 3. Chlorophyll a (---) and bacteriochlorophyll a ( __ ) in ether (Sauer, 1975). 

XBL 729-4758· 
...., 



free-base bacteriochlorin. The visible spectrum of bacteriochlorin, 

shown in Figure 2(d), exhibits an intense long-wavelength band, which 

is also shifted ~100 nm towards the red compared to the corresponding 

band in chlorin. The second Q band is stronger in intensity than that 

of chlorin, and it has also shifted slightly toward the red. Because 

so few simple bacteriochlorins have been synthesized, spectral data for 

these molecule~, particularly the intensities of the visible bands, as 

well as the assignments in the Soret region, remain sketchy. 

The spectra of the compounds for which chlorin and bacteriochlorin 

serve as models, chlorophyll a and bacteriochlorophyll a, respectively, 

are shown in Figure 3. The visible spectra of these molecules is very 

similar to that of the model compounds, so, in Section II the Soret 

band assignments of bacteriochlorophyll a will be used for comparison 

with the theoretical results for bacteriochlorin. 

C. Review of Simple Porphyrin Theories 

8 

The spectra of Figures 2 and 3 serve as the primary data with which 

~o evaluate any theory of porphyrin electronic transitions. In the 

1930's some attempts were made at interpreting the visible bands of the 

porphins, but these were base~ primarily on patterns seen in a number 

of observed spectra. It was not until the late 1940's that any of the 

molecular orbital theories of quantum mechanics were applied to the 

porphyrin ring system. 

Quantum mechanics states that a description of a molecule with a 

particular energy E resides in a molecular wavefunction ~. which is an 

eigenfunction of the Hamiltonian H of the system. For a specific wave

function ~. the energy is calculated according to the equation which 
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is shown below. 

(I-1) 

In equation I-1 dT is the volume element over all coordinates, and ~* 

is the complex conjugate' of ~' but in this discussion all wave functions 

will be assumed real. The Hamiltonian operator H is the sum of all the 

kinetic and potential energy operators for the system. For a molecule 

of N nuclei and n electrons, the full Hamiltonian is given as 

H = 

where 

h (h is Planck's constant) =-
211' 

and vi is the Laplacian operator, 

2 a2 a2 a2 
v -~+~+---., A - ax~ a·y·~ az~ 

A A A 

(I-2) 

The first term of equation I-2 is the kinetic energy operator over all 

the nuclei N, where MA is the mass of nucleus A. The second term is 

the repulsive potential between two nuclei.A and Bat a separation of 

rAB and with nuclear charges ZA and ZB. The next two terms are the 

analogous kinetic and potential energy operators for the electrons. 

The last term is the attractive Coulombic force between nucleus A and 
' 

electron i, separated by a distance rAi· Two reasonable assumptions 

are made that: 1) the electrons adjust instantaneously to any changes 

in the positions of the nuclei (the Born-Oppenheimer approximation), so 

that only the motion of the electrons need be considered, the nuclei 

remaining fixed; and 2) the wavefunctions ~ are well-behaved functions 

(the stationary-state approximation), so that they are continuous, 
''· 

single-valued and vanish at infinity. Then the first two terms of 
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equation I-2 can be ignored, with the remaining terms making up the 

electronic Hamiltonian Hel, 

2 n 2 n 2 
Hel = - _!!__ L V · + L ~ -

2m i 1 i<j rij 
(I-3) 

for which electronic wavefunctions ~el are sought as solutions to the 

electronic Schrodinger equation, 

Hel ~el = Eel ~el (I-4) 

(Henceforth all functions and operators will implicitly refer only to 

the electronic parts, so the 'el' subscripts will be assumed.) 

With.no further approxim?tions, the "exact" solutions of equation 

1-4 can be found for molecules such as Hz, LiH and H3, using generous 

amounts of high~speed computer time. But with these "ab initio" 

calculations for even a molecule such as HzO still being extremely 

difficult (Murrel and Harget, 1972), it is necessary to make further 

simplifications to deal with molecules as large as the porphyrins. In 

judging various approximations to the exact wavefunctions, the main 

criteria will be how accurately the observed electronic transitions and 

intensities are reproduced. 

Visible and ultraviolet spectra reflect the energy differences of 

transitions from the ground s~ate, described by a ground-state wave-

function ~0 , to an excited state, described by an excited-state wave-

function ~e· This difference in energy is given by 

(I-5) 

Knowing the form of the wavefunctions ~0 and ~e, the electronic spectrum 

.can be calculated and compared to the observed bands of Figures 2 and 3. 

The ~'s can also be used to calculate the intensity of the electronic 

transitions, through the transition moment Q, given in units of Debyes 

. .,: 
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by the equation 
-+ 

Q = <~0 leRI~e> (1~6) 
-+ n . 

where R = L ti , the sum of the position vectors over all electrons. 
i 

The useful quantity for comparison with experiment is the oscillator 

strength f, which is defined as 

f ~ 4.7·1029~Q2 (I-7) 

where w is the frequency of the transition in cm- 1 • Experimentally, 

11 

the oscillator strength is derived from the coefficient of absorption e:, 

given in units of moles- 1-cm- 1 by the equation 

f.~ 4.32·1o-9fe:dw (I-8) 

where the integration is over the entire band. A useful approximation 

for a band symmetrical about a maximum absorption e:max is given by 

(1":"9) 

where 6w~ is the half-width of the band; that is, the width at which 

e: = ~e:max (Calvert and Pitts, 1966). 

Two of the earliest approximate molecular orbital theories applied 

to porphyrins were the simple RUckel theory, and the free-electron 

method, or cyclic polyene theory. The shortcomings of each method led 

to an attempt to merge }de~s from both theories, and this led in turn 

to the application of more sophisticated approximate methods, as will 

be described in Section II. However, for over a decade, these two 

simple methods, or variants of them, were the only serious theories put 

forth to explain porphyrin electronic spectra, so they retain a great 

deal of historical importance. 

l. BUckel theory 

) 
BUckel theory has been fairly successful in planar, conjugated 
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organic molecules, where attention is restricted to the n electrons, 

these being presumably much more mobile and therefore more easily 

excited than the tightly-bound a electrons. The subject of Htickel-n 

theory is developed in many books, notably Streitwieser (1961). 

The first assumption of. H~ckel-n theory is that a molecular wave-

function ~i' or molecular orbital (MO), can be written as a linear 

combination of atomic wavefunctions $v' or atomic orbitals (AO); so 

~i = L civ$v (I-10) 

v * where the $v are functions of the atoms. This is the familiar LCAO 

approximation. The next assumption is that the Hamiltonian is a_one-

electron operator; that is, the electron potential of equation I-3 is 

a function-of the coordinates of a single electron only, and independent 

of all other electrons. The ~i of equation l-10 are assumed to be 

eigenfunctions of this one-electron Hamiltonian; so 

(I-ll) 

or, in terms of.atomic orbitals, from I-10, 

L civ(H-EiHv = 0 

" 
(I-12) 

The problem is now reduced to finding the best set of coefficients 

civ for the molecular orbitals. To do this, I-12 is multiplied through 

by a particular atomic orbital $~, and integrated over all space, giving 

* Throughout this paper, the following notation conventions are used: 

· 1) for indices, Greek letters refer to atomic orbitals, small Enlgish 
letters refer to molecular orbitals (or occasionally to electrons, which 
will be clear from the context) and capital English letters to atoms; 

2) for orbitals, the letter ~ alw?ys refers to the complete elec
tronic molecular orbital under any approximation, the letter ~ refers 
to an atomic orbital, and the letter x refers to a spin molecular 
orbital. (The letter x alone refers to a spin, while the letter x refers 
to ~ spin.) 
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the following equation. 

r Civf ~ll ( H -EiHvd'l" = 0 

" 
(I=-13) 

Now the following two definitions are made: 

and 

S~v is known as the overlap integral. Substituting these definitions 

into I-13 gives (note that Ei is a factorable constant) 

(Hl1l1 - Ei)cill + L (Hl!V - EiSllv)civ = 0 (1-14) 
V#l! 

The two crucial assumptions of RUckel-~ theory are now·made. First, 

the quantity Hl!v - EiSllv is assumed to be one of the following: 1) a 

constant if .l1 and v are adjacent atoms, depending only on the nature of 

the adjacent atoms forming the bond; or 2) zero if l1 and v are non-

adjacent atoms. This assumption will be true only if the overlap given 

by sll" is small, so a second, stronger assumption is made: sll" is taken 

to be zero for all nonequivalent atoms, and, for convenience, unity for 

a single atom. In other words, 

where oll" is the Krtlnecker delta, ollv = O,l!#V , ol1l1 = 1. This is the 

' so-called zero-differential overlap (ZDO) approximation. Note that the 

ZDO assumption is equivalent to assuming that the ~ll's form an ortho-

normal basis set. Two further definitions are now made: 

all - Hllll = f ~l! H ~lld• 

all" - Hll" = f ~l! H 4>vdt 

The parameter all is known as the Coulomb integral, and the parameter 

all" is known as the resonance integral. Substituting these definitions 
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into I-14 gives the following equation. 

(a~ - Ei)cill+ L all\/ci\1 = 0 (1:..16) . 
ll bonded 

to v 

·This is the familiar RUckel secular equation. In the RUckel-'11' method, 

both all and all\/ are treated as empirical parameters, which means that 

they are given values which best fit experimental data. For this reason 

the RUckel theory is referred to as a semi-empirical method. The 

Coulomb integrals all represent the effective energy of a bound electron 

i~ orbital ~ll; often they are all set to a fitted value for the carbon 
'. 

atom, ac· (Since only the 'II' electrons are being considered, the basis 

set of ~v's is made up of 2pz orbitals, one per atom, so there is only 

one all for- each atom.) Alternatively, the Coulomb integral for each 

different atom of a molecule may be treated as an empirical parameter. 

The resonance integrals all\/ represent the interaction of orbitals ~ll 

and ~v; they are also often all set to ace· 

Thus secular equation I-16 is now a series of simultaneous linear 

equations, which can be polved by standard matrix techniques, giving the 

allowed energies Ei. The use of molecular symmetry can further simplify 

the problem (see Streitwieser, 1961, chapter 3). These energies can be 

' 
put into l-16 to get the ratios of the coefficients for the molecular 

orbitals ~i· The absolute values of the coefficients are obtained from 

the requirement that the ~i's be normalized; that is, ~~~dT = 1. In 
~ 

terms of atomic orbitals, the normalization condition reduces as follows: 

L L fcill4>llciAvdT = L L cillcivollv = L 
ll \/ ll \/ \/ 

So the RUckel theory gives a straightforward method 

2 
civ = 1 

for calculating 

orbital energies. If the number of 'II' electrons in a molecule is known, 
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half of the calculated MO's can be filled with these electrons, two per 

orbital, beginning with the MO of lowest energy (the Pauli Principle). 

The remaining orbitals are available for excitation of electrons. The 

electronic transitions in porphyrins are all assumed to be excitations 

of a single electron in RUckel theory, so the transition energies are 

just the difference in energy of the unoccupied orbital ~j and the 

occupied orbital ~i involved in an electronic transition; so 

(I-17) 

A principle assumption of the RUckel theory is the ZDO approxi-

mation, which seems very drastic, since the n overlap on two adjacent 

carbon atoms (using Slater 2pz orbitals) is actually 0.25. However, 

the neglect of overlap has a small effect on the occupied orbitals, and 

is much less severe than the complete neglect of electron repulsion by 

using a one-electron Hamiltonian. Furthermore, there are post-calcu-

.lational techniques for correcting the neglect of overlap (see Wheland, 

1941). 

Longuet-Higgins reported the first RUckel calculations on porphyrins 

in 1950, choosing the parent compounds .porphin and bacteriochlorin 

(Longuet-Higgins, et al., 1950). The calculated transition energies 

were in error by 2000-4000 cm- 1 in porphin, and 1000-3000 cm-1 in 

bacteriochlorin. However, these results were about as good as similar 

RUckel calculations in large benzene. ring systems. The main shortcoming 

of the calculations was that they predicted the two visible bands in 

porphin to be formally allowed transitions, so that the intensity 

differences between the visible and Soret bands could not be explained. 

Thus simple RUckel theory cannot account for the most prominent 
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feature of porphin spectra - the very weak intensity of the visible 

bands. Since these first calculations, numerous variations of the · 

simple Hlickel theory have been attempted on porphyrins (in particular, 

Seely, 1957), but none of these attempts has explained the weakness of 

the visible bands satisfactorily. 

2. Free-electron cyclic.polyene theory 

In an effort to surmount this problem with the RUckel results, 

Simpson made an ad hoc assumption that a cyclic polyene model could be 

used for porphin (Simpson, 1949). In this model, the molecular 

perimeter is taken to be a circle, and only the 1T electrons are 

considered. One 1T electron is taken to be moving in the circular 

perimeter under some specified potential, independent of all other 

electrons. Normally, the potential is taken to be constant, so that 

the problem reduces to the standard "particle in a box", but with a 

circular box. This problem is treated in elementary quantum mechanics; 

the results are that the allowed energies take the following form: 

q2h2 
E = 2mL2 

where q is the "ring" quantum number, and L is the length of the 

' 

(I-18) 

molecular perimeter. Since the angular velocity w is/related to the 

kinetic energy as T = ~Iw2 , and E = T + V, where V is a constant, then 

it follows that w « ±q. As a consequence, the molecular orbitals are 

~11 doubly degenerate. the molecular wavefunctions ~ take the form of 

either~= Asin(qe) + Bcos(qe) , or~= Cexp(±iqe). 

Simpson treated free-base porphin as an 18-membered ring, ignoring 

the two "pyrrole" nitrogens and the four "pyridine" 8 carbons. This 
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certainly seems to be a crude approximation,. but.with it Simpson was 

able to account for the low intensity of the. visible bands in porphin • 

If there are eighteen 1T electrons in porphin; they will occupy the 

cyclic polyene,orbitals up to q = ±4; that is, the wavefunctions up to 

~ = exp(±i46). The lowest unoccupied orbitals are then~= exp(±i56), 

so the change in the ring quantum number in the transition between 

these two doubly-degenerate orbtials is either 6q = ±1 , or 6q = ±9. 

The selection rule is 6q = ±1 (dipole allowed), so the transitions for 

which 6q = ±1 would be strongly allowed, while those for which 6q = ±9 

would be strongly dipole forbidden. In porphin, Simpson ascribed the 

former transitions to the strong Soret bands, which were assumed to be 

degenerate, and the latter transitions to the weak visible Q bands, 

which become weakly allowed by vibronic distortion of the hypothetical 

circular molecular perimeter. Simpson proposed that the splitting in 

the visible bands of free-base porphin, which should also be degenerate 

in this model, results from the existence of two tautomers, one with 

the central hydrogen atoms on adjacent nitrogens, and.the other with 

these hydrogens on opposite nitrogens. This was later shown to be 

unnecessary to explain the splitting, as .will be discussed in Section II. 

The Simpson model is indeed extremely rough, since by ignoring 

the aforementioned six atoms, the molecular perimeter more closely 

resembles bacteriochlorin, for which the predicted transitions are 

quite poor. But the limited success of this model is actually quite 

remarkable, considering its simplicity. The free-electron method was 

quite popular throughout the early 1950's in explaining features of the 

electronic spectra of organic dyes and other large conjugated systems. 



For a good accounting of it, see Platt (1949 and 1956), and Bayliss 

(1952). l1offitt put the free~electron method on firmer theoretical· 

ground (Moffitt, 1954)', but the basic crudeness of the model remains. 
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Platt developed the free-electron model for porphyrins by imposing 

it as a further assumption on top of the RUckel predictions of Longuet

Higgins (Platt, 1956). Platt suggested that the cyclic polyene model 

applied best to the metalloporphins, where there is thehighest 

molecular symmetry (D4h) and the visible bands are indeed degenerate 

(see Figure 2(c) ). He then interpreted the free-base spectra as a 

perturbation, caused by .the two central hydrogen atoms, lowering the 

symmetry and splitting the visible bands. Using arguments from a 

series of substituent effects, Platt correctly deduced that the two 

visible bands are polarized perpendicular to each other, but incorrectly 

made their assignment with respect to the x-axis (by convention the 

x-axis is the axis containing the central hydrogen atoms). However, 

with the theory of "spectroscopic moments" of substituents which had 

been developed earlier (Platt, 1951), Platt was able to account for the 

main effects of different substituent groups on the intensity of the 

visible bands of porphins and chlorins. This model of spectroscopic 

moments was only semi-quantitative, and was lacking a good theoretical 

basis. 

3. 11Four·orbital" model 

The models presented thus far treat transitions as resulting from 

a single elec.tron excitation - that an electron can somehow choose the 

particular configuration to which it is excited.· Even the early workers 

such as Longuet-Higgins and Platt realized that in porphyrins, the 
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electronic transitions must be mixtures of several configurations (see 

Platt, 1950). Note that in the cy.clic polyene model the two lowest· 

unoccupied molecular orbitals (abbreviated LUMO) and the two highest 

occupied molecular orbitals (abbreviated HOMO) .are degenerate. Thus 

the transitions betwe~n these two states involve four degenerate, "pure" 

configurations - ,two symmetric about the x-axis and the other two 

symmetric about the y-axis. The transitions are not made up solely of 

these "pure" configurations, but rather are mixtures of them, since 

electrons do not selectively choose one configuration over the other. 

It is assumed that the·mixing of pure configurations in a given tran-

sition can only occur if the configurations have the same polarization. 

In the cyclic polyene model for a metalloporphin, the mixing spilts 

the four possible transitions into the doubly degenerate Q and B bands. 

This effect is known as configuration interaction (CI). 

Thus configuration interaction can explain the splitting of the 

bands in the metalloporphin system. The result of performing a CI 

calculation in a cyclic polyene is that the long-wavelength bands lose 

intensity to the shorter-wavelength (higher energy) bands. Another way 

of viewing this effect is that the transition moments (or orbital 

angular momentum in the free-electron model) of the individual config-

urations cancel in the visible bands, and add in the Soret band. The 

amount of configuration interaction is largest in configurations that 

are close in energy. In systems where the individual configurations 

are far apart, the effect of a CI calculation will not be as important. 

Gouterman applied this idea to porphyrins in a rigorous way, and 

quite successfully explained many substituent effects in porphins (see 



Gouterman, 1959). In doing so he put Platt's work on a better 

theoretical standing. Later Gouterman attempted to mesh the HUckel 

theory, the cyclic polyene theory and the results of configuration 

interaction to explain porphyrin spectra (Gouterman, 1961). His 

proposal was a simple theory of porphyrin spectra called the "four 

orbital model". The results of the simple HUckel calculations done 
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on unsubstituted porphin gave a doubly degenerate LUMO, but the two 

HOMOs were separated in energy by almost 0.5 eV. The atomic orbital 

coefficients of these four orbitals are shown in Figure 4. To make the 

cyclic polyene model apply, Gouterman made the ad hoc assumption that 

the two highest occupied orbitals are "accidentally degenerate". The 

qualitative features of porphyrin spectra could then be explained quite 

well. The metalloporphin was treated as a 16-membered cyclic polyene; 

ignoring the 8 8-carbon atoms of the pyrrole rings. The results were 

as described above - a doubly degenerate forbidden visible band, and 

a doubly degenerate strongly allowed Soret band. The effect of the 

configuration interactioJ;l. here is very strong, as the transitions all 

have the same energy, as illustrated in Figure 5. In the free-base 

porphin, there are two hydrogen atoms on rings II and IV, which lowers 

the energy of orbital c 2 with respect to c1 in Figure 4. From spectral 

arguments Gouterman determined that orbital b 1 is lowered with respect 

to b2, as illustrated in Figure 5 for free-base porphin. So the two 

x-polarized transitions remain nearly equal in energy, while the 

y-polarized transitions are separated. Thus configuration interaction 

will be much stronger in the x-bands than in the y-bands, resulting in 

the visible Qx band being weaker in intens~ty than the Qy band, as is 
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Figure 4. Atomic orbital coefficients of the porphyrin }10 1 s. The two 
HOMO's (b1 and bz) and LOHO's (c1 .arid c2) of Mg porphin are sho~ 
The -relative sizes were determined from the CNDO results of section 
II. (Compare with Gouterman, 1961, and note that here a1u is 
higher in energy than a2u·) XBL 766-5929 
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Figure 5. Four orbital model MO energy levels in the four 
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found in the observed spectra (see Figure 2(a) ). Because of the 

differing amounts of configuration interaction, the two Q bands are 

split apart. It follows that the B bands should also be split. A 

slight B-band splitting was observed by Rimington (Rimington, et al., 

1958); however, the amount of this splitting is still a very contra-

versial subject both theoretically and experimentally, as will be 

discussed in Section II. 

Gouterman applied the same model to the reduced porphyrins, using 

the simple Hlickel results of Seely ('Seely, 1957), but adjusting the 

energies of the corresponding orbitals in chlorin and bacteriochlorin 

by the amount necessary to make Seely's two porphinHOMO's degenerate. 

The results are shown in Figure 5, and can be interpreted with the use 

of the orbital diagrams of Figure 4. In chlorin, ring IV is reduce~, 

which effects primarily orbitals c1 and b2, which have considerable 

electron density on the 13-carbon atoms of this ring. Reduction will 

raise the energies of these two orbitals, as in the free-electron model 

it reduces the size of the molecular perimeter (see equation I-18). 

The two x-polarized transitions are still fairly close in energy, so 

that configuration interaction will split them into a weak visible 

band and a strong Soret band. The y-polarized transitions differ 

considerably in energy, so little CI will occur; thus the intensity of 

the visible band will be much stronger than it was in free-base porphin, 

as observed in Figure 2. In such a case as this one it can be shown 

that the weakly interacting y-polarized transitions are more widely 

separated than the CI splitting of the x-polarized transitions, which 

is also in agreement with the experimental spectrum of chlorin. 
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In bacteriochlorin, both rings II and IV are reduced, so the effect 

on_orbitals b2 and c 1 will be even greater, as shown in Figure 5. Now 

the x-polarized transitions di.ffer somewhat in energy, so that the 

amount of configuration interaction will be smaller than it was in 

chlorin. Thus the Qx band should gain in intensity compared to chlorin, 

as is observed in Figure 2. The two y-polarized bands will be even 

more widely separated, in agreement with the spectra of bacteriochlor

ophyll a shown in Figure 3. 

Thus Gouterman's model explains the main features of the spectra 

of simple porphyrins. However, there was little theoretical justifi

cation for setting the two HOMOs in free-base porphin to the same 

energy, aside from the improved agreement with experiment that resulted. 

Moreover, the theory did not lend itself to quantitative studies of the 

molecules. So Gouterman began an attempt to find a rigorous math

ematical theory to confirm.the four orbital model. The first attempt 

was to arbitrarily adjust the a~ and B~v RUckel parameters for the 

nitrogen atoms in porphyrins to force the two HOMOs to be degenerate 

(Gouterman, et al., 1963). The adjusted parameters made the nitrogens 

so electronegative that they were effectively removed from the path of 

conjugation, leaving a 20-membered ring. The results for the transition 

energies were fairly good in the reduced porphins, but the predicted 

ground-state properties did not agree at all with experiment. 

In his 28 subsequent papers Gouterman has obtained a good basis of 

theory for his four orbital model, and has certainly becom~ an authority 

on porphyrin spectra! How much more "evidence" in support of his theory 

needs to be amassed is open to question. 
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II. THEORETICAL ABSORPTION SPECTRA OF SI~WLE PORPHYRINS 

A. Introduction to Self-Consistent Field (SCF) and 
Configurationlnteraction (CI) theory 

The shortcomings of RUckel theory in predicting the energies and 

intensities of the absorption bands in simple porphyrins have been 

described in Section I. The same problems are encountered in many 

other conjugated ring systems with degenerate bands. No one-electron 
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theory can account for degenerate-band splitting, since this phen~menon 

is caused primarily by electron interaction, which such theories 

completely ignore. As discussed in Section I, numerous modifications 

and ad hoc assumptions can be invoked to partially overcome this 

neglect. But neither RUckel theory nor free-electron theory provides 

a consistent, quantitative method for including electron interaction. 

So, returning to equation I-3, some modification is needed in 

which interelectronic terms appear explicitly, yet which is tractable 

for ring systems as large as porphyrins. The "best" wavefunctions for 

clqsed-shell, multi-electron systems have been shown to be given by a 

fully antisymmetrized Slater determinant (Pople and Beveridge, 1967). 

This determinant is defined as follows: 

where Xi is an MO with a spin, and Xi is an MO with a spin. The 

criterion of "best" is given by the Variation Theorem - the wavefunction 

which has the minimum energy is the closest to the real wavefunction. 

With no further restrictions except the use of these Slater MOs, the 

variation method can be applied to equation I-3, .giving a set of 

differential equations for the coefficients of the Slater MOs.· This 

was first done by Fock (1930), drawing on the earlier work done by 
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Hartree (1928), so the equations are generally known as the Hartree-

Fock equations. The orbitals are eigenfunctions of a Hartree-Fock · 

Hamiltonian operator F, so that 

F tlli = E-tll· ~ ~ 
(II.;..2) 

However, the result of the derivation is a system of coupled, nonlinear 

differential equations, which are still difficult to solve except for 

molecules of high symmetry. 

To simplify the problem, the LCAO approximation is again made (see 

equation I-10). Then the problem is analyzed completely analogously to 

the RUckel theory development (see equations I-ll to 1-14), but equation 

II-2 is used as the starting point. The result is as follows: 

(II-3) 

where 

(II-4) 

(The following development closely parallels that of Murrell and Harget, 

1972, to point out the similarities of SCF and RUckel theory.) The 

difference between equation II-3 and the analogous result in RUckel 

theory is that the operator F is well-defined by elements of the full 

Hamiltonian, whereas the RUckel operator H was never defined. The 

matrixelements ofF were first derived by Roothan (1951), as follows:. 

F~v = H~v + L L Pp0 [(~vlpcr) - ~(vplvcr)] (II-5) 
P cr 

The first term of II-5 is a matrix element of the "core" Hamiltonian . ~ 

operator He, which is analogous to the first two terms of equation I-3 

for a single electron; so 

(II-6) 

The second part of II-6 is the potential energy VA between the 



·•' 

. . 

0 0 ' ~ n ~• 6 n u 7 );;;~' t.....l .,~.] 

"" 7 

27 

"cores'' and an electron. The number of electrons inciuded in :a 

calculation will determine the form of these atomic "cores". If all 

electrons are included, then VA would be the nuclear-electron potential 

ZAe2 
energy - -- , as in equation I-3. In a 'IT-electron model the cores 

rA 
consist of the nucleus shielded by all inner-shell _electrons, and the 

repulsion of the valence-shell a electrons. In an all-valence electron 

model, the nucleus and inner-shell electrons make up the core. 

The second term of equation II-5 accounts for the electron-electron 

interaction, with the following definition made: 

(II-7) 

These integrals arise from applying the Variation Principle, using 

Slater antisymmetrized orbitals to get the total energy. They can be 

interpreted as giving the Coulombic repulsion between one electron 

distributed spatially according to the function ~~(l)~v(l), and a 

second electron distributed according to ~p (2H0 .(2). This repulsion is 

weighted by the bond density matrix Ppa' which is defined as follows: 

occ 
Ppcr = 2 I cipcicr (11-8) 

i 

Note that the summation is only over the occupied MOs. This matrix can 

be viewed as the "bond order",' or "electron population" between atomic 

orbitals ~P and ~0 , after Mulliken (1955). 

In principle, if the elements of F~v and S~v can be specified, the 

desired orbitals ljJican be easily derived, as in RUckel· theory. Two 

serious problems remain, however. First, ·the matrix elements of F 
~v 

depend on the coefficients of the A0 1 s through the bond order matrix, 

so that the F~v elements can be specified only when the coefficients of 
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the $1 are known •. But the $i are exactly the solutions that are being 

sought! So equation II-3 can only be solved iteratively. This is the 

mathematical consequence of the physical fact that the potential 

experienced by one electron will depend on the number and distribution 

of the·other electrons in the system (Pople and Beveridge, 1967). The 

normal iteration scheme is as follows: 

1) make a rough guess of the coefficients civ (usually taken as 

the result of a simple RUckel calculation) and use them to 

calculate the bond density matrix PPO' and the integrals (vvjpo); 

2) solve equation II-3, giving a new set of coefficients civ; 

' 3) iterate steps 1) and 2) until the civ do not change in two 

successive cycles, within a specified tolerance. 

The resulting coefficients and orbitals are said to be "self-consistent", 

meaning physically that they are consistent within their own defined 

potential field. Hence this method is called the Self-Consistent Field, 

or SCF method. 

The second major prpblem in solving secular equation II-3 is the 

evaluation of the two-electron integrals on three and four different 

atomic orbitals (see equation II-7). Accurate one-electron atomic 

orbitals have the following form: 

(II-9) 

where N is a normalization factor, r, 8 ,<j> are spherical polar coordinat·cs, 
I 

n is the radial quantum number, and 1 and m are the angular momentum 

quantum numbers. The angular parts Y1mce;<j>) are the well-known spherical 

harmonics. The radial parts Rn1 (r) are polynomials in r, the distance 

from the nucleus to the electron, multiplied by a decaying exponential 

.. 

. . 
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of the form exp(-~r), where ~ is the orbital exponent. These poly-

nomials are complicated functions because of the radialnodes in the 

Rol(r) functions. With four different atomic orbitals of the form 

given in II-9, the integrals in II-7 become impossible to evaluate 

analytically. Numerous simpler atomic orbital functions have been 

proposed which approximate the accurate ones. The most generally 

used ones (and the ones used in this research) are those of the form 

proposed by Slater (1930), called Slater orbitals. These have no nodes 

in their radial parts, and 

x(r,8,<j>) 

have the following form: 

n-1 = N:r ·exp(-~r)·Y1m(6,<j>) . (II-10) 

where ~ is derived from the empirical rules developed by Slate·r. Using 

Slater orbitals, the integrals in equation II-5 can be solved numer-

ically, but their solution is still very time-consuming, even on high-

speed computers. 

Thus, for calculations on large molecules, purely nonempirical 

. methods are not feasible. Again, some simplifying assumptions and 

empirical parameters must be introduced, as was done in HUcke! theory. 

The principle assumption made in SCF theory is the ZDO approx-

imation (see equation I-15), which states that in equation II-3 the 

following simplification is made: 

(II-11) 

This greatly reduces the number of integrals in II-5, for unless ~~ 

and <l>v are simultaneously nonzero in some region, at the same time 

that <l>p and 4> 0 are both nonzero, then (~vlpa) = 0. For this to be 

true for atomic orbitals on different atoms, it must be true that 

lJ=V and p=a. Thus in equation II-5, to be consistent with this 
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simplification, the following definition is made: 

(II-12) 

In the discussion which follows in the next two sections of two models 

based on the SCF theory, the only difference is in the choice of the 

basis set for the atomic orbitals. 

1. Parsier-Parr-Pople (PPP) ~-electron theory 

This theory treats only the ~-electrons of the valence shell~ 

lumping all other electrons into an "effective core" potential. It was 

first developed by Parsier and Parr (1953), and further elaborated by 

Pople (1953), and hence is known as the Parsier-Parr-Pople, or PPP 

method. Using equation II-12, the off-diagonal matrix elements of F 

in equation II-5 reduce to the following: 

(II-13) 

With a ~-electron basis set there is one orbital per atom, so assuming 

that ~~ is on atom A and ~v on atom B, the off-diagonal elements of 
c . 

the H operator from equation II-6 can be written as follows: 

where the core potentials of atoms A and 

+ L VM)4>vd1 

MtA,B 
B are separated from the 

(II-14) 

others. To be strictly consis'tent with the ZDO approxi.mation. this 

integral should also be taken as zero. c But H~v is interpreted 

physically as the attractive energy of the overlap cloud between ~~ 

and «Pv for the cores; that is, it is the essential bond-forming term 

in F~v· Thus an assumption analogous to that in RUckel theory is made 

c 
(see equation I-16 and following), that H~v i~ nonzero only for 

neighboring atoms A and B, and that for these atoms it is an empirical 

parameter that is characteristic of the A-B bond. This means that the 
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contribution of all other potential cores is negligible, so the last 

term in II-14 can be ignored, and the following definition is made:· 

(II-15) 

This f3llv can be viewed as a "resonance integral", as in HUckel theory, 

but note that here it is more complex since it includes a smoothed 

distribution of other electrons in the cores VA and VB. With this

definition, the off-diagonal elements of F become defined as follows: 

(II-16) 

The second term of II--16 can be interpreted physically as the exchange 

energy due to the overlap of pairs of occupied molecular orbitals in 

the atomic orbital region of overlap ~lJ.~V· 

For the diagonal elements of F, applying equation II-12 to equation 

Ir-s leads to the following: 

Fllll = H~ll- ~pllllyllll + L pppYlJ.p p . 
(II-17) 

Again, assuming ~ll to be on atom A, the diagonal elements of He can be 

written as follows: 

(II-18) 

where 

(II-19) 

The Ullll can be interpreted as the total energy of orbital ~ll for the 

appropriate valence state of the isolated atom. This value can be 

calculated from observed spectroscopic energies. The second part of 

II-18 is simply the potential between the cores on atoms B and A. If 

A and B are far apart, a good approximation to this potential is given 

ZBe2 
by - ---- where -ZBe2 is the effective charge of B's atomic core. 

RAB 
It can be shown that if ~ll is on A and ~v is on B, then at large 
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separations of A and B the following approximation is valid: 

~·~ 
y\J\1 RAB (Ii-20) 

Thus the second term in equation II-18 can be approximated by -ZBylJ\1" 

The diagonal elements of He can now be written as follows:. 

(II-21) 

The term all is analogous to the "Coulomb" integral in RUckel theory. 

With this definition, equation II-17 can be rewritten as follows: 

(II-22) 

The terms-P\J\J and PPP are just the electron populations of orbitals 

~\J and ~P' respectively, so the following definition is made: 

(II-23) 

If equations II-21 and II-23 are substituted into II~22, the following 

equation is obtained: 

(II-24) 

The second term is the self-energy of an electron in orbital ~\J; it 

arises from the interaction of electrons of opposite spin which can 

occupy the same orbital. The expression qp - ZB in the third term of 

II-24 is the net charge at atom B, assuming ~P to be an orbital on B. 

The entire third term represents the net repulsion of an electron in 

~\J by electrons in all other orbitals ~p· Note that for carbon atoms 

with sp2 hybridization, the effective nuclear charge ZB is equal to one. 

It is instructive at this point to rewrite the PPP expressions for 

the F matrix for later comparison with the analogous CNDO terms. 

(II-25) 

. ' 
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In applying the PPP method to porphyrina, the parameters which 

need to be specified are UJ..ll.l' yJ..ll.l and some.recipe for calculating the 

s]..lV and Y]..lv parameters from the.molecular geometry. Two important 

series of PPP calculations have been carried out on porphyrins, one 

by the Gouterman group (Weiss, et al., 1965, and later, ~eiss, 1972, 

and McHugh and Gouterman,)972), the other by the Sundbom group 

(Fischer-Hjalmers, et al., 1967, and Sundbom, 1968). The methods 

for choosing these parameters were different in each case. 

a. Gouterman parameters 

For UJ..lJ..l the atomic ionization potentials were used, invoking 

Koopman's Theorem (Koopman, 1934), which states the following: 
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UJ..lJ..l = -Il-l (II-26) 

where Il-l is the ionization potential for orbital ~J..l· The values for 

6]..lv were calculated by the following recipe: 

= -2.371·SJ..lv(R) 
Bl.lv 

scc(1.39A) 
(II-27) 

where S]..lv(R) is the two-center overlap integral between two Pz orbitals 

(1.39! is the C-C distance in benzene). The recipe for the yJ..lV was 

given by Magata and Nishimoto (1957) as follows: 

e2 
YJ..lv = 2 

~v + 2e /(yJ..lJ..l + Yvv> 
(II-28) 

The parameters yJ..ll.l were taken from their "traditional" values, given 

by the following equation: 

(II-29) 

where IJ..l is the ionization potential and AJ..l the electron affinity of 

orbital ~J..l' after Parsier's suggestion (Pander, 1953). The porphin 

geometrical coordinates were obtained from the data of Hoard, ·et al. 

(1963). The values of the Gouterman parameters are summariZed in 
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Table 11-1. Semi-empirical Parameters used in Porphyrin PPP Calculations 

Parameter 

Carbon 
Ucc 

Ycc 

Nitrogen 
UNN 

Notes 

Gouterman1 Sundbom2 
(All values in eVs) 

-11.22. -9.84 

10~ 60 6. 91 

(-36.61 + 11.05p)a 

13.31 

-1.57 -8.52 

-2.~71 s]Jv(R)b 

Scc<1.39A) 

15.44 

7.16 6.34 

-2.42 

-2.72 -2.25 

1Taken from Weiss, et al. (1965). 

~or pyrrole nitrogens, p = 1; for pyridine nitrogens, p = 2. 
b . 

Formula used for both Sec and SeN' 

. 2Taken from Sundbom (1968). The parameters shown are actually the 
"zero-point" values, as all parameters have a distance dependence cor
rection of the form o(RJJV- R~v). See Fischer-Hjalmers, et al. (1967) 
for more details. The nitrogen parameters UNN , YeN and SeN have two 
values; the first is for the pyridine nitrogens, and the second is for 
the pyrrole nitrogens. 
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Table II-1. 

b. Sundbom parameters 

Rather than using known recipes, the Swedish school with which 

Sundbom became associated did a great deal of preliminary theoretical 

' work on fitting the PPP parameters to experimental_spectroscopic data 

for simple hydrocarb<:)ns (Roos and Skancke, 1967, Roos, 1967, and. 

Fischer-Hjalmers and Sundbblll_,_ 1968). The resulting values represented 

a fixed set of parameters which were used successfully in investigations 

of several smaller molecules prior to their application to porphyrins. 

In Sundbom's work, parameters for. the a lone pair orbitals of the 

pyridine nitrogens in porphin were also included, so that an estimate 

of the n~1T* transitions could be made. Sundbom used the porphin 

geometry given by Webb and Fleischer (1965). (Also, this geometry is 

described in the Appendix.) The values for Sundbom's parameters are 

shown in Table II-1. 

The two different parameter sets shown in Table Il-l are seen to 

differ somewhat. The ef.fect of these differences on the calculated 

spectra will be discussed later in this section, where the values from 

these PPP calculations are compared to the CNDO values. 

2. Complete Neglect of Differential Overlap (CNDO) theory 

This theory treats.both the a and 1T electrons of the valence 

shell, lumping the inner-shell electrons into an effective core 

potential. The method was developed by Pople, Santry and Segal (1965), 

with numerous later refinements (in particular, see Ellis, ~ al., 

1972). Using a valence basis set, a problem arises which was not 

apparent in the PPP model - solutions to equation II-3 must be invariant 
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under an orthogonal transformation of the atomic orbital basis set. 

That is, any hybridized orbital basis set, or any choice of coordinate 

axes should give the same results. It can be shown (Murrell and Harget, 

1972) that this requirement imposes certain restrictions on the ZDO 

approximation. From equation II-12, Y~v· where ~~_is on atom A and ~v 

is on atom B, must be the same for all valence orbitals on A and B; to 

satisfy this restriction, Y~v is made to be the integral of two s 

orbitals, or yAB : (s!ls;). This definition of yAB will insure that 

a~l solutions are transformationally invariant. Complete Neglect of 

Differential Overlap, or CNDO, is just the formal name for this 

limitation. 

Now, proceeding exactly as in the PPP-theory, the off-diagonal 

elements of the F matrix in equation II-5 reduce to the following: 

(II-30) 

Again, the off-diagonal elements can be expanded as in equation 

II-14. But there are now two cases, as follows:· 1) ~~ and ~v on the 

same atom A; and 2) ~~ apd ~v on different atoms A and B. In case 1, 

c 
for normal basis sets, H~v will be zero by symmetry. Then the expansion 

c of H~v in II-14 applies only when ~~ and ~v are on different atoms. As 

before, the last term of II-14 is negligible and ignored. The same 

definition for S~v given in equation II-15 is introduced, but now a 

further assumption is made for S~v· after Mulliken (1949) as follows: 

(II-31) 

Returning to the invariance requirement discussed above, it can be 

shown that k must be a constant depending only on the nature of the 

two atoms involved. So k = S~B' and equation II-30 can be rewritten 
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as follows: 

(II-32) 

For the diagonal elements, equation II-12 is again substituted 

into equation II-5, leading to the following: 

F llll = H~ll - ~PP'IJ y AA + L p pp y AA + L A pppY AB 
p on A p off 

(II-33) 

where the third term arises since $p can be on the same atom as $1J or 

on a different one (compare with equation II-17). Now a definition is 

made as follows: 

PAA = L p pp 
p on A 

(II-34) 

So PAA is the net charge.on atom A. The diagonal elements of He can 

be further simplified exactly as in the PPP theory (see equations II-18 

to 11-21), and equation 11-33 can be rewritten as follows: 

Fllll =all- ~plllJYAA + PAAyAA + L PBBYAB 
B:/-A 

If equation~ II-21 and II-23 are now substituted into II-35, the 

formulation is called CN'D0/2, and gives the following: 

Fllll = ullll - ~qllyAA + PAAyAA + L (PBB - ZB)yAB 
B:/-A 

The terms in equation 11-36 have the same interpretation as the 

(II-35) 

(II-36) 

corresponding terms in the PPP equations. For ease of comparison with 

the PPP expressions (see equat-ions 11-.,.25), the elements of the CND0/2 

F matrix are rewritten below. 

(II-37) 
0 1 = BABSJlV »<P y ;.{. }.lV AB 
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To perform CNDO calculations on porphyrins, the parameters ?~~ and 

yAA must be specified, and a method must be chosen for computing the. 

0 
values of YAB and 6AB using the molecular geometry. Two different 

formulations have been applied to porphyrins to date. The current 

research used parameters developed by Hug and Kuhn~ which have been 

successfully used in analyzing both the in-plane and out-of-plane 

transitions of nucleic acid bases (Hug and Tinoco, 1973 and 1974). 

Another set, developed by Del Bene and Jaffe (1968), has recently 

bc.::en used for porphyrins by Maggiora (1973) and colleagues (Maggiora, 

etal., 1974). 

a. Hug and Kuhn parameters 

The values for U~~ and yAA were derived from the formulae of 

Sichel and Whitehead (1967), who used the valence-state energy data of 

Hinze and J:affe (1962). Essentially, Sichel and Whitehead used an 

averaging scheme to calculate the atomic YAA parameters, then in turn 

used these to calculate the U~~· The 15% lowering of the values 

mentioned in Hug and Tinoco (1973) was not done in the present study, 

because "better" results were obtained with the full values (see the 

next section). 0 
The 6AB parameters were calculated by a slight 

modification of the method of Wratten (1968), which is given as follows: 

ao + ao 
6o = A B K 

AB 2RAB a,n 
(II-38) -

where 

(11-39) 

and 

Ka = 0.75 Kn = 1.0 (II-40) 

,. 
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In equation II-39, nA is the principal quantum number of an orbital ~~ 

on atom A, ZA is the core charge, and c;.A is the screening constant.· 

This equation was derived by Wratten (1968); the Hug modification is 

the use of the adjustable K0 n constant. The values shown in equation 
' 

II-40 gave the best results in the current porphyrin research. The 

yAB parameters were evaluated by the formula of Kuhn (Hug, et al~, 1971), 

which is given as follows: 

where n = 0.71A-n , n = 

YAB 

1.80 yth 
AB 

n 
a.exp(-nRAB) 

= (s~(l) s~(2)) 

(II-41) 

, and a. is the 

difference between y~ and the yM values of Sichel and Whitehead. The 

molecular geometry for the simple porphyrins was taken from Webb and 

Fleischer _(1965), and fpr methyl pheophorbide a from Fischer, et al. 

(1972). (See the Appendix for the coordinates used.) The values of 

these parameters are shown in Table II-2. 

b. Del Bene and Jaff~ parameters 

The values for U~~ were calculated by the o~iginal method proposed 

by Pople and Segal (196~), given as follows: 

(II-42) 

where the first term is the "core integral" (see equation II-19), 

calculated from the ionizatio~ potential I~ and the electron affinity 

A~. For the YAB (in atomic units), Del Bene and Jaff~ used the formula 

of Magata and Nishimoto (compare with equation II-28), given as follows: 

(II-43) 

with the YM taken from "traditional." values, given by equation II-29, 

and the RAB specified in atomic units. For the ~XB a concept similar 

to that used in the Hug and Kuhn parameters was adopted, where an 
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Table II-2. Semi-empirical Parameters· used in Porphyrin CNDO Calculations 

Parameter 

Carbon 

uss 
Upp 

YAA 

e~ 

Slater 
exponent 

1.625 

Nitrogen 1. 95 

uss 
uPP 

YAA 
eo 
A 

Oxygen 

uss 
UPP 
YAA 

eo 
A 

2.275 

Hydrogen 1.2 

Notes 

Hug and Kuhn1 Del Bene and Jaf£~2 

(All values in eVs) 

-50.686 
-41.530 

10.207 

-17.278 

-70.093 
-57.848 

11.052 

-28.079 

-101.306 
-84.284 

13.625 

-32.757 

-13.595 

12.848 

-17.278 

th n 
YAB- a.exp(-nRAB) 

-68.18 (29.92) 
-49.87 (11.61) 

10.93 

-17.5 

-94.43 
-70.42 

(40. 97) 
(16.96) 

11.88 

-26.0 

-137.74 (54.51) 
-105.16 (21.93) 

15.13 

-45.0 

-14.35 

12.85 

-12.0 

1 

1The parameters Uvv and YAA are taken directly from Sichel and 
Whitehead (1967). The B,A parameters are froin Hug and Tinoco (1973). 

2 0 
The YAA and eA parameters are directly from Ellis, et al. (1972). 

The parenthesized values ?-re also from this work, but represent only the 
"core integral" part of Uvv· The first figures are the calculated Uvv 
from equation II-42, for comparison with the Hug and Kuhn parameters. 
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adjustable parameter is introduced to separate the a and 1T orbitals, 

given as follows: 

(II-44) 

where 

·Krr = 0 • 585 (II-45) 

The values shown in equation II-45 for K0 and ~ gave the most 

consistent results. The 13~ parameters were treated as empirical 

parameters, and adjusted to give the best results in a series of small, 

conjugated hydrocarbons. Maggiora used the same molecular geometry 

as Gouterman did in his porphyrin calculations. The values of the 

Del Bene and Jaffe parameters are shown in Table II-2. 

Inspection of Table II-2 shows that the two parameter sets are 

quite similar, except in the method of computing the YAB parameters. 

This difference will be discussed later in this section, where a 

comparison· is made of the various porphyrin calculations. 

3. Transition energies and configuration interaction 

The preceding two sections have developed the parameters for two 

different types of SCF models - the PPP theory and the CNDO theory. 

Both theories give solutions (or the best wavefunctions of the Fock 

Hamiltonian F, and from these wavefunctions the ground state properties 

can be obtained. The calculated orbitals are filled with electrons 

according to the "Aufbau" principle, lowest energy orbitals first. 

The remaining unfilled orbitals, called virtual orbitals, are important 

.in the calculation of spectroscopic data, which is the purpose of the 

present study. In the original development by Roothan (1951)-of the 

SCF equations (see equation II-5), the expression for the energy 



required to promote an electron from an occupied orbital ~i to a 

virtual orbital ~j was derived as follows: 
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~E = Ej - Ei - Jij + 2~ij (II-46) 

where Ei and Ej are the energies of the initial and final orbitals, 

and Jij and Kij are respectively the molecular Coulomb and exchange 

integrals. The 2 appears because there are two cases of electron 

exchange - one with parallel and one with opposite spin. Equation II-46 

gives the transition energy for singlet-singlet transitions, which is 

t~e only type that will be discussed here. Singlet transitions in SCF 

theory are thus not simply orbital energy differences, as they were 

in Hiickel theory, but also have terms accounting for electron inter

action (compare equation II-46 with I-17). 

Most calculations on porphyrins, including the present one, have 

used configuration interaction to refine the transition energies 

calculated from SCF theory. Thus the states calculated using equation 

II-46 are allowed to interact; the degree of interaction will depend 

upon the symmetries and ~nergy differences of the configurations 

involved. This technique was discussed in section I as part of the 

"four orbital" model, and can be used to test the validity of that 

hypothesis in porphyrin transitions. In all the calculations that 

are discussed here, only singly-excited states were allowed to 

interact; the number of such interacting states depended primarily 

on the limitations of computer storage. 
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B. Electronic Spectra of Simple Porphins·using the CNDO Method 

This research concentrated on four simple porphyrin molecules -

free-base porphin, chlorin and bacteriochlorin, and magnesium porphin. 

The experimental spectra of these compounds were discussed in section I 

and illustrated in Figure 2. Calculations were also performed on the 

dianion of porphin, and on the full methyl pheophorbide a molecule, 

but the results ·could not be easily interpreted. 

1. Method 

The computer program C~~OPR, which performed the calculations, 

was generously provided by W. Hug, who had brought it from Zurich, 

where it was originally written by J. Kuhn. It had to be enlarged 

to handle molecules as large as porphyrins. It is now capable of 

performing CNDO calculations on molecules of up to 90 atoms (up to 

47 nonhydrogen atoms), with a maximum basis set of 228 atomic orbitals. 

For the excited state calculations the 30 HOMOs and 30 LU}10s are used 

to generate the 900 lowest singlet transitions, from which up to 250 

of the lowest-energy transitions can be included in the configuration 

interaction. Using these selected singlet configurations, a CI 

calculation is performed, producing up to twenty singlet state 

transitions. The CNDOPR program can pe:rform a similar CI calculation 

for triple~ states, but this was not done in the current study. 

The method used is exactly as outlined in the drscussion of SCF 
• 

theory, using the Hug and Kuhn parameters shown in Table II-2. A simple 

RUckel calculation is first done, giving an initial estimate for the 

coefficients ci~ in equation II-8, which in turn are used to evaluate 

the P~v and PAA matrices in equations II-37. This, along with the 



specified parameters yAA and UVV' and the recipes for calculating the 

aXB core resonance integrals and the yAB matrix (see equation II-41), 

allows calculation of the F matrix elements in equations II-37. The 

F matrix is then used to solve equation II-3, giving a new set of 

' coefficients civ• The process is then iterated until the change in 

energy of any orbital from one cycle to the next is less than 10-S eV. 

(Convergence for magnesium porphin, and free-base porphin and 

bacteriochlorin occu~red within 16 cycles, but chlorin and methyl 

44 

pheophorbide a both used the maximum of 25 iteration cycles. However, 

the latter two were converging slowly, changing at around 10-4 eV. per 

cycle.) The SCF results are then listed, along with various calculated 

ground-state properties (molecular dipole moments, bond orders, arid 

the like). Next the singly-excited states are computed, and a spectfied 

number are used in the configuration interaction calculation (120 were 

used in all the molecules studied). Finally, ·the transition energies 

and transition moments (from which f, the oscillator strength, can be 

calculated with equation I-7) are listed. The eigenvectors of both 

the SCF wavefunctions and the singlet state wavefunctions can be punched 

on SO-column cards for later use. 

The CNDOPR program is written in CDC-FORTRAN-IV H; the program 

runs on the CDC-7600 computer at Lawrence Berkeley Laboratory. Machine 

time was generously provided by the Laboratory of Chemical Biodynamics. 

The methyl pheophorbide a calculation (which involved 218 atomic 

orbitals!) took nearly 30 minutes of CPU time, while all the other 

molecules (with 110 to 114 atomic orbitals) required less than 5 

minutes of CPU time. 

.-·· 
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The initial phase of this research involved translating the x-ray 

crystal coordinates of Webb and Fleischer (1965), and Fischer, et al. 

(1972) into Cartesian coordinates, with the conjugated.ring atoms 

"forced" into a planar configuration. The planar configuration was 

imposed to simplify interpretation of the SCF results; the procedure 

and resulting coordinates are summarized in the Appendix. With these 

"idealized" coordinates, a series of calibration runs were performed 

on free-base porphin, varying the K0 ,1T values in equation II-38, and 

making slight changes in the geometry of the nitrogen and hydrogen 

atoms. This work is summarized in Table II-3. 

The primary criterion for evaluating the various changes was the 

desire to maximize the separation of the two visible Q bands (AQ), 

while at the same time minimizing the separation of the two Soret 

B bands (AB). This criterion was chosen since the observed AQ is 

around 3600 cm-1, while AB, although a subject of controversy, is 

probably much smaller than AQ~ All of the K0 ,1T variations shoWn have 

been used successfully in various CNDO calculations on smaller molecules 

by Hug and colleagues (Hug, private communication). The most successful 

values (Run la) still badly underestimated AQ, but no further.adjustments 

of K
0

,1T were attempted, since they would then become arbitrary parameters 

of little general usefulness. The other adjustments made in the 

molecular geometry were attempts to increase the AQ splitting, and to 

clarify the arrangement of the central hydrogens in the free-base 

compounds. None of these adjustments greatly improved the Q-band 

splitting, so further adjustments were abandoned. One run was made 
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Table II-3. CNDO Parameter Calibrations on Free-base Porphin 

A. Orbital energies and singlet state transitions 

HOMOS LUMOS Four Lowest Singly-excited States 
Run ~ b1u b3g b2g au-b3g ~-b2g b1u-b3g b1u-b2g 

1a -7.860 -8.775 -2.009 -1.837 3.378 3.428 3.804 3.853 
1b -7.860 -8.77 5 -2.009 -1.837 3.378 3.428 3.804 3.853 
2 -7.890 -8.861 -2.175 -2.063 3.245 3.254 3.715 3.716 
3a -8.525 -9.628 -3.133 -2.835 2.975 3.077 3.498 3.687 
3b -8.538 -9.628 -3.141 -2.838 2.978 3.083 3.492 3.632 
4a -7.793 -8.828 -2.191 -2.029 3.161 3.195 3.661 3.703 
4b -7.701 -9.006 -2.077* -2.317 2.940 3.172 3.638 3.866 
4c -7.7.69 -8.879 -2.122* -2.131 3.097 3.206 3.682 3.751 

* Note b3g is higher in energy than b2g· 

. B. Q and B bands of calculated electronic spectrum 

Qx Q Bx - By 6Q 6B 6Q-6B 
Run :A,cm-1 f A -1 y f :A,cm-1 f :A,cm 1 1 cm- 1 cm- 1 cm- 1 ,em 

1a 16699 0.09 17395 0.05 34832 1.24 37990 2.90 696 3158 17437 
1b 16435 0.09 16619 0.04 33072 0.99 36385 2.28 184 3313 16453 
2 15211 0.07 15428 0.05 32055 o. 72 36861 2.54 217 4806 16627 
3a 14644* 0.13 14600 0.04 31575 0.80 34387 2.60 -44 3312 16975 
3b 14648* 0.13 14598 0.04 31472 0.78 34895 2.61 -50 3423 16874 
4a 14824 0.09 15030 0.05 31652 0.68 36755 2.76 206 5103 16622 
4b 14488* 0.06 14331 0.11' 30527 0.54 37195t 2.61 -157 6668 16196 
4c 14866* 0.08 14859 0.07 32339 o. 71· 36937t 2.82 7 4598 17480 

* Note Qx is higher in energy than Qy· 

tone allowed n-n* band between Bx and By· 

C. Parameter table key to calibration runs 
(Unless specified otherwise, all N-C bonds = 1.37A, N-H bonds = 0.95A 
placed ±O.lA out of plane, and 120 singly-excited'states used in CI.) 

Run Ka 
1a 0.75 
1b o. 75 
2 1.0 
3a lo. 68 
3b lo. 68 
4a lo. 68 
4b 10.68 
4c lo. 68 

Kn Other changes 

1.0 
1.0 
0.7 
0.68 
0.68 
0.68 
0.68 
0.68 

250 singly-excited states used in CI 

All YAA reduced by 15% 
N-H bonds = 0.58A in plane of ring, all YAA reduced 15% 

sp3 hybridization assumed for N-H bonding (54.5° angle) 
On rings I and III (pyrrole), N-C .bond= 1.40A, on 
rings II and IV (pyridine) , N-C bond = l. 34A · 
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after deciding on the K0 ~ values,with 250 singly excited states , 
included in the configuration interaction (Run lb), to see if any 

higher states contributed significantly. It was found that no states 

did, and the ~Q and ~B splitting$ were reduced. So all subsequent 

calculations were done using only 120 singly excited states. 

Once the parameters were .calibrated, CNDO calculations were. done 

on the four simple porphyrins of primary interest. The results from 

these calculations are tabulated in Tables II-4 to II-7. In part A 

of each table, "Rank" refers to the listed ordering of orbital energies 

from the CNDO output. Orbitals which did not contribute to any of 

the singly-excited states in part B are not listed in part A; hence 

gaps may a~pear in the numbering sequence in part A. 

Similarly, in part B, the left-most number in each of the three 

columns is the rank by energy for the singly-excited state used in 

the CNDO configuration interaction. States which did rtot contribute 

significantly to any of the allowed electronic bands in part C are 

omitted in part B. Thus, the numbering of the singly-excited states 

in part B is not sequential, and gaps in the numbering show where 

noncontributing singly-excited states appeared in the CNDO output. 

In part C, the symbol f denotes the oscillator strength. Each 

allowed transition is shown with its assignment. The Four Largest 

Singlet State Contributions table in Part C gives the percentage 

contribution (in parentheses) of each of the four largest contributing 

singlet states, which are numbered by their ranking in Part B. All· 

twenty calculated electronic bands are listed by increasing energy; for 

the forbidden or very weak bands, only their relative position is given. 
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Table II-4. CNDO Results for Magnesium Porphin (D4h symmetry) 

A. Energies and symmetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy,eV. 

1 1a1u -7.541 1&2 3eg * -1.703 'II' .'11' 
2 2a2u 'II' -8.819 (degenerate) 'II'* -1.703 

3&4 2e ·· 'II' -11.541 3 1b1u 'II'* 0.679 g 
(degenerate) 'II' -11.541 4 lalg Mg 1. 297 
5 1b1g n -11.653 5 2a1g o* 2.232 
6 1b2u 'II' -11.723 6 2b2u 'II'* 2.262 

7&8 le0 n -11.910 7&8 2eu o* 2.382 
(degenerate) n -11.910 (degenerate) * 2.382 C1 

9 la2u 'II' -12.090 9 lb2g o* 2.849 

B. Transition energies of the contributing singly-excited states in CI 

Transition Type Energy· Transition Type Energy Transition 'f.ype Energy 

* 1 lalu-3eg '11'-'11' 3.350 
2 = 1 (degenerate) 

* 3 2a2u-3eg '11'-'11' 4.104 
4 = 3 (degenerate) 

7 2azu-1a1g '11'-M~ 5.478 
17.1eu-3eg n-'ll'x 6.033 
18 = 17 (degenerate) 

* 20 1b2u-3e n-'11' 6.112 
21 = 20 (~egenerate) 

22 1b2u-3eg '11'-'11'* 6.126 
23 = 22 (degenerate) 
29 1a2u-3eg '11'-'11'* 6 .. 626 
30 =.29 (degenerate) 

5 la1u-1a1g '11'-Mg 4.551 

C. Calculated electronic spectrum· 

Energl Four Largest Singlet State Contributions % 
A,cm- f Type Band 1 2 3 4 Total 

17819 0.10 '11'-'11'* Q 1 (50.1) 4 (29.3) 2 (11.4) 3 (6.7) 
17819 (degenerate band)" 2 (50.1) 3 (29.3) 1 (11.4) 4 (6.7) 

(1 forbidden '11'-Mg charge transfer band) 
38422 2.25 '11'-'11'* B 3 (43.5) 2 (26.9) 29 (9.6) 23 (7.3) 
38422 (degenerate band) 4 (43.5) 1 (26.9) 30 (9.6) 22 (7.3) 

(3 forbidden '11'-'11'* bands) 
42875 0.009 '11'-Mg Charge transfer 7 (94.3) 

(3 forbidden n-'11'*, 1 forbidden '11'-o* bands) 
44805 1.21 '11'-'11'* N 23 (57.2) 3 (10.9) 29 (10.3) 2 (6.4) 
44805 (degenerate band) 22 (57.2) 4 (10.9) 30 (10.3) 1 (6.4) 

(1 forbidden '11'-'11'*, 2 forbidden '11'-o* bands) 
47683 0.008 n-'11'* 20 (31.0) 21 (31.0) 17 (14.9) 18 (14.9) 

(1 forbidden n-'11'* band) 

Notes 

97.4 
97.4 

87.3 
87.3 

94.3 

84.9 
84.9 

91.7 

For the central magnesium atom parameters, the Slater exponent of a 
2s orbital was adjusted to simulate a 3s orbital, so that at the N-Mg 
borid distance (2.051A) the 2s would have the value closest to a 3s at 
the same distance. To do this, ~ = 0.645 (compare ~ = 0.975 for a Mg 3s 
orbital). The values of the other parameters were from Sichel and 
Whitehead (1967): YAA = 4.623, Uss = -13.083, Upp = -9.603. 

. ,_ 

.. 
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Table II-5. CNDOResults for Free-base Porphin (D2h symm.etry) 

A. Energies and symmetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy~eV. 

1 1au 1f ,;.7.860 1 3b3g TI* -2.009 
2 3blu 1f -8.775 2 3b2g 1r* -1.837 
3 2bJg 1f -11.162 3 2au 1f·* 0.467 
4 2b1u 1f -11.508 4 2ag a* 1.696 
5 lag n -11.580 5 ·. 2b3u a* 1.814 
6 lb2u n -11.649 6 4blu 1r* 1.976 
7 2b2g 1f -12.083 7 2b2u a* 2.279 
8 1blu 'It -12.620 8 1blg a* 2.548 

11 1b3u a -12.720 9 3ag a* 2.633 
12 3b3u a* 3.023 

B. Transition energies. of the contributing singly-excited states in CI 

Transition Type EneFgy Transition Type Energy Transition Type Energy 

* . 8 lau-2ag 1r-a* 5.376 19 3biu-2ag 1f.:.a* 6.196 1 1au-3b3g 1r-1r 3.378 
2 1Su-3b2g TI-TI* 3.428 11 lag-3b3g n-1r* 5.523 20 lau-3a8 1r-a* 6.209 
J Jb1u-3b3g TI-TI* 3.804 12 2biu-3b2g 1r-1r* 5.554 23 lau-lbig TI-cr* 6.390 
4 3b1u-3b2g 1r-1r* 3.853 16 2b1u-3b3g TI-TI* 6.034 24 lb1u-3b3gTI-TI* 6.491 
7 lau-2ag n-1r* 5.376 

C. Calculated electronic spectrum 

Energt 
:\,em-

Four Largest Singlet State Contributions % 
f Type Band 1 2 3 4 Total 

* 16698 0.09 1r-1r Qx 1 (55. 7) 4 (40.9) 96.6 
17395 0.05 1f-TI* Q 2 (55.1) 3 (42.2) 97.3 
34832 1.24 TI-TI* B~ 12 (36.9) 4 (29.6) 1 (24.1) 90.6 

(1 forbidden 1r-1r* band) 
37990 2.90 1r-1r* By 3 (50.3) 2 (40.2) 24 (5.2) 16 (1.6) 97.3 
39034 0.004 n-TI* 7 (85.1) 85.1 

(1 forbidden n-1r*, 1 forbidden 1r-1r* bands) 
42231 0.008 n-1r* 11 (93.2) 93.2 
42615 0.003 1r-a* 8 (96.4) 20 (1.2) 97~6 

(2 forbidden n-TI*, 2 forbidden 1r-1r* bands) 
44054 3.06 TI-TI* NX 12 (45.4) 4 (24.9) 1 (17.7) 88.0 

(1 forbidden 1r-1r* band) 
46069 0.002 TI-TI* Ny? 16 (61.0) 24 (26.7) 87.7 

· (1 forbidden TI-a* band) 
46653 0.001 1r-a* 19 (83.6) 23 (4.0) 87.6 

(1 forbidden TI-a* band) 
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Table II-6. CNDO Results for Free-base Chlorin (C2v synunetry) 

A. Energies and synunetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy,eV. 

1 4a2 1T -7.860 1 sb2 ,..* -1.848 
2 4b2 1T -8.981 2 5a2 1T* -0.996 
3 3b2 1T -10.920 3 6a2 1T* 1.143 
4 1a1 n -11.344 4 2a1 a* 1.666 
5 3a2 1T -11.698 5 2b1 a* 1.749 
6 2a2 1T -12.079 6 6b2 1T* 1.866 
7 2b2 1T -12.247 7 3a1 a* 2.234 
8 1b1 a -12.466 8 3b1 a* 2.394 
9 1b2 1T -12.560 9 4a1 a* 2:719 

10 1a2 1T -12.614 11 4b1 a* 2.984 

B. Transition energies of the contributing singly-excited states in CI 

Transition Type Energy Transition Type Energy Transition Type Energy 

1 4a2-5b2 1T-1T* 3.010 7 4a2-2a1 1T-a* 5.440 16 3a2-Sb2 1T-1T* 6.265 
2 4a2-5a2 'lf-1T* 3.810 9 4a2-6a2 1T-1T* 5.575 17 4b2-2a1 1T-a* 6.325 
3 4b2-5b2 1T-1T* 4.055 10 4a2-3a1 1T-a* 5.816 i9 4b2-6a2 Tr-Tr* 6.483 
4 4b2-5a2 1T-1T* 4.385 11 4a2-6b2 1T-1T* 5.836 20 4b2-2b1 1T-a* 6 .. 493 
5 1a1-5b2 n-1T* 5.053 12 3b2-5a2 1T-1T* 5.868 22 1bz-5b2 Tf-1T* 6.573 
6 3b2-5b2 1T-1T* 5.352 15 4az-3b1 1T-a* 6.194 27 1a2-5b2 1T-1T* 6.809 

C. Calculated electronic spectrum 

Energt 
A,cm- f Type 

Four Largest Singlet State Contributions % 
Band 1 2 3 4 Total 

* 17093 0.29 1T-1T Qy 1 (71.1) 4 (24.7) 95.8 
23515 0.04 1T-1T* Qx 2 (54.4) 3 (42.1) 96.5 
36438 2.30 Tr-1T* Bx 3 (47.0) 2 (37.4) 6 (4.2) 9 (2.2) 90.7 
37362 1.24 1T-1T* By 4 t53.5) 1 (19.2) 12 (14.2) 86.9 
38191 0.004 n-1r* 5 (92.1) 92.1 
38286 0.08 1T-a* 7 (58.1) 10 (12.0) 20 (8.0) 78.1 

(1 very weak 1r-a* band) 
42064 0.24 1T-1T* Nx 6 (87.6) 3 (1.1) 2 (1.0) 9 (1.0) 90.8 

(1 very weak mixed band) 
43800 1.26 n-1r* Ny 12 (42.4) 19 (18.5) 11 (4.9) 1 (4.0) 69.9 

(2 very weak mixed, 1 very weak n-1r*, 1 very weak 1T-1T* bands) 
46099 0.50 1r-1r* Ly?? 16 (22.9) 27 (19.3) 15 (11.5) 17 (11.2) 64.9 

(2 very weak 1T-n*, 2 very weak n-o* bands) 
49987 0.36 n-n* Lx?? 22 (37.8) 18 (22.4) 9 (5.3) 3 (3.9) 69.4 



0 0 .~· l 
,, 6 0 u I f:l 3 l~o;i !!!~.-~ ~ 

51 
•' 

Table II-7. CNDO Results for Free-base Bacteriochlorin (D2h· synunetry) 

A. Energies and synunetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy,eV. 

1 2au 'II' -7.011 1 lb2g 'II'* -2.201 
.. 2 2blu 'II' -8.833 2 3b3g 'II'* -.0.381 

3 2b3g n -11.359 3 3au 'II'* 1.574 
4 lag n -11.804 4 3blu 'II'* 1.819 
5 lau 'II' -11.848 5 2ag a* 1.844 
6 lb3u 'II' -11.918 6 2blg a* 1.907 
7 lblu 'II' -12.372 7 2b3u a* 2.206 
8 lb3g 'II' -12.442 8 3blg a* 2.410 
9 lblg a -12.478 10 2b2g 'II'* 2.813 

10 lb2u a -12.550 14 3b2u a* 3.400 

B. Transition energies, of the contributing singly-excited states in CI 

Transition Type Energy Transition Type Energy Transition Type Energy 

1 2au-lb2g * 2.760 9 2au-2b3u * 5 • .154 16 1blu-lb2g 1T-1T* 5.986 '11'-'11' 1T-a 
2 2b}u-lb2g 1T-1T* 3 .. 698 11 2b3g-lb2g n-'11'* 5.452 19 2au-2h2g 1T-1T* 6.087 
3 2au-3b3g '11'-'11'* 3.703 12 2au-3b1g 1r-cr* 5.537 20 lb3g-lb2g 1T-1T* 6.226 
4 2au-2b1g 1T-O'* 4.813 13 1ag-1b2g n-'11'* 5.562 26 2b1u-3au 1T-1T* 6.586 
5 2blu-3b3g 'IJ'-1T* 4.893 14 1b3u-1b2g 1T-1T,~ 5.769 29 2au-3h2u '11'-cr* 6.657 
6 2au-3blu '11'-'rr* 4. 993 15 2a -2b2 1r-cr* 5.865 u . u 

C. Calculated electronic spectrum 

Energt 
A,cm- f Type 

Four Largest Singlet State Contributions % 
Band 1 2 3 4 Total · 

15059 0.55 * Qy 1 (77.4) 5 (19 .1) 96.5 1T-1T 
17824 0.001 'IJ'-1T* Qx 2 (48. 8) 3 (47.9) 96.8 

(2 very weak 1T-'O'* bands) 
38644 1.98 1T-1T* Bx 3 (36.2) 2 (35."0) 16 (3. 7) 75.0 
39529 <0.001 1T-1T* 6 (70.9) 26 (5.2) 20 (1. 2) 77.2 
40195 o. 72 Mix Nx? 9 (71. 0) 3 (10. 7) 2 (9. 8) 16 (1. 8) 93.3 
40803 0.002 n-1r* 11 (77.1) 77.1 

(1 very weak mixed band) 
42217 0.52 Mix 13 (55.4) 5 (16.3) 12 (15. 6) 1 (3.5) 90.8 
422'•9 0.11 1T-a* 12 (68.6) 13 (12.7) 5 (3.4) 28 (2.4)- 87.1 

(1 very weak 1r-cr* band) 
43507 2.47 '11'~'11'* By? 5 ( 48 .1) 1 (13.5) 61.6 

(1 very weak '11'-'11'* band) 
45604 0.30 1T-O'* 15 (73.8) 29 (4.9) 4 (5. 6) 84.2 

(2 very weak mixed ba,:1ds, 1 very weak '11'-a* bands) 
48144 0.11 '11'-'11'* NY?? 19 (90.3) 90.3 
48393 0.43 '11'-'11'* Lx?? 16 (89.6) 2 (3.5) 3 (2.3) 95.4 
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3. Discussion 

a. Orbital correlation and ground-state properties 

The orbital correlation diagram of the four simple porphyrins 

studied is shown in Figure 6. Note that in each molecule the two 

HOMOs and two LUMOs are separated from the other orbitals by a gap of 

around 2 eV. This is slightly lower than the gaps reported in Mag

giora's CNDO calculations for magnesium porphin and free-base porphin 

(Maggiora, 1973), but does explain the.success of the Gouterman four 

orbital model. Since the energies of the transitions involving these 

four orbitals will be lower than those of the lower-lying HOMOs, 

these four orbitals will contribute substantially to the lowest energy 

electronic transitions. 

If the relative energy levels of these four orbitals in Figure 6 

are compared to the idealized four orbital model in Figure S of section 

I, a clear similarity is apparent (from Figure 5, b 1=b 1u , b2=au , 

c 1=b3g and c2=b2g in free-base porphin in.Figure. 6). One difference 

between Figure 6 and Figure 5 is that in chlorin the b2 orbital (a2) 

is not raised in energy compared to the b2 orbital in free-base porphin. 

This same difference is also seen in the orbital correlation diagram 

shown in Maggiora's work (Mag~ora, et al., 1974). When a second ring 

is reduced in the same manner to give bacteriochlorin, the destabi

lization of bz is clearly seen in Figure 6. In Gouterman' s results 

(Zerner and Gouterman, 1967), the b1 and bz orbital assignments are 

reversed (b1=au and b2=b1u), but the prese~t assignment agrees with 

that of Maggiora (1973), who argues on the basis of cation studies 

thRt 1t is the c0rrect one. The energy-ordering crossover of the two 

LUMOs between free-base porphin and chlorin is probably insignifi~.:ant, 
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since in the free-base porphin they ate so close in energy. Also, 

this ordering in porphin was reversed by a modification of the CNDO 

method, to be discussed later. 

Part C in Tables II-4 to II-7 gives the four singlet states 

contributing most heavily to each electronic band, with the percentage 

contribution of each singlet state. The four orbitals discussed 

above make up the singlet states numbered 1-4 in Part B of Tables II-4 

to II-6, and in Table II-7 the states numbered 1-3 and 5. The four 

orbital model is seen to hold strictly only for the Q bands in these 

molecules. In the B bands of magnesium porphin, other singlet states 

contribute almost 30% to the Soret transitions (see Table II-4). This 

mixing increases progressively from free-base porphin to bacteria-

chlorin. The above four orbitals still make up a majority of the 

contributions to the B bands, but other singlet states' contributions 

become more prominent. Maggiora also found that the four orbital 

contributions are quite sensitive to ring substitutions and to the 

location of the hydrogen atoms on the pyr_role nitrogens (Maggiora 

etal., 1974). 

Some ground-state properties of porphyrins can also be discussed. 

' Koopman's Theorem (see equation II-26) states that the ionization 

potential can be obtained from the energy of the highest occupied 

molecular orbital, IP = -EHOMO" The results are summarized in Table 

II-8, where values from all four calculation series are compared. 

Few experimental values for ionization potentials have been reported; 
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those shown in Table II-8 are from chemical half-potential measurements. 

In the metalloporphyrins and free-base porphin, where all four 
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Table II-8. Ionization Potentials (in eVs) 1 . 

Goute:r;man2 ·sundbom3 Haggiora4 This work ExperimentS· 

Magnesium 
porphin 10.65 8.10 8.37 7.54. 7.12a 

Porphin 11.66 6.58 8.34 7.86 7.42 

Chlorin 7 .la 7.86 

Bacteriochlorin 6.3a 7.01 

Notes 
1 

Calculated potentials were obtained using Koopman's Theorem, 
IP == -EHOHO; see Koopman (1934). 

2 
and Gouterman (1966). Values were takeri from Zerner 

3 
taken from Sundbom (1968). Values were 

4values were taken from Maggiora (1973). 

avalues for chlotin and bacteriochlorin were obtained from 
Figure 3 of Haggiora, et al. (1974). 

\talues were taken from Stanienda (1968). 

~alue given is for meso-tetraphenylporphin. 



methods report results, the present work gives the closest agreement 

with experiment. A later modification.produced ~ven better results. 

One significant difference between this work and that of Maggiora is 

apparent from Table II-8 - the relative potentials of porphin and 

chlorin. Experimental data would be useful for comparison. 

Chlorin and methyl pheophorbide a, being asymmetric ring systems, 

should possess a ground-state molecular dipole moment. In. chlorin, 

the dipole moment was calculated to be 2.34 D oriented toward the· 

reduced ring (ring IV in Figure 1). In methyl pheophorbide a, the 

value was·9.32 D oriented toward ring I (see Figure A-2 in the 

Appendix), with a slight upward tilt from the plane· of the ring. No 

experimental values have been reported for these molecules, but the 

orientations here agree with Weiss' predictions (Weiss, 1972). 

However, the magnitudes here are over twice as large as Weiss' 

predicted values. Without experimental values for confirmation, it 

is difficult to assess this difference. 

b. Magnesium porphin and porphin dianion 

56 

Table II-9 compares the results of this work with that of other 

workers for metalloporphins. Neither Sundbom (1968) nor Maggiora and 

Weimann (1973) reported result's for a metalloporphin, so their results 

for the dianion of porphin are given in Table II-9. Experimentally 

the dianion porphyrin spectra appear to be very similar to the spectra 

of the metal complexes (Dorough, et al., 1951). All calculations 

overestimate the Q-B band splitting, with the present work giving the 

largest split. The oscillator strengths of the two CNDO calculations 

are generally closer to the experimental values than are either 
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Table II-9. Comparison of Electronic Spectra of Magnesium Porphin 

Band This work2 

E f 

Q 17.8 0.1 
(14.5)(0.04) 

B 38.4 2.25 
(31. 0)( 1. 43) 

N 44.8 1.21 
(39. 8) (1. 57) 

L 

* 47.7 0.001 mr 
(43.2) (0.02) 

Notes 

A. Singlet-singlet electronic spectra1 

Maggiora3 Sundbom4 · Gouterman 5 

E f E 

15.4 0.01 11.7 

26.0 2.05 26.2 

34.0 0.53 34.2 

39.4 0.73 42.3 
41.6 0.20 43.3 

38.3" 0.01 24.4 
48.7 

·B. Spectral 

This work 

Maggiora 

Suridbom 

Gouterman 

Experimental 

f E f 

0.02 16.0 0.004 

0.94 28.7 5.86 

1.13 34.5 0.90 

0.09 37.6 0.30 
1.11 48.1 0.05 

0.006 
0.003 

splittings 

l\E(Q,B) kK. 

20.6 
(16. 5) 

10.6 

14.5 -

12.7 

8.0 
(7 .5) 

Experime~tal6 
E f 

17.5 0-0.1 
(17.2) 

25.5 1.1-1. 6 
(24.7) 

30.8 0.1 

37.0 0.1 

1
All transition energies ~iven in kiloKaysers (kK.). lkK. = 103cm:l 

2Results in parentheses ~re f~r the dianion of porphin, shown for 
comparison with other workers' results. However, these calculations 
were do,ne using a different set of parameters (K0 = 10.68, K1T = 0.68), 
so they are not directly comparable to the other molecules in this study. 

3values for porphin dianion from Maggiora and Weimann (1973). 

4values for porphin dianion from Sundbom (1968). 

5values for an "idealized" metal porphin from Caughey, et al. (1965)~ 

6 Values for the gas phase spectra of octaalkylporphins f~om Edwards, 
Values in parentheses are the experimentally measured Q 

magnesium porphin from Allison and Becker (1963). They 
any oscillator strength values. 

et al. (i970). 
and B bands of 
did not report 
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Sundbom's or Gouterman's PPP results. 

The N bands, which lie above the B bands in the Soret region, are 

also predicted by all calculation methods to be at higher energies 

than are seeri experimentally. In the present work, no L bands were 

calculated, since only the twenty lowest-energy transitions were 

produced, and many of these were dipole forbidden (see Table II-4). 

Experimentally, this area of metalloporphyrin spectra is rather 

difficult to interpret, since many bands overlap one another. Until 

the Q and B bands can be accurately predicted by a mathematical model 

of metalloporp~in, any predictions in the higher Soret region must 

be viewed with some skepticism. Both Gouterman (Caughey, et al., 1965) 

and Sundbom (1968) present rather detailed explanations of the Soret 

regions on the basis of their calculations. Of these presentations, 

Sundbom's is much more straightforward, and requires no post-calcu~ 

lational adjustments, to which Gouterman resorts. 

Since the CNDO method used here includes the one-center terms 

of the s and p orbitals in calculating dipole matrix elements, the 

* transition moments for the n-TI transitions are no longer formally 

zero. In magnesium porphin, the first n-TI* transition is calculated 

to be at 47.7 ~· This is somewhat higher than Maggiora's prediction 

for the dianion (38.3 kK.), but the transition does lie at the same 

relative position in the spectrum 3-4 kK. above the N bands. 

. * 
Sundbom (1968) calculated an n-TI transition between the Q and B bands 

in the dianion, but this lower value was due to the method used - a 

completely localized a-type lone pair orbital on .the nitrogen ~toms. 

As the energy of such a localized orbital would be higher than the 
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same, delocalized CNDO orbital, the transition of this n orbital to a 
* .: ... . 

11' orbital would come at a lower energy in the calculated spectrum.· 

. * Since the oscillator strengths of the n-11' trans.itions are very low, 

and the bands lie in the broad, featureless region of the spectrum, 

no experimental values have been determined. However, the Gouterman 

group also feels that the first n-11'* transition probably lies in the 

Soret region (Schaffer and Gouterman, 1972). 

In this work, a magnesium atom was explicitly included by 

simulating a 3s orbital with appropriate adjustment to the Slater 

exponent of a 2s orbital (see the note on Table II-4). This is a 

rather' crude approximation, since the metal-nitrogen bonding almost 

certainly ~nvolves the magnesium 3d orbitals. The computer program 

CNDOPR, used for the calculations here, could not include any 3-level 

orbitals in the basis set for an atom. With this in mind, the 

calculated spectrum does predict a very weak charge transfer band at 

42.9 kK. Such bands are visible in other metall'oporphins (such as 

manganese porphin), but ~he small oscillator strength predicted for 
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this band in magnesium porphin makes experimental observation unlikely. 

A second, forbidden charge transfer band is calculated to come between 

the Q and B bands. The significance of these predictions must be 

tempered with the crudeness of the approximation used; a CNDO calcu-

lation which included 3-level orbitals directly would be a more 

reliable theoretical basis from which to make experimental predictions. 

However an Mg porphin spectrum in Caughey, · et al. (1965) does show a 

slight shoulder on the B band which might be this charge transfer band. 

A dianion calculation was done in this work, but for it the K0 
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and Kn parameters (equation II-40) were /0.68 and 0.68, respectively, 

compared to 0.75 and 1.0 used in all the other calculations here. The 

results are shown in Table II-9 in parentheses, as these values should 

not be compared directly with the other CNDO results. Note, however, 

that the Q and B bands are closer to Maggiora's dianion bands. The 

Q-B band splitting is also reduced significantly, but it is still 

larger than either the experimental splitting or other calculated 

splittings. The n-n* transition is also reduced in energy, in better 

agreement with Maggiora's work. 

c. Free-base porphin 

A comparison of the molecular orbital calculations for ftee-base 

porphin is presented in Table II-10. The. same trend seen in the 

metalloporphin continues in the free-base - all calculations over

estimate the Q-B band splitting, with this work giving the largest 

split. In free-base porphin, the Q and B bands split into x- and 

y-polarized bands, as discussed in the four orbital model. All the 

calculations predict the sequence of polarization to be Qx, QY' Bx 

and By, in agreement with the experimental studies of Sevchenko, 

£! al. (1966). However, in the present work the oscillator strength 

of the Qx band is greater than that of the Qy band. This disagrees 

with Maggiora's and Sundbom's results, and with the experimental 

values reported by Rimington, et al. (1958). 

The Q-band splitting in this work is badly underestimated, and 

the B-band splitting is greatly exaggerated. The amount of B-band 

splitting in free-base porphin has long been a subject of discussion 

in the literature (see for example, Sundbom, 1968, and McHugh, et al., 
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Table II-10. Comparison of Electronic Spectra of Free-base Porphin 

A. Singlet-singlet electronic spectral 

Band This work Maggiora2 Sundbom3 Gouterman4 ExperimentalS 
E f E f E f E f E f 

Qx 16.7 0.09 14.4 0.015 13.6· 0.002 13.7 0.031 16.0 0.01 
Qy 17.4 0.05 16.9 0.09 16.3 0.012 17.5 0.006 19.6 o.o6a 

Bx 34.8 1. 24 27.0 1.44 26.4 0.53 25.2 0.51 26.9 1.15a 
By 38.0 2.90 28.8 2.63 30.9 1.8 28.6 2.83 

Nx 44.1 3.06 32.5 2.21 35.2 2.5 30.8 3.01 29 .4b < .1 
Ny 46.1 0.002 35.1 0.54 35.7 0.6 33.2 0.38 

Ly 41.4 0.016 42.4 0.5 42.4 0.07 34.3 
"'. 1 

Lx 43.0 0.06 40.2 1.0 42.9 0.06 37.7 

* 39.0 0.004 37.2 0.006 31.6 0.001 mr 
42.2 0.008 

B. Spectral splittings 

~E(Qx,Qy) kK. ~E(Bx,By) kK. ~E (Q ,B) kK. 

This work 0.7 3.2 19.4 

lolaggiora 2.5 1.8 12.3 

Sundbom 2.7 4.5 13.7 

Gouterman 3.8 3.4 11.3 

Experimental 3.6 0.566 9.1 

Notes 
(0.25) 

1All transition energies given in kiloKaysers (kK.). 1kK. = 103 cm:l 

2values from Maggiora an~ Weimann (1973). 

3values from Sundbom (1968). 

4values from Caughey, et al. (1965). 

Svalues for the gas phase spectrum of free-base porphin fromEdwards, 
et al. (1971). 

aPolarization values based on data of Rimington, et al. (1958). 

bin solution, Nx and Ny are resolved and separated by 'V1400 cm-.1 

6 From Sevchenko, et al. (1966). The value in parentheses is from 
Rimington, et al. (1958).-
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1972), since it has been overestimated by all porphyrin calculations 

to date. The experimental data has not been helpful in resolving the 

issue as yet; the data of Rimington, et al. (1958) does show a small 

B-band splitting of 0.25 kK., while ·sevchenko, et al. (1966) report 

a larger splitting of 0.56 kK. The Gouterman group has tried numerous 

schemes to reduce the calculated B-band splitting (compare Weiss, 

et al. , 1965, with Caughey, et al. , 1965, and McHugh, et al. , 19 7 2) • 

Note, however, that Maggiora's CNDO result gives a much smaller B-band 

splitting than either of the two PPP calculations; a modification of 

the present work gave an even smaller splitting (see part 4 of this 

section). Thus it seems that the CNDO method can account for: the 

B-band splitting reasonably well, without resorting to exotic spectral 

assignments or ad hoc modifications to the calculational method. 

The present CNDO calculations show other differences from those 

of Mag'giora. · The first n-n* transition here is predicted to be between 

the B and N bands, in agreement with Sundbom, while Maggiora's result 

has this transition above the N bands. * Also, a second n-n transition 

is predicted here, between the B and N bands, at 42.2 kK. Due to the 

weakness of these bands, these discrepancies are not likely to become 

resolved experimentally. 

As noted for magnesium porphin, the present work calculated only 

the twenty lowest transitions in free-base porphin; since a number 

of these bands were forbidden (see Table 11-5), no L bands were 

calculated, so no comparison with Maggiora's values is possible. From 

Table II-5 a weak n-a* transition is predicted at 42.6 kK. The 

presence of this band may be due to using a nonplanar geometry for 
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the two hydrogen atoms on the central nitrogens, causing some a 

character in a number of orbitals and transitions. In a later modified 

* calculation using a completely planar geometry, all n-cr transitions 

calculated were dipole forbidden. 

d. Chlorin and methyl pheophorbide ~ 

Table II-11 presents a summary of the theoretical calculations 

done for free~base chlorin~ In Maggiora's CNDO work, calculations 

were done for both a "parallel" ·and "perpendicular" configuration.of 

the two protons on the central nitrogens. In the parallel case the 
~ .. . ' 

protons are on the nitrogens of rings II and IV (parallel to the 

reduced ring, ring IV), while in the perpendicular case the protons 

are on rings I and III (perpendicular to the reduced ring; see Figure 

1). Maggiora notes that in chlorin the perpendicular configuration 

is calculated to be 18.2 kcal/mole more stable than the parallel 

configuration. In the present work, only the perpendicular config-

uration was considered. Comparison of the calculated spectra of the 

two chlorin configurations in Maggiora' s work (Maggiora, ~ al., 1974) 

shows the parallel configuration giving a slightly better transition 

energy fit to the experimental spectra. However, the oscillator 

strength ratios of the Q and B bands are much better with the 

perpendicular configuration. A more detailed analysis of the proton 

configuration in porphyrins and its effect on calculated spectra can 
·• 

be found in Schaffer and Gouterman (1972). 

Table II-11, and the source data for this work in Table II-6, 

show some interesting features compared to other chlorin.calculations 

(note that Sundbom did not perform calculations on the reduced 
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Table II-11. Comparison of Electronic Spectra of Free-base Chlorin 

A. Singlet-singlet electronic spectral 

Band This work Maggiora2 Gouterman3 Experimental4 
E f E f E f E f5 

Qy 17.1 0.29 14.4 0.23 15.2 0.02 15.3 0.092 
Qx 23.5 0.04 20.2 0.14 18.1 0.002 18.4 0.04 

Bx 36.4 2.30 27.6 1.89 27.5 3.15 23.9 "'· 7 
By 37.4 1.24 28.8 1.52 27.9 2.80 24.5 "'· 6 

Nx 42.1 0.24 31.9 0.43 29.oa fq<f<fB 
Ny 43.8 1.26 33.4 0.95 

Ly 46.1 o.so 32.7 0.03 33 • Sa f q"-f<fB 
Lx 50.0 0.36 34.1 0.05 

nn* 38.2 0.004 32.6 0.004 
39.6 0.003 

B. Spectral splittings 

t\E(Qy,Qx) kK. tiE(Bx,By) kK. t~E(Q,B) kK. 

This work 6.4 0.92 16.6 

Maggi ora 5.9 1. 23 11.0 

Gouterman 2.9 0.41 11.0 

Experimental 3.1 0.58 7.3 

Notes 
1All transition energies given in kiloKaysers (kK.). 1 kK. = 103 cm-.1 

2values from Maggiora, et al. (1974) for "perpendicular" chlorin. 
(See text for an explanatiou-Gf-chis terminology.) 

3values from Weiss, et al. (1965). 

4values from references cited in Table IV of Weiss, et al. (1965). 

SValues for theN and L bands from Knop and Stichtenoth (1972). 

. 5The fq arid fB notation refers to the Q and B band oscillator 
strength. 
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porphyrins). Again, all calculations predict the correct sequence of 

band polarization - Qy, Qx, Bx and By. The present work gives the 

largest Q-B band splitting, but the splitting between the two Q bands 

and the two B bands are both much closer to Maggiora's results than 

they were in free-base porphin. Note that, although Gouterman's . 

transition energies are in general closer to the experimental values 

than eith~r of the two CNDO calculations, the CNDO results give much 

better oscillator strengths. This is generally true when CNDO work 

is compared to PPP results. 

The Gouterman group did not assign calculated bands above the 
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B bands. Maggiora's CNDO calculations give somewhat different results 

in this area from those of the present work. The N and L band sequence 

here is predicted to be Nx, Ny, Ly and Lx, while Maggiora's sequenc~ 

is Nx, Ly, Ny and Lx. Maggiora's transition energies are much closer 

to the experimental values, although, as in other por.phyrins, the 

band assignment in this part of the Soret region is somewhat uncertain. 

Both of the CNDO results predict oscillator strengths in the experi-

mentally expected relationships to the fq and fB values. Also, both 

calculations predict the.first n-TI* transition to be between the B 

and N bands. 

In this work the two 8:-carbons on the reduced ring (ring IV) 

were allowed to twist out of the plane of the conjugated ring (see 

the Appendix for details). It was felt that this configuration was 

closer to the actual molecular geometry, since it reduces bond strain. 

However, the CNDO method is overly sensitive to out-of-plane atoms, 

and tends to overemphasize their contributions in molecular orbitals 
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and transition energies. Maggiora retained the planar geometry in 

chlorin, and merely added two hydrogen atoms to these 8-carbon atoms. 

This use of an altered geometry may explain some of the differences 

between the two CNDO calculations. 

The use of the nonplanar geometry here made the interpretation 

of the calculated bands from Table II-6 more difficult. The orbital 

* * transitions are not pure n-n or n-n types, but have small amounts 

f * "b . o n-o contr1 ut1ons. Also, the orbitals are mixtures of different 

types to some extent. Thus, the band assignments, particularly the 

L bands, are somewhat uncertain. All twenty bands in Table II-6 had 

nonzero transition moments. Note that from Table II-6 a 1T-a*·tran-

sition is predicted at 38~3 kK. with an oscillator strength of 0.08 

(which is stronger than the Qx band). The strength of this band may 

be due in part to the use of the nonplanar geometry. 

A CNDO calculation was carried out on methyl pheophorbide a, 

again using a somewhat nonplanar geometry similar to that used in 

chlorin (see the-Appendix). The results reconfirmed the shortcomings 

of the present CNDOmethod in handling nonplanar contributions in a 

realistic manner. The two Q bands were calculated to lie at 19.2 kK. 

and 25.0 kK., with oscillator strengths of 0.33 and 0.26 respectively. 

However, both bands were predicted to be polarized along the.y-axis. 

The next band, presumably the Bx band, was calculated at 35.8 kK. 

with f = 1.65, polarized along the x-axis. Then, at 36.0 kK. was a 

band with f = 1.45 and a polarization between the positive x- and 

y-axes, at an angle of 57° with the x-axis. Most of the remaining 

bands were mixtures of n-n* and n-o* transitions, and no attempt was 
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made to assign them. Note that the Q-B band splitting calculated in 

methyl pheophorbide a (20.8 kK.) is larger than that for .chlorin in 

Table II-11, and much larger than the experimental splitting in 

chlorophyll a (~7 kK.). 

There is considerable doubt as to the validity of the methyl 

pheophorbide results, since the Q band polarizations do not agree 

with simple theory or with experiment. The results might be improved 

by using a planar geometry for all nonhydrogen atoms in the ring 

·system. 

e. Free-base bacteriochlorin 

In Table ll-12 is a comparison of the molecular orbital cal-

culations done on free-base bacteriochlorin. The geometry used in 

the present work is described in the Appendix. The results from 

Maggiora's work are for "perpendicular" bacteriochlorin,.which is 

calculated to be 43.5 kcal/mole more stable than the "parallel" 

configuration (see the discussion in the section on chlorin for an 

explanation of the parallel-perpendicular terminology). As discussed 

earlier, the use of a nonplanar geometry resulted in a number of 

orbitals and transitions being mixtures of ~ and cr contributions. 

The trend seen in free-base porphin is also evident here - all cal-

culations overestimate the Q-B band splitting, with the present work 

giving by far the largest split. The present CNDO calculations also 

greatly underestimate the Q band splitting, and overestimate the 

B band splitting. 

Note that, in contrast to Maggiora's work, this work shows the 

Nx band lying between the Bx and By bands. The assignment of Nx to 
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Table II-12. Comparison of Electronic Spectra of Free-base Bacteriochlorin 

A. Singlet-singlet electronic spectral 

Band This work2 Maggiora3 Gouterman4 ExperimentalS 
E f E f E f E f6 

Qy 15.1 0.55 11.8 0.53 15.0 0.18 13.7 0.18 
Qx 17.8 0.001 17.8 0.02 18.8 0.04 19.0 0.11 

Bx 38.6 1.98 28.7 2.48 30.6 2.73 26.0 "'· 6 
By 43.5a 2.47 32.5 2.85 30.7 3. 71 28.0 'Vl.O 

Nx 40.2a 0.72 36.3 0.16 33.oa f<fB 
Ny 48.1 0.11 39.2 0.009 

Lx 48.4 0.43 40.6 0.06 
Ly 43.1 0.06 

* 40.8 0.002 37.2 0.004 mr 

B. Spectral splittings 

6E(Qy,Qx) k.K. 6E(Bx,By) k.K. 6E(Q,B) kK. 

This work 2.8 4.9 24.6 

Maggiora 6.0 3.8 15.8 

Gouterman 3.7 0.12 13.8 

Experimental 5.7 . 2. 0 10.8 

Notes 
1All transition energies given in kiloKaysers (kK.). 1 k.K. = 103 em-~ 
2Assignment is not certain, since most of the calculated bands are 

not pure TI-TI* but mixtures. $ee text for a discussion of this effect. 

~ote that Nx appears above By. 

3values fro~ Maggiora, et al. (1974) for "perpendicular." bacterio
chlorin. (See text for an explanation of this terminology.) 

4values from Weiss, et al. (1965). 

5values from references cited in Table IV of Weiss, et al. (1965). 

avalues for theN band from Knop and Knop (1972). 

6The fB notation refers to the B band oscillator strength. 

-. 

. .. 
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the band at 40.2. kK. is very uncertain; it was made principally on 
. . 
the polarization of its transition moment. The source data from 

Table II-7 shows that this band is about 70% 1r-a* and only 30% 1r-1r*. 

A number of other 1r-a* bands were calculated, as shown in Table II-7. 

This is in part due to the overemphasis placed on'the nonplanar atoms 

in the CNDO method. The first n-1r* transition is predicted by Maggiora 

to come just above the Nx band; here it is also calculated to be just 

above this band; but the position of the Nx band is different. 

The shortage of experimental data for bacteriochlorin in the 

Soret region makes evaluation of the predictions of the two CNDO 

results difficult. Maggiora's values a~e generally in closer .agreement 

with experiment. A CNDO calculation using the Hug and Kuhn parameters 

(or the modification discussed below) with a planar geometry for 

bacteriochlorin would be useful. Comparison with Maggiora's work 

would be more direct, since Maggiora used a planar configuration for 

bacteriochlorin. 

f. General evaluation of results 

An overall examination if Tables II-9 to II-12 shows that the 

present CNDO work does not agree so well with experiment as do the 

CNDO calculations of Maggiora. Part of the difference can be accounted 

for by the difference in geometries used in the molecules studied. 

Maggiora constrained all nonhydrogen atoms to remain in the plane 

of the ring in all porphyrin molecules. Here, in the.reduced 

porphyrins, a nonplanar geometry was used for the reduced rings. In 

all the free-base molecules, the protons on the. central nitrogen atoms 

were tilted slightly out of the plane of the ring. Again, Maggiora 
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put the hydrogen atoms in the plane of the ring. The changes were 

made in the present study on the assumptions that: a.) the resulting 

geometry was closer to the actual molecular configuration; and b.) the 

effect on the CNDO calculations would be relatively minimal, since 

none of the nonplanar atoms is part of the conjugated system. 

However, the CNDO method seems to be quite sensitive to changes 

in the ring geometries in porphyrins. The assumptions made in the 

CNDO approximation are not so valid in nonplanar systems. The effect 

of the nonplanar atoms is greatly exaggerated, making interpretation 

of the results more difficult. For example, compare the methyl 

pheophorbide a results dis~ussed earli~r with those of Song (1970) 

or Otten (1971), both of whom used the PPP method and a completely 

planar molecular configuration. 

Where comparison of the CNDO method can be made with PPP 

calculations, the CNDO results give equally good transition energies, 

and somewhat better oscillator strengths. The ground-state properties 

predicted by the CNDO method are generally as good as those given by 

the PPP method. The out-of-plane n-~* transitions are handled in a 

much more reasonable way in the CNDO method than they are in the PPP 

method~ so the predictions of the locations of these bands in the 

spectra of porphyrins should be more reliable. 

4. Further calculations 

a. Method 

As noted in the previous section, the present CNDO calculations 

gave somewhat poorer results than did the CNDO work of Maggior·a. To 

assess the source of this difference, an analysis was made of the 

•. 
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parameters used in each case, as shown in Table II-2. The U88 and Upp 

parameters for the nonhydrogen atoms appear to be quite different in 

the two methods. However, the Uss parameters of Hug and Kuhn are all 

26% smaller than the Del Bene and .Jaffe parameters, while the Upp 

parameters are all 18% smaller. The effect on the transition energies 

of using smaller Uss and Upp parameters is to raise the energies of 

the corresponding bands. This comes about by reducing the value of 

the molecular Coulomb integral in equation II-46. Thus the use of 

smaller Ullll does not account for the larger Q.,-B band splitting seen 

in the present work. 

Returning to Table II-2, the YAA values of all atoms are seen: to 

be essentially the same in both sets of parameters. Similarly, the 

B1 values of both carbon and nitrogen are nearly identical. Some 

difference is apparent in the 8~ value for oxygen, but oxygen was not 

present in any of the simple porphyrins studied. Of the hydrogen 

0 
parameters, only the BA values are significantly different. The 

effect of this difference in porphyrins, however, is probably small, 

since the hydrogen atoms are not directly involved in any of the 

* 0 n-n transitions. The techniques for calculating the BAB values are 

similar in the two methods, except that in the Hug and Kuhn approach 

there is a scaling factor of 1/RAB" This may account for some of 

the difference in the results. 

However, the main difference between the two sets of CNDO 

parameters is in the formula for calculating the YAB parameters. The 

Kuhn formula has been used successfully in a number of CNDO calcu-

lations (Hug and Tinoco, 1973 and 1974), but the Magata-Nishimoto 
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~ormula used by DEd Bene and Jaffe has much wider acce_ptance (Murrell 

and Harget, 1972). The Magata-Nishimoto has also been the most 

successful method of calculating the y's in PPP theory. 

To determine whether or not the differences in the two CNDO 

calculations could be attributed to the YAB formula, the CNDOPR 

computer program was modified to calculate the yAB's using the Magata-

Nishimoto formula. All other parameters were taken from the Hug 

and Kuhn set unmodified. With this modification, CNDO calculations 

were done on magnesium porphin and free-base porphin. The same 

geometry as described in the Appendix was used for both molecules, 

except that in free-base porphin the protons on the central nitrogen 

atoms were left in the plane of the ring. The same approximation of 

a 3s orbital for magnesium was used (see the notes' for Table II-4). 

b. Results and discussion 

The results for magnesium porphin are summarized in Table I!-13. 

(The layout of this table and Table II-14 is described in the Results 

section of part 3.) Comparison with the earlier results in Table II-4 

shows one striking difference in the orbital ordering. The charge-

transfer orbital is now the lowest unoccupied orbital, whereas before 

* it was above the two n orbitals. The result of this lowered charge-

transfer orbital is that a weak charge-transfer band is predicted to .., 

be the lowest energy transition, coming ~.1 kK. below the Q band. 

In other respects the results from Table II-13 are in much better 

agreement with experiment than were the earlier predictions. The 

Q-B band splitting is now 10.4 kK., half that in Table II-9 ,. and even 

slightly smaller than Maggiora's value. The oscillator strengths of 
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Table II-13. CNDO Results for Mag~es~um Porphin (D4h symmetry) 

A. Energies and symmetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy,eV. 

1 1alu 1T -7.210 1 lalg Mi -2.529 
2 2a2u 1T -7.742 2&3 3eg 1T -2.424 

3&4 2eg 1T -9.834 (degenerate) 1T* -2.424 
(degenerate) 1T -9.834 4 1b1u 1T* -0.615 
5 1b2u 1T -9.957 5 3a2u 1T* -0.509 
6 1a2u 1T -10.328 6 2b2u 1T* 0.582 
7 1b1g n -10.396 7&8 2eu a* 0. 730 

8&9 leg 1T -10.633 (degenerate) a'~' 0.730 
(degenerate) 1T -10.633 9&10 4eg 1T* 1.365 

10&11 leu n -10.844 (degenerate) 1T* 1.365 
(degenerate) n -10.844 

B. Transition energies of the contributing singly-excited states in CI 

Transition Type Energy Transition Type Energy Transition Type Energy 

2 2a2u-la(g 1r-Mg 2.086 
3 1alu-3eg 1r-1r* 2.871 
4 = 3 (degenerate) 

* 5 2a2u-3eg 1r-1r 3.258 
6 = 5 (degenerate) 

19 1b2u-3eg 1r-1r* 4.882 

20 = 19 (degenerate) 
33 1a2u-3eg w-1r* 5.340 
34 = 33 (degenerate) 

C. Calculated electronic spectrum 

Energr Four Largest Singlet .State Contributions % 
X,cm- f Type Band 1 2 3 4 Total 

· (1 forbidden 1r-Mg charge transfer band) 
16177 0.009 1T-Mg Charge transfer 2 (97.3) 
18284 0.09 1T-1T* Q 3 (61.7) 6 (37.1) 
18284 (degenerate band) 6 (61. 7) 3 (37 .1) 
28680 2.17 v-v* B 5 (32.5) 6 (21.6) 4 (20.1) 
28680 (degenerate band) 6 ('32. 5) 5 (21. 6) 3 (20 .1) 

(6 forbidden 1r-v*, 3 forbidden v-Mg bands) 
37511 0.02 1r-1r* N 19 (78.7) 33 (6.3) 
37511 (degenerate ·band) 20 (78.7) 34 (6.3) 

(2 forbidden n-1r*, 1 forbidden v-v* bands) 

Notes 

3 (13.3) 
4 (13. 3) 

The same parameters described in Table II-4 were used for the 
central magnesium atom. The YAB parameters were calculated by the 
method of Magata and Nishimoto (1957). 

97.3 
98.8 
98.8 
87.5 
87.5 

85.0 
85.0 



the Q and B bands are closer to experimental values, as is the 

predicted ionization potential of 7.21 eV. (compare with the values· 

in Table II-8). It might be useful to also perform a CNDO calculation 

on the dianion of porphin using this modified set of parameters, as 

the results could be compared directly with Maggior.a's dianion work. 

A clearer comparison can be made for free-base porphin, which 

is summarized in Table II-14. The primary difference between the 

orbitals here and the earlier ones in Table II-5 is that the order of 

t~e lowest two unoccupied orbitals is interchanged. The result in 

Table II-14 agrees with Maggiora's ordering, and if this ordering is 

used in the orbital correlation diagram in Figure 6, the cross-over 

in going from porphin to chlorin is removed. The ionization potential 

from Table II-14 is 7.65 eV., which is closer to the experimental 

potential than ei.ther Maggiora's result or the earlier work here (see 

Table Il-8). 
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A major improvement has occurred in the calculated transitions 

energies in Table II-14 •. The Q-B band splitting is now 11.2 kK., which 

is smaller than Gouterman's best value, from Table II-10~ At the same 

time, the splitting between the two Q bands is 1.68 kK., considerably 

larger than the previous split of 0.7 kK., but smaller than either 

Gouterman's or Maggiora's splitting. The B band splitting is only 

1.46 kK. here, which is better than any of the other calculations, 

although still larger than the experimental splitting of 0.56 kK. The 

oscillator strengths of the Q and B bands agree closely with Maggiora's 

values, except that the Bx band is predicted to be somewhat stronger 

in the present work. 
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Table II-14. CNDO Results for Free-base Porphin (Pzh symmetry) 

A. Energies and symmetries of the SCF orbitals 

High-lying occupied orbitals Low-lying unoccupied orbitals 
Rank Symmetry Type Energy,eV. Rank Symmetry Type Energy,eV. 

1 1au 1T -7.653 1 3bzg 1T* -2.742 
2 3b1u 1T -8.031 2 3b3g 1T* -2.641 
3 2b3g 1T -9.886 3 2au 1T* -0.705 
4 2b1u 1T -10.174 4 2ag o* 0.144 
5 lag n -10.445 5 2b3u o* 0.296 
6 lbzu n -10.560 6 4blu 1T* 0.435 
7 2b2g 1T -11.077 7 2b2u o* 0.658 
8 lb1u 1T -11.398 8 2b1g o* 0.938 

11 lblg 0 -11.415 9 3ag o* 1.240 
12 1b3u 0 -11.450 

B. Transition energies of the contributing singly-excited states in CI 

Transition Type Energy Transition Type Energy Transition ~ype Energy 

1 lau-3b2g 1T-1T* 3.039 4 3blu-3b3g 1T-1T* 3.120 11 1ag-3b3g n-1r* 4.739 
2 1au-3b3g 1T-1T* 3.069 10 2h 1u-3h2g 1T-1T* 4.727 17 2b1u-3b3g 1T-1T* 5. 112 
3 3h1u-3h2g 1T-1T* 3.120 

C. Calculated electronic spectrum 

Notes 
The YAB parameters were calculated by the method of Magata-Nishi

moto (1957). Also, the hydrogen atoms on the central nitrogens were 
forced to be in the plane of the ring, whereas in the results shown in 
Table II-5 these atoms were tilted 0 .1A above and below the plane of the 
ring. 



One difference that remains between this work and Maggiora's 

. * calculations is the location of the n-'IT transition, predicted here, 

as in Table II-5 to come between the B and N bands at 36.6 kK. 

* Maggiora shows the first n-n band between the N and L bands at 

37.7 kK. In both molecules the·transition energy for any band is 

1-3 kK. higher than the corresponding band in Maggiora's work. This 

is principally due to the lower UJ.IJ.I parameters used here, as \-las 

discussed above. 

Thus, simply changing the method of calculating the YAB 

parameters in the CNDO method dramatically improves the predicted 

transition energies, oscillator strengths, and even some ground-state 

propertie~ in these porphyrins. It would be interesting to carry 

out calculations using this modified CNDO method on the reduced 

porphyrins to see if a similar improvement is also seen in these 

molecules. 

The results of this modified CNDO approach ·are much closer to 

Maggiora's values, as should be expected. Some differences remain, . . 

0 ' and are due to the differences in calculating the SAB s, and to · 

differences in the molecular geometry used. 
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III. CONCLUSIONS 

The results of this work show that the CNDO method can be applied 

to porphyrin molecules with a reasonable degree of success. Both 

ground-state properties and transition energies can be calculated 

which are in good agreement with experiment. In the search for a 

useful mathematical model for chlorophyll, the CNDO model appears 

to be a reasonable choice. 

Much of the discussion in the previous section has merely 

pointed out the "better" results obtained with the CNDO method 

compared to the PPP method. Intuitively, the reason for this 

improvement is that the CNDO theory includes all of the electrons 

of the valence shell, whereas PPP theory treats only the n valence 

electrons. However, both theories invoke the zero-differential 

overlap (ZDO) approximation, which gives a rather simplistic 

explanation of electron interaction in a molecule. 

Nicholson (1970), in an excellent review article on approximate 

molecular orbital theories, attributes the success of the ZDO methods 

to the rather fortunate cancellation of electron-repulsion and 

electron-nuclear attraction terms in the diagonal elements of the 

F matrix (see equation II-5)., The other factor in the ability of ZDO 

methods to produce plausible molecular properties is the use of 

empirical S~v values in the off-diagonal elements of F (see Tables 

Il-l and II-2 for the values used in the various ZDO calculations on 

porphyrins). Nicholson concludes his astute criticism of methods 

.based on the ZDO approximation with the following remarks: 



"Despite all its theoretical weaknesses the CND0/2 
method ••• has enjoyed considerable success in 
practice. _This I shall not attempt to evaluate, 
except to express the opinion that when the right 
answers are obtained it is not for the right 
reasons, a connnon sit1.1ation which bedevils 
approximate MO theory and leads inevitably to 
endless recalculations with 'improvements' .••• 
One must have grave reservations about a theory 
which bases its success on a numerical cancellation 
invloving the neglect of two effeats whose balance 
is in fact crucial to a proper description of the 
bonding." 

The usefulness of any mathematical model of a physical system 

r • 
lies in its ability to suggest propert1es and predict effects that 

have not yet been observed or interpreted experimentally. In so far 

as the CNDO model of porphyrins performs this function, it can be 

considered useful. To place any serious reliance on such a crude 

model, however, seems dangerous, as the theoretical basis of the 
I- , 

crucial simplification made, the ZDO approximation, does not inspire 

confidence. 

In any future work on modelling chlorophyll or other porphyrins, 

empirical approaches will still be necessary, unless there is a 

major breakthrough in the numerical analysis of the complex integrals 

of the full F matrix. Such empirical methods should always be based 

on the most accurate calculation practicable. With the rapidly 

advancing technology in computer hardware and progrannning, these 

accurate basis set calculations may soon be the complete self-

consistent field (SCF) calculation itself. 
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APPENDIX 

The tables on the following pages give the coordinates, bond dis-
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tances and bond angles for all the atoms in the molecules studied. The 

origin of the coordinate system used ·is shown in Figure A-1, which also 

shows the numbering scheme used in all the mo"recules. Table A-I gives 

the exact coordinates of free-base porphin, calculated directly from 

Webb and Fleischer (1965). These coordinates show the slight nonplanar-

ities and irregularities in the porphin crystal. However, since this 

study is concerned with the molecules in solution, the reasonable assump,-

tion was made that nonpianarities in the ring are insignificant and can 

be ignored. To force the molecule into this planar structure,. the aver-

age bond lengths and bond angles of the equivalent bonds in each of the 

four rings were used. This gave an "idealized" pyrrole-pyridine ring, 

which was used in the four simple porphyrins for all nonreduced rings. 

In free-base porphin four of these rings were positioned so that 

the bond distances of the methine carbons were equal to the average of 

the same bond from the x-ray data. Then the position of the rings and 

methine carbons was adjusted until the bond angles along the ring-methine 

bonds were as close as possible to the average from the x-ray data. The 

' resultant coordinates, bond distances and bond angles are shown in Table 

A-II for free-base porphin. The only out-of-plane atoms in this molecule 

are the two hydrogens on the central nitrogen atoms. The x-ray crystal-

lographic evi~ence from Webb and Fleischer (1965), and from Fischer, et 

al. (1972) is that these central hydrogens are tilted slightly out of 

plane (one above and one below), due to their mutual repulsion. The 

value of 0.1 X was used in all the free-base molecules, based on the 

average of the two x-ray studies. For magnesium porphin, the same 
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0 H 

Qc 

QN 

XBL 766-5926 

Figure A-1. Numbering scheme of free-base porphin, chlorin and bacterio
chlorin. Hydrogen atoms are numbered by the atoms to which they 
are attached. In free-base porphin, the x and y axes are inter
changed, with the positive y-axis going through ring IV, for 
analysis purposes. Tables A-I and A-II present the coordinates 
using the axis convention shown here, for consistency. 
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coordinates as shown in Table A-II were used~ except that a simulated 

magnesium atom was placed at the origin, replacing the two central 

hydrogen atoms. 

For the reduced porphyrins, the data froin Fischer, et al. (1972) 

were used, along with standard bond length values for pyrrole rings, to 

create an "idealized" reduced ring. In chlorin, this ring was substi-

tuted for ring IV in porphin (see Figure A-1), and the resultant mole-

cule was adjusted to minimize the changes in the bond angles. The other 

three rings were the "idealized" rings of porphin. In the reduced ring, 

it.was necessary to tilt the twoS-carbon atoms slightly to maintain the 

proper bond angles. Since these carbon atoms are not part of the con-

jugated ring system, it is reasonable to expect that the nitrogen and 

a-carbon atoms remain in the plane of the ring, while the reduced atoms 

twist out of it to minimize bond strain. The x-ray data of Fischer does 

support this notion (see the coordinates for C (17) and C(18) in Table 
. . 
A-V). The resulting coordinates are shown in Ta~le A-III for free-base 

chlorin. 

In bacteriochlorin, the "idealized" pyrrole ring was substituted 

into both ring IV and ring II of porphin. As before, the resultant sys-

tern was adjusted to minimize bond angle changes. In ring II, the tilt 

of the two 8-carbon atoms was made opposite that in ring IV, to preserve 

the D2h molecular symmetry. The coordinates for bacteriochlorin are 

shown in Table A-lV. 

The coordinates from the x-ray studies. of methyl pheophorbide a 

(Fischer, et al., 1972) are shown in Table A~V. The numbering scheme 

used for this molecule is given in Figure A-2. It was decided to again 

force all the atoms of the conjugated system into a planar configuration. 



Figure A-2. Numbering scheme for methyl pheophorbide a. Hydrogen 
atoms are. numbered by the atoms to which they are attached. 
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The "idealized" rings used in free-base porphin were used for rings I and 

II in methyl pheophorbide a. The coordinates in rings III arid V were 

adjusted from Fischer's values, both to minimize changes in the bond 

angles of the x-ray data, and to introduce as much symmetry as possible. 

These adjustments were made to simplify the interpretation of the CNDO 

calculations. The "idealized" pyrrole ring used in chlorin was used for 

ring IV. All the unconjugated substituent groups were adjusted to mini

mize changes in the bond angles of the x-ray data. In effect, the methyl 

pheophorbide a molecule was forced to resemble the chlorin molecule. 

This was done to simpli~y the comparison of the CNDO results for the two 

molecules. These adjusted coordinates for methyl pheophorbide a are 

shown in Table A-VI. 

Finally, the coordinates for bacterial methyl pheophorbide a were 

·computed in a manner similar to those for bacteriochlorin. These coor

dinates are shown in Table A-VII. 

The nonplanarities introduced into these coordinates (particularly 

in bacteriochlorin) have apparently led to a blurring of the a and n 

character in many of the calculated bands (see Table II-7). However, 

the coordinates given in this appendix more accurately reflect the real 

molecules in solution. 
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Table A-I. Free-base Porphin 

A. Coordinates (in Angstroms) for the nonhydrogen atoms 

Atom X y z 

N(1) -0.002 2.062 -0.017 
N(2) 2.048 0.003 -0.017 
N(3) 0.002 -2.046 0.019 
N(4) -2.056 -0.003 -0.017 
C(l) -1.108 2.853 -0.029 
C(2) -0.671 4.227 -0.034 
C(3) 0.672 4.231 -0.008 
C(4) 1.110 2.864 0.003 
C(5) 2.425 2.424 0.011 
C(6) 2.860 1.113 o. 009 . 
C(7) 4.242 0.677 0.001 
C(8) 4.239 -0.666 -0.030 
.C(9) 2.860 -1.089 -0.029 
C(lO) 2.428 -2.410 -0.029 
C(11) 1.107 -2.850 0.011 
C(12) 0.673 -4.224 0.018 
C(13) -0.669 -4.224 ' 0.034 
C(14) -1.109 -2.854 0.031 
C(15) -2.425 -2.427 0.023 
C(16) ·-2.866 -1.114 0.007 
C(17) -4.253 -0.691 0.016 
C(18) -4.248 0.650 0.002 
C(19) -2.866 1.090 -0.012 
C(20) -2.427 2.404 -0.035 

B. Coordinates (in Angstroms) for the hydrogen atoms 

Atom X y z 

H(l)-N(l) -0.114 1.174 0.091 
. H(l)-N(3) -0.054 -1.202 -0.018 
H(l)-C(2) -1. ~43 4.965 -0.047 
H(1)-C (3) 1.325 4.957 -0.017 
H(l)-C (5) 3.125 3.143 -0.058 
H(l)-C(7) 4.955 1.247 -0.012 " 
H(l)-C (8) 4. 980 -1.326 -0.079 
H(l)-C(lO) 3.111 -3.101 0.007 
H(l)-C(12) 1.380 -5.024 0.098 
H(l)-C(13) -1.157 -4.952 0.036 
R(l)-C(15) -3.148 -3.136 0.072 
H(l)-C(17) -5.039 -1.393 0.020 
H(l)-C(18) -5.010 1.366 0.039 
H(1)-C(20) -3.165 3.134 0.010 
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Table A-1. Free-base Porphin (continued) 

c. Bond distances (in Angstroms) for all atoms 

Atoms Distance Atoms Distance 

N(l)-C(l) 1.360 N(l)-C(4) 1.371 
N(2)-C(6) 1. .375 N(2)-C(9) 1.360 
N(3)-C(ll) 1.366 N(3)-C(l4) 1.375 
N(4)-C (16) 1.375 N(4),-C(l9) 1.360 
C(1)-C(2) 1.441 C(2)-C(3) 1.343 
C(3)-C(4) 1.436 C(4)-C(5) 1.38} 
C(5)-C(6) ' 1.382 C (6)-C (7) 1.449 
C(7)-C(8) 1.343 C(8)-C(9) 1.443 
C(9)-C(l0) 1.390 C(lO)-C(ll) 1.393 
C(ll)-C(12) 1.441 C(12)-C(l3) '1. 342 
C(l3)-c (14) 1.438 C(14)-C(15) 1.383 
C(15)-C(l6) 1.384 C(l6)-C(17) 1. 450 ' 
C(l7).-C(l8) 1.,342 C(18)-C (19) 1. 451 
C(19)-C(20) 1.385 C(20)-C(l) 1.393 
N(l)-C(l) 0.902 N(3)-H(l) 0.847 
C(2)-H(l) 0.999 C(3)-H(l) 0.977 
C(5)-H(l) 1.005 C(7)-H(l) 0.914 
C(8)-H(l) 0.993 C(lO)-H(l) 0.973 
C(12)-H(l) 1.071 C(13)-H(l) 0.877 
C(15)-H(l) 1.014 C(l7)-H(l) 1.054 
C(18)--H(l) 1.046 C(20)-H(l) 1.039 
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Table A-1. Free-base Porphin (continued) 

D. Bond angles {in degrees) for the nonhydrogen atoms 

Atoms Angle Atoms Angle 

C(l)-N(1)-C(4) 108.6 C(6)-N(2)-:-C(9) 107.2 
C (11)-N (3)-C ( 14) 107.9 C(16)-N(4)-C (19) 107.4 
C(20)-C(1)-C(2) 126.4 C(20)-C(l)-N(1) 125.6 
C(2)-C(1)-N(l) 107.9 c (1) -c (2) -c (3) 107.8 
C(4)-C(3)-C(4) . 107.6 ·c(3)-C(4)-C(5) 126.2 
C(3)-C(4)-N(l) 108.0 C(5)-C(4)-N(l) 125.8 
C(4)-C(5)-C(6) 126.8 C(5)-C(6) .... C(7) 125.8 
C(5)-C(6)-N(2) 125.5 C (7)-C (6)-N (2) 108.7 
C(6)-C(7)-C(8) 107.4 C(7")-C(8)-C(9) . 107.1 
C (8)-C(9)-C (10) 125.2 C(8)-C(9)-N(2) 109.6 
C(10)-C(9)-N(2) 125.3 C(9)-C(10)-C(11) 126.5 
C(10-C(ll)-C(12) 125.9 C(l0)-C(11)-N(3) 125.5 
C(12)-C (11)-N (3) 108.5 C(1I)-C(12)-C(13) 107.5 
C(12)-C(13)-C(14) 107.8 C(13)-C(14)-C(15) 125.8 
C(13)-C (14)-N(3) 108.2 C(15)-C(14)-N(3) 126.0 
C(14)-C(15)-C(16) 126.6 C(15)-C(16)-C(17) 125.5 
C(l5)-C (16)-N (4) 125.4 C (17)-C (16) -N ( 4) 109.1 
C(16)~C(17)-C(18) 106.8 C(17)-C(18)-C(19) 107.9 
C(18)-C(19)-C(20) 126.1 C (18)-C (19)-N (4) 108.8 
C(20-C(19)-N(4) 125.0 C(19)-C(20)-C(l) 127.2 

E. Bond angles (in degrees) for the hydrogen atoms 

·Atoms Angle Atoms Angle 

H(l)-N(l)-C(l) 118.2 H(l)-N(l)-C(4) 132.4 
H(l)-N(3)-C(ll) 129.8 H(l)-N(3)-C(14) 122.2 
H(l)-C(2)-C(l) 120.0 H(l)-C (2)-C (3) 132.1 
H(l)-C(3)-C(2) 132.1 H(l)-C(3)-C(4) 120.3 
H(l)-C(5)-C(4) 115.7 H(l)-C(5)-C(6) 117.3 
H(l)-C (7)-C (6) 123.9 H(l)-C (7)-C (8) 128.7 
H(l)-C (8) -C (7) 131.6 H(l)-C(8)-C(9) 121.2 

' H(1)-C(10)-C(9) 117.2 H(l)-C (10)-C (11) 116.2 
H(l)-C(12)-C (11) 120.9 H(l)-C (12)-C (13) 131.3 
H(1)-C (13)-C (12) 123.8 H(l)-C (13)-C (14) 128.3 

,. 

H(1)-C(15)-C(14) 117.5 H(l)-C (15)-C (16) 115.9 
H(l)-C(17)-C (16) 121.3 H(1)-C ( 17) -C ( 18) 132.0 
H(l)-C(18)-C(17) 133.0 H ( 1)-C ( 18) -C ( 19) 119.1 

.. 
H(1)-C(20)-C(19) 116.1 H(l)-C (20)-C (1) 116.5 
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Table A-II. Free-base porphin 

A. Coordinates (in Angstroms) for the nonhydrogen atoms 

Atom X y z 

N(1) 0.000 2.051 0.000 
N(2) 2.051 0.000 0.000 
N(3) 0.000 -2.051 0.000 
N(4) -2.051 0.000 0.000 
C(l) -1.104 2.856 0.000 
C(2) -0.671 4.231 0.000 
C(3) 0.671 4.231 0.000 
C(4) 1.104 2.856 0.000 
C(5) . 2. 419 2.419 0.000 
C(6) 2.856 1.104 0.000 
C(7) 4.231 0.671 0.000 
C(8) 4.231 -0.671 0.000 
C(9) 2.856 .,-1.104 0.000 
C(lO) 2.419 -2.419 0.000 
C(l1) 1.104 -2.856 0.000 
C(l2) 0.671 -4.231 o.·ooo 
c (13) -0.671 -4.231 0.000 
C(l4) . -1.104 -2.856 0.000 
C(l5) -2.419 -2.419 0.000 
C(16) -2.856 -1.104 0.000 
C(l7) -4.231 -0.671 0.000 
C(l8) -4.231 0.671 0.000 
C(l9) -2.856 1.104 0.000 
C(20) -2.419 2.419 0.000 

B. Coordinates (in Angstroms) for the hydrogen atoms 

Atom X y z 

H(1)-N(l) 0.000 1.106 0.100 
H(l)-N(3) 0.000 -1.106 -0.100 
H(l)-C(2) -1.258 5.027 0.000 
H(l)-C(3) 1.258 5.027 0.000 
H(1)-C(5) 3.133 3.133 0.000 
H(l)-C(7) 5.027 1.258 0.000 
H(l)-C(8) 5.027 -1.258 0.000 
H(l)-C(lO) 3.133 -3.133 0.000 
H(l)-C(l2) 1.258 -5.027 0.000 
H(l)-C (13) -1.258 -5.027 0.000 
H(1)-C(15) -3.133 -3.133 0.000 
H(l)-C(17) -5.027 -1.258 0.000 
H(l)-C(18) -5.027 1.258 0.000 
H(1)-C(20) -3.133 3.133 0.000 
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Table A-II. Free-base-Porphin (continued) 

c. Bond distances (in Angstroms) for all atoms 

Atoms Distance Atoms Distance 

N(l)-C(l) 1.366 N(l)-C(4) 1.366 
N(2)-C(6) 1.366 N(2)-C(9) 1.366 
N(3)-C(ll) 1.366 N(3)-C (14) 1.366 
N(4)-C(l6) 1.366 N(4)-C(19) 1.366 
C(1)-C(2) 1.442 C(2)-C(3) 1.342 
C(3)-C(4) 1.442 C(4)-C(5) 1.386 
C(5)-C(6) 1.386 C (6)-C (7) 1.442 
C(7)-C(8) 1.342 C(8)-C(9) 1.442 
C(9)~C(l0) 1.386 C(lO)-C(ll) 1.386 
C(ll)-C(l2) 1.442 C(l2)-C(l3) 1. 342 
C(l3)-C(14) 1.442 C(l4)-C(l5) 1.386 
C(l5)-C(l6) 1.386 C (16) -C ( 17) 1.442 
C(l7)-C (18) 1.342 C(l8)-C(l9) 1.442 

· C(l9)-C (20) 1.386 C(20)-C(1) 1.386 
N(l)-H(1) 0.950 N (3)-H(l) 0.950 
C(2)-H(l) 0.989 C(3)-H(l) 0. 9'89 
C(S)-H(l) 1.010 C(7)-H(l) 0.989 
C(8)-H(l) 0.989 C(lO)-H(l) 1.010 
C(l2)-H( 1) 0.989 C(l3)-H(l) 0.989 
C(l5)-H(1) 1.010 C(l7)-H(l) 0.989 
C(18)-H(l) 0.989 C(20)-H(1) 1.010 
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Table A-II. Free-base Porphin (continued) 

D. Bond angles (in degrees) for the nonhydrogen atoms 

Atoms 

C(l)-N(l)-C(4) 
C(11)-N(3)-C(14) 
C(20)-C(l)-C(2) 
C(2)-C(l)-N(1) · 
C(2)-C(3)-C(4) 
C(3).:.c(4)-N(l) 
C(4)-C(5)-C(6) 
C(5)-C(6)-N(2) 
C(6)-C(7)-C(8) 
C(8)-C(9)-C (10) 
c (10)-c (9) -N (2) 
C(10)-C(11)-C(12) 
C (12)-C (11)-N (3) 
C (12}-C (13) -C(14) 
C(13)-C(14)-N(3) 
C(14)-C(15)-C(16) 
C(15)-C(16)-N(4) 
C(16)-C(17)-C(18) 
C(18)-C(19)-C(20) 
C(20)-C(19)-N(4) 

Angle 

107.8 
107.8 
125.9 
108.6 
107.5 
108.6 
126.8 
125.5 
107.5 
125.9 
125.5 
125.9 
108.6 
107.5 
108.6 
126.8 
125.5 
107.5 
125.9 
125.5 

Atoms 

C(6)-N(2)-C(9) 
C(16)-N(4)-C(19) 
C (20)-C(l)-N (1) 
C(l)-C (2)-C (3) 
C(3)-C(4)-C(5) 
c (5) -c ( 4) -N (1) 
C(5)-C(6)-C(7) 
C (7)-C(6)-N (2) 
C(7)-C(8)-C(9) 
C(8)-C(9)-N(2) 
C(9)-C(10)-C(11) 
C(10)-C(11)-N(3) 
C(11)-C(12)-C(13) 
C(13)-C(14)-C(15) 
C (15)-C (14)-N (3) 
C(15)-C(16)-C(l7) 
C(17)-C(16)-N(4) 
C(17)-C(18)-C(l9) 
C (18)-C (19)-N (4) 
C(19)-C(20)-C(1) 

E. Bond angles (in degrees) for the hydrogen atoms 

Atoms 

H(l)-N(l)-C (1) 
H(1)-N(3)-C (11) 
H(1)-C (2)-C (1) 
H(l)-C(3)-C{2) 
H(l) -C (5)-C ( 4) 
H(l)-C(7)-C(6) 
H(1)-C (8) -C (7) 
H(l)-C (10)-C (9) 
H(l)-C(12)-C(11) 
H(1)-C(13)-C(12) 
H(1)-C(15)-C(14) 
H(1)-C(17)-C(16) 
H(1)-C(18)-C(17) 
H(1)-C(20)-C(19) 

Angle 

125.9 
125.9 
126.1 
126.4 
116.6 
126.1 
126.4 
116. b 
126.1 
126.4 
116.6 
126.1 
126.4 
116.6 

Atoms 

H(l)-N (1)-C (4) 
H(l)-N(3)-C(14) 
H(l)-C (2)-C (3) 
H(1)-C(3)-C(4) 
H(l)-C(5)-C (6) 
H(l)-C (7)-C (8) 
H(1)-C(8)-C(9) 
H(1)-C(10)-C(11) 
H(l)-C (12)-C (13) 
H(l)-C (13)-C(l4) 
H(1)-C(15)-C(16) 
H(l)-C(17)-C (18) 
H(1)-C(18)-C(19) 
H(l)-C(20)-C(1) 

Angle 

107.8 
107.8 
125.5 
107.5. 
125.9 
125.5 
125.9 
108.6 
107.5 
108.6 
126.8 
125.5 
107.5 
125.9 
125.5 
125.9 
108.6 
107.5 
108.6 
126.8 

Angle 

125.9 
125.9 
126.4 
126. 1 . 
116.6 
126.4 
126.1 
116.6 
126.4 
126.1 
116.6 
126.4 
126.1 
116.6 

89 



90 
•' 

Table A-III. Free-base chlorin 

A. Coordinates (in Angstroms) for the nonhydrogen atoms 

Atom X y z 

N(l) 0.000 2.008 0.000 
N(2) 2.080 0.000 0.000 
N(3) 0.000 -2.008 0.000 
N(4) -2.114 0.000 0.000 
C(1) -1.104 2.813 0.000 
C(2) -0.671 4.188 0.000 
C(3) 0.671 4.188 0.000 
C(4) 1..104 2.813 0.000 
C(5) 2.431 2.414 0.000 
C(6) 2.885 1.104 0.000 
C(7) 4.260 0.671 0.000 
C(8) 4.260 -0.671 0.000 
C(9) 2.885 -1.104 0.000 
C(lO) 2.431 -2;41l• 0.000 
C(ll) 1.104 -2.813 0.000 
C(l2) 0.671 -4.188 0.000 
C(13) -0.671 -4.188 0.000 
C(l4) -1. 104 -2.813 0.000 
C(15) -2.422 -2.384 0.000 
C(16) -2.905 -1.085 0.000 
C(l7) -4.356 -0.765 0.126 
C(l8) -4.356 0.765 -0.126 
C(19) -2.905 1.085 0.000 
C(20) -2.422 2.384 0.000 

B. Coordinates (in Angstroms) for the hydrogen atoms 

Atom X y z 

H(l)-N(l) 0.000 1.063 0.100 
H(l)-N(3) 0.000 -1.063 -0.100 
H(1)-C (2) -1. f58 4.984 0.000 
H(1) -c (3) 1. 258 4.984 0.000 
H(l)-C(5) 3.145 3.128 0.000 
H(l)-C(7) 5.056 1.258 0.000 
H(l)-C(8) 5.056 -1.258 0.000 

- H(l)-C(lO) 3.145 -3.128 0.000 
H(l)-C (12) 1.258 -4.984 0.000 
H(l)-C(13) -1.258 -4.984 0.000 
H(l)-C(l5) -3.136 -3.098 0.000 
H(l)-C(l7) -4.789 -0.969 0.899 
H(2)-C(l7) -4.789 -1.204 -0.546 
H(l)-C(l8) -4.789 1.204 0.546 
H(2)-C(l8) -4.789 0.969 -0.899 
H(l)-C (20) -3.136 3.098 0.000 
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Table A..,.III. Free-base Chlorin (continued) 

c. Bond distances (in Angstroms) for all atoms 

Atoms Distance Atoms Distance 

N(1)-C(l) 1.366 N(1}-c (4) 1.366 
N(2)-C(6) 1.366 N(2)-C(9) 1.366 
N(3)-C(ll) 1.366 N(3)-C(l4) 1.366 
N(4)-C(16) 1.343 N(4)-C(19) . 1.343 
C(l)-C(2) 1.442 C(2)-C(3) 1.342 
C(3)-C(4) 1.442 C(4)-C(5) 1.386 
C(5)-C(6) 1.386 C(6)-C (7) 1.442 
C(7)-C(8) 1.342 C(8)-C(9) 1.442 
C(9)-C(l0) 1.386 C(lO)-C(ll) 1.386 
C (11)-C (12) 1.442 c (12)-c ( 13) 1.342 
C(l3)-C(14) 1.442 C(l4)-C (15) 1.386 
C (15)-C (16) 1.386 C(l6)-C (17) 1. 491 
C (17)-C(l8) 1.·551 C (18)-C (19) 1. 491 

- C(l9)-C(20) 1.386 C(20)-C(l) 1. 386 
N(l)-H(l) 0.950 N(3)-H(l) 0.950 
C(2)-H(l) 0.989 . C(3)-H(l) 0.989 
C(5)-H(l) 1.010 C(7)-H(l) 0.989 
C(8)-H(l) 0.989 C(lO)-H(l) 1.010 
C(l2)-H(l) 0.989 C(l3)-H(l) 0.989 
C(l5)-H(l) 1.010 . C(17)-H(l) 0.909 
C(17)-H(2) 0.912 C(18)-H(1) 0.912 
C(l8)-H(2) 0.909 C(20)-H(l) 1.010 
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Table A-III. Free-base Chlorin (continued) 

D. Bond angles (in degrees) for the nonhydrogen atoms 

Atoms Angle Atoms Angle 

C(l)-N(1)-C(4) 107.8 C(6)-N (1 )-C (9) 107.8 
c (ll)-N(3) -c (14) 107.8 C(16)-N(4)-C(19) 107.8 
c (20)-c (1) -c (2) 125.5 C(20)-C(l)-N(l) 125.9 
C(2)-C(1)-N(1) 108.6 c (1)-c (2) -c (3) 107.5 
C(2)-C(3)~C(4) 107.5 C(3)-C(4)-C(5)· 124.2 
C(3)-C(4)-N(l) 108.6 C(5)-C(4)-N(l) 127.2 
C(4)-C(5)-C(6) 125.8 c (5) -c (6) -c (7) 126.6 
C(5)-C(6)-N(2) 124.8 C (7)-C (6)-N (2) 108.6 
C(6)-C(7)-C(8) 107.5 c (7) -c (8) -c (9) 107.5 
C(8i-C(9)-C(10) 126.6 C(8)-C(9)-N(2) 108.6 
C(10)-C(9)-N(2) 124.8 C (9 )-C (10) -C ( 11) 125.8 
C(10)-C(11)-C(12) 124.2 C(l0)-C(ll)-N(3) 127.2 
C(12)-C(11)-N(3) 108.6 C(11)-C(12)-C(13) 107.5 
C(12}-C(13)-C(14) 107.5 C(13)-C(14)-C(15) 125.5 
C(13)-C(14)-N(3) 108.6 C (15)-C (14)-N (3) 125.9 
C(14)-C(15)-C(16) 128.4 C(15)-C(16)-C(17) 122.7 
C(15)-C(l6)-N(4) 123.5 C(l7)-C(l6)-N(4) 113.6 
C(16)-C(17)-C(18) 101.4 C(17)-C(18)-C(19) 101.4 
C(18)-C(19)-C(20) 122.7 C(18)-C(l9)-N(4) 113.6 
C(20)-C(l9)-N(4) 123.5 C(19)-C(20)-C(l) 128.4 

E. Bond angles (in degrees)· for the hydrogen atoms 

Atoms Angle Atoms Angle 

H(l)-N(l)-C(l) 125.9 H(l)-N(l)-C(4) 125.9 
H(l)-N (3)-C (11) 125.9 H(l)-N(3)-C(l4) · 125.9 
H(l)-C (2) -C (1) 126.1 H(1)-C(2)-C (3) 126.4 
H(l)-C(3)-C(2) 126.4 H(l)-C (3)-C (4) 126.1 
H(1)-C(5)-C(4) 118.3 H(l)-C(5)-C{6) 115.9 
H(1)-C (7 )-C ( 6) 126.1 H(1)-C(7)-C(8) 126.4 
H(1)-C(8)-C{7) 126.4 H(1)-C(8)-C(9) 126.1 

' H(l)-C(lO)-C (9) 115.9 H(1)-C(10)-C(11) 118.3 
H(l)-C(l2)-C (11) 126.1 H{l)-C (12) -C (13) 126.4 
H(l)-C (13)-C (12) 126.4 H(l)-C(13)-C (14) 126.1 
H(l)-C (15 )-C (14) 117.0 H(l)-C (15)-C (16) 114.6 
H(1)-C(l7)-C(l6) 119.1 H{1)-C(17)-C(18) 111.1 •• -
H( 1)-C (17) -H (2) 107.0 H(2)-C(l7)-C (16) 119.1 
H(2)-C(17)-C (18) 111.0 H(l)-C(l8)-C(17) 110.8 
H(l)-C(l8)-C (19) 107.2 H ( 1) -C ( 18) -H (2) 107.0 
H(2)-C(18)-C (17) 110.9 Hq)-C (18)-C (19) 107.3 
H(l)-C(20)-C (19) 114.6 H(l)-C (20)-C (1) 117 .o 
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Table A-IV. Free-base Bacteriochlorin 

A. Coordinates (in Angstroms) for the nonhydrogen atoms 

Atom X y z 

N(1) 0.000 2.008 0.000 
N(2) 2.114 0.000 0.000 
N(3) 0.000 -2.008 0.000 
N(4) -2.114 0.000 . 0.000 
C(l) -1.104 2.813 0.000 
C(2) -0.671 4.188 0.000 
C(3) 0.671 4.188 0.000 
C(4) 1.104 2.813 0.000 
C(5) 2.422 2.384 o.ooo. 
C(6) 2.905 1.085 0.000 
C(7) 4.356 0.765 0.126 
C(8) 4.356 -0.765 -0.126 
.C(9) 2.905 -1.085 0.000 
C(lO) 2.422 -2.384 0.000 
C(11) 1.104 -2.813 0.000 
C(12) 0.671 -4.188 0.000 
C(13) -0.671 -4.188 0.000 
C(14) -1.104 -2.813 0.000 
C(15) -2.422 -2.384 0.000 
C(16) -2.905 -1.085 0.000 
C(17) -4.356 -0.765 0.126 
C(18) -4.356 0.765 -0.126 
C(19) -2.905 1.085 0.000 
C(20) -2.422 2.384 0.000 

B. Coordinates (in Angstroms) for the hydrogen atoms 

Atom X y z 

H(l)-N(l) 0.000 1.063 0.100 
H(l)-N(3) 0.000 -1.063 -0.100 
H(l)-C (2) -1.258 4.984 0.000 
H(1)-C(3) 1.258 4.984 0.000 
H(l)-C (5) 3.136 3.098 0.000 
H(l)-C(7) 4.789 0.969 0.899 
H(2)-C(7) 4.789 1.204 -0.546 
H(l)-C (8) 4.789 -1.204 0.546 
H(2)-C(8) 4.789 -0.969 -0.899 
H(l)-C(10) 3.136 -3.098 0.000 
H(l)-C (12) 1.258 -4.984 0.000 
H(l)-C (13) -1.258 -4.984 0.000 
H(l)-C (15) -3.136 -3.098 0.000 
H(l)-C(17) -4.789 -0.969 0.899 

· H(2)-C (17) -4.789 -1.204 -0:546 
H(1)-C (18) -4.789 1.204 0.546 
H(2)-C (18) -4.789 0.969 -0.899 
H(l)-C (20) -3.136 3.098 0.000 
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Table A-IV. Free-base Bacteriochlorin (continued) 

c. Bond distances (in Angstroms) for all atoms 

Atoms Distance Atoms Distance 

N(l)-C(l) 1.366 . N(l)-C(4) 1.366 
N(2)-C(6) 1.343 N(2)-C(9) 1.343 
N(3)-C(ll) 1.366 N(3)-C(14) 1.366 
N(4)-C (16) 1.343 N(4)-C09) 1.343 
C(l)-C(2) 1.442 C(2)-C(3) 1.342 
C(3)-C(4) 1.442 C(4)-C(5) 1.386 
C(5)-C(6) 1.386 C(6)-C(7) 1.491 
C(7)-C(8) 1.551 C(8)-C(9) 1. 491 
C(9)-C(l0) 1.386 C(lO)-C(ll) 1.386 
C(ll)-C(l2) 1.442 C (12)-C (13) 1.342 
C(13)-C (14) 1.442 C(14)-C(15) 1.386 
C(15)-C (16) 1.386 C(16)-C(17) / 1.491 
C (17)-C (18) 1.551 C(18)-C(19) 1.491 

· C (19)-C (20) 1.386 C(20)-C(l) 1.386 
N(l)-H(l) 0.950 N(3)-H(l) 0.950 
C(2)-H(l) 0.989 C(3)-H(l) 0.9'89 
C(S)-H(l) 1.010 . C(7)-H(1) 0.909 
C(7)-H(2) 0. 912 C (8)-H(l) o. 912 
C(8)-H(2) 0.909 C(10)-H(l) 1.010 
C(12)-H(l) 0.989 C(13)-H(l) 0.989 
C(15)-H(l) 1.010 C(17)-H(l) 0.909 
C(l7)-H(2) 0.912 C(18)-H(1) 0.912 
C(l8)-H(2) 0.909 C(20)-H(1) 1.010 
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Table A-IV. 

D. Bond angles 

Atoms 

C(1)-N(l)-C(4) 
C(11)-N(3)-C(14) 
C(20)-C (1)-C (2) 
C(2)-C(l)-N(l) 
C(2)-C(3)-C(4) 
C(3)-C(4)-N(l) 
C(4)-C(5)-C(6) 
C(5)-C(6)-N(2) 
C(6)-C (7)-C (8) 
C (8)'-C (9)-C (10) 
C (10)-C (9) -N (2) 
C(10)-C(11)-C(12) 
c (12)--c (11 )-N (3) 
C(12)~C(13)-C(14) 
C (13)-'C (14 )-N (3) 
C(14)-C(15)-C(16) 
C(15)-C(16)-N(4) 
C(16)-C(17)-C(18) 
C(18)~C(19)-C(20) 
C(20)-C(19)-N(4) 

n.. ¢c:n i.) ···•• iJV':. t;) 

Free-base Bacteriochlorin (continued) 

(in degrees) for the nonhydrogen atoms 

Angle Atoms Angle 

107.8 C(6)-N(2)-C(9) 107.8 
107.8 C (16)-N (4)-C (19) 107.8 
125.5 C (20)-C (1) -N (1) 125.9 
108.6 C (1)-C (2)-C (3) 107.5 
107.5 C(3)~C(4)-C(5) 125.5 
108.6 C(5)-C(4)-N(l) 125.9 
128.4 C(5)-C(6)-C(7) 122.7 
123.5 C(7)-C(6)-N(2) 113.6 
101.4 C(7)-C(8)-C(9) 101.4 
122.7 C(8)-C(9)-N(2) 113.6 
123.5 C(9)-C(10)-C(11) 128.4 
125.5 C (10)-C(l1) -N (3) 125.9 ' 
108.6 C(11)-C(12)-C(13) 107.5 
107.5 C(13)-C(14)-C(15) 125.5 
108.6 C (15)-C (14)-N (3) 125.9 
128.4 C(15)-C(16)-C(17) 122.7 

.123.5 C(17)-C(16)-N(4) 113.6 
101.4 C(17)-C(l8)-C(19) 101.4 
122.7 C(l8)-C(19)-N(4) 113.6 
123.5 C(19)-C(20)-C(l) 128.4 

E. Bond angles (in degrees) 
I 

for the hydrogen atoms 
I 

Atoms Angle Atoms Angle 

H(l)-N(l)-C(l) 125.9 H(l)-N(l)-C(4) 125 .·9 
H(1)-N(3)-C(ll) 125.9 H(l)-N (3)-C (14) 125.9 
H(1)-C(2)-C(1) 126.1 H(l)-C(2)-C(3) 126.4 
H(1)-C(3)-C(2) 126.4 H(l)-C(3)-C(4) 126.1 
H(l)-C (5)-C (4) 117 .o H(l)-C(5)-C(6) 114.6 
H(l)-C(7)-C(6) 119.1 H(l)-C(7)-C(8) 111.1 
H(l)-C(7)-H(2) 107.0 H(2)-C(7)-G(6) 119.1 
H(2)-C(7)-C(8) 111.0 H(1)-C(8)-C(7) 110.8 
H(1)-C(8)-C(9) 107.2 H(l)-C(8)-H(2) 107.0 
H(2)-C (8)-C(7) 110.9 H(2)-C(8)-C(9) 107.3 
H(l)-C (10) -C (9) 114.6 H(1)-C(l0)-C(11) 117 .o 
H(l)-C(12)-C(11) 126.1 H(l)-C (12)-C (13) 126.4 
H(l)-C (13)-C (12) 126 • .4 H(1)-C(13)-C(14) 126.1 
H(1)-C(15)-C(14) 117 .o H(l)-C(15)-C(l6) 114.6 
H(1)-C(17)-C(16) 119.1 H(l)-C (17)-C(18) 111.1 
H(1)-C(l7)-H(2) ' 107.0 H(2)-C(17)-C(16) 119.1 
H(2)-C(17)-C(18) 111.0 H(l)-C (18)-C (17) 110.8 
H(l)-C (18)-C (19) 107.2 H(l)-C(l8)-H(2) 107.0 
H(2)~G(18)-C(17) 110.9 H(2)-C(18)-C(19) 107.3 
H(1)-C(20)-C(19) 114.6 H(l)-C(20)-C(l) 117.0 

95 
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Table A-V. Methyl Pheophorbide a 

A. Coordinates (in Angstroms) for the nonhydrogen atom~ 

·Atom X y z 

N(l) -0.134 2.079 -0.050 
N(2) 2.040 0.000 -0.050 
N(3) 0.134 -1.967 0.011 
N(4) -2.185 0.000 0.047 
C(1) -1.250 2.860 -0.008 
C(2) -0.823 4.244 0.018 
C(3) 0.529 4.239 -0.010 
C(4) 0.996 2.858 -0.029 
C(5) 2.300 2.433 -0.033 
C(6) 2.800 1.112 0.002 
C(7) 4.191 0.791 0.065 
C(8) 4.270 -0.567 0.057 
C(9) 2.906 -1.063 -0.006 
C(lO) 2.533 -2 .. 387 0.020 
C(ll) 1.211 -2.854 0.007 
C(12) 0. 696 -4.147 -0.034 
C(13) -0.696 -4.034 -0.053 
C(14) -0.996 -2.662 -0.038 
C(15) -2.352 -2.370 -0.038 
C(16) -2.942 -1.115 0.071 
C(17) -4.389 -0.827 0.289 
C(18) -4.450 0.696 -0.001 
C(19) -3.005 1.060 0.030 
C(20) -2.549 2.391 0.023 
C(21) -1.738 5.406 0.103 
C(22) 1. 450 5.38€> 0.002 
C(23) 1.156 6.555 -o. 215 
C(24) 5.334 1. 752 0.161 
C(25) 5.499 -1.441 0.167 

. C(26) 5.842 -1.722 1. 566 
C(27) 1.513 -5.438 -0.060 
C(28) -1.919 -4.777. -0.106 
C(29) -3.082 -3.707 -0.145 
C(30) -4. S04 -1.156 1. 745 
C(31) -6.229 -0.841 2.101 
C(32) -5.102 1.009 -1.332 
C(33) -3.788 -3.862 -1.447 
C(34) -5.549 .,-4.910 -2.611 ., 
C(35) -7.210 -1.737 1.468 
C(36) -:-9.542 -2.180 1.097 
0(1) -2.109 -5.973 -0.130 
0(2) -3.442 ·-3.364 -2.487 
0(3) -4.808 -4.691 -1.361 
0(4) -6.981 -2.770 0.930 
0(5) -,.8.446 -1.306 1.602 
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Table A-V. Methyl Pheophorb~de a (continued) 

B. Coordinates (in Angstroms) for the hydrogen atoms 

Atom X 
: . y z 

H(lf-N(l) -0.027 1.326 0.102 
H(l)-N(3) 0.315 -1.094 -0.071 
H(l)-C(5) 3.012 3.136 0.005 
H(l)-C(lO) 3.261 -3.079 -0.046 
H(l)-C(17). -4.850 -1.344 -0.222 
H(l)-C(l8) -4.847 1.250 0.651 
H(l)-C(20) -3.297 2.928 -0.050 
H(l)-C(21). -2.669 5.100 0.332 
H(2)-C(21) -1.926 5.844 -0.596 
H(3)-C(21) -1.527 6.125 0.811 
H(l)-C(22) 2.641 5.468 0.328 
H(l)-C (23) 1.867 7.250 -0.162 
H(2)-C(23) 0.210 6.788 -0.408 
H(l)-C(24) 5.180 2;405 -0.577 
H(2)-C(24) 5.123 2.311 0.956 
H(3)-C(24) 6.217 1.197 0.149 
H(l)-C(25) 6.250 -1.011 -0.322 
H(2)-C(25) 5.376 ..,;.2.312 -0.321 
H(l)-C(26) 5.061 -2.391 2.011 
H(2)-C (26) 5.872 -0.897 2.127 
H(3)-C(26) 6.741 -2.152 1.663 
H(1)-C(27) 2.478 -5.294 -0.279 
H(2)-C(27) 1.120 -5.952 -0.834 
H(3)-C(27) 1.383 -6.039 0.731 
H(l)-C(29) -3.762 -3.777 0.584 
H(l)-C(30) -4.564 -2.181 1.898 
H(2)-C(30) -4.355 -0.522 2.243 
H(1)-C (31) -6.252 -1.030 2.768 
H(2)-C(31) -6.735 0.239 1.853 
H(l)-C(32) -6.096 0.647 -1.281 
H(2)-C(32) -5.108 1.768 -1.482 

·H(3)-C(32) -4.512 0.521 -2.046 
H(l)-C(34) -5.l67 -5.550 -3.225 
H(2)-C(34) -5.756 -4.082 -3.128 
H(3)-C(34) -6.427 -5.283 -2.308 . 

.4 H(l)-C(36) -10.299 -2.281 1.685 
H(2)-C(36) -9.901 -1.945 0.196 
H(3)-C(36) -9.112 -3.080 1.016 

I. . 
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Table A-V. Methyl Pheophorbide a (continued) 

c. Bond distances (in Angstroms) for all atoms 

Atoms Distance Atoms Distance • 

N(l)-C(l) 1.363 N(1)-C(4) 1.373 
N(2)-C(6) 1.348 N(2)-C(9) 1.372 
N(3)-C(ll) .1. 395 N(3)-C (14) 1.327 
N(4)-C(16) 1.348 N(4)-C(l9) 1.340 
C(l)-C(2) 1.449 C(2)-C(3) 1.352 
C(2)-C(21) 1.482 C(3)-C(4) 1.459 
C(3)-C(22) 1.471 . C(4)-C(5) 1. 371 
C(5)-C(6) 1.413 C(6)-C(7) 1.429 
C(7)-C(8) 1.361 C(7)-C(24) 1.496 
C(8)-C(9) 1.453 C(8)-C(25) 1. 512 
C(9)-C(10) 1.376 C(lO)-C (11) 1.403 
C(ll)-C(l2) 1.393 C (12)-C(l3) 1.397 
C(l2)-C(27) 1.529 c (13) -c (14) 1.404 
C(l3)-C(28) L432 C(l4)-C (15) 1.388 
C(15)-C (16) 1.390 C(15)-C(29) 1. 527 
C (16)-C (17) 1.492 C(l7)-C(l8) 1. 551 
C(l7)-C (30) 1.549 C(18)-C(l9) 1.490 
C(18)-C (32) 1. 51.5 C(19)-C(20) 1.408 
C(20)-C(l) 1.381 C(22)-C(23) 1.226 
C(25)-C(26) 1.468 C(28)-C(29) 1. 581 
C(28)-0(l) 1.211 C(29)-C(33) . 1. 489 
C(30)-C(31) 1.502 C(31)-C(35) 1. 472 
C(33)-0(2) 1.203 <:;(33)-0(3) 1. 317 
C(35)-0(4) 1.187 C(35)-0(5) 1. 316 
0(3)--C(34) 1. 469 0(5)-C(36) 1.490 
N(l)-H(l) 0. 776 N(3)-H(l) 0.895 
C(5)-H(1) 1.001 C(l0)-H(1) 1.006 
C(l7)-H(l) 0.861 C(l8)-H(l) 0.943 
C(20)-H(l) 0.924 . C(21)-H(l) 1.006 
C(21)-H(2) 0.846 C(21)-H(3) 1.031 
C (22)-H(l) 1.237 C(23)-H(l) 0.996 
C(23)-H(2) o. 992 C(24)-H(1) 0.997 
C(24)-H(2) 0.995 C(24)-H(3) 1.043 
C(25)-H(l) 0.993 C(25)-H(2) 1.005 
C(26)-H (1) 1.120 C(26)-H(2) 0.998 
C(26)-H(3) 1.000 C(27)-H(l) 1.000 j.._ 

C(27)-H(2) 1.009 C(27)-H(3) 1.001 
C(29)-H(l) 1.000 C(30)-H(1) 1.069 
C(30)-H(2) 0.923 C(31)-H(l) 0.693 J 

C(31)-H(2) 1.218 C(32)-H(l) 1.060 
C(32)-H(2) 0.773 c.(32)-H(3) 1.048 
C(34)-H(l) 0.966 C(34)-H(2) 0.998 
C(34)-H(3) 1. 001 C(36)-H(l) 0.964 
C(36)-H(2) 0.998 C(36)-H(3) 1.000 
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Table A-V. Methyl Pheophorbide a (continued) 

D. Bond angles (in degrees) for the nonhydrogen atoms 

Atoms Angle Atoms Angle 

C(l)-N(l)-C(4) 110.4 C(6)-N(2)-C(9) 106.4 
C(11)-N(3)-C(14) 108.9 C(l6)-N (4)-C( 19) 108.1 
C(20)-C(l)-C(2) 126.9 C(20)-C(l)-N(1) 125.2 
C(2)-C(1)-N(l) 107.9 C (1)-C (2)-C (3) 106.9 
C(l)-C(2)-C (21) 124.6 C (3)-C (2)-C (21) 128.5 
C(2)-C(3)-C(4) 108.9 G(2)-C (3)-C (22) 128.5 
C(4)-C(3)-C(22) 122.5 C(3)-C(4)-C(5) 126.7 
C(3)-C(4)-N(l) 105.9 C(5)-C ( 4)-N (1) 127.4 
C(4)-C(5)-C(6) 128.7 C(5)-C (6)-C (7) 123.7 
C(5)-C(6)-N(2) 124.8 C(7)-C (6)-N (2) 111.4 
C(6)-C (7)-C (8) 106.3 C(6) -C (7)-C (24} 127.0 
C(8)-C(7)-C(24) 126.6 C(7)-C(8)-C(9) 106.6 
C(7)-C(8)-C(25) 128.6 C(9)-C(8)-C(25) 124.7 
C(8)-C(9)-C(10) 125.6 C(8)-C(9)-N(2) 109.3 
C(10)-C(9)-N(2) 125.1 C(9)-C(10)-C(11) 125 •. 2 
C(10)~C(11)-C(12) 131.2 C(10-C(11)-N(3) 121.1 
C(12)-C(11)-N(3) 107.7 C(11)-C(12)-C(13) 107.1 
C(11)-C(12}-C(27) .126. 0 C(13)-C(12)-C(27) 127.0 
C(12)-C(13)-C(14) 107.0 C(12)-C(13)-C(28) 144.0 
C(14)-C(13)-C(28) 109.0 C(13)-C(14)-C(15) 114.5 
C(13)-C (14)-N (3) 109.3 C(15)-C(14)-N(3) 136.2 
C(14)~C(15)-C(16) 127.2 C(14)-C(15)-C(29) 106.4 
C(16)-C(15)-C(29) 126.4 C(15)-C(16)-C(17) 126.7 
C(15)-C(16)-N(4) 120.5 C(l7)-C(l6)-N(4) 112.8 
C(16)-C(17)-C(18) 101.6 C(16)-C(17)-C(30) 110.9 
C (18)-C (17)-C (30). 111.9 C(17)-C(18)-C(19) 101.4 
C(17)-C(18)-C(32) 112.6 C(19)-C(18)-C(32) 112.6 
C(18)-C (19)-C (20) 123.0 C(l8)-C(19)-N(4) 113.6 
C(20)-C(19)-N(4) 123.3 C(19)-C(20-C (1) 128.8 
C(3)-C(22)-C(23) 126.3 C(8)-C(25)-C(26) 111.7 
C(13)-C(28)-C(29) 106.1 C (13)-C (28)-0 (1) 130.4 
C(29)-C(28)-0(1) 123.5 C(28)-C(29)-C(15) 103.9 
C(28)-C(29)-C(33) 107.4 C(15)-C(29)-C(33) 112.2 
C(17)-C(30)-C(31) 115.6 C(30)-C(31)-C(35) 113.7 
C(29)-C(33)-0(2) 125.2 C(29)-C(33)-0(3) 112.1 .. 0(2)-C(33)-0(3) 122.7 C(31)-C(35)-0(4) 126.6 
C(31)-C(35)-0(5) 112.5 0(4)-C(35)-0(5) 120.8 
C(33)-0(3)-C(34) 115.4 C(35)-0(5)~C(36) 117.6 
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Table A-V. Methyl Pheophorbide a (continued) 

E. Bond angles (in degrees) for the hydrogen atoms 

Atoms Angle Atoms Angle 

H(l)-N(l)-C(l) 131.5 H(l)-N (1)-C( 4) 115.8 
H(l)-N(3)-C(11) 117.6 H(l)-N (3)-C (14) 132.8 
H(l)-C(5) -C( 4) 117.3 H(l)-C (5) -C (6) 113.9 
H(1)-C ( 10) -C (9) 117.7 H(1)-C(10)-C(11) 116.9 
H(1)-C(17)-C(16) 108.4 H(l)-C( 17)-C (18) 117.3 
H(l)-C (17)-C(30.) 106.6 H(1)-C(18)-C(17) 117.7 
H(1)-C (18)-C (19) 104.5 H(l)~c(18)-C(32) 107.7 
H(1)-C (20)-C (19) 106.7 H( 1 )-C (20) -C ( 1) 124.2 
H(l)-C (21)-C (2) 110.2 H(l)-C(21)-H(2) 98.1 
H(1)-C (21) -H(3) 104.2 H(2)-C(21)-C(2) 114.'3 
H(2)-C(21)-H(3) 107.0 H(3)-C(21)-C(2) 109.7 
H(l)-C(22)-C (3) 131.1 H(1)-C(22)-C(23) 102.4 
H(l)-C(23)-C(22) 119.1 H(l)-C(24)-C(7) 104.8 
H (l)_.C(24 )-H (2) 101.0 H(l)-C (24)-H(3) 118. 0. 
H(2)-C(24)-C(7) 104.8 H(2hC(24)-H(3) 118. 1 
H(3)-C(24)-C (7) 104~ 1 . H(1)-C(25)-C(8) 109.2 
H(1)-C(25)-C(26) 112.0 H(l)-C (25 ).,-H (2) 103.2 
H(2)-C(25)-C(8) 108.9 H(2)-C(25)-C(26) 111.8 
H(1)-C(26)-C(25) 109.3 H(l)-C(26)-H(2) 106.9 

· H(1)-C (26)-H(3) 109.4 H(2)-C(26)-C(25) 111.7 
H(2)-C(26)-H(3) 111.8 ll(3)-C(26)-C(25) 111.7· 
H(l)-C(27)-C (12) 113.5 H(1)-C(27)-H(2) 106.4 
H(l)-C(27)-H(3) 112.6 H (2)-C (27)-C (12) 113.3 
H(2)-C(27)-H(3) 112.4 H(3)-C(27)-C(12) 113.4 
H(l )-C (29)-C (28) 115.8 H(1)-C(29)-C(15) 109.6 
H(l )-C (29) -C (33) 107.9 H(1)-C(30)-C(lJ) 106.3 
H(l)-C(30)-C (31) 112.4 H(l)-C(30)-H(2) 118.4 
H(2)-C(30)-C (17) 108.9 H(2)-C(30)-C(31)· 116.2 
H(1)-C(31)-C(30) 101.7 H(1)-C(31)-C(35) 103.0 
H(1)-C(31)-H(2) 115.1 H(2)-C(31)-C(30) 96.6 
H(2)-C(31)-C(35) 97.4 H(1)-C(32)-C(18) 106.9 
H(l)-C(32)-H(2) 109.7 H(l)-C(32)-H(3) 113.7 
H (2)-C (32) -C ( 18) 113.5 H(2)-C (32)-H (3) 123.5 
H(3)-C (32)-C (18) 107.1 H(l)-C(34)-0(3) 116.1 
H(l)-C(34)-H(2) 107.6 H(l )-C (34) -H (3) 107.1 

~ 

H(2)-C(34)-0(3) 115.2 H(2)-C(34)-H(3) 106.5 
H(3)-C (34 )-0 (3) 115.1 H(l)-C (36)-0 (5) 115.6 
H (1)-C (36) -H(2) 107.0 H(l)-C(36)-H(3) 107.0 
H(2)-C(36)-0(5) 114.7 H(2)-C(36)-H(3) 106.4 
H(3)-C(36)-0(5) 114.6 
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Table A-VI. Methyl PhE;ophorbide a 

A. Coordinates (in Angstroms) for the nonhydrogen atoms 

...... Atom X y z 

N(l) 0.000 2.008 0.000 
N(2) 2.080 0.000 0.000 
N(3) 0.120 -2.008 0.000 
N(4) -2.114 0.000 0.000 
C(1) -1.104 2.813 o.ooo 
C(2) -0.671 4.188 0.000 
C(3) 0.671 4.188 0.000 
C(4) 1.104 2.813 0.000 
C(5) 2.431 2.414 0.000 
C(6) 2.885 1.104 0.000 
C(7) 4.260 0.671 0.000 
C(8) 4.260 -0.671 0.000 
C(9) 2.885 -1.104 0.000 
C(lO) 2.505 . ..:.2.437 0.000 
C(ll) 1.197 -2.895 0.000 
C(l2) 0.682 -4.188 0.000 
C(l3) -0.710 -4.075 0.000 
C(14) -1.010 -2.703 o.ooo 
C(l5) -2.352 -2.356 0.000 
C(16) -2.905 -1.085 0.000 
C(17) -4.356 -0.765 0.126 
C(18) -4.356 0.765 -0.126 
C(l9) -2.905 1.085 0.000 
C(20) -2.422 ' 2. 384 0.000 
C(21) -1.586 5.349 0.000 
C(22) 1.592 5.335. 0.000 
C(23) 1.298 6.505 -0.226 
C(24) 5.403 1.632 0.000 
C(25) 5.489 -1.545 0.000 
C(26) 5.832 -1.826 1.399 
C(27) 1.499 -5.479 0.000 
C(28) -1.941 -4.804 0.000 
C(29) -3.Q72 -3.701 0.000 
C(30) -4.771 -1.094 1.582 

.•. C(31) -6.196 -0.779 1.938 
~.to 

C(32) -5.008 1.078 -1.459 
C(33) -3.778 -3.856 -1.302 

... C(34) -5.539 -4.904 -2.466 
C(35) -7.177 -1.675 1.305 
C(36) -9.509 -2.118 0.934 
0(1) -2.131 -6.000 o.ooo 
0(2) -3.432 .:.3.358 -2.342 
0(3) -4.79~ -4.685 -1.216 
0(4) -6.948 -2.708 0.767 
0(5) -8.413 -1.243 1.439 
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Table A-VI. Methyl Pheophorbide a (continued) 

B. Coordinates (in Angstroms) for the hydrogen atoms 
.. 

Atom X y z 

H(l)-N(1) 0.000 1.063 0.100 
H(l)-N (3) 0.180 -1.065 -0.100 
H(1)-C (5) 3.145 3.128 0.000 
H(1)-C(10) 3.219 -3.151 0.000 
H(l)-C (17) -4.817 -1.282 -0.385 
H(l)-C (18) -4.753 1.319 0.524 
H(l)-C(20) -3.136 3.098 0.000 
H(l)-C(21) -2.517 5.043 0.229 

· H(2)-C(21) -1.774 5.787 -0.700 . 
H(3)-C(21) -1.375 6.068 0.708 
H(1)-C(22) 2.783 5.417 0.317 
H(1)-C(23) 2.009 7.198 -0.173 
H(2)-C(23) 0.352 6.738 -0.419 
H(l)-C(24) 5.249 2.285 -0.738 
H(2)-C(24) 5.192 2.192 0.795 
H(3)-C(24) 6.286/ 1.077 -0.012 
H(l)-C(25) 6.240 -1.115 -0.489 
H(2)-C(25) 5.366 -2.416 -0.488 
H(l )-C (26) 5.051 -2.495. 1.844 
H(2)-C(26) 5.862 -1.001 1.960 
H(3)-C(26) 6.731 -2.256 1.496 
H(l)-C (27) 2.464 -5.336 -0.219 
H(2)-C(27) 1.106 -5.993 -0.774 
H(3)-C(27) 1.369 -6.080 o. 791 
H(1)-C(29) -3.755 -3.771 0.729 
H(l)-C(30) -4.531 -2.125 1. 735 
H(2)-C(30) -4.322 -0.460 2.080 
H(l)-C(31) -6.219 -0.968 2.605 
H(2)-C(31) -6.702 0.301 1.690 
H(1)-C (32) -6.002 0.716 -1.408 
H(2)-C(32) -5.014 1.837 -1.609 
H(3)-C(32) -:-4.418 0.590 -2.173 
H(l)-C (34) -5.157 -5.544 -3.080 
H(2)-C(34) -5.746 -4.076 -2.983 
H(3)-C(34) -6.417 -5.277 -2.163 ·,, ... 
H(l)-C (36) -10.266 -2.219 1.522 
H(2)-C (36) -9.868 -1.883 0.033 
H(3)-C(36) -9.078 -3.018 0.853 .; 
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Table A-VI. Methyl Pheophorbide a (continued) 

C. Bond distances (in Angstroms) for all atoms 

Atoms 

N(l)-C(l) 
N(2)-C(6) 
N(3)-C (11) 
N(4)-C(16) 
C(l)-C(2) 
C(2)-C(21) 
C(3)-C(22) 
C(5)-C(6) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(ll)-C(12) 
C(l2)-C(27) 
C(13)-C(28) 
C(15)-C(16) 
C (16)-C (17) 
C(17)-C (30) 
C(18)-C (32) 
c(2o).:c(l) 
C(25)-C(26) 
C(28)-0(l) 
C(30)-C (31) 
C(33)-0(2) 
C(35)-0(4) 
0(3)-C(34) 
N(1)-H(l) 
C(5)-H(l) 
C(17)-H(l) 
C(20)-H(l) 
C (21)-H(2) 
C(22)-H(l) 
C(23)-H(2) 
C(24)-H(2) 
C(25)-H(l) 
C(26)-H(1) 
C(26)-H(3) 
C(27),-H(2) 
C(29)-H(1) 
C(30)-H(2) 
C(31)-H(2) 
C(32)-H(2) 
C(34)-H(l) 
C(34)-H(3) 
C(36)-H(2) 

Distance 

1.366 
1.366 
1.395 

.· 1.343 
1.442 
1.478 
1.471 
1.386 
1.342 
1.442 
1.386 
1.392 
1.528 
r: 431 
1.386 
1.491 
1.549 
1. 517 
1.386 
1.468 
1.211 
1.502 
1. 204 
1.187 
1.470 
0.950 
1.010 
0.861 
1.010 
0.847 
1.235 
0.993 
0.995 
0.994 
1.121 
1.001 
1.009 
1.001 
0.923 
1.218 
0.774 
0.966 
1.001 
0.998 

Atoms 

N(l)-C(4) 
N(2)-C(9) 
N(3)-C(l4) 
N(4)-C(19) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(6)-C(7) 
C(7)-C(24) 
C(8)-C(25) 
C(lO)-C(ll) 
C(l2)-C (13) 
C (13)-C (14) 
C(l4)-C(15) 
C(l5)-C(29) 
C(l7)-C(l8) 
C(l8)-C(l9) 
C(l9)-C(20) 
C(22)-C(23) 
C(28)-C(29) 
C(29)-C(33) 
C(31)-C(35) 
C(33)-0(3) 
C(35)-0(5) 
0(5)-C(36) 
N(3)-H(l) 
C(lO)-H(l) 
C(18)-H(l) 
C(21)-H(l) 
C(21)-H(3) 
C(23)-H(l) 
C(24)-H(l) 
C(24)-H(3) 
C(25)-H(2) 
C(26)-H(2) 
C(27)-H(l) 
C(27)-H(3) 
C(30)-H(l) 
C(31)-H(l) 
C(32)-H(l) 
C(32)-H(3) 
C(34)-H(2) 
C(36)-H(l) 
C(36)-H(3) 

Distance 

1.366 
1.366 
1.327 
1.343 
1.342 
1.442 
1.386 
1.442 
1.493 
1.508 
1.386 
1.397 
1.404 
1.386 
1.526 
1. 551 
1. 491 
1.386 
1.227 
1.580 
1.489 
1.472 
1.317 
1.316 
1.491 
0.950 
1.010 
0.942 
1.006 
1.031 
0.994 
0.997 
1.043 
1.006 
0.998 
1.000 
1.002 
1.070 
0.694 
1.059 
1.047 
0.998 
0.964 
1.001 
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Table A-VI. Methyl Pheophorbide a (continued) 

D. Bond angles (in degrees) for the nonhydrogen atoms 

Atoms Angle Atoms Angle 

C(l)-N(l)-C(4) 107.8 C(6)-N(2)-C(9) 107.8 
C(ll)-N (3)-C (14) 108.9 C(16)-N (4)-C (19) 107.8 
C(20)-C(l)-C(2) 125.5 C(20)-C(1)-N(l) 125.9 
C(2)-C(1)-N(1) 108.6 C(l)-C(2)-C(3) 107.5 
C (1)-C (2)-C (21) 124.3 C(3)-C(2)-C(21) 128.2 
C(2)-C(3)-C(4) 107.5 C (2)-C (3)-C (22) 128.8 
C(4)-C(3)-C(22) 123.8 C(3)-C(4)-C(5) 124.2 
C(3)-C(4)-N(l) 108.6 C(5)-C (4)-N (1) 127.2 
C(4)-C(5)-C(6) 125.8 C(5)-C(6)-C(7) 126.6 
C(5)-C(6)-N(2) 124.8 C (7)-C (6)-N (2) 108.6 
C(6)-C (7)-C (8) 107.5 C (6)-C(7)-C (24) 122.5 
C(8)-C (7)-C (24) 130.1 C(7)-C(8)-C(9) 107.5 
C(7)-C(8)-C(25) 125.4 C(9)-C(8)-C(25) 127.1 
C(8)-C (9)-C (10) 123.4 C(8)-C(9)-N(2) 108.6 
C (10)-C (9)-N (2) 128.0 C(9)-C(10)-C(11) 125.2 
C(10)-C(11)-C(12) 131.0 . C(10)-C(11)-N(3) 121.2 
C (12)-C ( 11)-N (3) 107.8 C(11)-C(12)-C(13) 107.1 
C(11)-C(12)-C(27) .126.0 ·C(13)-C(12)-C(27) 127.0 
C(12)-C(13)-C(14) 107.0 C(12)-C(13)-C(28) 144.7 
C(14)-C(13)-C(28) 108.3 C(13)-C(14)-C(15) 116.8 
C(13)-C(14)-N'(3) 109.3 C(15)-C (14 )-N (3) 133.9 
C(14)-C(15)-C(16) 128.0 C(14)-C(15)-C(29) 103.7 
C(16)-C(15)-C(29) 128.3 C(15)-C(16)-C(17) 125.8 
C(15)-C(l6) -N (4) 120.4 C(17)-C(16)-N(4) 113.6 
C(16)-C(17)-C(18) 101.4 C(16)-C(17)-C(30) 107.1 
C(18)-C(17)-C(30) 111.2 C(17)-C(18)-C(19) 101.4 
C(17)-C(18)-C(32) 110.3 C(19)-C(18)-C(32) 116.6 
C(18)-C(19)-C(20) 122.7 c (18) -c (19)-N (4) 113.6 
C(20)-C(19)-N(4) 123.5 ' C(19)-C(20)-C(1) 128.4 
C(3)-C(22)-C(23) 126.4 C(8)-C(25)-C(26) 107.5 
C(13)-C(28)-C(29) 105.1 C(13)-C(28)-0(1) 129.7 
C(29)-C(28)-0(1) 125,3 C(28)-C(29)-C(15) 106.1 
C(28)-C(29)-C(33) 105.5 C(15)-C(29)-C(33) 108.4 
C(17)-C(30)-C(31) 115.6 C(30)-C(31)-C(35) 113.7 
C(29)-C(33)-0(2) 125.2 C(29)-C (33)-0 (3) 112.1 l-. 

0(2)-C(33)-0(3) 122.6 C(31)-C(35)-0(4) 126.6 
C (31)-C (35)-0 (5) 112.5 0(4)-C(35)-0(5) 120.9 
C (33)-0(3)-C (34) 115.4 · C(35)-0(5)-C(36) 117.6 
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Table A-VII. Bacterial Methyl Pheophorbide a 

A. Coordinates (in Angstroms) for the nonhydrogen atom~ 

Atom X y z 

N(l) 0.000 2.008 0.000 
N(2) 2.114 0.000 0.000 
N(3) 0.120 -2.008 0.000 
N(4) -2.114 0.000 0.000 
C(l) -1.104 2.813 0.000 
C(2) -0.671 4.188 o.ooo 
C(3) 0.671 4.188 0.000 
C(4) 1.104 2.813 0.000 
C(5) 2.422 2.384 0.000 
C(6) 2.905 1.085 0.000 
C(7) 4.356 0. 765 0.126 
C(8) 4.356 -0.765 -0.126 
C(9) 2.905 -1.085 0.000 
c (10) . 2.495 -2.409 0.000 
C(ll) 1.197 -2.895 0.000 
C(12) 0.682 -4.188 0.000 
C(l3) -0.710 -4.075 0.000 
C(l4) -1.010 -2.703 0.000 
C(15) -2.352 -2.356 0.000 
C(16) -2.905 -1.085 0.000 
C(17) -4.356 -0.765 0.126 
C(18) -4.356 0.765 -0.126 
C(19) -2.905 1.085 0.000 
C(20) -2.422 2.384 0.000 
C(21) -1.586 5.349 0.000 
C(22) 1.591 5.332· 0.000 
C(23) 3.015 5.259 0.389 
C(24) 5.008 1.489 -1.036 
C(25) 4. 771 -1.543 1.148 
C(26) 6.196 -1.359 1~586 
C(27) 1. 499 -5.479 0.000 
C(28) -1.941 -4.804 0.000 
C(29) -3.072 -3.701 0.000 
C(30) -4.771 -1.094 1.582 
C(31) -6.196 -0.779 1.938 
C(32) -5.008 1.078 -1.459 r 
C(33) -3.778 -3.856 -1.302 
C(34) -5.539 -4.904 -2.466 
C(35) -7.177 -1.675 1.305 
C(36) -9.509 -2.118 0.934 
O(l) -2.131 -6.000 o.ooo 
0(2) -3.432 -3.358 -2.342 
0(3) -4.798 -4.685 -1.216 
0(4) -6.948 -2.708 0.767 
0(5) ..,8.413 -1.243 1.439 
0(6) 1.304 6.478 -0.212 
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Table A-VII. Bacterial Methyl Pheophorbide a (continued) 

~· Coordinates (iri Angstroms) for the hydrogen atoms 

Atom X y z 

H(l)-N(l) 0.000 1.063 0.100 
I! . H(l)-N(3) 0.180 -1.065 -0.100 

H(l)-C(5) 3.136 3.098 0.000 
H(l)-C(7) 4.753 1.081 0.919 
H(l)-C(8) 4.817 -1.091 -0.776 
H(1)-C (10) 3.209 -3.123 0.000 
H(l )-C (17) -4.817 -1.282 -0.385 
H(l)-C(18) -4.753 L319 0.524 

. H(l)-C(20) -3.136 3.098 0.000 
H(l)-C (21) -2.517 5.043 0.229 . 
H(2)-C(21) -1.774 5.787 -0.700 
H(3)-C(21) -1.375 6.068 o. 708 
_H(l)-C (23) 3.469 6.143 0.500 
H(2)-C(23) 3.193 4.793 1.255 
H(3)-C(23) 3.605 4. 772 -0.254 
H(1)-C(24) 6.002 1.130 -1.104 
H(2)-C(24) 5.014 2.256 -0.935 
H(3)-C (24) 4.418 1.256 -1.869 
H(l)-C(25) 4.531 -2.569 0.962 
H(2)-C(25) 4.322 -1.103 1.823 
H(l)-C (26) 6.219 -1.752 2.157 
H(2)-C(26) 6.702 -0.257 1.697 
H(3)-C(26) 6.862 -1.799 0.982 
H(l)-C (27) 2.464 -5.336 -0.219 
H(2)-C (27) 1.106 -5.993 -0.774 
H(3)-C (27) 1.369 -6.080 0.791 
H(l)-C (29) -3.755 -3.771 o. 729 
H(l)-C (30) -11.531 -2.125 1.735 
H(2)-C(30) -4.322 -0.460 2.080 
H(l)-C(31) -6.219 -0.968 2. 605 . 
H(2)-C(31) -6.702 0.301 1.690 
H(l)-C (32) -6.002 o. 716 -1.408 
H(2)-C(32) -S.Q14 1.837 -1.609 
H(3)-C(32) -4.418 0.590 -2.173 
H(1)-C(34) -5.157 -5.544 -3.080 

~ ' H(2)-C(34) -5.746 -4.076 -2.983 
H(3)-C(34) -6.417 -5.277 -2.163. 
H(1)-C (36) -10.266 -2.219 1.522 

.).; 

H(2)-C(36) -9.868 -1.883 0.033 
H(3)-C(36) -9.078 -3.018 0.853 
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Table A-VII. Bacterial Methyl Pheophorbide a (continued) 

D. Bond angles (in degrees) for the nonhydrogen atoms 
,., 

Atoms Angle Atoms Angle 

; .. C(l)-N(l)-C (4) 107.8 C(6)-N(2)-C(9) 107.8 
C(11)-N(3)-C(14) 108.9 C(16)-N(4)-C(19) 107.8 

~ C(20)-C(l)-C(2) 125.5 C(20)-C(l)-N(1) 125.9 
C(2)-C(l)-N(1) 108.6 C(l)-C(2)-C(3) 107.5 
C(1)-C(2)-C(21) 124.3 C(3)-C(2)-C(21) 128.2 
C(2)-C(3):-C(4) 107.5 C (2)-C (3)-C (22) 128.8 
C(4)-C(3)-C(22) 123.7 C(3)-C(4)-C(5) 125.5 
C(3)-C(4)-N(l) 108.6 C(5)-C(4)-N(l) 125.9 
C(4)-C(5)-C(6) 128.4 C(5)-C (6)-C(7) 122.7 
C(5)-C(6)-N(2) 123.5 C(7)-C(6)-N(2) 113.6, 
c ( 6) -c (7 )-c( 8) 101.4 C(6)-C(7)-C (24) 104.5 
C(8)-C(7)-C (24) 110.3 C(7)-C(8)-C(9) 101.4 
C(7)-C(8)-C(25) 111.2 C(9)-C(8)-C(25) 94.8 

-C (8)-C (9)-C (10) 119.5 C(8)-C(9)-N(2) 113.6 
C(10)-C(9)-N(2) 126.7 C(9)-C(l0)-C(11) 127.7 
C(10)-C(11)-C(12) 132.2 C(lO)-C(11)-N(3) 120.0 
C(12)-C(11)-N(3) 107.8 C(11)-C(12)-C(13) 107.1 
C(11)-C(12)-C(27) 126.0 C(13)-C(12)-C(27) 127.0 
C(12)-C(l3)-C(l4) 107.0 C(12)-C(13)-C(28) 144.7 
C(14)-C(13)-C(28) 108.3 C(13)-C(14)-C(15) 116.8 
C(l3)-C (14)-N (3) 109.3 C (l5)-C(l4)-N (3) 133.9 
C(14)-C(15)-C(16) 128.0 C(14)-C(15)-C(29) 103.7 
C(16)-C(15)-C(29) 128.3 C(15)-C(16)-C(17) 125.8 
C(15)-C(16)-N(4) 120.4 C(l7),-C(l6)-N(4) 113.6 
C(16)~C(17)-C(18) 101.4 C(16)-C(17)-C(30) 107.1 
C(18)-C(17)-C(30) 111.2 "C(17)-C(18)-C(19) 101.4 
C(17)-C(18)-C(32) 110.3 C(19)-C(18)-C(32) 116.6 
C(l8):-C(19)-C(20) 122.7 C(18)-C(19)-N(4) 113.6 
C(20)-C(19)-N(4) 123.5 C(19)-C(20)-C(1) 128.4 
C(3)-C(22)-C(23) 124.4 C(3)-C(22)-0(6) 126.5 
C(23)-C(22)-0(6) 108.9 C(8)-C(25)-C(26) 115.6 
C(13)-C(28)-C(29) 105.1 C (13)-C (28)-0 (1) 129.7 
C(29)-C(28)-0(1) 125.1 C(28)-C(29)-C(15) 106.1 
C(28)-C(29)-C(33) 105.5 C(15)-C(29)-C(33) 108.4 
C(17)-C(30)-C(31) 115.6 C(30)-C(31)-C(35) 113.7 
C(29)-C(33)-0(2) 125.2 C(29)-C(33)-0(3) 112.1 
C(2)-C (33)-0(3) 122.6 C(31)-C(35)-0(4) 126.6 
C(31)-C(35)~0(5) 112.5 0(4)-C(35)-0(5) 120.9 
C(33)-0(3)-C(34) 115.4 C(35)-0(5)-C(36) 117.6 
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Table A-VII. Bacterial Methyl Pheoyhorbide a (continued) 

E. Bond angles (in degrees) for the hydrogen atoms 
,, 

Atoms Angle Atoms Angle 

H(l)-N(l)-C(1) 125.9 H(l)-N(l)-C(4) 125.9 .. 
H(l)-N(3)-C(l1) 125.6 H(l)-N (3)-C (14) 125.0 
H(l)-C(5)-C(4) 117 .o H(l)-C(5)-C(6) 114.6 ~ 

H(l)-C (7)-C (6) 114.2 H(l)-C(7)-C(8) 117.9 
H(l)-C (7)-C (24) 107.7 H(l)-C(8)-C(7) 119.8 
H(l)-C(8)-C(9) 120.2 H(l)-C (8)-C(25) 106 .• 7 
H(l)-C ( 10)-C (9) 117.8 H < 1) -c ( 1 o) -c ( 11) 114.5 
H(l)-C(17)-C(16) 110.0 H(1)~C(17)-C(18) 119.7 
H (1)-C (17)-C (30) 106.7 H(l)-C (18)-C (17) 117.9 
H(1 )-C ( 18)-C ( 19) 103.0 H(l)-C (18)-C (32) 107.7 
H(1)-C(20)-C(19) 114.6 H(l)-C (20)-C (1) 117.0 
H(l)-C(21)-CE2) 109.5 H(l)-C (21)-H (2) 98.0 
H(l)-C(21)-H(3) 104.2 H(2)-C(21)-C(2) 113.4 
H(2)-C(21)-H(3) 106.9 H(3)_.C(21)-C(2) 109.0 
H(l)-C(23)-C (22) 115.0 H(l)-C(23)-H(2) 103.6 
H(1)-C(23)-H(3) 103.5 H(2)-C(23)-C(22) 115.0 
H(2)-C(23)-H(3) 103.6 H(3)-C(23)-C(22) 115.0 
H(l)-C.(24) -c (7) 106.9 H(l)-C(24)-H(2). 109.7 
H(l)-C(24)-H(3) 113.7 H(2)-C(24)-C(7) 113.5 
H(2)-C(24)-H(3) 123.4 H(3)-C(24)-C(7) 107.1 
H(l)-C(25)-C(8) 106.2 H(1)-C(25)-C(26) 112.4 
H(l)-C(25)-H(2) 118.4 H(2)-C(25)-C(8) 108.8 
H(2)-C(25)-C(26) 116.2 H(1)-C(26)-C(25) 101.7 
H(l)-C(26)-H(2) 115.1 H(l)-C(26)-H(3) 103.0 
H(2)-C(26)-C(25) 96.6 H(2)-C (26)-H(3) 97.4 
H(3)-C(26)-C(25) 98.1 HO )-C (27)-C ( 12) 113.3 
H(1 )-C (2 7) -H (2) 106.3 H ( 1)-C (27)-H(3) 112.6 
H(2)-C(27)-C (12) 113.1 H(2)-C(27)-H(3). 112.4 
H(3)-C(27)-C (12) 113.2 B(1)-C(29)-C(28) 116.1 
H( 1)-C (29 )-C (15) 112.6 H(1)-C(29)-C(33) 107.8 
H(1)-C(30)-C(17) 106.2 H(1)-C(30)-C(31) 112.4 
H(1)-C (30)-H(2) 118.4 H(2)-C (30)-C (17) 108.9 
H(2)-C(30)-C(31) 116. ~ H(l)-C (31 )-C (30) 101.7 
H(l)-C (31 )-C (35) 103.0 H(l)-C (31)-H(2) 115.1 
H(2)-C(31)-C(30) 96.6 H(2)-C (31)-C (35) 97.4 ~ 
H(1)-C(32)-C(18) 106.9 H(l)-C(32)-H(2) 109.7 
H(l)-C (32)-H(3) 113.7 H(2)-C (32)-C (18) 113.4 
H(2)-C(32)-H(3) 123.4 H(3)-C (32)-C (18) 107.1 
H(l)-cq4)-o(3) 116.1 H(l)-C(34)-H(2) 107.6 
H(l)-C(34)-H(3) 107.0 H(2)-C(34)-0(3) 115.2 
H(2)-C(34)-H(3) 106.4 H(3)-C(34)-0(3) 115.1 
H(1)-C(36)-0(5) 115.6 H(1)-C(36)-H(2) 107.0 
H(1)-C(36)-H(3) 107.1 H(2)-C(36)-0(S) 114.7 
H(2)-C(36)-H(3) 106.5 H(3)-C(36)-0(S) 114.6 
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