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theoretical work designed to test directly these ideas is needed 
before a final picture emerges. 
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Chlorophyll molecules play a central role in the primary 
events5 of photosynthesis. The majority of chlorophyll mole
cules act cooperatively as an antenna to absorb light and funnel 
the electronic excitation energy to a "reaction center", where 
charge separation occurs involving a few special chlorophyll 
molecules.6 Although much is now known about the role of 
chlorophyll in photosynthetic energy conversion, there is still 
little known about the geometric arrangement and collective 
electronic structure of associated chlorophyll molecules in the 
photosynthetic membrane. 
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Abstract: Ab initio SCF calculations on the ground state of free base porphine, chlorin, and ethyl pheophorbide a have been 
carried out using the molecular fragment procedure. Molecular orbital energies and ordering, and the correlations of specific 
orbitals among the molecules studied, have been examined in detail. Ionization potentials have been estimated, and the first 
ionization potentials are 6.8, 6.4, and 6.4 eV for porphine, chlorin, and ethyl pheophorbide a, respectively. The calculations 
show the expected approximate separation of the HOMO, HOMO — 1, LUMO, and LUMO + 1 from the remainder of the 
MO manifold in keeping with the "four orbital" model, and isodensity contour plots of occupied and unoccupied molecular or
bitals indicate a striking similarity in the "shapes" of these orbitals in all three molecules. Charges and bond orders have been 
examined. In porphine and chlorin, the bonding picture includes an extended ir system whose path of conjugation involves the 
atoms of the interior of the macrocycle, including the nitrogens and methine carbons. Also, relatively localized w bonds are 
found between the exterior carbon atoms of the pyrrole moieties. In ethyl pheophorbide a, the ir bonds of the keto carbonyl of 
ring V and the vinyl group of ring I are mostly localized, but the path of conjugation within the macrocycle is somewhat less 
clear. Finally, molecular electrostatic isopotential maps have been constructed and an analysis of the long-range electrostatic 
field and its relationship to intermolecular interactions is discussed. 
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The studies described in this and the following paper rep
resent the beginning of a series7 of investigations, using ab initio 
quantum mechanical and other theoretical techniques, whose 
goals are to elucidate the salient electronic and geometric 
structural features of monomeric and aggregated chlorophyll 
systems, and to relate these features to the functions of chlo
rophyll in photosynthetic energy conversion. The current 
studies characterize several monomers of interest related to 
chlorophyll, by examining various electronic structural features 
of the ground states of these molecules. In particular, this paper 
reports ab initio SCF-MO studies using the molecular frag
ment method8 on free base porphine (162 electrons), chlorin 
(164 electrons), and ethyl pheophorbide a (330 electrons). The 
companion paper following in this issue describes analogous 
studies on the corresponding magnesium-containing species, 
i.e., magnesium porphine (172 electrons), magnesium chlorin 
(174 electrons), and ethyl chlorophyllide a (340 electrons). 
These ab initio studies provide, for the first time, an approxi
mate but complete (i.e., including all a and r electrons) de
scription of the ground state electronic structure of these im
portant molecules. These studies represent also (in terms of 
numbers of electrons) the largest nonpolymeric molecular 
systems examined to date using ab initio techniques. The dis
cussion will focus on the similarities and differences among 
these molecules, in order to elucidate at least some of the fea
tures that make chlorophyll so uniquely suited for photosyn
thetic energy conversion. These studies will also provide a basis 
for subsequent studies of spectral properties and oligomeric 
structure. 

Porphyrins have been studied by molecular orbital tech
niques for over 25 years.9-10 Most of these studies have been 
by semiempirical techniques, and they recently have been re
viewed.1 ' One of the molecules included in the present study, 
free base porphine, has been studied previously by an ab initio 
technique.12 

Methodology 
The various magnesium-free molecules included in this 

study are depicted in Figure 1. The ab initio molecular frag
ment technique8 using floating spherical Gaussian orbitals 
(FSGO) was employed in all calculations, and the basis orbitals 
used for describing the various C, N, O, and H environments 
were those recommended on the basis of earlier studies of 
prototype systems.13 

The resulting description is then characterized in terms of 
molecular orbitals (MO): 

<Pi = E csi Gs s = 1,2,...,N (U 

where N is the number of FSGO basis functions (Gs) used in 
the calculation. Also of interest in describing the charge dis
tribution are several other quantities, including the charge and 
bond order matrix (P), defined by 

OCC 

PJ( = 2 I csi Cn (2) 

where the sum is over all occupied molecular orbitals, and its 
analogue (P') in a symmetrically orthogonalized basis,14,15 

defined by 

P' = S1Z2PS1/2 (3) 

where S is the overlap matrix over the various FSGO basis 
orbitals. 

In the symmetrically orthogonalized basis, the diagonal 
elements of P' are interpreted as electron populations, and 
hence give direct information about the charge distribution of 
the molecule. The off-diagonal elements are interpreted as 
bond orders, and are taken as measures of the strength and 
degree of bond localization. 

Ethyl Pheophorbide g_ 

Figure 1. Free base molecules included in this study. Only one of several 
possible resonance structures is shown for convenience. The atom num
bering for each of the molecules is illustrated for ethyl pheophorbide, and 
Ni, N2, N3, and N4 are associated with rings I, II, III, and IV, respec
tively. 

Another measure of interest to questions of chemical reac
tivity is the molecular electrostatic potential [i/(r)], which is 
given by 

M 

U[T) = Z- r - R n 

-JdF1P(I)ZIr-T1I (4) 

where M is the number of nuclei, Za is the charge on the nu
cleus a, Ra is the position of nucleus a, and p( 1) is the electron 
density calculated from the wave function. 

Finally, correlation of MOs from one molecule to another 
requires special care, owing both to the low symmetry possessed 
by most of the molecules and to the large number of basis 
functions that typically contribute to a given MO. In order to 
systematize the correlation of MOs between molecules, the 
following measure was found to be particularly useful:16 

L (Csi)HCsj)B (5) 

In the above expression, (c,/)A represents the 5th coefficient 
of the;'th MO of molecule A in a symmetrically orthogonalized 
basis.14 Since the size of the basis sets for the molecules A and 
B will not in general be the same, the symetrically orthogon
alized basis for the molecule having the smaller number of basis 
functions is augmented with cs, = O until the basis set sizes 
coincide. Then, either if the overlap of basis functions common 
to both MOs is small, or if the basis functions not common to 
both molecules dominate the MO description, T//2 will be 
small. Hence, ry2 is a measure of the degree to which the /th 
MO of molecule A resembles they'th MO of molecule B, and 
provides a systematic and quantitative measure of the degree 
of MO similarity (i.e., correlation) between molecules. 

The nuclear geometries were taken from available x-ray 
crystallographic data, with slight idealization as appropriate. 
In particular, the porphine ring geometry was taken basically 
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MO Energies 

PorphinelD2 h) 

£,=-841.067967! 

Chlorin l c 2 v l 

|E,=-841.786936] 

Ethyl Pheophorbide a 

E =-1720.904749] 

Figure 2. Molecular orbital energies of several high-lying occupied and 
low-lying unoccupied orbitals of three magnesium-free species related to 
chlorophyll. Note that, owing to the slight out-of-plane skewing brought 
about by reduction of the C7-C8 double bond in porphine, the CiD sym
metry in chlorin is only approximate. Except where indicated, all molecular 
orbitals are x-type orbitals. All MOs with negative energy are filled and 
all those with positive energy are unfilled. MO correlations are indicated 
by dashed lines. All correlations with T,y2 > 0.25 (see eq 5) are included 
in the figure. Orbitals labeled [O] are mixtures of 7r and lone pair basis 
functions located on the oxygens. Total energies (in Hartree atomic units) 
are also given for each molecule for reference purposes. 

from the x-ray study of Webb and Fleischer,17 using the ide
alization suggested by Almlof12 in an earlier study of porphine. 
The coordinates of chlorin were idealized from those of por
phine, taking appropriate account of the effect of bond length 
changes in the C7-Cg bond.18 The x-ray studies of Fischer et 
al.19 were used to obtain coordinates for ethyl pheophorbide 
a. The atomic Cartesian coordinates used in this study are 
available upon request. 

Results and Discussion 
In describing the similarities and differences among the free 

base species, several different kinds of quantities calculable 
from wave function and energetic data can lead to significant 
insights into the chemical and physical properties related to 
electronic structure. These features include MO energies, MO 
electron density contours, electron populations, bond orders, 
and molecular isopotential maps. In the following sections, 
each of these properties will be discussed and related to 
available experimental data. 

Molecular Orbital Energies. In Figure 2, the energies for 
several high-lying filled and low-lying unfilled MOs of por
phine, chlorin, and ethyl pheophorbide a are given, along with 
the corresponding MO correlations. 

One of the interesting questions that can be addressed as a 
result of the present ab initio studies is how well the "four-
orbital model"20 remains valid as more substituents and rings 
are added to the porphyrin macrocycle. In terms of energetics, 

we see from Figure 2 that, at least for porphine and chlorin, 
the four orbitals of interest (MOs 80-83 in porphine and 81 -84 
in chlorin) remain relatively well isolated from the remaining 
filled and virtual MOs. It is of interest to note that a switch in 
ordering occurs in the lowest unoccupied MO in going from 
porphine to chlorin. In fact, only in porphine is the unoccupied 
MO of b2g symmetry the lowest unoccupied MO. In all other 
cases, the MOs that correlate to the b2g LUMO in porphine 
become the LUMO + 1. However, since the LUMO and 
LUMO + 1 in porphine are nearly degenerate, the chemical 
and spectroscopic manifestations of the LUMO, LUMO + 1 
ordering are not expected to be large. 

In ethyl pheophorbide a, several additional complications 
occur. While the four basic orbitals can still be identified, the 
energetic separation between the HOMO —1 and HOMO — 
2 as well as between the LUMO + 1 and LUMO + 2 is seen 
to be decreased substantially compared to the other molecules. 
In addition, the HOMO and LUMO in ethyl pheophorbide a 
show substantial contributions from substituents attached to 
the macrocycle (see below), thus changing the nature of the 
"four orbitals" as well as their energetics. This may have a 
significant effect on the ability of the four-orbital model to 
describe spectral features in ethyl pheophorbide a. This point 
is currently under further investigation. 

Also of interest are correlations between MOs other than 
those involved in the four-orbital model. In making these 
correlations, all pairs of MOs having Ty2 > 0.25 have been 
connected. As expected, not all correlations have r,y2 ~ I.16 

So that the degree of correlation can be understood, the various 
calculated T,;2 are given in Table I. As seen in this table, some 
of the correlations are obviously unique (e.g., MO 80 in por
phine to MO 81 in chlorin), but other correlations are much 
less so (e.g., MO 74 in porphine to MOs 74 and 78 in chlo
rin). 

Among the interesting points related to these correlations 
is the appearance of new MOs which occur when the number 
of electrons is increased. In chlorin, there is one more filled MO 
than in porphine, and the extra orbital can be thought of as 
arising from a breaking of one ir bond and forming two C-H 
bonds. This results in the disappearance of a high-lying 7r MO 
in chlorin, and the subsequent splitting of many porphine ir 
MOs in going to chlorin. The new C-H bonds formed in chlorin 
contribute to MOs that are low in energy compared to the 
HOMO. In going to ethyl pheophorbide a the situation is 
substantially more complex, owing to the increase in the 
number of filled MOs (82 to 165). Of particular interest is the 
appearance of various MOs having substantial contributions 
from O2 and O4. Also, Oi contributes to the HOMO and 
LUMO (see below), but MOs associated with O3 and O5 lie 
lower in energy. 

Summarizing these correlations, the MOs of the four-orbital 
model correlate straightforwardly, and do not include other 
MOs. For the lower lying MOs, the lack of symmetry in ethyl 
pheophorbide a and relatively close spacing allows substantial 
splitting to occur, but MO correlations can be followed, nev
ertheless, using the quantitative measure ry2. 

Another item of interest displayed in Figure 2 is the rela
tionship among the ionization potentials and other calculated 
MO energies. Only one other ab initio calculation on any of 
the molecules included in our study has been carried out,12 and 
in that study a basis set of 426 atomic Gaussians was con
tracted to an effective basis set of 136 functions in the study 
of porphine. In the current study, a basis of 144 FSGO was 
contracted to 120 functions for use at the SCF level. While 
many of the features of the MO energy spectrum calculated 
using the two basis sets are similar, several differences can be 
seen. First, virtual orbitals having negative orbital energies 
appear in the atomic GTO calculations,12 making interpre
tation of MO energies in terms of ionization potentials difficult 
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Table I. Calculated Correlations between Molecular Orbitals of 
the Free Base Molecules"'* 

Table II. Ionization Potential Estimates" for Free Base Porphine, 
Free Base Chlorin, and Ethyl Pheophorbide a 

Porphine 
MO 

i 

84 

83* 
82* 

81* 
80* 
79 

78 

77 

76 

Chlorin 
MO 
;' 
85 
84* 
52 
83* 
84* 
52 
82 
82* 
81* 
80 
64 
75 
72 
34 
80 
64 
75 
72 
34 
78 
74 
79 
77 

V 
0.707 
0.118 
0.059 
0.985 
0.788 
0.050 
0.044 
0.912 
0.989 
0.558 
0.132 
0.064 
0.54 

0.043 
0.440 
0.173 
0.073 
0.069 
0.056 
0.561 
0.421 
0.645 
0.307 

Chlorin 
MO 

i 

85 

84* 
83* 

82* 
81* 
80 

79 

78 

77 

Ethyl 
pheophorbide a 

MO 
;' 

168 
169 
170 
167* 
166* 
169 

165* 
164* 
163 

155 

153 
154 
158 
159 

ru2 

0.553 
0.227 
0.100 
0.919 
0.882 
0.043 

0.882 
0.933 
0.883 

0.769 

0.587 
0.367 
0.368 
0.320 

75 76 0.993 

74 

73 

72 

74 
78 

77 
79 
75 
64 

0.548 
0.438 

0.689 
0.274 
0.857 
0.050 

76 

75 

74 

148 
156 
159 
148 
149 
154 
153 
155 
152 

0.089 
0.607 
0.101 
0.088 
0.067 
0.522 
0.304 
0.052 
0.903 

" See eq 5 for the method of calculating T,y2. All T,y2 ^ 0.04 are 
included in the table. See ref 16 for additional discussion. * An asterisk 
denotes a four-orbital model MO. 

using Koopman's theorem.21 In addition, the ordering of the 
top two filled MOs is reversed in comparison to the results of 
the current study, with additional differences in ordering oc
curring among lower energy filled MOs. Incidentially, the 
ordering of the top two filled MOs found in the current study 
is the same as that found in an earlier CNDO/2 study.22 Closer 
examination shows that the cases where ordering differences 
occur are primarily associated with MOs having a substantial 
contribution from N lone pairs e.g., biu). since it has been 
found that, for similar but simpler systems such as pyrrole, the 
MO ordering involving lone pair type MOs vs. other MOs was 
properly predicted using the molecular fragment basis23 

compared to an extended basis,24 but was not correctly de
scribed using a minimum atomic GTO basis of the type used 
by Almlof,12 it appears that the MO ordering of the current 
study may be more appropriate for comparison to and/or 
prediction of experimental ionization potentials. 

To allow comparison of calculated and observed ionization 
potentials, it is of interest to note first that, on the basis of 
earlier studies,13 it is expected that the MO energies calculated 
using the molecular fragment basis should be linearly related 
to the values that would be found if an extended basis were 
used. Since an extended basis set study for molecules of this 
size is not feasible currently, examination of smaller systems 
having characteristics similar to those of the molecules studied 

Molecular orbital 
Molecule 

Ionization 
potential 

Porphine 

Chlorin 

Ethyl pheophorbide a 

No. 

81 
80 
79 
78 
77 
82 
81 
80 
79 

165 
164 
163 
162 
161 
160 
159 
158 
157 
156 
155 

Type6 

au(T) 
b i u M 
b3g(f) 
b i u W 
ag(<r) 
a2(w) 
b i M 
b,{7T) 
a2(7r) 
W 

IT 

•K 

nc 

nd 

n, ire 

ir 

TT 

n, wf 
W 

W 

estimate, 

6.8 
7.2 
9.2 
9.4 

10.5 
6.4 
7.2 
9.0 

10.3 
6.4 
7.2 
8.7 
8.8 
9.1 
9.2 
9.4 
9.5 
9.56 

9.57 

10.1 

" Ionization potential estimates given in the table are based upon 
the use of eq 6, the data from Figure 2, and Koopman's theorem (see 
ref 21). * Note that the MO type designation is only approximate in 
chlorin and ethyl pheophorbide a due to their nonplanarity. c Lone 
pair (O2). d Lone pair (O4). e Lone pair (O3, O], O2) + carbonyl w 
(O2). f Lone pair (O5) + carbonyl IT (O4). 

here with extrapolation to the molecules of current interest is 
a reasonable alternative. 

A suitable smaller molecule is the pyrrole molecule, where 
there are both chemical similarities to moieties present in the 
molecules studied here and extended basis sets available for 
comparison.24 As expected, a least-squares comparison of the 
13 filled valence MO energies calculated using the molecular 
fragment basis23 («MF) and using the extended basis25 (eref) 
gives rise to the linear relationship 

e r e f= -0.1831 + 0.8852eMF (6) 

with a correlation coefficient of 0.9995 and a standard devia
tion of 8 X 10 - 3 , where the values are given in atomic units.26 

If it is assumed that this relationship is applicable also to the 
systems studied here, the ionization potential estimates given 
in Table II can be obtained from the orbital energies given in 
Figure 2. 

Since experimental ionization potential estimates using 
photoelectron or other techniques are not available generally 
for these systems, comparison of either trends or absolute 
values is not possible. For example, only one molecule has an 
estimated first ionization potential, i.e., free base porphine, 
where a value of 7.22 eV has been reported.27 Our ionization 
potential estimates indicate that reasonable resolution of the 
first several ionization potentials (all from the respective -K 
systems) can be expected for all three of these molecules. In 
addition, a "band-type" structure appearing at approximately 
10 eV for porphine and chlorin would be expected, while in 
ethyl pheophorbide a considerably closer ionization potential 
spacing (e.g., in a photoelectron spectrum) would be expected 
in the 8-10-eV region. 

Molecular Orbital Shapes. Owing to the significant role that 
the four-orbital model20 has played in previous theoretical 
studies and in the rationalization of observed spectra, it is of 
interest to examine the shapes of these MOs in greater detail 
via electron density contour maps. In this way, the changes that 
occur in going from porphine to chlorin to ethyl pheophorbide 
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LUMO IMO *82) LUMO* 1 (M0«83) 

HOMO (MO »81) H0M0-1 (M0*80) 

Figure 3. Electron density contour maps for the LUMO, LUMO + 1, 
HOMO, and HOMO - 1 of porphine. Contours are at levels of 10, 20, 
40, 80, and 160 millielectrons/(Bohr)3, and are constructed for a plane 
1.0 Bohr above the macrocycle plane. 

Free Base Ch lo r i n 

LUMO 1M0»83) LUMO *1 (MO »84) 

HOMO (MO*82) H 0 M 0 - 1 (MO »811 

Figure 4. Electron density contour maps for the LUMO, LUMO + 1, 
HOMO, and HOMO - 1 of chlorin. Contours are at levels of 10,20,40, 
80, and 160 millielectrons/(Bohr)3, and are constructed for a plane 1.0 
Bohr above the macrocycle plane. 

a can be identified, along with the relevance of those changes 
to the applicability of the four-orbital model. Figures 3-5 give 
electron density contour maps for the two highest occupied, 
and hole density contour maps for the two lowest unoccupied, 
MOs of each of the three free base molecules studied. 

Considering first the HOMO of the molecules we see that, 
comparing chlorin to porphine, the shape of the HOMO is 
nearly identical, except for the "local" effect that is seen in ring 
IV. In that region, a loss of derealization in ring IV of chlorin 
due to reduction of the C7-C8 porphine double bond has taken 

Ethyl Pheophorbide a_ 

LUMO (M0S166) LUMO * 1 (MO #167) 

HOMO (MO »1651 — H0M0-1 (MO »164) 

Figure 5. Electron density contour maps for the LUMO, LUMO + 1, 
HOMO, and HOMO -1 of ethyl pheophorbide a. Contours are at levels 
of 10, 20, 40, 80, and 160 millielectrons/(Bohr)3, and are constructed for 
a plane 1.0 Bohr above the plane containing approximately all four ni
trogen nuclei. 

place. Thus, the increase in energy of the HOMO in chlorin 
compared to that in porphine can be rationalized simply by a 
reduction in the extent of the x system in ring IV of chlorin, 
but with the overall shape of the HOMO being otherwise the 
same. 

Comparing ethyl pheophorbide a to chlorin, we see that, 
even though substantial chemical changes have occurred, in
cluding addition of a fifth ring and a variety of substituents to 
the macrocycle, the basic shape of the HOMO in both cases 
is quite similar. The exception is that, in ethyl pheophorbide 
a, a contribution from Oi to the HOMO is observed. While this 
apparently has little effect on the energy of the HOMO in these 
two molecules, the contribution of Oi is nonnegligible, and may 
have an effect on electronic spectra and other properties of 
chlorophyll systems. 

Comparing next the HOMO — 1 in each molecule, it is seen 
that, both in terms of shape and of energy, this MO is nearly 
identical in the three molecules. 

In the cases of the LUMO and LUMO + 1, one point of 
interest is the change in ordering of MOs in going from por
phine to chlorin, where the LUMO in porphine becomes the 
LUMO + 1 in chlorin. In addition, the LUMO + 1 in chlorin 
shows some hole density redistribution compared to the 
LUMO in porphine, not only in ring IV where the bond satu
ration has taken place, but also in rings I and III. This density 
redistribution is accompanied also by a substantial energetic 
destabilization. In going from chlorin to ethyl pheophorbide 
a, however, very few changes in density distribution or energy 
occur in the LUMO + 1. 

For the LUMO + 1 in porphine, which becomes the LUMO 
in chlorin and ethyl pheophorbide a, very little change is seen 
in going from porphine to chlorin, either in the density distri-
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Table III. Electron Populations and Bond Orders for the T Orbitals 
of Free Base Porphine and Free Base Chlorin 

Free base porphine Free base chlorin 

Populations 
N2: 1.173 
C u : 1-004 
C4: 1.025 
Q3: 1.102 
Ci5: 1.005 
C5: 1.032 
N3: 1.491 

Bond Orders" 
N2-C4:-0.211 
N2-Ci4: 0.611 
C4-Ci4: 0.355 
Cn-C0 :-0.214 
C3-C4: 0.866 
Ci4-C0: 0.591 
C3-Ci5: 0.605 
C15-C5: 0.451 
C 5-N 3 : 0.529 
C5-C6: 0.810 
C5-N3: -0.200 
C 6-N 3 : 0.529 

N2: 1.144 
C,4: 1.049 
C4: 1.039 
C3: 1.056 
C15: 1.044 
C5: 1.008 
N3: 1.502 
C6: 1.067 
C16: 0.963 
C7: 1.199 
C n : 0.997 
N4: 1.096 

N2-C4:-0.218 
N2-C14: 0.615 
C4-Ci4: 0.384 
C I 3 - C 0 : -0.203 
C3-C4: 0.848 
Ci4-C3: 0.567 
C 3 -C 5 : 0.636 
C 5 -C 5 : 0.452 
C15-N3: 0.490 
C5-C6: 0.806 
C5-N3:-0.220 
C16-N3: 0.560 
C6-C16: 0.456 
C 6 -C 7 : 0.566 
C 7 -C n : 0.627 
C 7-N 4 : 0.629 

" AU x-bond orders > |0.2| are given. 

bution or energetically. In the transition to ethyl pheophorbide 
a, however, new contributions from O1 and the vinyl group at 
C2 are seen. These contributions, which serve to enlarge the 
size of the 7r system, result in a stabilization of the LUMO in 
ethyl pheophorbide a. 

Hence, while the MOs of the four-orbital model remain 
somewhat separated energetically from the others, at least for 
porphine and chlorin, changes in the density distribution are 
seen in several cases, including new contributions from Oi 
and/or the vinyl group at C2. In addition, the changes in den
sity distribution appear to be related in a straightforward 
manner to the energetic changes that are observed. 

Electron Populations and Bond Orders. In addition to un
derstanding the nature of individual MOs, it is of interest to 
examine the total charge distribution, to compare the simi
larities and differences in the three molecules studied. To 
achieve this, 7r-electron populations and bond orders for each 
of the three molecules are given in Tables III and IV, using a 
symmetrically orthogonalized basis formed from the original 
FSGO basis14,14 to present the results (see eq 3). It should also 
be noted that the entries in these tables obviously do not rep
resent all possible populations and bond orders. Instead, the 
entries are a compromise, designed to allow discussion of rel
evant chemistry without inundating the reader with num
bers. 

Considering the a-type electron populations and bond orders 
first, we found that few changes in these populations occur in 
going from porphine to chlorin to ethyl pheophorbide a. 
Therefore, we have not included these a populations and bond 
orders in Tables III and IV, and we will not discuss them fur
ther. 

In the case of r-type populations and bond orders, significant 
changes are seen, owing to the greater ease of polarization of 
electrons in this type of MO. In porphine, for example, the two 

Table IV. Electron Populations and Bond Orders for the IT Orbitals 
of Ethyl Pheophorbide a 

Populations 
N2: 1.166 N3: 1.488 O2: 1.165 O4: 1.149 N,: 1.527 
Ci4: 
C4:: 
C3: 
C,5: 
C5: 

1.048 
.040 
.042 
1.088 
.040 

C6: 1.088 
C16: 0.977 
C9: 1.066 
O,: 1.010 
C103: 1.140 

C7: 1.155 
C17: 1.030 
N4: 1.078 
C18: 0.999 
C7c: 1.148 

C5: 1.214 
C11: 0.955 
C1: 1.065 
C2: 1.002 
C12: 1.007 

C2a: 0.968 
C2b: 1.047 
Ca: 1.115 
C13: 1.022 
C3: 1.076 

Bond Orders" 
Macrocycle Only 

C 6-C 6 : 0.489 
N3-C6: -0.205 
C16-C7: 0.496 
C7-C17: 0.674 
C17-N4: 0.566 
N4-Ci8: 0.694 
C5-C18: 0.554 
C8-C7 : -0.266 
Cj-C11: 0.627 
C8-C0: 0.205 
Ni-C5:-0.202 
C 1-C n : 0.409 

-C11: 0.533 
-C2: 0.784 

C2-Ci2: 
Ca-C|2: 
N1-C12: 
Ci3-Cn 
C3-Ci3: 
N2-C13: 
N2-C3: -0.200 
C9-C6: 0.291 

: 0.379 
: 0.693 
: 0.482 
: 0.495 
: 0.383 
: 0.383 

N2-C4:-0.251 C6-Ci6:0.489 N 
N2-C14:0.546 N3-C6:-0.205 C, 
C4-C14: 0.362 
C13-Q3: -0.248 
C3-C4: 0.818 
C14-C3: 0.647 
C3-C15: 0.562 
Ci5-C5: 0.547 
C 5-N 3 : 0.459 
C5-C6: 0.694 
C5-N3: -0.221 
C 6-N 3 : 0.597 

Macrocycle-Peripheral Substituent Bond Orders 
C23-C2: 0.310 C2b-C i :-0.241 C2b-C2a: 0.946 0,-C9: 0.934 

" Bond orders involving peripheral substituents only have been 
omitted. All other ir-type bond orders > |0.2| are given. 

types of nitrogens, which have substantial resemblance to 
pyrrole- and pyridine-type nitrogens, show significant differ
ences in their 7r-electron populations, with N 2 (and N4) having 
a smaller T population than N1 (and N 3) . It is also of interest 
to note that the methine T population (C a = Cp - C 7 = Cj) 
in porphine is greater than in any of the other carbon atoms, 
implying a greater susceptibility with respect to electrophilic 
attack. Comparing these porphine ir populations to other 
molecules, it is seen that in chlorin the reduction of ring IV 
produces asymmetries in the x-electron charge distribution. 
For example, C4 and C6 are no longer equivalent, nor are N 2 

and N4 . In addition, C 7 (and Q ) becomes more 7r-electron rich 
than C a (and Cp). The C 7 and Q methine positions are espe
cially electron rich (1.199 electrons) for carbon atoms, and this 
correlates well with the observation28 that the methine posi
tions are especially susceptible to electrophilic attack. Rings 
I, II, and III, and the methine positions as a group all gain 
electrons in going from porphine to chlorin, while ring IV loses 
electrons. 

In ethyl pheophorbide a, the T populations of the nitrogens 
decrease in the order N 4 < N 2 < N 3 < Ni , and the relatively 
low N 4 population is consistent with the qualitative suggestion 
made earlier29 in which reduced pyrrole units are considered 
to have less tendency to "pull" electrons from the methine 
bridges and, therefore, should have less negative charge on the 
nitrogen. Also, the methine carbons now have T populations 
in the order Ca > Ca > Cp. This suggests that the deuterium 
exchange rates may be different for each of these positions. As 
in the case of chlorin, the Ca position is especially 7r-electron 
rich. This is consistent with experimental determination of the 
pseudo-first-order exchange rate30 from 1H NMR, where the 
rates at Ca, Cp, and C5 are all much less than 5 X 1O-8 s _ l , but 
exchange at Q is observed under acidic conditions. This re
distribution is also reflected elsewhere in the ir system where, 
for example, the IT population at Cn is further reduced com
pared to chlorin, and becomes the lowest x population of all. 
Also, the vinyl group shows the expected asymmetry, with the 
7T population of C2b greater than that of C2a. The vinyl group 
is also considerably localized, with a bond order of 0.946, but 
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Figure 6. Electrostatic isopotential maps for free base porphine and chlorin 
constructed in a plane 3.0 A below the macrocycle plane. Contour levels 
are given in kcal/mol, and are in increments of 3 kcal/mol. 

nevertheless is conjugated to the macrocycle -w system via a 
C2a~C2 ir-bond order of 0.310. 

Considering next the 7r-bond orders in the various molecules, 
several additional electronic structural features of interest can 
be discerned. In porphine, for example, we note first that the 
C3-C4 and C5-C6 7r-bond orders are quite high, especially 
when compared to the bond orders connecting other adjacent 
atoms (e.g., C4-C14). In addition, N2-C14, C14-C5, C(S-C 15, 
C15-N3, etc., 7r-bond orders are all within the iange 0.525-
0.650. This suggests that, of the several possible resonance 
structures that might be proposed for porphine, the two reso
nance structures that most closely correspond to the observed 
bond orders are A and B. Four localized it bonds are found in 
resonance structure A, and two localized bonds are found in 
resonance structure B. The other r electrons are delocalized 
over the remainder of the macrocycle. The above resonance 

Figure 7. Electrostatic isopotential maps for ethyl pheophorbide a, con
structed in planes ±3.0 A from a plane containing approximately all four 
nitrogen nuclei. Contour levels are given in kcal/mol and are in increments 
of 3 kcal/mol. 

pathways, which have been proposed previously for porphine,17 

correspond to stable aromatic systems of 14 and 18 x electrons, 
respectively, and are consistent with the Huckel "An + 2" 
rule.10 

Proceeding to chlorin, it is expected that reduction of the 
C7-C8 bond should be possible without major disruption of the 
remaining -K system. As is seen in Table III, this does occur, 
with localized IT bonds remaining at C1-C2, C3-C4, and C5-C6 
as measured by the large bond orders between symmetrically 
orthogonalized basis functions on these pairs of atoms. Also, 
the N2-C14, C14-C/3, and Q-C15 bond orders are again within 
the range 0.525-0.650, and the Ci5-N3 bond order is 0.490, 
supporting the notion that the remaining it electrons are de-
localized about the macrocycle. Thus, few changes from por
phine are observed. 

For the case of ethyl pheophorbide a, many similarities re-
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Figure 8. Electrostatic isopotential map for ethyl pheophorbide a con
structed in the yz plane (see Figure 1). Contour levels are given in kcal/mol 
and are in increments of 3 kcal/mol. 

main, but several significant differences in 7r-bond orders are 
seen. For example, the localized nature of the C1-C2, C3-C4, 
and C5-C6 bonds, while still discernible (at least for C1-C2 and 
C3-C4), is much less clear. In addition, the 7r electrons that 
were viewed as being delocalized over the macrocycle in por-
phine and chlorin are seen now to have a more localized 
character. For example, Cn-C0 , C13-N2, CH-CJ, C7-Cn, 
N4-C18, and CJ -CJ 1 now have a more localized nature com
pared to N1-C12, C„-Ci3, N2-C14, etc. However, since the 
localized nature of these bonds is not nearly as clear as in the 
cases of porphine and chlorin, it does not seem appropriate to 
attempt to characterize ethyl pheophorbide a in terms of one 
or two resonance structures. 

Several other features are also of interest. For example, as 
might be expected, no significant interactions between the side 
chains are seen in the -/r-bond orders. Although the vinyl and 
C=Oi moieties show strong localized character (bond orders 
of 0.946 and 0.934, respectively), there are significant bond 
orders between C2 and C2a (0.310) and between Cg and C9 
(0.291). Thus, both in terms of electron density contours and 
electron populations and bond orders, a significant role of both 
Cg=Oi and the vinyl group is seen in the description of the 
electronic structure of ethyl pheophorbide a. 

Electrostatic Isopotential Maps. To gain additional insight 
into questions of chemical reactivity and charge distribution, 
electrostatic isopotential maps have been prepared for each of 
the molecules using eq 4, as shown in Figures 6-8. In each 
figure, the convention is such that a negative contour indicates 
that a point positive charge located in the vicinity of the contour 
would experience an attractive potential. Also, it should be 
remembered that these isopotential maps provide only ap
proximate measures of chemical reactivity, since they do not 
consider effects such as polarization or charge transfer that 
might occur in actual systems. However, they are expected to 
provide quite useful measures for the initial stages of chemical 
reactions and for long-range intermolecular interactions. 

Considering the individual molecules, it is seen that porphine 
represents only an attractive potential for positively charged 
incoming species, with a slight preference indicated for rings 
II and IV over rings I and III. In the case of chlorin, a slight 
asymmetry in ring IV is seen. In addition, the region in the 
neighborhood of the reduced C7-C8 bond no longer presents 
an attractive potential, and the attractive region now becomes 
localized in ring II. 

In the case of ethyl pheophorbide a, several additional effects 
are seen. First, the "sidedness" of the molecule that results 

from substituents pointing in different directions from the 
macrocycle is seen. In the region 3 A above the macrocycle 
(i.e., the ethyl ester side), the attractive regions are seen around 
the region of the Cioa—O2 moiety, outside ring IV, and in a 
rather wide area encompassing rings I, II, and III. In the region 
3 A below the macrocycle (i.e., the methyl ester side), attrac
tive regions are seen near the O5 ester type oxygen, in addition 
to generally nonspecific attractive regions in the vicinities of 
rings I, II, III, and V. These features are displayed in another 
perspective in Figure 8, where the somewhat nonspecific at
tractive regions are more easily seen. 

Thus, through a variety of measures, a detailed comparison 
of similarities and differences among electronic structural 
features of porphine, chlorin, and ethyl pheophorbide a has 
been possible. In the following paper, these similarities and 
differences will be compared to the corresponding similarities 
and differences in the magnesium-containing analogues. 
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