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The SAC(symmetry adapted cluster)/SAC-CI method is applied to the calculations of the ground,
excited, and ionized states of the free base porphin. The electronic spectrum of porphin is well
reproduced and new assignments for the B (Soret), N, L, and M bands are proposed. The present
result shows that the four-orbital model is strongly perturbed for the B and N bands by the
excitations from the lower 4b,, MO and that the o electron correlations are important for the
description of the excited states. The absorption peaks in the ionization spectrum are assigned and
the reorganization effect is found to be large especially for the n and o electron ionizations.
© 1996 American Institute of Physics. [S0021-9606(96)00105-7]

I. INTRODUCTION

Porphyrins play a key role in some biological reactions
like photosynthesis and oxygen absorption.' To clarify the
electronic mechanisms of these reactions, the electronic
structures of porphyrins have been actively investigated.?~°
The excited and ionized states of porphyrins observed in the
vuv spectra®® and the photoelectron spectra®' are also inves-
tigated by the semiempirical>® and ab initio®> methods.
Among them, the CASPT?2 study by Roos et al.'* would be
the best calculation so far made.

In the electronic spectrum of free base porphin, shown in
the upper side of Fig. 1, the peaks are named as Q, B (Soret),
N, L, and M bands from low-energy peaks. The polarization
studies”>?® showed that the two peaks of the Q band are
polarized perpendicular to each other, and the same is true
for the B and N bands.

Previous theoretical studies showed that the lower
energy peak is polarized parallel to the inner H-H axis (Q,)
and the other one perpendicular (Q,). Similar polarizations
were also assumed for the B band: The lower and higher
energy regions of the peak have the same polarizations as the
0, and Q, peaks, respectively.!>!* However, some ambigu-
ity still remains in these studies, since in the past, porphin
was a large molecule for accurate theories of quantum chem-
istry.

We study here the ground, excited, and ionized states of
porphin, based on the SAC (symmetry adapted cluster)
theory for the ground state®* and the SAC-CI theory for the
excited, ionized and electron attached states.”> We use here
the accelerated version®® of the SACS5 program.?’ The SAC/
SAC-CI method has been shown to be quite accurate and
useful for studying molecular spectroscopy and (catalytic)
surface reactions.? It has been applied successfully, for ex-
ample, to five-membered ring compounds,” benzene,>
pyridine,*’ naphthalene,” many metal complexes like tet-
raoxo camplexes”'36 and halogen complexes,”'39 and the
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models of surface reactions like Pd,H, (n=1-3)%

Ag,0,.*! etc. A review was published in Ref. 28. Recently,
some accelerations of the program were done for the integral
evaluation and diagonalization parts.?® Preliminary results of
the present calculations were presented at the Workshop held
in Braunlage in the summer of 1994.42

il. COMPUTATIONAL DETAILS

Free base porphin C,)N4H,, is assumed to have D,
symmetry with D, skeleton. The atomic coordinate is taken
from Sekino and Kobayashi.’

The basis set is of double-{ quality for the valence 2p
orbitals. We used Huzinaga’s (63/5)/[2s2p] set*® for carbon
and nitrogen and (4)/[1s] set* for hydrogen. The total num-
ber of contracted GTO’s is 206. The Hartree—Fock SCF or-
bitals, calculated by the HONDO program,* consists of 81
occupied and 125 unoccupied MO’s.

In the SAC/SAC-CI calculations, the higher 42 occupied
orbitals and the lower 114 unoccupied MO’s are included in
the active space. The total number of active orbitals is 156.
The active space includes all the 7-type orbitals, 13 occupied
o and 35 unoccupied #* orbitals, and a large number of o
orbitals are included. The frozen cores consist of 1s AO’s
and some lower combinations of 2s AO’s of carbon and
nitrogen and their antibonding counterparts at the top of the
unoccupied space. From the previous calculations on ben-
zene, etc.,>12!33 the reorganization of the o-electron space
due to the 77—* excitation is important especially for the V
states.

All single excitations and the selected double excitations
are included in the linked term. The selection scheme in the
SAC-CI calculation is modified slightly from the original
one*® by adding the SE-CI coefficient C? of the reference
configuration ¥{ to the second-order perturbation energy ex-
pression as

|CHW | H W)
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FIG. 1. Electronic spectrum of free base porphin. (a) Gas-phase experimen-
tal spectrum due to Edwards er al. (Ref. 20) and (b) SAC-CI theoretical
spectrum. The optically forbidden states are indicated by open circles.

In this scheme, the weight of the reference configuration is
reflected in the selection scheme.

For the ground state, the energy thresholds of 1X1073
and 2X 1073 hartree are used for the 7—a* and the other
excitations, respectively. For the singlet excited states, two
calculations with different sets of energy thresholds are car-
ried out. In calculation A, the energy threshold is 1X107°
hartree. In calculation B, doubly excited configurations hav-
ing coefficients larger than 0.05 in calculation A are added to
the reference configurations for the selection and the energy
threshold for the 7—7* excitations is improved to 5X1077
hartree. For the ionized states, the thresholds, 1X10™° and
2X107° hartree are used for the ionizations from the 7 and
the other orbitals, respectively. The numbers of the reference
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TABLE 11. Timing data for the SAC/SAC-CI calculations of porphin.®

Step Timing

SCF 17 min.

Integral transformation 93 min.

SAC (for ground state) 84 min.
SAC-CI (per state)

Singlet excited state 80 min.

Ionized state 2 min.

*Computations are performed by the NEC SX-3 computer at the Computer
Center of the Institute for Molecular Science.

states and of the resultant linked configurations are summa-
rized in Table I. The unlinked terms of the SAC and SAC-CI
calculations represent the higher-order effects and the trans-
ferable correlations, respectively. They are included by the
standard procedure.?® Table II shows the timing data of the
SAC/SAC-CI calculations of porphin.

lil. RESULTS AND DISCUSSIONS
A. Ground state

The energies and the natures of some higher occupied
and lower unoccupied MOs are shown in Table III. The
m-type orbitals gather in the HOMO, LUMO regions. In par-
ticular, the HOMO(2a,), next-HOMO(5b,,), the
LUMO(4b,,), next-LUMO(4b3,), called “four orbitals,”
are well separated from the other orbitals, implying the va-
lidity of the four-orbital model of Gouterman.! Two lone pair
orbitals on the nitrogens, 7b,, and 8a, MOs, lie in the
deeper side of the occupied 7 orbitals. The o-type orbitals
are below of most occupied 7 orbitals.

In Fig. 2, the orbital shapes of the four orbitals and the
lower occupied 4b,, and 7b,, (lone pair) MOs are shown.
These orbitals are 7-type except for the 7b,, MO. The 5b,,
(n-HOMO) and 2a, (HOMO) MOs have 20-membered 7
conjugation with 8 nodes and the 4b5, (n-LUMO) and 4b,,
(LUMO) MOs have 18-membered w-conjugation with 10

TABLE 1. Dimensions of the SAC/SAC-CI calculations for the singlet and ionized states.

Singlet state

Ionized state

Calc. A Calc. B
Before Before After

State selection N(1)® After selection N(1)* N(2)* After selection selection N(1)® selection
SAC
A, 1362 631 1 10 879
SAC-CI
A, 1362 631 3 42176 3 9 46 199 25 560 8 6939
By, 1360 246 3 51051 3 12 54 848 25523 7 5985
B,, 1308 922 1 20723 1 2 21230 22979 3 3082

3g 1308 922 1 20 882 1 2 21 441 _ 22979 3 2809
A, 1308 888 1 20 145 1 2 20 688 22962 2 1755
B, 1308 958 1 20 280 1 2 20 855 22993 5 4215
B,, 1360 282 4 49 836 4 11 53515 25543 7 6301
B,, 1360 282 4 45905 4 9 49 391 25543 7 6478

®N(n) denotes the number of the n electron excited configurations used as the reference configurations in the

configuration selection scheme.
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TABLE III. HF orbital energy and orbital nature of porphin.

MO Orbital energy (eV) Character
Higher occupied orbitals
Ta, —14.661 o
6b,, —14.646 o
7b,, —14.480 o
Tby, —14.355 o
la, -12.216 T
7b,, —11.415 n
8a, —11.263 n
3b,, —10.679 T
2b,, —-10.632 T
2bs, -10.590 T
3by, —10.321 T
4b,, -9.327 T
3by, -9.122 T
5b,, —6.686 T
2a, —6.521 T
Lower unoccupied orbitals
4by, —0.069 T
4bs, 0.141 w
3a, 2.842 T
6b,, 5.064 T
5by, 5.698 T
5bs, 5.702 T
4a, 6.177 T
8b,, 6.852 o
8b,, 7.437 o
8by, 8.046 o

FIG. 2. Illustration of the orbitals for (a) the occupied MOs (7b,,, 4b,,,
5by,, and 2a,) and (b) the unoccupied MOs (4b,, and 4bs,).
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FIG. 3. Ab initio theoretical electronic spectra for free base porphin. The
dotted lines show the assignment of the experimental peaks by each method.
(a) Reference 10. (b) Reference 11. (c) Reference 12. (d) Reference 13. (e)
Reference 20.

nodes. The energy separations within these two pairs of MOs
depend on whether the 7 conjugation involves the nitrogen
atoms, since the lower D,, symmetry exists only around
these atoms.

The 4b;, MO will be shown important later for it
strongly perturbs the four-orbital model, and the 7b,, nitro-
gen lone pair MO gives the lowest n—m* excitation. The
MO shapes of Fig. 2 are useful when we investigate the
substituent effects on the uv and ionization spectra.

The SAC correlation energy for the ground state is 10.0
eV. This is a reasonable value for our valence 2p double-{
basis, since it is comparable with the correlation energy of
12.6 eV obtained by the MRSDCI calculation using split
valence basis.!? However, it is small in comparison with
those obtained by the CASPT2' and MP2!* calculations be-
cause of the smallness of the active space and the basis set
used.

In the eigenvector for the ground state, the Hartree—Fock
configuration is dominant. Though the four orbitals lie close
to each other, the coefficients of the excited configurations
involving these orbitals are less than 0.05. Then the single
reference theory can describe the ground state of the free
base porphin with a sufficient accuracy.

B. Excited states

Ab initio calculations of the excited states of porphin
have appeared in recent years.'®"!3 Figure 3 shows the re-
sults together with the present ones (calculation B). The dot-
ted lines show the assignments of the experimental peaks by
each method. Only the lower four levels were calculated in
the previous calculations.

Nagashima et al.'® performed MRSD#CI using the
minimal basis set. The results were not satisfactory because
of the crudeness of the basis set and the limitation of the
active space within 7r orbitals. Foresman et all! reported
CIS calculations using 6-31G+ basis. Though the energies
for the Q band were much improved, those for the Soret
band were not improved: Higher excited configurations are
necessarily included for an improvement. Yamamoto et al.
carried out MRSDo#CI'? using split valence basis and much
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improved the previous 7-CI results.'” The peaks Q, and o,
for the Q band and the B band were calculated in good
agreement with the experiment, though the polarizations of
the two peaks corresponding to the B band may contradict
with the experimental result.?>?> The CASPT2 result re-
ported by Roos et al.'® showed a good agreement with ex-
periment, though it tends to underestimate the excitation en-
ergy.

. Our present result is also shown in Fig. 3. Different from
the previous ab initio calculations, our SAC-CI calculation
gives the excitation energies for all the states below 5.5 eV
observed in the vuv spectrum. Our method is general and
effective so that we can calculate all the excited states lying
in the observed energy range. In Fig. 1, the SAC-CI theoreti-
cal spectrum is compared with the experimental one in a
vapor phase measured by Edwards and his co-workers.2
Table IV summarizes the details of the SAC-CI results not
only for the optically allowed states, but also for the optically
forbidden singlet states. The optically allowed eight 7—7*
and one n—7* excited states and the dipole-forbidden six
a—a* and three n—7* states are calculated in the present
SAC-CI study. Main configurations, natures, excitation ener-
gies and oscillator strengths are given together with the ex-
perimental and other ab initio theoretical results.

Referring to Figs. 1 and 3, we see that the present
SAC-CI results reproduce well the experimental spectrum in
both excitation energy and oscillator strength. The average
discrepancy from the observed peaks are 0.13 and 0.14 eV
by the present calculations A and B, respectively. We discuss
each band subsequently below.

The Q band is composed of the two weak peaks Q, and
Qy at 1.98 and 2.42 eV, respectively, and Qy has a larger
intensity than Q, . By the SAC-CI calculations, Q, and Q,
are assigned to the 1'B;, and 1 1B,, states calculated at 1.8
and 2.2-2.3 eV, respectively. No other excited states includ-
ing forbidden states are found in this area. The error in the
excitation energy is within 0.2 eV. The present calculations
reproduce the energy separation between Q, and Q,, and the
order of the oscillator strength in the experimental spectrum.
Since the 1 !B, and 1 'B,, states polarize in x and y direc-
tions, respectively, the present result is consistent with the
experiment. The main configurations shown in Table IV are
composed of the excitations within “4 orbitals”: two con-
figurations mix strongly and cause a quasidegenerate nature
of these states.

A strong absorption band that consists of a sharp peak
and a shoulder in the higher energy side is observed in the
310-400 nm region of the spectrum. The sharp peak and the
shoulder are called B (Soret) and N bands, respectively. The
18 membered cyclic polyene model*’*® of porphin explained
that the B band consists of the two degenerate states. In some
previous theoretical studies including the ab initio ones'®™"?
and the semiempirical ones,”® the B band was assigned to
the two nearly degenerate 2 'B,, and 2 'B,, states, follow-
ing the Gouterman’s four-orbital model, and the N band to
another electronic state.

The present SAC/SAC-CI results indicate different as-
signment. The excitation energies of the 2 'B5, and 2 'B,,
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states are calculated to be 3.59 and 3.79 eV, respectively, in
the calculation A and 3.56 and 3.75 eV, respectively, in the
calculation B and no other peaks are calculated in the 3—4
eV region. Then, we assign the 2 'Bs, and 2 'B,, states to
the B and N bands, respectively. In other words, the N band
which is the shoulder of the B band in the experimental
spectrum shown in Fig. 1 is actually B, and the B band is
B, . The excitation energies for these states are overestimated
by 0.26 and 0.14 eV, respectively, in the calculation A and
0.23 and 0.10 eV in the calculation B. The energy splitting
between the B and N bands, which is 0.32 eV, is calculated
to be 0.20 eV. If the conventional assignment is adopted in
our present result, no assignment is possible for the N band.
Namely, the present proposal for the B and N bands are
based not only on the calculated excitation energies for the
2B,, and 2B, states, but also on the comparison of the
present results, as a whole, with the peaks in the experimen-
tal spectrum.

The polarization studies for the free base
tetraphenylporphin??* showed that the sharp B band and the
shoulder are polarized perpendicular to each other and that
the B band and its shoulder have the same polarization as the
Q, and Q, peaks, respectively. This is consistent with our
assignment.

The symmetry lowering from D,, metal porphyrins to
its D,,, free base ones often cause a spectral broadening on
the B band.?° This is consistent with the present assignment,
since the 2 'B,, and 2 'B,, states of the present molecule
(D,;,) become degenerated in the D4, symmetry. In the fol-
lowing, we use the traditional notations B and N, though
they are actually B, and B,, respectively, for the free base
porphin.

The main configurations of the 2 'Bj, and 2 1B,, states
include not only the excitations within the 4 orbitals, but also
the excitations from the lower 4b, orbital (see Table III and
Fig. 2). As shown in Table IV, the two transitions from the
4b;, MO to the 4b,, and 4b;, MOs strongly mix into the
configurations within the 4-orbital model in the calculated
2'B;, and 2 !B,, states, respectively. Furthermore, the ex-
tent of mixing is quite different between the 2 'B,, and
2!B,, states, so that these states are no longer degenerate.
The natures of the B (2'B3,) and N (2'B,,) bands are
different in this point from that of the Q band. In the
CASPT2F calculation, the 4b,, MO was not included in the
active space of CASSCEF, though as shown here it strongly
perturbs the picture of the four-orbital model of the B band.

Referring to Fig. 1 and Table IV, we see that the calcu-
lated intensity is larger for the 2 'B,, (N) states than for the
2'B;, (B) states. This may contradict with the observed
spectrum shown in Fig. 1. However, we may interpret the
observed spectrum as follows. The N band is a broad band,
the B band is sharp, and the B band lies on the right-hand
side top of the broad N band, so that the N band looks like a
shoulder of the B band.

The present proposal for the assignment of the B and N
bands needs to be examined by using more extended basis
and for other related compounds, which are now under way.

The effects of the o electron-correlation were found to
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TABLE V. The number of configurations that have CI coefficients larger
than 0.01.

State 1B,, 2B,, 3B,, 4B,, 1Bs, 2B;, 3B,;, 4B;,

m-m* 15 22 15 20 18 19 15 18
o-m* 0 0 0 0 0 0 0 0
o-o* 0 8 1 1 0 4 3 0

Nature

be important for the description of the 7—#* excitations of
the 7 conjugated systems. This is now a well-known fact
verified by the SAC-CI %32 CASPT2,**-52 and other
calculations®>~>® in particular for larger r-electron mol-
ecules. In Table V, the number of the configurations whose
CI coefficients are larger than 0.01 is shown for several
states. The o—o™* excitations mix with the 7—7™* excitations
especially in the 2 !B, (B) and 2 'B,, (N) states. The dif-
ference of these states from the Q band is clear also from this
point.

For the L and M bands, no ab initio calculations have
been reported except for the semiempirical treatments.”® The
L bands at 4.25 and 4.67 eV are assigned to the 3 'B;, and
31B,, states, respectively, since these two states have rela-
tively large intensities (for the 1 'B,, state, see later). The
errors of the SAC/SAC-CI excitation energies from the ex-
periment are within 0.2 eV. Since the intensity of the 3 !B5,
state is larger than that of the 3 IBZ,, state, the shape of the L
band is unsymmetric with higher intensity in the lower en-
ergy side. The main configurations of the 3 !B,, and 3 'B,,
states are the transitions from the 4b,;, MO to the 4b,, and
4b3, MOs, respectively. These are the mixing configurations
to the four orbital model in the B and N states. The o—o*
effect is relatively large in the 3 'Bs, states as shown in
Table V.

It is interesting to note that we have obtained several
n—m* type transitions for the porphin as shown in Table IV.
Among these, the optically allowed one is the 1'B,, state
calculated at 4.51 eV, but the calculated intensity is very
small and is similar to those of the 0, and Q, peaks. In the
experimental spectrum shown in Fig. 1, this peak may be
concealed by the L band. Since the 7b,, MO is the lone pair
orbital on nitrogen, it will be blocked by forming metal por-
phyrins, so that this peak will disappear. We have obtained
several other n—a* states, 1 1B2g state at 4.05 eV, 1'4,
state at 4.18 eV and 1 1833 state at 4.37 eV, though they are
all optically forbidden at the D,, symmetry. In the semi-
empirical calculation of Baker and Zemer,® a n— 7* excita-
tion was calculated at 4.91 eV with the oscillator strength of
0.019.

In the absorption band lying in the energy region 4.0-
4.7 eV, which is called L band in the spectrum shown in Fig.
1, it became clear that at least three optically allowed transi-
tions exists, 3 'Bs,, 1 'B,, (n—7*), and 3 'B,, states, and
their polarization are all different, x, z, and y directions,
respectively, though the intensity of the 1 'B,, (n—7*) state
is small. Therefore, a detailed polarization study for the
peaks in this energy region is very interesting and waited. We
note that for free base tetraphenylporphin, three peaks, L, 1,
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FIG. 4. Ionization spectrum of free base porphin. (a) Photoelectron spec-
trum (Ref. 21). (b) SAC-CI and (c) Koopmans ionization potentials. The
dotted lines show the correspondences between the Koopmans IP’s and the
SAC-CI ones.

and 2 were reported in the energy region of the L band of the
free base porphin,2

The M band at around 5.5 eV in the experimental spec-
trum is composed of the two 7—#* transitions due to the
4'B,, and 4 'B,, states. They are the transitions from the
3b,, MO to the 4b;, and 4b,, MOs, respectively. In com-
parison with the L band, the starting MO is lower but the
ending MOs are the same. Note that the order of the polar-
izations is different: x and y in the increasing energy for the
L band and y and x for the M band. Experimental examina-
tion of such polarization property is also interesting.

In the present SAC-CI calculations, two different thresh-
olds are used in the perturbation selection procedure for ex-
amining the accuracy of the present result. In the calculation
B, the better thresholds are used for the w—z™* excitations
and some doubly excited configurations, which might be im-
portant in the excited states, are used as reference configura-
tions in the perturbation selection step. The calculation B is
therefore more accurate than the calculation A. Comparing
two sets of the results shown in Table IV, we find the two
calculations to be quite similar: no special differences are
observed between the calculations A and B. The calculation
B gives about 0.03 eV lower energy than the calculation A.
This result indicates that the principal correlations necessary
for describing the excited states of porphin are already in-
cluded in the calculation A, and that the present result should
be already approximation invariant.

C. lonized states

The photoelectron spectrum of the free base porphin in a
vapor phase was observed by Dupuis et al.?! and is shown in
Fig. 4. It is very characteristic that the first ionization poten-
tial of the free base porphin is as low as 6.9 eV. This low IP
is believed to have some relation with the photosynthesis.

The SAC-CI ionization spectrum is compared with the
Dupuis’ experimental spectrum in Fig. 4. The dotted lines
denote the correspondence between the SAC-CI result and
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TABLE V1. Ionized states of free base porphin.

2327

Present (eV) Almlof® (eV)
Orbital
Main configuration Expt.® SAC-CI Koopmans ASCF Orbital reorganization
State (C>0.3) (eV) 1P 1P A° IP  energy energy
12B,, =097 (5b,,):m 69 6.09 6.52 043 800 842 0.42
124, 098 (2a,) :m 7.2sh 6.35 6.69 034 839 878 0.39
12333 —0.97 (3b3,):m 84 7.98 9.12 1.14 1041 11.02 0.61
22B,, 0.97 (4b,,):m 8.21 9.33 1.12 11.08 1141 0.33
1 ZAK —0.96 (8a,) :n 8.8sh 8.65 11.26 261 11.82 1276 0.94
12%B,, —0.96 (7by,):n 8.79 11.42 2.63 11.24 1276 1.52
1 ZBzg —0.69 (3by,):m 9.11 9.10 10.32 122 12,16 12.74 0.58
—0.68 (2b,,)
32B,, 096 (3b,,):m 9.34 10.68 1.34 1244 1275 0.31
2 szg 0.69 (2by,):m 9.42 10.70 1.28 1235 12.58 0.28
—0.68 (3b,,)

2ZB3g —0.97 (2by,):m 9.54 10.63 1.09 12.62 12.89 0.27
224, -097 (la,) :w 10.85 1222 137

lzB,g =097 (7by,):0 12.40 14.36 1.96

12B,, 0.95 (7bsy,):0 12.43 14.48 2.05

2 ZB,g —0.94 (6by,):0 12.67 14.63 1.96

*Reference 21.
Reference 15.

‘A is the difference between the Koopmans IP and the SAC-CI IP.

the Koopmans result. The reorganization effect is larger as
the IP level is deeper. The observed spectrum can be as-
signed by the SAC-CI spectrum. Some of the lower ionized
states calculated by the SAC-CI method are summarized in
Table VI. For the first and second ionizations, both the Koop-
mans and SAC-CI IP’s underestimate the observed values.
The peaks at 6.9 and 7.2 eV are assigned to the ionizations
from HOMO (5b,,) and next HOMO (2a,), respectively.
Since our present basis set is 2p double-{ quality and does
not include polarization functions, the ionization potentials
due to the HOMO and the next HOMO are not properly
reproduced.

In the region deeper than 8 eV, the Koopmans method is
not appropriate for the assignment. From the SAC-CI result
shown in Fig. 4, the absorption band in 8.0-9.5 eV is found
to be composed of the eight ionized states (six 7 ionized
states and two o ionized states). Two ionizations from the
2b3, and 1a, MOs are assigned to the peaks in the region
9.5-11.0 eV. The observed broad peak in 11-16.0 eV region
involves the ionizations from the o-type MOs. We also found
many shake-up ionization peaks in this region. However,
since the present SAC-CI calculations include only singles
and doubles in the linked term, it is difficult to reproduce the
shake-up ionizations with enough accuracy. The SAC-CI
(general-R) method”’ can give more accurate descriptions of
the shake-up processes.

In Table VI, A shows the difference between the Koop-
mans IP and the SAC-CI IP. It represents the reorganization
and electron correlation effects. We see that the A values are
grouped into four. The A values for the IP’s from HOMO and
next HOMO are about 0.4 eV, those for the m-type MOs are
1.1-1.4 eV, those for the o-type MOs are about 2 eV, and
those for the n-type MOs are 2.6 eV. This clearly shows the

relative importance of the reorganization and correlation ef-
fects in each type of the ionized states. Similar tendency was
also found previously for the w-conjugated molecules like
benzene® and pyridine.*'

As shown in Fig. 4, the Koopmans ionization spectrum
is much improved by using the SAC-CI method, since the
electron correlation and the reorganization effects are impor-
tant.

Almlof performed in 1974 the ASCF calculations for the
- and n-type ionization potentials of the free base
porphin.!’® Table VI also shows his result. The difference
between the ASCF IP and the orbital energy corresponds to
the orbital reorganization energy after ionization. This reor-
ganization energy is 0.3-0.6 eV for the w-type MOs and
0.9-1.5 eV for the n-type orbitals. In comparison with the
present A values discussed above, these Almlof’s values are
much smaller. This is because the present A values include
not only the orbital reorganization, but also the electron cor-
relation effects. It is interesting to note that for the first two
IP’s (12B,, and 124,), the present difference value is so
close to that of Almlof.

Table VI gives the information on the main configura-
tions. In most states the Koopmans configuration is the main
configuration, but for the 1 2323 and 2 2B2g states, the ion-
izations from the 3b,, and 2b,, MOs mix strongly.

IV. CONCLUSION

The SAC/SAC-CI method is applied to the calculations
of the ground, excited and ionized states of the free base
porphin. The theoretical result for the excitation energy and
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the oscillator strength reproduce well the experimental spec-
trum. New assignments for the B, N, L, and M bands are
proposed.

The B and N bands in the experimental spectrum shown
in Fig. 1 are assigned to the 2 ' B;, and 2 ! B,, states, respec-
tively, so that they actually correspond to the B, and B,
states, respectively. This assignment does not contradict with
the polarization experiments, the spectral intensity, and the
spectral differences between the D,, and D,, porphyrins.
Further examinations of this proposal are now in progress.
The assignments of the 0, and Q, peaks are the same as the
previous ones.

Though the Gouterman’s four-orbital model holds well
for the Q band, it breaks down for the B (and N) bands
because the excitations from the lower 4b;, orbital mix
strongly to these bands. Further, the mixing is different for
the B and N bands.

Since the SAC-CI method is general and effective, we
need not to restrict our subject to the lower four levels. The
L band lying in the 4.2-4.7 eV region is assigned to be
composed of the 3'B;,, 1'B,,, and 3 1B,, states. Their
polarizations are x, z, and y, respectively and the intensity of
the n—7r* transition due to the 1 !B, state should be very
small. The M band is assigned fo the 4 'B,, and 4 'B,,
states whose transitions have the polarizations in y and x
directions, respectively.

We have also calculated several symmetry forbidden
states as shown in Table IV. They involve 7—=* and n—=*
transitions.

The mixing of the o—o* excitations to the 7—7™* exci-
tations is shown important particularly in the 2 'B;, (B),
21B,, (N), and 3 !B, (L) states.

The average discrepancies of the present SAC-CI results
from the experimental peaks are 0.13 and 0.14 eV for the
calculations A and B, respectively. Two calculations differ
only about 0.01 eV, showing that the present result is already
approximation invariant within the present basis set and the
framework of the theory.

The SAC-CI ionization spectrum compares reasonably
well with the Dupuis’ photoelectron spectrum. The reorgani-
zation and electron correlation effects are large for the ion-
izations from the n and o orbitals. The first two ionization
potentials are calculated at 6.09 and 6.35 eV, which are
smaller than the experimental values, 6.9 and 7.2 eV. This is
probably due to the lack of the flexibility in the valence
region and the polarization function in our basis set.
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