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Theoretical Study of the Excited States of Chlorin, Bacteriochlorin, Pheophytina, and
Chlorophyll a by the SAC/SAC—CI Method
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Excited states of free base chlorin (FBC), free base Bacteriochlorin (FBBC), pheoph{Rineoa), and
chlorophyll a (Chlo a), which are derivatives of free base porphine (FBP), were calculated by the SAC
(symmetry adapted cluster)/SACI (configuration interaction) method. The results reproduced well the
experimentally determined excitation energies. The reduction of the outer double bonds in the porphine ring
in the order of FBP, FBC, and FBBC causes a breakdown of the symmetry and a narrowing of the-HOMO
LUMO gap, which result in a red shift of the,®@and and an increase of its intensity. In the change from
Pheoa to Chlo a, the Mg coordination reduces the quasidegeneracy in thstde and then increases the
spectral intensity. The disappearance of theh@mps from the absorption spectrum of Pleie@ompared

with that of Chloa, is due to the red shift of the (Gtate.

Introduction HH HH

. . . . . FBP FBC FBBC
Many biological systems contain porphyrins, chlorins, and

bacteriochloring:? These compounds often take an important
part in biochemical reactions, such as light absorption, electron
transfer! and oxygen transport and storggdecause of their
scientific importance, they have been the subject of a wide
variety of studies. In particular, the electronic structures of the

ground and excited states of these compounds are an active field "] r7er " AR AR
of interest2=® Semiempirical INDO/S calculatiof§have been
applied to elucidate the energetics of electron transfer in the CH, o

HC HC,

photosynthetic reaction center. Using the ab initio method, some
large-scale SCF calculations for the grofihénd anionized

stated have been reported. As for the excited states, although } ' o ' o
pioneering CI calculatiorfshave been reported for chlorophyl-
lide a and pheophorbide, there have been few calculations

using ahre_“ablﬁl at_) initio methO(_:I. hlorin h it | Figure 1. Molecular geometries of FBP, FBC, FBBC, Phaoand
Porphyrin, chlorin, and bacteriochlorin have differerelec- Chlo a. Some substituents in the X-ray structures of PAemd Chlo

tron conjugations. The number of reduced double bonds in the 3 are replaced by protons in the present calculations (see text).
pyrrole rings is 0, 1, and 2 in porphyrins, chlorins, and o o .
bacteriochlorins, respectively. These reductions cause a conting. Another characteristic is metal coordination. Previous
siderable change in the excited states of these compounds, a¥-ray studies have revealed the entire structures of the
seen in their absorption spec#® The simplest macrocycles ~ Photosynthetic reaction centers of some bactefta.They
without any substituents, i.e., free base porphine (FBP), free contalr_1 both Mg-c_oordlnated bacterl_ochlorophylls anpl frge bgse
base chlorin (FBC), and free base bacteriochlorin (FBBC), are bacterlopheophyt|n§_ Spectrqscoplcally, Mg coor_dlnatlon in-
shown in Figure 1. From FBP to FBC, the absorption intensity creases the absorption coefficient of thet@nd!? This effect
of the first excited state, Qincrease8. From FBC to FBBC, is interesting, since in a previous study on porphine and Mg-
the Q absorption shows a red shift and increases further in its POrphine;® the Mg coordination affected only the symmetric
intensity, while the intense B (Soret) band shows a blue &hift. degeneracy of the absorption and not the intensity of the Q
Another characteristic of these macrocycles lies in their band. ] ) .
various substituents. Chlorophylls and bacteriochlorophylls !N this study, we examine the above features of the excited
have many substituents, e.g., an additional ring V and a long States of these macrocycles by the SAEAC—CI*> method:®
hydrocarbon chain (phytyl group). Simplified models of Th.e.SAC/SAC—.CI method has already been established as an
chlorophylla (Chlo a) and pheophytir (Pheoa) are shown in _eff|C|ent and reliable method for studying _electron correlations
Figure 1, and they have only an additional ring V and the i the ground and gxcne_d states of_avarlety of molecules and
substituents that may affect theconjugations of the chlorin ~ Molecular systeniSincluding porphyrins3*20 We study the
excited-state electronic structures of FBP, FBC, and FBBC with

* Also belongs to The Institute for Fundamental Chemistry, 34-4 Takano fegard to the differences in theconjugation. We then study
Nishi-Hiraki-cho, Sakyo-ku, Kyoto 606, Japan. the effects of the substituents and the Mg coordination on the
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TABLE 1: Dimensions of the SAC/SAC-CI Calculations Sbyg
for FBC, FBBC, Pheoa, and Chlo a 21
before reference after I 4 Tag " 81 79
state selection state selectior " T T —
~ 3 [annen —-—,

FBC S 0 — Oy —
ground state (SAC) L dbag Abgg T

Aq 7 009 800 1 22 810 53 CA
excited states (SAECI) g v

Ax 7 009 800 4 70 206 o 2

B: 7006 134 4 78 721 g -5 —
FBBC 2
ground state (SAC) © 6+

Axg 3661 607 1 28 190
excited states (SAECI) 7

A 3661 607 1 26 672

Bau 3657832 4 71162 Figure 2. HF orbital energy levels of the “four orbitals” of FBP, FBC,
Pheoa FBBC, Pheoa, and Chloa.
ground state (SAC)

A 76 935 809 1 23621 ;
excited states (SAECI) Excited States of FBP, FBC, and FBBC

A 76935809 4 60 692 FBP, FBC, and FBBC have-conjugate systems that are
C:(‘)'Sr?d state (SAC) different in the number of reduced pyrrole rings, as shown in
g A 91 848 680 1 24971 Figure 1. The HF orbital energies of the HOMO, next-HOMO,
excited states (SAECI) LUMO, and next-LUMO of FBP, FBC, and FBBC are shown

A 91 848 680 4 71422 in Figure 2. Orbitals having similar characteristics are connected

a Correlation energies for the ground states of FBC, FBBC, Rheo by dotted lines. . As changing from FBP, FBC, to FBBC, the
and Chloa are—0.38933-0.48829,—0.24554, and-0.31067 hartree, ~ hear degeneracies between the HOMO and next-HOMO and

respectively. between the LUMO and next-LUMO, which are called the “four
orbitals”? are removed considerably. It is already established

excited states of Phemand Chloa in comparison with FBC.  that the *four orbitals” play crucial roles in the valence excited

Conclusion of the study is given in the last section. states of porphyrin compoun@3?'”2° Figure 2 shows that
in FBP, FBC, and FBBC the reduction of the pyrrole rings

) ) considerably affects the energy levels of the HOMO, LUMO,
Computational Details and next-LUMO. The molecular orbital shapes of these “four
. ) orbitals” are shown in Figure 3. The next HOMOs of FBP,

An optimized geometf} is used for FBC. For FBBC, the  Fpc  and FBBC have no amplitudes on the reduced pyrrole
same porphine skeleton as in FBRs used, except for the  qsitions, so that their energy levels are scarcely changed, while
reduced pyrrole ring, for which the geometry used in & previous the HOMOs have some coefficients so that the reduction
calculatiort was taken. FBC and FBBC are assumed to have gestabilizes the MOs due to the shortening oftheonjugation.

Ca, andD2n symmetries, respectively. For PhaoX-ray data® Exactly the same argument is also valid for the LUMO and
are used, but for simplicity, some substituents are replaced bynext-LUMO of these compounds.

protons, except for the substituents that can conjugate with the  The excited states of FBP, FBC, and FBBC as calculated by
 orbitals of the chlorin ring. For Chla, the Mg atom is  the SAC/SAG-CI method and the experimentally determined
coordinated to the central nitrogen atoms in PlaeoThese excitation energies are shown in Table 2. For FBBC, however,
computational models are shown in Figure 1. we could not find the experimental data, so that those of the

The basis sets used in this series of molecules are the samebacteriochlorin derivative, bacteriopheophorbide (BPReaje
Huzinaga’s (63/5)/[2s2p] sétis used for C, N, and O atoms, cited. The excitation energies calculated for FBP, FBC, and
and the (4)/[1s] sétis used for H. For Mg, we used Huzinaga’'s FBBC show good agreement with the experimental values, with
(533/5)/[5s/3p] s&8 plus two p-type polarization functiong ( ~ an average discrepancy of 0.19 eV. The low-energy shift of
= 0.045 and 0.143) and a d-type polarization functign=( the Q band from FBC to FBBC and the increase in the intensity
1.01), which are the same as those used previddsly. of the Q band from FBP to FBBC are faithfully reproduced.

The first bands at 1.98 and 1.6 eV in FB&nd BPhe® are

assigned to the-polarized 1B and 1By, states, respectively,
by comparison of the experimental values and the theoretical

In the SAC/SAC-CI calculations, only the inner-core orbitals
are excluded from the active space. All single excitations and
selected double excitations are included in the linked term. The results. In FBC and FBBC, these, @ates represent HOMO

; oo 5
ﬁnetrgy tfhretshhold for :jhetptertur%a]florlr]selecﬁtfﬁ(;s %a;feg7 — LUMO excitation which is strongly coupled with next-
artree for the ground state and tor the excited S HOMO — next-LUMO excitation. In FBP, the electronic

6 — i i - . . .

a_tnd 1x 107 hartree forz—n* anc_zl other excnatlons, reSPEC-  structure of the Q@ state is characterized as quasidegenerate
tively. The results of the selections of the linked terms are ., iiaq configurations. However, this quasidegeneracy is
shown in Table 1. The number of reference states is generally .o|axed in FBC and FBBC. as shown in Table 2. The ratios of
4, so that the accuracy of the present calculations is not Very e \yeights of the two excitations are 1:0.70, 1:0.50, and 1:0.27
good for the B states. The correlation energies calculated for;, FBp FBC. and FBBC respectively.
the ground states of these compounds are also shown. In FBC and FBBC, destabilization of the HOMO and next-

The Hartree-Fock SCF calculations are performed using the LUMO levels produces red shifts and relaxation of the quaside-
HONDO (ver. 8) progra#? and the SAC/SAC CI calculations generacy in the Qstates. Table 3 shows the energies and the
by the SAC85 prografd modified for large-scale calculatiof. orbital energy gaps for the main configurations of theb@nds.
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next LUMO next LUMO
732

FBP

Figure 3. lllustration of the “four orbitals” of FBP, FBC, and FBBC.

In FBP, the energies of the flo— 4bg and 2@ — 4bsg excited configurations to the transition moment (product of the SAC
configurations are similar: 4.15 and 4.22 eV, respectively. ClI coefficient and the transition dipole moment for each
However, in FBC and FBBC, destabilization of the HOMO and configuration) are-3.18 and 2.85, respectively, which offset
next-LUMO levels makes the orbital energy gaye(n Table each other. This causes the small intensity of the FBP Q
3) between the HOMO and LUMO small and that between the band!®34 However, the quasidegeneracy in FBP is relaxed in
next-HOMO and next-LUMO large. The energies of the FBC and FBBC. The difference in the SACI coefficients
HOMO — LUMO configurations are stabilized and those of causes incomplete cancellation of the transition moment and
the next-HOMO— next-LUMO configurations are destabilized an increase in the intensity of thg @and in FBC and FBBC.
in FBC and FBBC, as shown in Table 3. Since a greater energy Weiss*identified this incomplete cancellation mechanism using
difference leads to a weaker coupling of the two configurations, a qualitative model. The present results support this mechanism.
the (X state takes a greater HOMO LUMO character and a Further, the change in the configuration-transition dipole
smaller excitation energy. The main factor of these energy shifts moment due to the HOMO— LUMO excitation ifself,
of the configurations is the change of the orbital energy gaps, [0|r|[HOMO—LUMOO(r = X, vy, 2), is also a cause of the
Ae, as shown in Table 3. The Coulomb and exchange integralsincrease in the transition dipole of the Qates in FBBC. The
that appear in the diagonal term have little contribution to these configuration-transition dipole moment is shown in Table 3.
energy changes. The value of the element in FBB@)|x|3a,—4bsgl) (5.60) is
The relaxation of the quasidegeneracy leads to an increasdarger than that in FBP[O|x|5b;—4k,] (4.61) or FBC,
in the intensity of the Qbands in FBC and FBBC. In FBP, [0|x|6a—9,[}(4.60). To better understand which atoms have
the two main configurations are almost degenerate, and thea large contribution, a population analysis for the transition
transition moments of each configuration cancel each other. Thedipole moment in the HOMG- LUMO configuration for FBC
contributions of the 5f — 4bpy and 23 — 4bzy excited and FBBC and in the HOM®~ next-LUMO configuration for
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TABLE 2: Excited States of FBP, FBC, FBBC, Pheaoa, and Chlo a Calculated by the SAC/SAC-CI Method

SAC-CI exptl
excitation oscillator excitation
state main configuratiorq = |0.2) nature  energy (eV) strength energy (eV)
FBP
1Bs,  0.73(5h,—4byg)+0.61(2a—4hsy) o 1.75 1.13x 103;x  1.98,2.0Z; Q,
1By, —0.70(2a—4l,g)—0.66(5h;—4bsg) a—* 2.23 5.66x 1073,y 2.422.39; Q
2Bay —0.64(2@—4b3g)+0.52(4h—4l,g) —0.43(5h—4 kg T—a* 3.59 1.03 ;x 3.33,3.15;B
2By, 0.66(5h—4bzg)—0.63(2a—4b,g) —0.25(4k;—4bsg) T—a* 3.79 173y 3.69;N
FBC
1B, —0.78(6a—9h,)—0.55(8h—7a) T—a* 1.68 6.24x 1072; x 1.98,1.94"; Q,
2A;1 —0.75(8b—9b,)+0.58(6a—7a) T—a* 2.39 8.02x 10°%;y 2.29,2.29;Q,
2B; —0.75(8b—7a)+0.53(6a—9h,)—0.22(7Th—7a) T—a* 3.58 1.28 ;x 3.18,3.19"; B
3A; 0.72(6a—7a)+0.56(8—9b,)+0.22(7b—9by) T—m* 3.74 1.68;y
FBBC
1Bs, 0.85(3@—4bsg)+0.44(5h,—5byg) T—m* 1.47 1.88x 1071; x (1.6¥; Q«
1By 0.77(5h—4bsg) —0.54(3a—5byy) T—a* 2.42 257x 1072y (2.3F;Qy
2By, —0.77(3@—55)—0.54(5h ;4139 —0.20(4k—4bsg) T—* 411 1.86;y (3.1[shoulderly; B
2Bay —0.84(5kh—5k,y)+0.44(3a—4bsgy) T—a* 4.24 2.11:x (3.4%;B
Pheoa
2A —0.74(79-80)—0.51(78-81)—0.23(7981) a—ma* 1.81 7.22x 1072;x 1.9,1.86,1.87; Q«
3A —0.74(78-+80)+0.52(79+81)—0.28(79-80) T—* 2.33 457x 1072y 2.3,2.33,2.30'; Qy
4A —0.73(78>81)+0.51(79-80) T—a* 3.37 1.20 ;x 3.1,3.04 ;B
5A —0.72(79+81)—0.50(78-80)+0.24(78—~81)+0.22(77>80) T—m* 3.52 1.03y 3.Z2:B
Chloa
2A 0.81(77>78)—0.37(76~>79)—0.25(76>78+0.21(77>79) T—ma* 1.81 0.179 x 1.87,1.89; Q«
3A —0.77(76~78)+0.44(77~79)—0.31(77~78) o 2.17 8.26x 1072;y  2.142.16;Q,
4A +0.78(7779)+0.42(76~78)+0.26(74~78) T—a* 3.48 1.01y 2.88,2.90;B
5A —0.84(76~>79)H0.35(77>78) T—a* 3.65 1.38 x

2 Reference 172 In gas phase. Reference 29n benzene. Reference 9ln benzene. Reference 30Data for bacteriopheophorbide and not for
FBBC. Reference 10.Reference 107 In ether. Reference 32.In ether. Reference 33.

TABLE 3: Energies (in eV) and Moments (in au) of the Main Configurations of the Q Band for FBP, FBC, FBBC, Pheoa,
and Chlo a

FBP FBC FBBC
Sb1u_'4'b29 2a—4 b39 6a—9b, 8b—7a 3&1_’4b39 5, —5 ng
weight 0.53 0.37 0.61 0.30 0.72 0.19
[O|x|i—a’ 4.61 —4.67 4.60 —-3.41 5.60 -3.92
Aé® 6.62 6.66 6.28 7.72 5.24 8.46
energy 4.15 4,22 3.71 4.71 3.27 5.37
Pheoa Chloa
79—80 78—81 78—80 778 76—79 76—78
weight 0.56 0.26 0.04 0.66 0.14 0.06
[0|x|i—ald 4.41 —3.24 -0.13 451 3.08 -0.93
[O)y|i—al® 1.58 —1.47 3.39 1.22 1.03 3.61
AéP 6.35 7.77 6.82 6.18 7.99 6.81
energy 3.87 491 4.23 3.68 5.09 4.23

aTransition moments of the configuratiorsOrbital energy gap in e\t Energy of the main configuration relative to that of the HF configuration.

Figure 4. Population analysis for the transition moment of the HOMCLUMO excitation configuration of FBC and FBBC and the HOM®
next-LUMO excitation configuration of FBP. Atoms with contributions larger than 0.01 are shown.

FBP were calculated as in a Mulliken population analysis, as analysis for the atoms whose contributions are greater than 0.01.
explained in the Appendix. Figure 4 shows the results of the The sum of the atomic transition moments of the pyrrole rings
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having N-H bonds increases considerably in FBBC. This
finding is related to ther-conjugation narrowing caused by the
reduction of the pyrrole rings in FBBC.

The second bands at 2.29 and 2.3 eV in ER@d BPhe#’
are assigned to thepolarized 2A and 1B, states calculated

Hasegawa et al.

increases. Second, the double humps in the 500-nm region of
pheophytin spectrum are not found in the chlorophyll one. This
coordination effect is very interesting, since for FBP, the Mg
coordination only affects the symmetric degeneracy in the
absorption spectrurf.

at2.39 and 2.42 eV, respectively. This assignment agrees with Substitutions and Mg coordination affect orbital energy. The

the conventional on3! and the ordering of the polarization
directions of the Q bands is the same as in FBP. Tjika@ds

of FBC and FBBC are characterized as the next-HOMO
LUMO excitation, which is strongly coupled with the HOMO
— next-LUMO excitation. The effects of the reduction on the
excitation energy and the configuration mixing of thgl@@ands

HF orbital energy levels of the “four orbitals” for Pheoand
Chlo a are also shown in Figure 2. In comparing FBC and
Pheoa, the substitution stabilizes the HOMO (79th MO) and
the LUMO (80th MO). Actually, small orbital mixing of the
substituent orbitals (the vinyl group and oxygen in ring V) is
observed in the HOMO and LUMO of Pheo In comparing

are small, as shown in Table 2, since the energy gaps betweerPheoa and Chloa, the Mg coordination slightly destabilizes

next-HOMO and LUMO and between HOMO and next-LUMO
are affected very little, as seen in Figure 2, by the reduction
from FBP to FBC and to FBBC.

As for the B band in FBC, the strong peak at 3.18 eV in the
absorption spectrufris assigned to the-polarized 2B state
calculated at 3.59 eV. Our SAECI SD-R calculation tends
to overestimate the excitation energy of the B b¥hdhis state
is characterized as next-HOME- next-LUMO excitation,
which is strongly coupled to HOME&- LUMO excitation. The
broad shouldéron the blue side is assigned to tpolarized

the orbital energy of the HOMO (77th MO) and next-LUMO
(79th MO) by 0.1 and 0.2 eV, respectively, while those of the
LUMO and next-HOMO are almost unchanged. Little, if any,
orbital mixing between Mg and the “four orbitals” is seen in
Chlo a.

The calculated excited states of Pleeand Chloa are shown
in Table 2. As for the Q band, the SACCI results reproduce
well the experimental peak positions and the increase in the
intensity of the first excited state in Chéo As for the B band,
the present results overestimate the experimental excitation

3A; state calculated at 3.74 eV, which is characterized as energies.

HOMO — next-LUMO excitation coupled to next-HOM©~
LUMO excitation. The order of polarization is supported by
experimental result®. Previous MRSCI calculations by
Nagashima et #.gave the same assignment. As for FBBC,
the calculation indicates that the 2BBy) and 2B, (B,) states

The first bands of Pheaand Chloa, which are the @bands
both at 1.87 e\?233are assigned to thepolarized 2A excited
state, both calculated at 1.81 eV. In comparison with the Q
band of FBC observed at 1.98 eV and calculated at 1.68 eV,
the substituents and the Mg coordination do not have a large

are at 4.11 and 4.24 eV, respectively, which may overestimate qffact on the excitation energy of the,Gtate. However, as

the experimental values. Their characters are HOM@ext-
LUMO excitation and next-HOMG~ next-LUMO excitation,
respectively. The B states of FBBC shift to a higher energy
region than those of FBP and FBC. Since we cannot find
experimental data for the B band of FBBC, direct comparison

shown in Table 3, the energies of the configurations that
comprise the Qstates of these compounds are different. For
Pheoa, the two main configurations shift equally to a higher
energy region by about 0.2 eV, compared to FBC. For @hlo
the HOMO— LUMO excitation is stabilized by 0.19 eV and

with experiments is impossible. However, the same blue shifts he next-HOMO— next-LUMO excitation is destabilized by

were observed in the absorption spectra of their derivatives,

bacteriopheophorbide and pheophorbitle.

In FBBC, the ordering of the Band B, states are reversed
due to the high-energy shift of the,Btate in FBBC. With
respect to the orbital energy difference, thedBate is higher
than the B state in FBP, FBC, and FBBC, as seen from Figure
2. However, after SAECI treatment, the Bstate is more
stable than the Bstate in FBP and FBC. This is very general
as seen in our previous studies on porphytfis. In FBBC,

since the energy difference between the two configurations is

very large, the coupling between the two main configurations
is weakened and then thg Btate lies on the blue side of the

By state. Experimental examination of the order of the polariza-
tions of the peaks involved in the B band is very interesting.

Excited States of Phea and Chlo a

In the photosynthetic reaction center of plants, chlorophyll
and pheophytin play important roles in the electron transfer.
Chlorophyll is a substituted and Mg-coordinated chlorin, and
pheophytid®is a free base form of chlorophyll. The absorption

0.18 eV, compared to Phean For Pheoa, the ratio of the
weights of the two configurations is the same as in FBC, due
to the parallel energy shifts of the two main configurations.
However, in Chloa, the weight of the HOMO— LUMO
excitation increases and that of the next-HOMext-LUMO
excitation decreases. The configuration interactions give a
different mixing of the configurations but accidentally similar
excitation energies.

The difference in the configuration mixing leads to different
properties of the Qstates of Phea and Chloa, i.e., the
transition moment. In comparing FBC and Plzethe spectral
intensities of the Qbands are similarly small, since in each
molecule, the contributions to the transition moments due to
the two main configurations cancel each other owing to the
similarity of the SACG-CI coefficient!® On the other hand, Chlo
a shows different configuration mixing, as mentioned above,
so that the cancellation is rather incomplete, leading to a greater
intensity of Chloa than that of FBC and Phem

For FBP, FBC, and FBBC, the incomplete cancellation is
caused by the coefficients and the transition moments of the

spectrum of pheophytin is almost the same as that of FBC with configurations, as examined in section 3. For FBC, Pageo

regard to the excitation enerd$3° although the vinyl group
and ring V seem to affect the-electron system of the chlorin
ring through s-conjugation, since in X-ray coordinates the

and Chloa, the transition moments of the configurations are
similar, as shown in Table 3, because of a small mixing with
the substituents and Mg. Therefore, the incomplete cancellation

molecular plane of these substituents is parallel to that of the in Pheoa and Chloa is mainly due to the breakdown of the

chlorin ring?? On the other hand, with Mg coordination, the
absorption spectrum of chloroph{#f2is much different from
that of pheophyti$? First, the intensity of the first excited state

guasidegeneracy.
In our previous study on Mgporphine (MgP).® Mg coor-
dination was shown to have little effect on the intensity of the
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Q band. In the Q state of MgP, the two main configurations states. These results show the importance of the electron
were almost degenerate. Due to the Mg coordination in FBP, correlations for the descriptions of the B states.

the weight of the most important configuration,15b> 4by,

decreased due to a destabilization of thg,4ibital, while that Conclusion

of the next most important configuration,,2& 4bsg, increased The excited states of biochemically important compounds

due to a destabilization of the 2arbital, which leads to a more FBC, FBBC, Phe@, and Chloa were calculated by the SAC/
degenerate situation. Therefore, the cancellation of the transitiong A" | method. The results of calculations well reproduced
moments between these two excitations was almost completeyhe ahsorption spectra of these compounds. This together with
in MgP. However, in Chla, a destabilization of the HOMO previous results for porphyrifs?20 shows that the SAC/
(77th MO) contributes to an increase in the weight of the most sac—c| method. which gives accurate results for small
important HOMO— LUMO excitation and a destabilization  mpleculedi® is also applicable to relatively large biochemical
of the next LUMO (79th MO) contributes to the decrease in compounds. These results encourage us to apply the-SAC
the weight of the next most important 76 79 excitation. This  method to the energetics of biochemical reactions, including
causes a reduction in the quasidegeneracy of the two maingjfferent electronic excited states.
_configurations and give a net transitior_1 moment due to an  The effects of the reduction in the pyrrole rings of the
incomplete cancellation of the two contributions. porphyrins are studied for the absorption spectra of FBP, FBC,
The second bands measured at 2.3 eV for R{i&é&-32and and FBBC. Such reduction destabilized the HOMO and next-
at 2.1 eV for Chloa®233 were assigned to thg-polarized 3A LUMO levels due to a shortening in tieconjugation of these
excited states calculated at 2.33 and 2.17 eV, respectively. Thecompounds. Since the HOM&.UMO gap decreases, the,Q
disappearance of the humps at 48§50 nm in the Phea states shift to a lower energy region and their quasidegenerate
spectrum?3032js explained by the red shift of the 3A state in characteristics are relaxed, causing an incomplete cancellation
Chlo a. The main configurations of the 3A states of Preo  in the transition dipole moment, which leads to an increase in
and Chloa consist of the next-HOMO—~ LUMO excitation the intensity of the Qband of FBBC relative to that of FBP.
strongly coupled to the HOMG~ next-LUMO excitation. Further, an increase in the configqration-transition dip_o_le
As for the B band, the SAECI calculations reproduce the ~Momentitself is also a reason for the increase of the transition

experimental absorption of Pheowith a discrepancy of 0.28 intensity. . _—
eV, but overestimate that of Chioby 0.6 eV. As for Phea, The effects of the substitutions and the Mg coordination were

the strong peak and the shoulder of the B band are assigned tg"alyzed. The substitutions do not affect the HOMQMO
thex-polarized 4A state and thepolarized 5A state, calculated 9ap c_>f Rheoa. on thi other hand, in Chia, the_ Mg
at 3.37 and 3.52 eV, respectively. These states are characterize oordination reduced.t e HOMAQUMO gap, causing a
as next-HOMO— next-LUMO excitation and HOMO— reakdown of the quasidegenerate character of {&afe. This

LUMO excitation, respectively. The ordering of the polariza- fl?gfot(; i&g}gfizﬁccglI?{?C):nngefrlrﬁéytgrltgiteiganrgoﬁgnhtl?r?an in
tions of the B band of Phea is the same as that of FBC. In Pheoa

a previous fluorescence polarization studyriesepyromethyl :

pheophorbide, the ordering of the polarization was considered
to be lowery-polarization and highexk-polarization, and the
substituents were thought to change the order of the polariza-
tions3¢ However, a more recent fluorescence polarization study
on pheophorbida by Goedheé® showed a different result in

Acknowledgment. This study was supported in part by a
Grant-in-Aid for Scientific Research from the Japanese Ministry
of Education, Science, Culture, and Sports, and by the New
Energy and Industrial Technology Development Organization
(NEDO). One of the authors (J.H.) gratefully acknowledges the

that thg "?W‘” and higher sides of the B band areand Research Fellowships from the Japan Society for the Promotion
y-polarizations, respectively. Our SAI results support of Science for Young Scientists.

Goedheer’s results. In our study, the substituents did not change
the order of the polarizations. Appendix

The peak of the B band of Chiis observed at 2.90 eV in
ether®®> The SAC-CI calculation gives an excitation energy
of 3.48 eV -polarizations). The counterpart of the B state is
calculated at 3.65 e\k{polarizations. This ordering is different
from that of Phea and FBC, but corresponds to the experi- ¥ = zcirXr 1)
mental result§233.3638 The Mg coordination reverses the order r
of the polarization in the B band of Chifrom that of Pheo
a

In the SECI calculations of FBC and Phadhe polarizations
of the B states werg- and x-polarization in the order of
increasing energy, in contrast to the results of the SA&C
calculation. In FBC and Phem thex-polarized B states which [ @, QP;,= v2(,|Qlep,
are dominated by next-HOM®G> next-LUMO excitation are
stabilized by strong mixing with low-energy HOM©& LUMO = ‘/Ezcricsa@JQWsD (2)
excitation. By the SAECI treatment, the weights of the s
HOMO — LUMO excitations in the B states are further
increased in FBC and Phen This causes th&-polarized B wherei anda show occupied and unoccupied orbitals, respec-
states to be more stable than thpolarized B states. However, tively, and ®4r denotes the HF configurationQ is a dipole
in Chlo a, the SAC-CI treatment increases the weight of the operator Q = X, y, or ). Equation 2 can be divided into the
next-HOMO — next-LUMO excitation in thex-polarized B contribution of each atom:

Molecular orbitalsp; are described in the LCAO approxima-
tion as

wherey; is an atomic orbital ani; a MO coefficient. The
transition dipole matrix element for a single excitation is written
as
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[@,6|Q|P;_,0= Em @)

. I . . 2
where the atomic contribution to the transition dipole element

is written as

EDQZ\/E g zCriCsaDkr|Q|XsD (4)

mA s

like the Mulliken population analysis.
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