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The SAC (symmetry adapted cluster)/SAC-CI method is applied to the calculations of the ground and excited
states of carboxyheme complexes with two kinds of proximal ligands, imidazole (model hemoglobin and
myoglobin) and imidazolate (model peroxidases). The Mulliken population analysis for the ground state of
horseradish peroxidase CO (HRPCO) shows that the electron push effect from proximal to distal sites causes
a charge polarization between the distal ligand and CO in comparison with the model hemoglobin CO (HbCO).
The excited states of the HbCO and HRPCO are calculated up to 7.8 and 7.1 eV, respectively. The calculated
excitation energies and oscillator strengths correspond well with the observed electronic spectra of these two
compounds. The Q bands are well described by the excitations within Gouterman'’s four orbitals. The higher
side shoulder of the B band is nhamed as the n band since it is assigned to a distinct electronic structure. For
the B, n, N, L, and M bands, Gouterman’s four orbitals plus some lower porphyoibitals give dominant
contributions. The states higher than the M band are characterized by #tfe d—d*, d—CO*, andz—CO?*,

etc., and therefore their intensities are predicted to be small. Some important differences in the excited states
of HRPCO and HbCO are observed. In HRPCO, the lower porphydrbitals mix with imidazoler orbitals

and are unstabilized, so that the B band energy is lower than that of HbCO, and the nature of the N band is
very different between them. The different peaks in the spectrum of HbCO are correlated with those of
free-base porphine (FBP) and Mgorphine (MgP) studied previously in our laboratory.

I. Introduction 6°

heme normal
Hemoglobin and myoglobin play important roles in mam- o1
malian life particularly in oxygen transport and storage. 2 o .
Hemoglobin is found packed in high concentrations in red blood 170
cells and myoglobin in aerobic muscle tissue. On the other T_H( Porphyrin ring
hand, peroxidases, HRP (horseradish peroxidase) and CCP 4
(cytochromec peroxidase), etc., are widely distributed in the
biological systems. They are discovered in many plants, in some
animal tissues, and in microorganistng.he peroxidase reaction

accompanies two electron oxidatiereduction, but it normally Ho N Y
proceeds in four distinct steps: \ /
X N3 __C4
E + ROOH— compound H- ROH e He
. Figure 1. Geometry of HbCO and HRPCO. The numbering of atoms
compound H- AH, — compound I+ AH corresponds to those shown in Table 1.
reactions of the various function oxygenase, the cytochrome
compound I+ AH, —~ E + AH’ P450s' The oxidations catalyzed by the putative Faxo
species in P450 are different from those of the peroxidases. In
AH® 4+ AH® — nonradical products P450s, compound | species transfer a single atom of oxygen

directly to a variety of substrates.

where E represents the native peroxidase. Compound | istwo One of the reasons for having these different functions is
oxidation equivalents above the native enzyme and believed tobelieved to lie in the difference in the proximal ligand. In
be a Fe(IV) low-spin $= 1) oxoporphyrinz cation radical & hemoglobin and myoglobin, the proximal ligand is a neutral
= 1/2) comple® introduced by heterolytic ©0 bond cleavage,  imidazole as a histidine residue. In peroxidases, on the other
and compound Il is one oxidation equivalent above the native hand, the proximal ligand is an anionic imidazolate, because
enzyme and is a Fe(IV) low-spilS& 1) oxoporphyrin species. the H7 proton of the proximal imidazole (Figure 1) is hydrogen-
Furthermore, compound | is also believed to be formed in the bonded by the amino acid residue (Asp235 in CCP) and can
easily be dissociated in the protein environnmferih addition,

:To whom correspondence should be addressed. in P450s, the proximal ligand is a thiolate as a cysteine reSidue.

. Kyoto University. . Thus, the oxidation activity seems to be dependent upon whether
The Institute for Fundamental Chemistry. . L . .

s Denki Kagaku Kogyo Co., Ltd. the active center, heme, has an anionic proximal ligand or not.

@ Abstract published irAdvance ACS Abstract#\pril 1, 1997. Here we focus on the hem&O complexes and study the
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TABLE 1: Atomic Coordinates of HoCO and HRPCO (A)

Tokita and Nakatsuiji

segment atom X y z segment atom X y z
porphine N1 1.9537 0.0 0.0 imidazole N1 0.0 0.0 —2.0654
Cc2 4.1889 0.6915 0.0 C2 —1.2095 0.0 —2.7916
C3 2.8060 1.1297 0.0 N3 —0.8706 0.0 —4.2036
C4 2.4702 2.4702 0.0 C4 0.5376 0.0 —4.2391
H5 5.0604 1.3294 0.0 C5 1.0562 0.0 —2.9478
H6 3.2339 3.2339 0.0 H6 —2.2826 0.0 —2.6693
co C1 0.1850 0.0 1.7603 H7 —1.5281 0.0 —5.0604
o1 0.5020 0.0 2.8658 H8 1.0035 0.0 —5.2134
iron Fe 0.0 0.0 0.0 H9 2.0637 0.0 —2.5587

2 The numberings of atoms in each segment are given in Figlr&He lengthes of FeC1, C1-01, Fe-N(por), and Fe-N(Im) are 1.77, 1.15,
1.95, and 2.07 A, respectively. TheF€1—01 angle and the angle betweenf2and heme normal are 178nd 6, respectively® The H7 atom

on imidazole is removed in HRPCO.

proximal ligand effect. It is known that the B band energy
decreases with increasing the negativity of the proximal ligand.

The physiological function of HbCO in the presence of
significant concentrations of CO has been the focus of consider-
able research interestAlthough the bonding of an fmolecule
to free porphyrin is further stabilized by a hydrogen bond
between the terminal oxygen atom and the neighboring prcteins,
a poisoning molecule, CO, binds to free porphyrin much more
strongly than the @molecule and gives HbCO.

Recent experimental reports on HbCO clarified the crystal
structure? and the nature of the F&C—O bonding using
resonance Raman spectroscépylheoretical studies on HoCO
have been carried out by semiempiri¢bt2 ab initio,'®14 and
Xolmethods. However, knowledge of the electronic structures
of the ground and excited states of HbCO is still incomplete.
Recently, we have reported a preliminary result on the ground
and excited states of HbGB1%a ysing the SAC (symmetry
adapted clustetj theory for the ground state and the SAC-CI
theory for the excited staté8. It was found that elaborate
studies including a large amount of electron correlations are
necessary for a sound and reliable understanding of the
electronic structures of the ground and excited states of HbCO.
This is also true from our recent studies on the ground and
excited states of porphyrins: free-base porpAfbg por-
phineZ° tetraazaporphing2phthalocyaniné!® and oxyhemeé?

We report here our studies on the ground and excited states o
HbCO and HRPCO using the SAC/SAC-CI method. The focus
is on the effect of the proximal ligand, which is different
between HbCO and HRPCO. The accuracy and the effective-
ness of the SAC/SAC-CI method is now well establiskeahd

the SAC/SAC-CI cod® is available on request.

Il. Methods

The carboxyheme models, HbCO (FgisOHye; carbonyl
iron(ll)porphyrin(imidazole)) and HRPCO (FeflsOH;s, car-

TABLE 2: Dimensions of the Linked Terms for the
SAC/SAC-CI Calculations of the Singlet States of HbCO
and HRPCO

model state before selection N*  after selection
HbCO SAC
A 347 066 19 1 16 664
SAC-CI
A 347 066 19 5 92 350
A" 346 716 90 5 120 182
HRPCO  SAC
A 342468 56 1 16 335
SAC-CI
A 342 468 56 5 86 855
A" 342 156 94 5 93 006

aN denotes the number of reference configurations used in the
configuration selection scheme.

The quality of the GTO basis functions used here is the same
as that used previously for the calculations of porphy#i8.22
For the Fe atom, we use the Huzinaga’'s (5333/53/5)/[53321/
53/41] set* plus p-type polarization functions.(= 0.082), for
C, N, and O, the (63/5)/[63/41] $étplus a p-type anion basis
(oe = 0.059) for oxygen, and for H the (4)/[4] s&. The basis
set for imidazole is minimal: for C and N, the (63/5)/[63/5]
se#*and for H the (4)/[4] se®®> The total numbers of contracted
GTOs are 278 in HbCO and 277 in HRPCO. Since most

1excitations studied in this paper are within the porphyrin ring,

the effect of the mixed-quality basis set should be small,
although it may not be negligible for the excitations involving
the ligands.

The SAC/SAC-CI calculations were carried out using SACE85
and its modified versioR3® The HF molecular orbitals (MOs)
were used as reference orbitals. A total of 229 MOs in HbCO
and 228 MOs in HRPCO were used as active MOs: all valence
orbitals were included in the active space, and only the 1s
orbitals of C, N, and O atoms and the core orbitals (1s, 2s, 2p,
3s, and 3p) of Fe were treated as frozen cores. All the single

bonyl iron(Iporphyrin(imidazolate)), consist of 236 electrons  excitations and the selected double excitations within this active
and 48 and 47 atoms, respectively, and the geometries are showRpace constitute the linked operators, and their products the
in Table 1 and Figure 1. We adopted X-ray crystallographic unlinked operators. The perturbative configuration selection

data for human carbon monoxyhemogldBimwith a small
modification; the porphyrin skeleton is modified to habg,
symmetry, and the imidazole plane, one of thgMNFe—Nyor
axes, and the €0 axis are put on a mirror plane, as shown in
Figure 1. The entire molecular symmetry & and the
porphyrin is put on they plane. Other geometrical parameters
are taken from those used previously for oxyhéihélote that
the Fe-C1 bond is not on the normal line of the porphyrin ring;
the angle from the normal line is’6 Further, the CO bond is
not on the line of the FeC1 bond: the Fe-C1-O1 angle is £70

proceduré®?8 was performed with the energy thresholdxl
1075 au for the excitations within the space and % 107° au

for others for the ground state, and for the excited states with
the threshold 5« 1077 au for the excitations within the space
and 1x 107% au for others. The resultant dimensions for the
SAC/SAC-CI calculations are shown in Table 2.

I1l. Electronic Structure of the Ground State

First we analyze the HF orbitals for the ground state. The

Such a bending structure of CO was supported by ab initio HF orbital energy and character are shown in Table 3 for HbCO
calculationst® In HRPCO, the geometry is the same as in and Table 4 for HRPCO. The numbering of MOs excludes
HbCO except that the H7 proton (Figure 1) is removed from core orbitals and starts from the lowest MO in the active space.
the proximal imidazole ligand. CO(my) and COfr,) denote ther-type bonding and antibonding
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TABLE 3: Orbital Energies and Characters of Some HF TABLE 4: Orbital Energies and Characters of Some HF
Orbitals of HbCO Orbitals of HRPCO
orbital orbital
MO  sym- energy MO sym- energy
no? metry (eV) naturé no? metry (eV) naturé
Occupied Orbitals Occupied Orbitals
61 39a —13.378 FestFedz+ CO(@) + Im(o) 60 38a —9.677 CO(O¥p«x— Fe d,+ Fe p— Por@)
62 234 —12.849 CO(O9p, — Fe d,+ Im(zP) 61 234 —9.640 CO(O3p,— Fed,+ Fep + Por)
63 40a —12.464 CO(O9px— Fe d.+ Por() 62 394 —9.527 Fe¢ 2+ d,+ Por)
64 244 —-12.362 CO(O9p, — Fe d,+ Im(zP) + Por(o) 63 244 —9.479 Porf)

64 40a —9.279 CO(O¥p«— Fe d;+ Por() — Im(x°)
' 65 254 —9.279 Fed + Fed,+ Por() — Im(zP)
' 66 268 —9.154 Fegq
68 264 —12.076 Fegq 67 414 -8.354 FestFep+Im(o)
69 274 —11.671 Fed — Im(zP) 68 274 —7.582 Porf)
' 69 424 —7.564 Porf)
' 70 434 —6.830 Porf), Im(o)
' 71 444 —6.514 Porf)

71 434 —10.170 Porf) 72 454 —6.259 Fe st Fed,+ Im(o) — Por(r)
72 294 —10.011 Feg — Im(zP) 73 284 —6.142 Fed — Por(r)
73 443 —9.412 Porf) 74 464 —6.136 Fe st Fe d,+ Im(o) — Por(r)
74 4534 —9.160 Porf) 75 294 —4.820 Fe p+ Im(zf) — Por()
75 464 —8.963 Porf) — Fe d, 76 308 —4.023 Im@P)
76  30& —8.841 Porf) — Fed, 77 474 —3.839 CO(s) Por¢r) — Im(o) (n—HOMO)
77 474 —6.578  Porfr) (—HOMO,; 4 orbitals) 78 3la” -—3.469 Porf) (HOMO)
78  31& —6.115 Porf) (HOMO; 4 orbitals) Unoccupied Orbitals
Unoccupied Orbitals 79 324 2.947 Fe ¢,— Por(r) (LUMO)
79 324 +0.298  Porf) - Fe d, (LUMO; 4 orbitals) 80 483 2.952 Fe ¢, — Por(r) (—LUMO)
80 484 +0.327  Porf) - Fe d, (n-LUMO; 4 orbitals) 81 334 5.600 Porf)
81 334 +3.096 Porf) 82 493 6.271 CO@) — Fe dz + Fe de-2 + Por(o)
83 494 +3.893 COfa) — CO(0) —Fedz— 84 344 6.964 COfe’) + CO(p) — Fe d,+ Fe g — Por(o)
Fe dz — y? — Por() 85 514 7.358 COge’) + Fe de-y2 — Fe dz2— Fe
84 354 +4.490 COge) — Fed, 86 35d& 7.410 COge) +Fep

85 504  +4.491 COga) — Fe d, — Por() '

' 88 53&  8.197 COf)+ CO(O®) p,— Fede 2 —
87 524 45295 COfa) — Fe dz_y) Fe d + Por()

88  36d +5.341 COfaP) — Fe g — Por(o) 89 364 8.571 COfraP) — Por(r)
90 534 +5.701 CO¢) — Fe d2 — Fe de_y + Por(o) 91 374 8.903 Porf)
91 384 +6.019 COgaP) — Por(r) — Im(zP) 92 384 9.253 Porf)

101 58a +9.440 COg) + Fe dz — Fe de—2 — Por(o) 94 554 10.341 Porf)

2 The numbering of the HF molecular orbitals. The numbering starts '
from the lowest energy orbital into active spat&he plus @) and '

minus (=) signs denote the bonding and antibonding interactions, 197 584 12.358 COG) — Fe d2 — Fe de_2 — Por()
respectively. The /b” and “ra” denote thex-type bonding and '

antibonding orbitals localized at CO. The superscripts “0” and “p” '

denote that the orbitals are on and perpendicular to the mirror plane, '

respectively® O1 and N3 atoms are illustrated in Figure 1. 106 6la 12.905 CO¢)+ Fe d2 — Fe de_y — Por()
107 62a 13.255 Feg 2 — Por)

orbitals Ioc_alized at carbon monoxide. The superscripts ‘0" agee the footnote of Table 3.

and “p” as in CO4,°) and COg&P) denote that the orbitals are

on and perpendicular to the mirror plane, respectively. The the next-HOMO (47a 77) and the third-HOMO (30a 76) is

porphyrinz-type orbitals gather in the HOMEGLUMO region. very small, about 0.18 eV. This is due to the negative charge

In HbCO, the HOMO (31& 78), next-HOMO (47a 77), the on the imidazole N3 position. The next-HOMO is a mixture

LUMO (32d": 79), and next-LUMO (48a 80), called the “four of the Por &) and Im @) orbitals, and the third HOMO is the

orbitals”, are separated in energy from the other orbitals, imidazoles orbital. The imidazole orbitals are very unstabilized

implying the validity of the Gouterman'’s four-orbital modél: in HRPCO for the negative charge on N3. The natures of the

this was also observed in free-base porphfidg—porphine?° LUMO and next-LUMO are similar to those of HbCO. These

and oxyhemé? but was not for free-base tetraazaporphine and differences indicate that the VUV spectrum of HRPCO may be

phthalocyanin@! These four orbitals are mostly the porphine affected by the axial imidazole ligand effect.

7 orbitals, although the Ferdorbitals mix with the unoccupied The orbital shapes of the four orbitals of HbCO and HRPCO

MOs. The mixing of the CO and imidazole orbitals with the are shown in Figure 2. These orbitals are basically the same

four orbitals is very small. On the other hand, in HRPCO, the between HbCO and HRPCO, having porphyrin nature,

orbital energies are raised up and the energy separation betweealthough imidazole nature mixes a little with the next-HOMO
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30a" (76)
(next-LUMO 80) y (LUMO 79) 46a’ (74)
Zi O
ﬁz %g% 45a’' (72) 44a’(71)
31a” 47a’
(HOMO: 78) (next-HOMO: 77)
N
Figure 2. Four orbitals of HbCO and HRPCO: (a) the unoccupied g/
MOs (48a and 324) and (b) the occupied MOs (31and 47§).
43a’ (70)
Figure 4. Lower occupied MOs which contribute to the main peaks
of HRPCO: the imidazolate MO (304d'), the porphyrin p MO (443,
O and the porphyrint + imidazolatec MOs (434, 454, and 469).
, , TABLE 5: Mulliken Populations and Bond Orders in the
45a’ (74) 44a'(73) Ground State of HbCO and HRPCO Calculated at the
Figure 3. Lower occupied porphyrinr MOs (444 and 458 which SAC Level
contribute to the main peaks of HbCO. HbCO HRPCO
of HRPCO. In both cases, the components of keadd g, Muliiken Population Analysis
IR ’ P 0d G. Fe (net charge) +1.87 +1.79
orbitals in the two LUMOs are small and the HOMO is ag-a d, 0.22 0.21
like orbital and is higher than theyglike next-HOMO, in dy 0.22 0.22
agreement with the results of the N¥fRand ESR® measure- d, 0.23 0.26
ments of metalloporphyrin without substituents on the meso Chy 1.98 1.98
. 2 1.92 1.91
position. dr 193 191
In HbCO and HRPCO, the orbitals of the CO ligand do not C1a (net charge) +0.23 +0.23
appear in the MOs in the HOMELUMO region. This is in Px 0.59 0.58
marked contrast to oxyheme. In oxyheme, the oxygenke) Py 0.56 0.55
(d) antibonding orbital represents the LUMO and the © P N 0.98 0.97
orbital mixes with the HOMG2 The bond strength between O (net charge) —0.22 —0.25
. ; 4 Px 1.51 1.52
Fe and the distal ligand, £is small compared to HbCO. By 151 152
Oxyheme also differs from HbCO in the coupling with the Pz 1.37 1.37
imidazoles orbitals. PoP (net charge) -1.71 -1.78
It is clear from our SAC-CI studies on porphyrid® 22 that 'mcl(”ﬁt charge) —0.17 —0.99
the porphyrins orbitals contribute to the main peaks of the total charge _ 0.00 _ —1.00
VUV spectra. In Figures 3 and 4 we illustrate some lower Mulliken Bond Order Analysis
occupied MOs of HbCO and HRPCO, respectively, which Ee_—(g:o _8'33 _%2639
become important for understanding the electronic spectra of Fe—Ime —0.05 0.09

these molecules in the next section. In HbCO, the porphyrin ) S o

MOs above 71 do not mix with the imidazole orbitals. Onthe __ °The numberings of atoms are given in Figure Porphyrin ring.

other hand, in HRPCO, the porphyrinMOs 70, 72, 74, and ¢ Imidazole.

77 (next-HOMO) mix with the imidazolate orbitals and their 0.06, and 0.03, respectively. In addition, in HRPCO, the Fe

orbital energies are much raised up. This suggests that the BCO and Fe-imidazole bond order increases, the-G bond

band energy of HRPCO should be smaller than that of HoCO, order decreases, and the negative charge on the terminal oxygen

as verified in the following section. atom increases in comparison with HbCO, indicating that the
Next we analyze the Mulliken population and the bond order anionic proximal ligand accelerates the polarization of the distal

of the ground state at the SAC level. The results are shown in CO ligand. Thus, in HRPCO, the-D bond dissociates a little

Table 5. In HRPCO, a-0.18 negative charge is distributed on easier and the FeCO bond is a little stronger.

the Fe, porphyrin ring, and O atom of CO from the proximal Experimentally, it is known as the so-called “push effétt”

imidazolate ligand as compared with HbCO. The transferred when the anionic proximal ligand promotes the-O bond

charges on the Fe, porphyrin ring, and O atom are about 0.08,heterolysis of the distal peroxide ligand. For the hetelolytic
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Figure 5. Electronic absorption spectrum of HbCO. (a) Experimental
spectrum of horse hemoglobin GOb) SAC-CI theoretical spectrutf.
Open circles indicate singlet states with small oscillator strengths.

dissociation of the ©0 bond, it must be polarized and have a
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Figure 6. Electronic absorption spectrum of HRPCO: (a) experimental
spectrum of horseradish peroxidase &Qp) SAC-CI theoretical
spectrum. Open circles indicate singlet states with small oscillator
strengths.

up to 4.9 eV for HbC@' and only Q and B bands up to 3.6 eV
for HRPCO3?2
Figures 5 and 6 show the experimental electronic absorption

smalle_r _bo_nd ordgr, so that our result is reas_onable. Further-spectra of HbCO and HRPCO, respectively, compared with the
more, it is interesting that the electron charge is almost equally oy itation spectra calculated by the SAC-CI method in the VUV

distributed on the Fe atom and on the porphyrin ring. This

energy region, and Tables-® give more detailed information

suggests that compound | of the peroxidases does not easy formy, e excited states.

Fe(V) oxo porphyrin but the Fe(IV) oxo porphyrim cation
radical after the GO bond heterolysis. This also agrees with
many experimental resulfs30¢

IV. Excited States

The @ and Q bands of both HbCO and HRPCO are assigned
to the 1A and 1A' states with the polarizations and vy,
respectively: the energies and the natures of the excited states
are similar between these compounds, implying that the anionic
proximal ligand effect is small on the Q bands. A closer

We calculated the excited states of HbCO and HRPCO in a examination shows that the Q bands of HRPCO appear at lower

wide energy range from visible to UV up to 7.8 and 7.1 eV,

energy than those of HbCO, and this is reproduced by the SAC-

respectively, although the experimental spectrum covers only Cl results. These Q bands have very small oscillator strengths

TABLE 6: Excited States of HbCO Lower Than 5.2 eV Calculated by the SAC/SAC-CI Method

SAC-CI exptl
excitation excitation
energy  polari- oscillator energy
state main configuratiori€| > 0.25) naturég (eV) zation strength (eV)
1A"  —0.70(7780)+0.65(78-79) a—a* 1.84 X 1.39x 10 218 Q
1A" 0.70(77-79)+0.65(78-80) T—7* 1.94 y 1.10x 10® 230 Q
2A"  —0.86(75-79)—0.27(63-79) a—a* 2.72 y 1.44x 10°3
3A" 0.55(76-80)+0.47(68-102)+0.42(68-108)+0.23(68-115) di,o—d* % o* 2.96 y 3.7x10*
4A"  —0.68(76-80)+0.40(68-102)+0.36(68-108) dgr,o—d* 7%, o* 3.00 y 3x10°
2A' 0.64(75-80)—0.58(76-79) T—a* 3.15 X 7.42x 1073
3A 0.65(78-79+0.51(7780)—0.34(74-80)+0.26(73-80) a—a* 3.36 X 1.04 296 B
5A" 0.66(78-80)—0.53(7779)—0.39(73-79) T—a* 3.41 y 1.13 316 n
4A' 0.64(76-79+0.59(75-80) a—a* 3.52 X 1.79x 1072
5A'"  —0.46(63-101)}+0.28(63-113)-0.27(75-101)-0.25(63-112) dg—d*,¢*,CO* 3.63 X 3.59x 1072
6A" 0.39(62-101)-0.32(69-101)+0.29(76-101)-0.27(64-101)  dg—d*,c*,CO* 3.72 y 5.44x 1072
6A'"  —0.85(74-80)—0.35(7780) a—a* 3.98 X 0.350 3.60 N
7A"  —0.86(74-79)—0.35(73-79) w—m* 4.06 y 3.97x 1072
8A"  —0.72(68-101)+0.34(68-113)-0.29(68-105) dp—d*,0*,CO* 4.65 y 43x 104
9A"  —0.77(73-79)+0.39(74-79)+0.33(7779) T—* 4.71 y 0.928 453 L
7A"  —0.93(78-81) a—a* 5.01 X 5.49x 1073
8A 0.91(73-80) T—* 5.12 X 0.655 M
a“g” and “m” denote the porphyrir andxr MOs, respectively. “d” denotes the Fe d orbital, and “CO*” the €@nd o antibonding orbital.
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TABLE 7: Excited States of HbCO Higher Than 5.2 eV Calculated by the SAC/SAC-CI Method

excitation
energy polari-  oscillator
state main configuratiori€| > 0.25) naturég (eV) zation strength
10A" 0.34(62-101)+0.30(62-108)+0.29(76-102)—0.28(69-102) dg—d*,CO* 5.31 y 4x10°°
11A" 0.59(63-79)—0.37(7781)—0.34(65-79)—0.27(75-79) dom—ma* 5.54 y 6.6 x 104
9A' 0.41(63-102)+0.36(63-108)—0.29(63-101)+-0.25(75-102) dg,7—d*,CO* 5.55 Xy  6.3x 10
12A" 0.47(62-80)—0.45(69-80)—0.40(63-79)—0.28(64-80)—0.26(76-80) do—x* 5.63 y 2x10°
13A" 0.81(7781) a—* 5.88 y 1.38x 1073
10A 0.47(62-79)—0.45(69-79)—0.35(76-79)—0.30(63-80)—0.27(64-79) do—n* 5.91 z 20x 10*
11A" —0.56(63-80)—0.39(71-80)+0.33(75-80)+0.28(70-79) dyr—m* 6.00 x,z 41x 10
12A 0.61(71-80)—0.50(70-79)—0.29(63-80) T—* 6.11 X 8 x 1075
14A" —0.74(7179)—0.55(706-80) T—* 6.14 y 0.0
15A" —0.88(75-81) dyr—am* 6.49 y 0.105
13A 0.91(76-81) dyr—m* 6.63 X 9.52x 1072
14A°  —0.69(76-79)-0.61(71-80) T—* 6.68 X 41x 104
16A" 0.72(70-80)—0.56(71-79) T—* 6.93 y 1x10°
15A° —0.76(7785)—0.54(7783) a—d*,CO* 7.33 X,z  2.83x 1072
17A" 0.77(68-88)—0.52(68-85) d-CO* 7.34 y 4.7x 1074
18A" 0.89(78-83)+0.39(78-85) a—d*,CO* 7.36 y 1.86x 1072
19A" —0.78(78-86)+0.30(73-81)—0.30(78-85)+0.25(78-83) m—d*,a*,CO* 7.46 y 6.2x 104
20A"  0.72(706-80)—0.56(71-79) a—a* 7.47 y 3.55x 1072
16A 0.86(7786)—0.34(7783) a—d*,CO* 7.49 z 3.31x 1073
17A 0.87(78-84)-0.31(78-91)+0.27(78-82) a—d*,0*,CO*,Im(s*)P 7.61 X 4.71x 102
18A" —0.79(64-79)+0.37(69-79) do—a* 7.74 z 1.98x 1073
aSee the footnote of Table 8:Im(x*)" denotes the imidazoler antibonding orbital.
TABLE 8: Excited States of HRPCO Lower Than 5.2 eV Calculated by the SAC/SAC-CI Method
SAC-CI exptl
excitation excitation
energy polari- oscillator energy
state main configuratiorf@| > 0.25) naturé (eV) zation  strength (eV)
1A" 0.73(7780)—0.60(78-79) T—* 1.79 X 7 x 107 217 Q
1A" —0.73(7779)—0.65(78-80) T—* 1.85 y 3x10° 229 Q
2A" 0.63(74-79)+0.43(72-79)+0.35(73-80)+0.26(64-79) do,m,Im(o,m)—x* 2.84 y 8.9x 10
2A"  —0.74(73-79)+0.30(65-79)—0.30(74-80)—0.25(72-80) do,m,Ilm(o,m)—x* 2.90 X 3.9x 10
3A" 0.57(73-80)+0.55(75-80)—0.32(74-79)—0.27(65-80) do,m,Im(o,m)—m* 2.93 y 3.35x 1078
4A" —0.65(66-107)+0.50(66-112)+0.39(66-102) d-d*,o* 3.01 y 6 x 10°°
3A" 0.69(78-79)+0.46(7780)—0.33(72-80) dgt,Im(o)—n* 3.19 X 0.847 293 B
5A" 0.66(78-80)—0.46(7779)+0.32(72-79) dg,Im(o)—m* 3.22 y 0.836 3.16 n
6A" 0.70(75-80)—0.59(73-80) do,m,Im(mz)—p* 3.26 y 5.11x 1072
4A'  0.64(74-80)+0.42(72-80)—0.39(73-79)+0.30(64-80) do,m,Im(o,m)—m* 3.38 X 1.73x 1078
7A"  —0.38(65-106)-0.28(61-106)+0.27(73-106)-0.26(65-116) dg,r,Im(x)—d*,o*,CO* 3.69 y 5.47x 1073
5A" 0.39(7180)+0.39(64-106}+0.28(64-107)+0.27(64-101) dg,7,Im(r)—d*,CO* 3.86 X,z 7.83x 1078
6A" —0.82(71-80) T—* 3.92 X 2.77x 1072
8A"" —0.80(76-80)—0.33(72-79)—0.30(74-79) dg,Im(o,7)—a* 3.92 y 1.82x 1072
9A" 0.78(7179)+0.42(76-80) at,lm(or) —* 3.95 y 4.68x 1073
10A" —0.54(72-79+0.41(7179)+0.39(74-79)—0.36(76-80) d,Im(o,7m)—a* 4.01 y 0.361 N
—0.27(7779)
7A"  —0.58(72-80)+0.49(74-80)—0.39(76-79)—0.27(7780) ds,Im(o,7m)—a* 4.02 X 0.344 N
8A'" —0.89(76-79) Im(z)—m* 4.12 X 0.152 N
9A" —0.76(78-81)—0.49(75-79) o,7,Im(o)—a* 4.82 X 7.2x 10
11A" 0.82(70-79)—0.29(7779)—0.26(72-79) dgt,Im(o)—n* 4.88 y 0.860 L
10A" —0.69(75-7010.56(78-81)H0.25(65-79) do,,Im(0)—x* 4.97 x,z 1.78x 1073
11A" 0.87(70-80) a,lm(0)—a* 5.11 X 0.711 M
12A" —0.64(66-106)-0.42(66-101)+0.41(66-116) d-d*,o*,CO* 5.17 y 7 x 10°°

a See the footnote of Table 7. “Im” denotes the imidazolate orbital of the proximal ligand.

(~1073for HbCO and~1075 for HRPCO). In both HbCO and  more different than those calculated here. We think this is why
HRPCO, the Q band is formed by a superposition of two the Q bands of the SAC-CI calculations are weaker than those
configurations. For example, the IAtate representing the,Q  of the experiment.

band of the HRPCO is described by a superposition of the two  The B (Soret) band and the shoulder band at the higher energy
configurations, 77 MO— 79 MO and 78 MO— 80 MO, as side of HbCO and HRPCO are observed at around 3 eV of the
shown in Table 8, and the absolute values of the coefficients experimental spectra, and they are assigned to thaBd5A’

of the two main configurations are approximately equal (e.g., states with the polarizationsandy, respectively, calculated at
0.73 and 0.65), reflecting the validity of the four-orbital model. 3.36 and 3.41 eV for HbCO and 3.19 and 3.22 eV for HRPCO.
The transition dipole moment is expressed by a sign-reversedThese two excitations have large oscillator strengths, and the
superposition of these two configurations, and therefore when shoulder band is named here as the “n band” (see Figures 5
the weights of these configurations are equal, the moment isand 6). Theoretically the n band corresponds to the N band of
canceled out. Actually, the structures of HbCO and HRPCO FBP!®which also appears similarly as a shoulder of the B band.
in protein should be strained owing to the side chain of the This point will be discussed in more detail in section V. In
porphyrin ring and the interaction with amino acids near the HbCO, the excitations from other lower MOs, 73 and 74 to 79
heme, so that the weights of the two configurations should be (LUMO) and 80 (next-LUMO) mix with the excitations within
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TABLE 9: Excited States of HRPCO Higher Than 5.2 eV Calculated by the SAC/SAC-CI Method

excitation
energy polari- oscillator
state main configuratiori€| > 0.25) naturé (eV) zation  strength
13A" —0.38(65-1071-0.31(73-1071-0.29(65-112)-0.27(61-107) dg,,Im(m)—d*,0* 5.35 y  25x 10
12A°  0.38(64-107)+0.35(66-79)—0.29(64-112)-0.28(64-106)-0.26(64-102) dg,Im(7)—d*¢*,7*,CO* 551 z 5x10°%
14A" —0.62(64-79)—0.53(7781) dg ., Im(m)—o* 5.55 y 2x 10
15A" 0.74(77-81)—0.45(64-79) do, . Im(z)—* 5.75 y  53x10%
13A°  0.69(64-80)+0.31(66-79)—0.26(74-80)—0.25(72-80) do,,Im(z)—* 5.88 X  2.7x10%*
14A°  0.73(66-79)—0.37(64-80) do,Im(z)—z* 5.90 Xy 5.9x 107
15A° —0.86(73-81) dyr—a* 6.10 X,z 7.33x 1072
16A" 0.66(68-79)—0.65(69-80) T—* 6.10 X,z 7.2x10*
16A" 0.82(65-80)+0.26(73-80) dg,,Im(m)—a* 6.14 y 2x10°
17A°  0.51(65-79)}+0.41(75-79)+0.39(6179)+0.36(66-79)+0.31(73-79) do, . Im(z)—7* 6.17 X  2.97x 1073
17A" —0.88(66-80) a—a* 6.57 y 459x 1073
18A" 0.78(74-81)+0.38(72-81) dg,p.Im(z)—7* 6.59 y  8.20x 102
19A° 0.77(77-84)—0.49(67-79) 7,Im(0)—d*,o*,*,CO* 6.80 y 1.45x 1072
20A" 0.78(67-79)+0.47(77-84) 7,Im(0)—d*,o*, 7%, CO* 6.86 y  2.63x 102
18A" —0.91(6780) Im(o)—x* 6.86 X,z 2.7x10*
19A° 0.82(77-83)+0.37(77-82) 7—d* 0%, CO* 7.10 X,z 1.37x 1072
2 See the footnote of Table 8.
Molecular Orbital Energy (eV) destabilization of MO 72 is smaller, so that the lowering of the
. ‘ B band should be smaller. On the other hand, in cytochrome
54 i : P450s, the proximal ligand is thiolate derived from the cysteine
] residue® and the B band of the P450CO complex appears at
1 LUMO 3 Porcs) 19 2.78 eV. The experimental B band energy difference between
. : HbCO and P450CO is 0.18 eV, which is the same as the present
- i . (N)Z:mev S4zleV theoretical difference between HbCO and HRPCO.
p- LUMO Por(m) 79 The nature of the N band is different between HbCO and
- 6442V 9:206eV HRPCO, as seen from Tables 6 and 8. In HbCO, the N band
] consists of only one state, 64polarized in thex direction, and
6.413eV Por() 78 the orbitals involved are the same as those of the B band. In
] HOMO = Por(), CO(0), Im(0) 77 HRPCO, on the other hand, three large-intensity states; 10A
9.710eV e 76 7A', and 8A polarized iny, x, andx directions, respectivel
5] 4 _ , p Y, X, , respectively,
] pore) 78 | appear in this energy region, and the orbitals involved are much
] FoMo Py For, Tl In() T2 different from those of the B band: MOs 71, 74, and 76 not
Par(w), Im(c) 70 involved in the B band participate in HRPCO. In particular,
i L i the MO 76 is the imidazolate® orbital, not a porphyrint
1 SR e g orbital. Therefore, the N band of HRPCO has the nature of a
-107 CT (charge transfer) band, an electron being transferred from
7 | 1 the imidazolater space to the porphyrim space. Thus, the
three different components of the N band of HRPCO are
HbCO HRPCO

characterized by the anionic nature of the imidazolate ligand.
Figure 7. Hartree-Fock MO energies contributing to the main peaks The intensity of the N band of HRPCO should be larger than
of HbCO and HRPCO. that of HhCO. We think that this N band would be the lower

band of the “split Soret” band in P450C®.

the four orbitals, and in HRPCO the excitations from MO 72 The L and M bands of HbCO are assigned to the’ @Ad

mix into the B and n bands. This mixing of the lower orbitals , . .
in the B and n bands is common to all the porphyrins studied BA' states, respectively, and those of HRPCO to1aAd 11A,

50 faf51%-22 and leads to a breakdown of the four-orbital model, €SPectively. The L band should have the polarizagicand
giving a separation of the two nearly degenerate states. In thetN® M band the polarizatior The main excitations of the L

previous preliminary communication on HbGBthe n band ~ @nd M bands of HbCO are 73 79 and 73~ 80, respectively.

was also called the B band, which should be corrected as aboveMO 73 of HbCO and MO 70 of HRPCO are very similar, as

In MO 72 of HRPCO, the imidazolate nature mixes largely seen from Figures 3_and_4,_ so thatthe L and M _bands of Hb_CO
into the porphyrint nature, so that the MO energy level is raised 2nd HRPCO are quite similar: they are essentially the excita-
up. Figure 7 shows the HF energy diagrams of HbCO and tions vynhm the porphyrm orbitals, although a small mixing
HRPCO in the vicinity of the four orbitals. The energy ©f the imidazolate orbital is seen for HRPCO.
difference between LUMO and the lower mixing MO 72 in  The excited states of HboCO and HRPCO lying lower than
HRPCO (9.206 eV) is smaller than the corresponding difference 5.2 eV summarized above represent the most important part of
in HbCO (9.710 eV), while the energy difference within the the excitation spectra. The strong peaks Q, B, n, N, L, etc., all
four orbitals is almost the same between these compounds. Thigcorrespond to the excitations to the LUMO and next-LUMO,
is why the B band energies are lower in HRPCO than in HbCO. and the important occupied orbitals are the four orbitals plus
The experimental difference, 0.03 eV, is smaller than the some other MOs shown in Figures 2, 3, and 4. Except for the
difference in the SAC-CI results, about 0.18 eV. Actually in N band of HRPCO, the natures of these excitations are
the experimental condition the dissociation of the H7 proton of essentially within porphyrin, from potj to por¢z*). However,
the proximal imidazole ligand of HRPCO should be incomplete, we show later that the namings N, L, etc., of the peaks among
since the H7 proton is actually hydrogen bonded with the the spectra of porphyrins by experiment are rather arbitrary.
proximal asparatic acid residfe.Therefore, the extent of = Namely, the name does not reflect the nature of the excited
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Figure 8. Energy levels of the excited states of FBP, MgP, and HbCO
calculated by the SAC-CI method compared with the experimental
energy levels observed for FBP, MgEtio (Mgtioporphyrin), and
hemoglobin CO.

state. Therefore, similar excited states of different porphyrins
are sometimes called by different names.

Tokita and Nakatsuiji

The Q bands consist of a weak peak observed at 2.18 and
2.30 eV for HbCO. By the SAC-CI calculations, the Q bands
are assigned to the 14nd 1A' states calculated at 1.84 and
1.94 eV, respectively. The main configurations of the aAd
1A" states are formed by the four orbitals, and the weights of
the two main configurations, 47a> 484 and 314 — 324’
and 47a— 32d' and 314 — 484, respectively, are almost the
same, as seen from Table 6. The same was true for the 1B
and 1B, states of FBP, which correspond to the' Bad 1A’
states, respectively, of HbCO. In the MgP, these two states
become degenerate, as the, 5kate. Thus, the Q bands of all
of these compounds correspond to the excited states similar to
each other and formed by the fourtype orbitals in the
HOMO—-LUMO region.

The next strong peak, the B band, of HbCO is observed at
2.96 eV in the experimental spectrum. The main configuration
of the 3A state includes not only the excitations within the four
orbitals but also the excitations from the lower MOs '4diad
45d. In FBP the mixing of the excitation from the 4bMO,
which is the 45aMO in HbCO, was large; the coefficient was
0.43 in the 2B, state, while in HbCO, the coefficient was 0.34
in the 3A state. The 5A state of HbCO is assigned to the n

~ The excited states lying higher than 5.2 eV are summarized hand proposed here, which is the B band shoulder at the higher
in Tables 7 and 9 for HbCO and HRPCO, respectively. These energy region. A similar shoulder peak is called the N band in

excitations are characterized first by the variety of the excitation

FBP and was assigned to the @Btate. These states become

natures and second by their low intensities. In this higher energy degenerate with the B band peak in g symmetry of MgP.

region, the excitations involve many different MOs and the
natures of the transitions are characterized as*q 7—d*,
d—CO*, andz—CO¥*, in addition tor—s*, and in HRPCO the
occupied imidazolate ando MOs are also involved. For this

On the other hand, the next N band of HbCO is assigned to
the 6A state. This state corresponds to the lower L band, 3B
state, of FBP because they havexgolarization and their major
configurations are composed of the excitations from the MOs

reason, the intensities of the transitions in this energy region |5\ver than the four orbitals. The higher L band,,3Btate, of

are small.

In conclusion, the Q, B, n, L, and M bands of HbCO and
HRPCO are explained by the excitations within “six orbitals”,
Gouterman'’s four orbitals plus MOs 73 and 74 for HbCO and

FBP is comparable with the 7Astate of HbCO: they
commonly have § polarization and small oscillator strengths.
In addition, another higher L band, 1Bstate, of FBP corre-
sponds to the 10Astate of HbCO, because they haveat

MOs 70 and 72 for HRPCO: as seen from Figures 3 and 4, the nature andz polarization. The three L band states in FBP

MOs 73(HbCO) and 70(HRPCO) are similar, but the MOs
74(HbCO) and 72(HRPCO) are different. Since MO 72 of
HRPCO is relatively unstabilized in comparison with MO 74
of HbCO due to a mixing of the imidazolate orbitals, the B
band of HRPCO shifts to lower energy. Although the N band
of HbCO is formed by the six-orbitals, that of HRPCO is not
formed by the six-orbitals: other occupied MOs, in particular,
the imidazolatex? MO, also participate in the N band of
HRPCO.

V. Nature of the Excited States Compared with Other
Porphyrins

As pointed out in the preceding section, the naming of the

peaks in the experimental spectra of porphyrins seems to be

rather arbitrary. The excited states having similar electronic
structures of different porphyrins are sometimes called by

become N (degenerate Jend L (£A,) bands of MgP.

The L band, 9A state, of HbCO is different in nature from
the L bands of FBP, but corresponds to the lower M band, 4B
state, of FBP. The M band, 8Atate, of HbCO is comparable
with the higher M band, 4B state, of FBP. The two almost
degenerate M bands of FBP become the M band (degenerate
4E,) in MgP. Thus, the excited states having similar electronic
structures are called by different names in different porphyrins,
and the relations are summarized in Figure 8.

VI. Conclusions

The ground and excited states of HbCO and HRPCO were
studied by the SAC/SAC-CI method, and the results are
summarized as follows.

(1) The ground states of HbCO and HRPCO are Fe(ll) low-

different names. We examine here the natures of the excitedSPin = 0) closed shell states. In HRPCO~4.18 anionic
states of HbCO in comparison with those of free-base porphine charge is distributed on the Fe atom, porphyrin ring, and O atom

(FBP)® and Mg—porphineZ°
Figure 8 shows the experimental and SAC-CI energy levels

of the distal CO ligand from the proximal imidazolate ligand
in comparison with HbCO. In addition, the anionic proximal

of FBP, MgP, and HbCO correlated to each other on the basis 1l9and works to increase the F€0 and Fe-imidazole bond

of the similarity of the main configurations. For HbCO, the

SAC-Cl result is compared with the experimental peaks of horse

hemoglobin CG! and for MgP the SAC-CI result is compared
with the experimental peaks of Mgetioporphyrin. For FBP,
we have the gas-phase spectrum of FBP itSelind the

orders and decrease the distat@ bond order. These results
imply that the anion nature of the proximal ligand can be
responsible for the enzymatic activity, although the distal ligand
is not a peroxide, which is an enzymatic cycle model.

(2) The calculated results for the excitation energy and the

agreement between the experimental and SAC-CI peaks wasPscillator strength correspond well with the experimental spectra.
good, so that we gave a new theoretical assignment of the (3) In HbCO and HRPCO, thedand Q peaks are assigned

experimental peaks. Note that MgP Hag symmetry, and
some excited states are 2-fold degenerate.

to the 1A and 1A' states, respectively. These bands are
explained by the excitations within Gouteman'’s four orbitals.
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(4) In both compounds, the B band shoulder at the higher Soc.1981 103 663. (e) Dawson, J. H.; Holm, R. H.; Trudell, J. R.; Barth,

- : « » ; ; G.; Linder, R. E.; Bunnenberg, E.; Djerassi, C.; Tang, SJ.GAm. Chem.
energy side is named the “n band”, which is a counterpart of Soc.1976 98, 3707.

the B band in the limit of the four-orbital model. . (3) (a) Hewson, W. D.; Hager, L. B. Biol. Chem1979 254, 3182.
(5) In HbCO, the B, n, N, L, and M bands are described by (b) Hayashi, Y.; Yamazaki, I.J. Biol. Chem1979 254, 9101.
the excitations within the “six orbitals”, two lower occupied (4) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,

. . . : B. J.J. Am. Chem. S0d.981, 103 2884.
MOs 73 and 74 being added to the four orbitals. All six orbitals (5) Finzel, B. C.. Poulos, T. L. Kraut, J. Biol. Chem.1984 259

are porphiner MOs. 13027.
(6) In HRPCO, the B, n, L, and M bands are also described  (6) Poulos, T. L.; Finzel, B. C.; Howard, A. Biochemistryl986 25,
by the excitations within the “six orbitals”, two lower occupied i . . -
. ' . . 7S , B. A, Silger, S. G.; Olson, J. S.; Phillips, G. N. :
MOs 70 and 72 being added to the four orbitals. These six R@_(l)ggfgl?zgg_ rger son Hips Firem
orbitals are also porphine MOs, although in MO 72 the mixing (8) Phillips, S. E. V.; Schoenborn, B. Rature 1981, 292, 81.

of the imidazolate orbitals is considerable. 5 (?) sll) %erewe’&d%v %?Iaolds;”i fé;ggrgilfyélps';(Ftl?gislydD'; Nﬁgai' K.
. B erutz, M.; Reynaud, J.-B. Mol. blol. . alawin, J. M.
(7) In HbCO, the B and n bands are assigned to thea3wl J. Mol. Biol. 198q 136 103.

5A" states, respectively. In both bands, the excitations within ~ (10) (a) Tsubaki, M.; Srivastava, R. B.; Yu, N.-Biochemistry1982
the four orbitals are larger than those from the two lower 21, 1132. (b) Li, X. Y.; Spiro, T. GJ. Am. Chem. Sod.988 110, 6024.

; ; ot (c) Hirota, S.; Ogura, T.; Shinzawa, K.; Itoh, K.; Yoshikawa, S.; Nagai,
orbitals. In the N and L bands, the weights of the excitations M. Kitagawa, T.J. Phys. Chem1994 96, 6652.

Withi_n the_ four_ orbitals_ are _smaller than those of the other ~ (11) Case, D. A.; Huynh, B. H.; Karplus, M. Am. Chem. S0d979
configurations in the six-orbital model. In the M bands, the 16, 4433.

i i (12) Loew, G. H.; Rohmer, M.-MJ. Am. Chem. Sod.98Q 102 3655.
Welghi[s OHthE%gu:hort;talsdarebveré/ small. | . d to th (13) (a) Jewsbury, P.; Yamamoto, S.; Minato, T.; Saito, M.; Kitagawa,
(8) In » the B and n bands are also assigned 10 e j ppys chem1995 99, 12677. (b) Ghosh, A.; Bocian, D. B. Phys.

3A’" and 5A' states, respectively. In both bands, the excitations chem.1996 100, 6363.
within the four orbitals are larger than those from the other two. ~ (14) Obara, S.; Kashiwagi, H. Chem. Phys1982 79, 3155.

; : ; ; (15) Nakatsuji, H.; Tokita, Y.; Hasegawa, J.; Hada, ®hem. Phys.
However, since the MO 72 is raised up considerably by the | = 1096 256 220.

anionic nature of imidazolate, the B and n band energies of (16) (a) Nakatsuiji, H. IrComputational ChemistryReviews of Recent
HRPCO are lower than those of HbCO. In the N and L band, trends Vol. 2: SAC-CI Method: Theoretical Aspects and Some Recent

the weights of the excitations within the four orbitals are smaller Topics Leszczynski, J., Ed.; World Scientific: Singapore, in press. (b)
han those of the other MOs, and in the M band the four-orbital Nakatsuji, H.Acta. Chim. Hung1992 129 719.
than ; (17) Nakatsuiji, H.; Hirao, KJ. Chem. Phys1978 68, 2053.

contributions are very small. (18) (a) Nakatsuji, HChem. Phys. Lettl978 59, 362. (b) Nakatsui,

(9) The nature of the N band of HRPCO is considerably H.Chem. Phys. Lettl979 67, 329, 334.
different from that of HbCO. The N band of HbCO is 23£119) Nakatsuji, H.; Hasegawa, J.; Hada, 3.Chem. Phys1996 104

x-polarized porphiner-* excitations, while that of HRPCO (20) Hasegawa, J.; Hada, M.; Nonoguchi, M.; NakatsujiCHem. Phys.
consists of three peaks polarizedyinx, and x directions in Lett. 1996 250, 159.

i i i« (21) (a) Toyota, K.; Hasegawa, J.; Nakatsuji,Ghem. Phys. Letl.996
increasing energy oro_ler, and_the charg(_a transfer nature |525Q 437, (b) Toyota, K.. Hasegawa. .. NakatsujiHPhys. Chernin
especially prominent in the highestpolarized peak. The  press
intensity of the N band of HRPCO should be larger than that ~ (22) Nakatsuiji, H.; Hasegawa, J.; Ueda, H.; Hada@Wlem. Phys. Lett.
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