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This study reports on the geometry optimizations and electronic structure calculations for methyl pyropheophorbide 
(MPPa), tropolonyl methyl pyropheophorbide s (TMPPa, ITMPPa), and cationic tropolonyl methyl pyropheophor
bides (TMPPa+,BF4-, ITMPPa+,BF4-, TMPPa+, and ITMPPa+) using Local Spin Density Approximation (lSdA/ 
6-31G*) and the Restricted Hatree-Fock (RHF/6-31G*) level theory. From the calculated results, we found that sub
stituted cationic tropolonyl groups have larger structural effects than those of substituted neutral tropolonyl groups. 
The order of structural change effects is ITMPPa+ > ITMPPa+-BF4- > ITMPPa, as a result of the isopropyl group. 
Because it is an electron-releasing group, the substituted isopropyl group electronic effect on a 3-position tropolone 
increases the Highest Occupied Molecular Orbit이 and Lowest Unoccupied Molecular Orbital (HOMO-LUMO) en
ergy gap. It was constituted that the larger the cationic characters of these photosensitizers, the smaller the HOMO- 
LUMO band gaps are. The orbital energies of the cationic systems and the ions are stronger than those of a neutral 
system because of a strong electrostatic interaction. However, this stabilization of orbital energies are counteracted by 
the distortion of chlorin macrocycle, which results in a large destabilization of chlorin-based compound HOMOs and 
smaller destabilization of LUMOs as 아iown in TMPPa (ITMPPa), TMPPa+-BF4- (ITMPPa+-BF4-), and TMPPa+ 

(ITMPPa ) of Figure 6 and Table 6-7. These results are in reasonable agreement with normal-coordinate structural 
decomposition (NSD) results. The HOMO-LUMO gap is an important factor to consider in the development of 
photodynamic therapy (PDT).
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Introduction

Based on porphyrin structures, chlorin-based compound is 
a more attractive photosensitizer because of its strong absorb
ance band at 665nm.1 The subsequent irradiation with visible 
light and in the presence of oxygen, specifically produces 
damaged cells that inactivate the microorganisms.2-3 Generally, 
gram-positive bacteria are efficiently photoinactivated by a 
variety of photosensitizers, whereas gram-negative bacteria 
are resistant to the action of negatively charged or neutral 
agent.2 Tropolones have been shown to be bacteriostatic and 
bactericidal for gram-positive and gram-negative bacterial 
species.4 Without the presence of an additional permeability 
agent, cationic photosensitizer have been shown to photo
induce direct inactivation of gram-negative bacteria.2,5 Catio
nic photosensitizer for porphyrin had been investigated by 
several researchers.1,6-10

In a recent study, the combined chlorin-based compounds of 
novel photosensitizer as PDT and the tropolones as anti
microbials were synthesized to see the dual function activities.11-12 
The combined compounds are tropolonyl methyl pyropheo- 
phorbides (TMPPa and ITMPPa) and methyl pyropheophor- 
bide-substituted tropylium tetrafluroborates (TMPPa+・BF4-, 
ITMPPa+・BF4-), whose structures have not yet been measured 
experimentally.

Density functional theory (DFT) have been extensively 
used to study various aspects of the porphyrin macrocycle,13(a) 

the theoretical studies on photosensitizer are relatively scare. 
Beck’s three parameter hybrid functional using the LYP corre
lation function (B3LYP) among the DFT is the most popular 
density functional theory.21 In previous study,15 the order of the 
maximum difference error is HF (Hartree-Fock) > LSDA > 
B3LYP with respect to experimental for each model chemi
stry, namely, the B3LYP among the three theory is adequate. It 
is well-known that the HF method overestimates HOMO- 
LUMO band gaps as compared to that of other method.14(b) To 
calculate higher accuracy energy models, we need to select a 
large basis set. It is difficult to calculate with a large basis set 
for these molecules. However we found that the wavelength 
owing to B3LYP/6-31G* energy band gaps is favored with ex
perimental value in Soret (B) and local spin density approxi
mation (LSDA/6-31G*) energy band gaps are favored with 
experimental value in visible bands(Q) in previous study.15 We 
are interested in photosensitizers to have a long wavelength 
from the base on calculated geometries. Thus in this study we 
carried out LSDA calculations because good photosensitizers 
may be related to the red shift of the longest wavelength Q 
band, which enables low energy light to be used.7 This work is 
intended to serve as the basis for understanding the distortion 
of chlorin macrocycle by the tropolonyl group in structural ef
fects and providing the insight of the ground state absorption 
(Visible band, Q band) from the calculated electronic state.

This paper presents the results of molecular geometries and 
electronic structures of methyl pyropheophorbide-a (MPPa), 
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tropolonyl methyl pyropheophorbide-a (TMPPa), 3-isopropyl- 
tropolone methyl pyropheophorbide-a (ITMPPa), methyl 
pyropheophorbide-a substituted tropylium terafluoroborate 
(TMPPa+・BF4-), methyl pyropheophorbide-a substituted 3-iso- 
propyl-tropylium tetrafluoroborate (ITMPPa+BF4-), methyl py- 
ropheophorbide-a substituted tropylium ion (TMPPa+), and 
methyl pyropheophorbide-a substituted 3-isopropyltropy- 
lium ion (ITMPPa+) using the LSDA/6-31G*//RHF/ 6-31G* 
level theory.16 Methyl pyropheophorbide-a-substituted tro- 
pylium ions (TMPPa+ and ITMPPa+) were studied to evaluate 
the structural consequences of electronic oxidation. On the 
bases of these geometries, we examine their electronic struc
tures, particularly the Kohn-Sham eigenvalues, and the ei
genstates of the four orbitals [Next Highest Occupied Mole
cular Orbital (NHOMO), Highest Occupied Molecular Orbital 
(HOMO), Lowest Unoccupied Molecular Orbital (LUMO), 
and Next Lowest Unoccupied Molecular Orbital (NLUMO)] 
in Gouterman’s model.17

Furthermore, non-planar deformations of the chlorin 
macrocycle are induced by steric forces arising from the sub
stituted tropolone and cationic tropolone in methyl pyropheo- 
phorbides. The optimized structures were later analyzed using 
normal-coordinate structural decomposition (NSD).13(b),18-19 
As we examine the effects, the tropolonyl substituents and the 
deformations of chlorins ring in n system have been related to 
the visible band.

Computational Methods

DFT calculations were carried out using LSD A.16 The 
closed-shell species (MPa, MPPa, TMPPa, ITMPPa, TMPPa+- 
BF4-, ITMPPa+-BF4-, TMPPa+, and ITMPPa+) were calculated 
with the spin-restricted method. A preliminary search for sta
tionary structures of all studied species was carried out by geo
metry optimizations using the restricted Hatree-Fock (RHF) 
level theory. The obtained structures were for the final opti
mization using the LSDA level theory, then the split-valence 
and polarized 6-31G* basis set were employed in the geometry 
optimizations. The Hartree-Fock orbital energies can be used 
to reproduce ultraviolet photoelectron spectra patterns via 
Koopman’s theorem (KT). LSDA is based on densities rather 
than wave functions, and the Kohn-Sham (KS) orbital energies. 
Wavelengths of Q band were calculated from Gouterman (the 
Four Orbitals).17 Geometries in ions (TMPPa+ and ITMPPa+) 
were also fully optimized with the SCF=QC option to achieve 
convergence.

The LSDA-optimized structures are analyzed using 
NSD.13(b),18-19 This method characterizes the chlorin confor
mation in terms of equivalent displacements along the normal 
coordinates chlorin macrocycle. Typically, the largest static dis
tortions of the chlorin macrocycle occur along the softest nor
mal modes, hence the greatest contributors to the nonplanar 
distortion are the lowest-frequency normal coordinates of each 
out-of-plane symmetry type (B1u, B2u, A2u, Eg, and A1u). These 
deformations correspond to the symmetric distortions com
monly observed in a structure and were named ruffling (ruf), 
saddling (sad), doming (dom), waving (wav(x,y)), and propel
ling (pro).13(b),18-19 They give asymme- tric macrocyclic dis
tortions of various types, adding along the projections of the 

total distortions when mixed together. Only these six normal 
coordinates typically simulate the actual out-of-plane dis
tortion that is reasonably accurate. The Gaussian 03 program 
and NSD program on Silicon Graphics Computer System were 
used in performing calculations and in searching for the opti
mum geometries using the criteria of minimum energies.16

Results and Discussion

Molecular Geometries. The geometries are important be
cause of closely relation with HOMO-LUMO band gaps and 
the distortion of chlorin macrocycles. Therefore we will be de
scribed to bond angles and bond lengths due to (cationic) tro- 
polonyl groups. The structural formulas of methyl pyropheo- 
phorbide-a (MPPa) and methyl pheophorbide-a (MPa) are shown 
in Figure 1. MPPa is obtained when the carboxyl group is de
carboxylated in ring V in MPa. The X-ray crystal and mole
cular structure of MPa was studied by Fischer et al. (1972).20 
Figure 2 shows the structural formula of tropolonyl methyl py- 
ropheophorbide-a (TMPPa), 3-isopropyl-tropolone methyl py- 
ropheophorbide-a (ITMPPa). Figure 3 shows the structural for
mula of cationic photosensitizers. Methyl pyropheophorbide- 
a-substituted tropylium tetrafluoroborate (TMPPa+・BF4-) and

Figure 1. Structural formula of methyl pyropheophorbide-a (MPPa) 
and methyl pheophorbide-a (MPa)

Figure 2. Structural formula of tropolonyl methyl pyropheophor- 
bide-a (TMPPa) and 3-isopropyl-tropolone-methyl pyropheophor- 
bide-a (ITMPPa)
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Figure 3. Structural formula of cationic photosensitizers: (a) methyl 
pyropheophorbide-a-substituted tropylium tetrafluoroborate (TMPPa+- 
BF4') (b) methyl pyropheophorbide-a-substituted 3-isopropyl-tropylium 
terafluoroborate (ITMPPa EF4-) (c) methyl pyropheophorbide-a-sub- 
stituted tropylium ion (TMPPa+) (d) methyl pyropheophorbide-a-sub- 
stituted 3-isopropyl tropylium ion (ITMPPa+).

OCH3
Figure 4. Selected the geometries of tropolonyl methyl pyropheo- 
phorbides-a with numerical label.

methyl pyropheo-phorbide-a-substituted 3-isopropyl-tropylium 
tetrafluoroborate (ITMPPa+・BF4-) were synthesized by Barkhuu.12 
Methyl pyropheophorbide-a-substituted tropylium ion (TMPPa+) 
and methyl pyropheophorbide-a-substituted 3-isopropyl tro- 
pylium ion (ITMPPa+) are studied to evaluate the structural 
consequences of electronic oxidation. TMPPa and ITMPPa 
were obtained when tropolone (or 3-isopropyl tropolone) was 
combined with MPPa. Selected LSDA-optimized bond dis
tances in methyl (pyro) pheophorbides, tropolonyl methyl pyro- 
pheophorbides, and methyl pyropheophorbide-a-substituted 
tropylium ions are listed in Table 1 in accordance to the num
bering shown in Figure 4. The calculated MPa bond lengths are 
good agreement with the experimental crystal structure of 
MPa,20 with a maximum difference of 〜0.035 A. Calculated 
bond lengths are slightly shorter than the measured ones ex
cept C2-C3 in ring I, 0.020-0.022 A for C1-C2 and C3-C4 
bonds, 0.035 A for C2-C3 bond, and 0.001-0.007 A for C1-N1

Table 1. Selected Bond Distances(A) of Chlorin Macrocycle in MPa, 
MPPa, TMPPa, ITMPPa, TMPPa+, and ITMPPa+ by LSDA/6-31G*// 
HF/6-31G* Calculations

MPa Expa MPPa TMPPa ITMPPa TMPPa+ ITMPPa+

C1-C2 1.426 1.448 1.426 1.437 1.437 1.445 1.435
C2-C3 1.388 1.353 1.388 1.380 1.379 1.375 1.379
C3-C4 1.439 1.459 1.439 1.431 1.432 1.439 1.432
C4-C5 1.381 1.371 1.381 1.383 1.382 1.387 1.389
C5-C6 1.394 1.412 1.394 1.395 1.395 1.390 1.390
C6-C7 1.451 1.429 1.451 1.451 1.451 1.457 1.455
C7-C8 1.366 1.361 1.366 1.366 1.366 1.362 1.364
C8-C9 1.449 1.453 1.446 1.448 1.448 1.457 1.455
C9-C10 1.391 1.376 1.392 1.392 1.392 1.398 1.398
C10-C11 1.387 1.404 1.387 1.388 1.388 1.381 1.382
C11-C12 1.424 1.392 1.427 1.426 1.426 1.442 1.439
C12-C13 1.386 1.398 1.385 1.386 1.386 1.377 1.378
C13-C14 1.414 1.404 1.415 1.415 1.414 1.420 1.418
C14-C15 1.403 1.388 1.402 1.403 1.403 1.399 1.400
C15-C16 1.387 1.390 1.383 1.382 1.382 1.387 1.386
C16-C17 1.516 1.492 1.513 1.513 1.513 1.505 1.507
C17-C18 1.528 1.551 1.533 1.534 1.533 1.534 1.534
C18-C19 1.506 1.490 1.508 1.507 1.507 1.499 1.501
C19-C20 1.385 1.408 1.386 1.387 1.388 1.399 1.395
C1-C20 1.390 1.381 1.390 1.387 1.387 1.378 1.382
C1-N1 1.363 1.364 1.363 1.361 1.360 1.364 1.366
C4-N1 1.365 1.372 1.365 1.367 1.367 1.360 1.363
C6-N2 1.354 1.348 1.354 1.353 1.353 1.359 1.359
C9-N2 1.366 1.373 1.365 1.366 1.366 1.360 1.360
C11-N3 1.383 1.394 1.382 1.382 1.382 1.379 1.379
C14-N3 1.339 1.328 1.340 1.340 1.340 1.341 1.340
C16-N4 1.355 1.347 1.354 1.355 1.355 1.360 1.359
C19-N4 1.344 1.340 1.342 1.341 1.341 1.337 1.339
N1-H21 1.029 - 1.029 1.029 1.029 1.029 1.029
N3-H22 1.041 - 1.043 1.043 1.043 1.041 1.041

aRef 20

and C4-N1 bonds. In ring II, the difference of calculated 
C8-C9 and C6-C7 bonds from the measured one is 0.004 to 
0.022 A, 0.005 A for C7-C8 bond, and 0.006-0.007A for 
C6-N2 and C9-N2 bonds. The difference of C13-C14 bond 
from the measured one is 0.010 A and 0.0321 A for C11-C12 
bond in ring III. In ring IV, the difference of C16-C17 and 
C18-C19 bonds from measured one is 0.024 A and 0.016 A 
respectively. The difference of C12-C13 bond in ring III and 
C17-C18 in ring IV is 0.012 A and 0.023 A, respectively. In 
ring III, the difference of C11-N3 and C14-N3 bonds is 0.011 
A and 0.016 A, respectively. In ring IV, the difference of C16- 
N4 and C19-N4 bonds is 0.004 A and 0.008 A, respectively. 
The differences of C4-C5, C5-C6, C9-C10, C10-C11, C19
C20, and C1-C20 are 0.01, 0.018, 0.015, 0.017, 0.015, 0.003, 
0.023, 0.009 A, respectively.

To examine validity of bond lengths, we compared the 
LSDA optimized bond lengths and the HF. The LSDA opti
mized Mpa bond lengths are the maximum difference of 〜 
0.035 A, whereas the HF optimized MPa bond lengths (see 
Table 9) are the maximum difference of 〜0.058 A. The LSDA 
optimized maximum error percentage is 2.6% and 4.3% for 
HF, respectively. The average of bond length difference of the 
LSDA optimized Mpa is 0.014 A and 0.026 A for the HF opti
mized and therefore the LSDA optimized MPa bond lengths 
are more adequate than that of HF.

Compared to that of MPPa, the C1-C2 bond lengths of
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TMPPa, ITMPPa, TMPPa+, and ITMPPa+ are extended by 
0.011, 0.011, 0.019, and 0.009 A respectively, owing to the ef
fect on the nearest ring I by the tropolonyl and tropylium 
group. The C2-C3 and C3-C4 bond lengths have a maximum 
difference of 0.007 to 0.013 A, likewise owing to the tropo- 
lonyl group and tropylium group effect on the nearest ring I. 
The bond lengths of TMPPa and ITMPPa have a maximum 
difference of 0.001 to 0.002 A in ring II-IV as compared to that 
of MPPa, owing to the tropolonyl group. The bond lengths of 
TMPPa+ and ITMPPa+ have a maximum difference of 0.001 to 
0.015 A in ring II-IV as compared to that of MPPa in accord
ance with the tropylium group. We found that bond lengths 
caused by the tropylium group effect were larger than those of 
the tropolonyl group.

The bonds of C4-C5, C5-C6, C9-C10, C10-C11, C19-C20, 
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and C1-C20 in TMPPa and ITMPPa are have a maximum dif
ferences of only 0.001 to 0.003 A, as compared to that of MPPa; 
whereas for TMPPa+ and ITMPPa+, the maximum is 0.003- 
0.013.

Table 2 shows selected bond angles in methyl (pyro)pheo- 
phorbides, tropolonyl methyl pyropheophorbides, and methyl 
pyropheophoibide-a-substituted tropylium ions using the LSDA/ 
6-31G*//HF/6-31G* level theory. The calculated bond angles 
of MPa are in good agreement with the experimental crystal 
structure of one,20 with a maximum difference of 〜2.2 degrees. 
In ring I, The C1-C2-C3 and C2-C3-C4 bond angles are in
creased by 0.4 and 1.6 degrees respectively, as compared to 
those of the measured one. In ring II-IV, the bond angles of 
C6-C7-C8, C7-C8-C9, C11-C12-C13, C12-C13-C14, C16- 
C17-C18, and C17-C18-C19 decrease except for the C12- 

Table 2. Selected Bond Angles(°) of Chlorin Macrocycle in Mpa, MPPa, TMPPa, ITMPPa, TMPPa+, and ITMPPa+ by LSDA/6-31
G*//HF/6-31G* Calculations

MPa Expa MPPa TMPPa ITMPPa TMPPa+ ITMPPa+

C1-C2-C3 107.3 106.9 107.3 106.1 106.1 106.2 106.5
C2-C3-C4 107.3 108.9 107.4 108.7 108.6 108.4 108.5
C2-C1-C20 127.0 126.6 127.1 126.7 126.6 125.8 126.5
C3-C4-C5 126.8 126.7 126.5 126.5 126.5 126.5 126.6
C4-C5-C6 128.3 128.8 128.6 128.6 128.6 127.9 128.1
C5-C6-C7 122.3 123.7 122.4 122.5 122.5 122.4 122.6
C6-C7-C8 105.9 106.8 105.9 105.9 105.9 105.8 105.8
C7-C8-C9 105.8 106.6 105.8 105.8 105.8 105.6 105.7
C8-C9-C10 123.8 125.7 124.0 124.1 124.1 123.5 123.6
C9-C10-C11 124.2 125.2 123.9 123.9 123.9 123.6 123.7
C10-C11-C12 129.9 131.1 130.3 130.3 130.4 129.8 129.9
C11-C12-C13 104.9 107.0 105.0 105.0 105.0 104.8 104.8
C12-C13-C14 109.2 107.0 109.0 109.0 109.0 109.2 109.1
C13-C14-C15 113.6 114.5 113.2 113.2 113.2 112.9 113.0
C14-C15-C16 124.0 127.2 124.8 124.9 124.0 124.1 124.4
C15-C16-C17 127.7 126.7 126.6 126.7 126.7 126.5 126.6
C16-C17-C18 100.8 101.6 101.3 101.3 101.3 101.6 101.4
C17-C18-C19 100.7 101.4 101.2 101.2 101.2 101.5 101.3
C18-C19-C20 121.8 123.1 121.9 122.0 122.0 121.5 121.7
C19-C20-C1 127.4 128.8 127.2 127.0 126.9 127.1 127.1
C1-N1-C4 110.5 110.5 110.5 110.2 110.2 110.0 110.4
C6-N2-C9 104.9 106.3 105.0 105.1 105.1 104.6 104.7
C11-N3-C14 109.1 108.9 109.0 109.0 109.0 108.8 108.8
C16-N4-C19 108.2 108.2 108.5 108.5 108.5 107.9 108.0
C1-N1-H21 123.6 - 123.1 123.1 123.1 124.0 123.4
C4-N1-H21 125.9 - 126.4 126.7 126.8 126.1 126.3
C11-N3-H22 118.6 - 118.2 118.1 118.1 118.6 118.6
C14-N3-H22 132.4 - 132.8 132.9 132.8 132.6 132.5
N1-C1-C2 107.8 107.8 107.8 108.2 108.3 108.2 107.8
N1-C4-C3 107.1 105.9 107.0 106.7 106.8 107.3 106.8
N2-C6-C7 111.8 111.4 111.7 111.7 111.7 111.9 111.9
N2-C9-C8 111.7 109.3 111.6 111.5 111.5 112.0 111.9
N3-C11-C12 108.8 107.8 108.8 108.8 108.8 108.9 108.9
N3-C14-C13 107.9 109.3 108.2 108.2 106.1 108.4 108.4
N4-C16-C17 111.1 112.7 111.7 111.7 111.6 112.2 112.1
N4-C19-C18 112.1 113.6 112.4 112.5 112.4 113.3 113.1
N1-C1-C20 125.2 125.2 125.2 125.1 125.2 126.0 125.7
N1-C4-C5 126.1 127.4 126.5 126.8 126.7 126.2 126.6
N2-C6-C5 125.9 124.8 125.9 125.8 125.8 125.7 125.5
N2-C9-C10 124.5 125.0 124.4 124.4 124.4 124.5 124.5
N3-C11-C10 121.2 121.1 120.8 120.8 125.8 121.4 121.3
N3-C14-C15 138.4 136.2 138.6 138.6 140.7 138.7 138.6
N4-C16-C15 121.2 120.5 121.5 121.5 121.5 121.1 121.2
N4-C19-C20 125.9 123.3 125.5 125.4 125.4 125.1 125.1

aRef 20
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C13-C14 bond angle, as compared to those of experimental 
value. The optimized bond angle of C2-C1-C20, C3-C4-C5, 
C5-C6-C7, C8-C9-C10, C10-C11-C12, C13-C14-C15, C15- 
C16-C17, and C18-C19-C20 is reduced by 0.1 to 1.4 degrees 
except for C2-C1-C20, C3-C4-C5 and C15-C16-C17 bond 
angles. The optimized LSDA bond angle of C4-C5-C6, C9- 
C10-C11, C19-C20-C1, and C14-C15-C16 is reduced by 0.5 to
3.2 degrees. To examine validity of bond angles, we compared 
the LSDA optimized Mpa bond angles and the HF. The LSDA 
optimized Mpa bond angles are the maximum difference of ~
3.2 degree, whereas the HF optimized MPa bond angles (see 
Table 10) are the maximum difference of ~4.4 degree. The 
LSDA optimized maximum error percentage is 2.5% and 
3.5% for HF, respectively. The average of bond angles differ
ence of the LSDA optimized Mpa is 1.08 degree and 1.20 de
gree for the HF optimized and therefore the LSDA optimized 
MPa bond angles are more adequate than that of HF.

The LSDA-optimized bond angles of MPPa have a maxi
mum difference of ~0.2 degrees, as compared to those of MPa 
in ring I-III. In ring IV, bond angles (C16-C17-C18, C17- 
C18-C19) are increased by 0.5 degrees as compared to those of 
MPa owing to the carboxylated group. The bond angles of 
C14-C15-C16 and C15-C16-C17 are increased by 0.8 and 1.1 
degrees from that of MPa. For the residue angles of MPPa 
which has a maximum difference of ~0.4 degrees. The bond 
angles of TMPPa and ITMPPa have a maximum difference of
1.2 ~ 1.3 degrees from MPPa in ring I, however, the bond an
gles in ring II-IV were not changed. The maximum difference 
for the residue angles of TMPPa and ITMPPa is ~0.5 degrees. 
The calculated bond angles of TMPPa+ and ITMPPa+ have a 
larger difference than those of TMPPa and ITMPPa. The cal
culated bond angles of TMPPa+ and ITMPPa+ are with differ
ence of 0.8 to 1.1 degrees from MPPa in ring I, while the bond 
angles in ring II-IV have a maximum difference of ~0.3 degrees. 
The bond angle differences of C2-C1-C20 of TMPPa+ and 
ITMPPa are 1.3 and 0.6 degrees from MPPa, respectively be
cause of a substitute isopropyl group effect. The bond angle 
differences of C4-C5-C6 and C13-C14-C15 are 0.7 degrees 
for TMPPa+ and 0.5 and 0.4 degrees for ITMPPa, respectively.

The bond angle difference of C10-C11-C12 is 0.5 degrees for 
TMPPa and 0.4 degrees for ITMPPa. The C16-N4-C19 angle 
has a diference of 0.6 degrees for TMPPa+ and 0.5 degrees for 
ITMPPa+. Residue angles have a maximum difference of 0.5 
degrees for TMPPa+ and 0.4 degrees for ITMPP+. Table 3 
shows the selected bond distances and angles in methyl 
pyropheophorbide-substituted tropylium tetrafluoroborates 
(TMPPa+・BF4- and ITMPPa+EFj). For TMPPa+EFj, the 
bond lengths of C1-C2, C2-C3, and C3-C4 have a difference 
of 0.008~0.01 A from MPPa in ring I. The bond length of 
C4-C5 has a difference of 0.003 A in meso-2 position (m2) 
and 0.07 A for meso-1 position (m1). In ring IV, the bond 
length of C17-C18 has a difference of 0.002 A from MPPa. 
The residue distances are equal to those of MPPa. Comparing 
the bond lengths of TMPPa+BF4- and TMPPa, they have a dif
ference of 0.001 A, except C1-C2 and C3-C4. The bond 
lengths of C1-C2 and C3-C4 have a difference of 0.003 A and 
0.002 A, respectively. For ITMPPa+・BF4-, the bond lengths of 
C1-C2, C2-C3 and C3-C4 have a difference of 0.008-0.009 A 

from MPPa in ring I. Furthermore, the residue distances have 
a maximum difference of 0〜0.003 A. Comparing the bond 
lengths of ITMPPa+・BF4- and ITMPPa, the maximum differ-

Ta비e 3. Selected Bond Distances (A) and Angles (° ) of Chlorin 
Macrocycle in TMPPa+BF4- and ITMPPa+BF4- by LSDA/6-31G* // 
HF/6-31G* Calculations

TMPPa+-BF4- ITMPPa+-BF4-

C1-C2 1.434 1.435
C2-C3 1.380 1.380
C3-C4 1.429 1.430
C4-C5 1.384 1.383
C5-C6 1.394 1.394
C6-C7 1.451 1.451
C7-C8 1.366 1.366
C8-C9 1.448 1.449
C9-C10 1.392 1.393
C10-C11 1.387 1.388
C11-C12 1.427 1.427
C12-C13 1.385 1.385
C13-C14 1.415 1.415
C14-C15 1.402 1.402
C15-C16 1.383 1.383
C16-C17 1.513 1.513
C17-C18 1.535 1.534
C18-C19 1.507 1.506
C19-C20 1.387 1.387
C1-C20 1.397 1.388
C1-N1 1.362 1.361
C4-N1 1.367 1.367
C6-N2 1.353 1.353
C9-N2 1.365 1.365
C11-N3 1.382 1.382
C14-N3 1.340 1.340
C16-N4 1.354 1.355
C19-N4 1.341 1.341
N1-H21 1.029 1.029
N3-H22 1.043 1.043
C1-C2-C3 106.2 106.2
C2-C3-C4 108.8 108.7
C2-C1-C20 126.8 126.7
C3-C4-C5 126.6 126.6
C4-C5-C6 128.7 128.7
C5-C6-C7 122.5 122.5
C6-C7-C8 105.9 105.9
C7-C8-C9 105.8 105.8
C8-C9-C10 124.1 124.1
C9-C10-C11 123.8 123.8
C10-C11-C12 130.3 130.3
C11-C12-C13 105.0 105.0
C12-C13-C14 109.0 109.0
C13-C14-C15 113.2 113.2
C14-C15-C16 124.9 124.9
C15-C16-C17 126.5 126.6
C16-C17-C18 101.4 101.3
C17-C18-C19 101.3 101.2
C18-C19-C20 122.0 122.0
C19-C20-C1 127.1 127.0
C1-N1-C4 110.4 110.3
C6-N2-C9 105.1 105.1
C11-N3-C14 109.0 109.0
C16-N4-C19 108.5 108.5
C1-N1-H21 123.1 123.0
C4-N1-H21 126.6 126.7
C11-N3-H22 118.1 118.2
C14-N3-H22 132.9 132.5
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ence is 0〜0.002 A. The bond angle difference of C1-C2-C3 is 
1.1 deg^es for TMPPa+-BF4- and ITMPPa+-BF4-. C2-C3-C4 
bond angle is 1.4 degrees for TMPPa+・BF4- and 1.3 for ITMPPa+- 
BF4- from MPPa in ring I. The C2-C1-C20 bond angle differ
ence is 0.3 degrees for TMPPa+・BF4- and 0.4 for ITMPPa+- 
BF4-. Comparing tropolonyl methyl pyropheophorbides (TMPPa 
and ITMPPa) with methyl pyropheophorbide a substitute to 
tropylium tetrafluoroborates (TMPPa+・BF4- and ITMPPa+・ 
BF4-) for residue angles, the maximum angle difference is 
0〜0.2 degrees except for the angle C14-C15-C16 and C14-N3- 
H22. The angle differences of C14-C15-C16 and C14-N3-H22 
are 0.9 degrees and 0.3 degrees, respectively.

Table 4 shows the distances (A) between protonated nitro
gens and unprotonated nitrogen in a chlorin ring of calculated

Table 4. The distances(A) between Protonated Nitrogens and be
tween Unprotonated Nitrogens in Chlorin rings of Calculated 
Molecular Systems

LSDA/6-31G*//HF/6-31G*
Molecules NH-NHa N-N4
MPa 4.055 4.148
MPPa 4.045 4.171
TMPPa 4.045 4.171
ITMPPa 4.044 4.170
TMPPa+ 4.024 4.151
ITMPPa+ 4.032 4.159
TMPPa*BF4- 4.045 4.173
ITMPP&BF4 - 4.046 4.170

aNH-NH: The distances between protonated nitrogen in (pyro)pheo- 
phorbides rings of molecules, %-N: The distances between unproto
nated nitrogen in (pyro)pheophorbides rings

molecular systems. The distances of protonated nitrogen 
caused by substituted tropolonyl and cationic tropolonyl are 
decreased from those of MPa, whereas the unprotonated nitro
gen is increased. Particularly, the distances of protonated nitro
gen caused by substituted cationic tropolonyl groups are 4.024 
A for TMPPa+ and 4.032 A for ITMPPa+ all other molecules 
are 4.044-4.046 A. The unprotonated nitrogen distances are 
4.151 A for TMPPa+ and 4.159 A for ITMPPa+ all other mole
cules are 4.170-4.173 A except for MPa.

Table 5 shows the selected structural parameters of the tro- 
polonyl groups and the cationic tropolonyl groups in TMPPa, 
ITMPPa, TMPPa+, ITMPPa+, TMPPa+・BFj and ITMPPa+・ 
BF4-by LSDA/6-31G*//HF/6-31G* calculations. In order to 
understand substituted cationic tropolonyl group effects, we 
compared the substituted tropolonyl groups (TMPPa, ITMPPa) 
and the cationic tropolonyl groups (TMPPa+, ITMPPa+, TMPPa+・ 
BF4-, ITMPPa+・BF4-). The dihedral angles are more or less simi
lar in molecular systems except ITMPPa+. The C26-C27 bond 
length of ITMPPa+ has maximum difference of 0.078 A from 
that of ITMPa. Comparing TMPPa+ and ITMPPa+ for sub
stituted isopropyl group effects, we found that the dihedral an- 
이es of C23-O1-C21-C3 and C23-O1-C21-C22 have large dif
ference of 91.4 degree and 91.2 degree respectively. The bond 
angle of C25-C26-C27 has maximum difference of 32.7 
degree. The order of structural effects owing to the isopropyl 
group is ITMPPa+ > ITMPPa+・BF4- > ITMPPa. We further 
found that substituted cationic tropolony groups are with larg
er structural effects than the tropolonyl group. Although the di
hedral angles are large change by tropolonyl group, the dis
tortion of chlorin macrocycle is not great influence because 

L>T)£a+ 1->1〉£：)+ r>T〉£a+.^RDP"*.Table 5. selected (Cationic)Tropolonyl groups structural Parameters of iM_rra, itmppa, iM_rra , ITMPPa , iM_rra ・b보4, and ITMPPa ■ 
BF4- by LSDA/6-31 G*//HF/6-31 G* Calculations

TMPPa ITMPPa TMPPa+ ITMPPa+ TMPPa+・BF4- ITMPPa*BF4-

Dihedral angle(°) 
C23-O1-C21-C3 161.1 163.0 161.2 69.8 161.2 162.4
C29-C23-O1-C21 -1.8 -3.1 -2.7 8.1 -1.93 -3.0
C24-C23-O1-C21 178.6 177.5 177.4 -166.2 178.4 177.4
O2-C24-C23-O1 -0.8 -0.3 -2.0 11.2 -3.2 -0.6
C23-O1-C21-C22 -77.3 -75.3 -76.9 -168.1 -77.2 -75.8
C23-C24-C25-C26 0.1 0.3 1.3 25.7 5.3 0
C24-C25-C26-C27 -0.1 -0.3 -0.9 -20.1 -0.5 -0.8
C25-C26-C27-C28 0.1 -0.3 2.9 -19.2 -5.5 1.3
C26-C27-C28-C29 0.2 0.5 -3.8 26.4 4.4 -0.8
C27-C28-C29-C23 -0.7 0.2 1.6 -30.7 0.3 0.1

Bond distance(A) 
C23-C24 1.482 1.481 1.498 1.501 1.439 1.486
C24-C25 1.439 1.437 1.441 1.477 1.443 1.441
C25-C26 1.368 1.368 1.377 1.309 1.365 1.346
C26-C27 1.409 1.408 1.363 1.330 1.388 1.385
C27-C28 1.371 1.375 1.330 1.425 1.352 1.375

Bond angle (°) 
C23-C24-C25 121.9 121.3 124.4 116.6 122.8 120.8
C24-C25-C26 132.3 131.8 130.0 116.3 131.7 127.6
C25-C26-C27 129.8 130.5 121.0 153.7 125.1 139.0
C26-C27-C28 127.0 128.3 145.1 115.2 135.6 123.3
C27-C28-C29 129.5 126.5 120.8 121.3 125.3 126.8
C28-C29-C23 130.1 131.8 127.6 131.1 129.3 132.5
C23-O1-C21 122.6 122.4 122.5 122.9 122.8 122.6
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troponlonyl group is antimcrobials. The PDT activity only de
pends on the distortion of chlorine mcrocycle.

Tropolonyl group is added as antimicrobials to see the dual 
function activities of PDT. The difference of bond lengths and 
bond angles from the MPPa means that chlorin macrocycle on 
molecular systems may be influence to the distortion by the 
substituted structural effects of tropolonyl group, although by 
a small amount.

Electronic Stiuctuies

Table 6 shows the leversed eigenvalues (in eV), Gouterman’s 
four orbitals17 [NHOMO (b2), HOMO (b1), LUMO (c1), and 
NLUMO (c2)] calculated by Hartree-Fock (HF), and the 
LSDA theory for MPa, MPPa, TMPPa, and ITMPPa. The khl 

and △ Ehnl are the states associated with visible bands.17 △ehl and 
△ehnl energy gaps for MPa are 1.610 eV and 2.256 eV, 
respectively. The △ehl (△ehnl) of MPPa, TMPPa, and ITMPPa 
are 1.635 (2.255) eV, 1.671(1.933) eV and 1.672(2.061) eV 
which correspond to wavelength of 758(550) nm, 742(641) 
nm, and 741(601) nm respectively. The wavelength caused by 
the LSDA energy gaps show 3 〜12% deviations from the ex
perimental value in Q bands. However, owing to the tropo- 
lonyl groups, the wavelengths of TMPPa and ITMPPa are 
slightly blue shift as compared to that of MPPa. These tenden
cies are in reasonable agreement with the experimental 
value.11-12 Table 7 shows the sign reversed eigenvalues (in eV), 
Gouterman’s four orbitals,17 [NHOMO(b2), HOMO(b1), 
LUMO(c1), and NLUMO(c2)] calculated by Hartree-Fock 
(HF) and LSDA theory for TMPPa+・BF4-, ITMPPa+・BF4-, 
TMPPa+, and ITMPPa+・BF4-. The calculated △ehl (△ehnl) of 
TMPPa+・BF4-, ITMPPa+・BF4-, TMPPa+, and ITMPPa+ are 
1.228 (1.666) eV, 1.420 (1.667), 0.013 (1.701) eV and 0.072 
(1.695) eV, respectively. The HOMO-LUMO band gaps (△ehl) 
of cationic photosensitizers (TMPPa+BF4-, ITMPPa+・BF4-, TMPPa+, 
and ITMPPa+) were reduced as compared to those of TMPPa 
and ITMPPa, owing to tropylium tetrfluoroborates and tropy- 
lium ions. However, HOMO-LUMO band gaps have less com
pared to the wavelengths having the larger number. The wave
lengths corresponding to the band gaps are red shift. Thus, cat
ionic photosensitizers in Table 7 are better than the neutral

Table 6. The Sign reversed eigenvalues (in eV) Gouterman’ sfour or
bital [NHOMO(b2) to NLUMO(c2)] calculated using LSDA// RHF 
level theory. The last two row are the HOMO-LUMO Gap ( △ehl ) and 
NHOMO-LuMO (△ehnl ). Calculated △ehl and △ehnl are the state asso
ciated with visible band, parentheses are wavelengths (in nm).

LSDA/6-31G*//RHF/6-31G*

MPa MPPa TMPPa ITMPPa

b2 5.422 5.281 5.289 5.277
b1 5.357 5.228 5.206 5.191
c1 3.747 3.593 3.535 3.519
c2 3.101 2.973 3.273 3.130

Expa 1.856(668) 1.858(667) 1.867(664) 1.870(663)
Cal△ehl 1.610(770) 1.635(758) 1.671(742) 1.672(741)△ehnl 2.256(550) 2.255(550) 1.933(641) 2.061(601)

aref 11-12

photosensitizers in Table 6, because the number of band gaps 
is small. The isopropyl group, being the electron donor, neu
tralized photosensitizers. Therefore the HOMO- LUMO band 
gaps (△ehl) of TMPPa, TMPPa+・BF4- and TMPPa+ are smaller

HOMO

NLUMO

ITMPPa

Figure 5. The molecular orbital contours of the HOMO, LUMO, 
NHOMO, and NLUMO for ITMPPa and ITMPPa+ BF4-, calculated 
from the LSDA theory. (a) HOMO and LUMO for wave function 
0.02 a.u; (b) NHOMO and NLUMO for wave function 0.01 a.u.

Table 7. The Sign reversed eigenvalues (in eV) Gouterman’ s four or
bital [NHOMO(b2) to NLUMO(c2)] calculated using LSDA//RHF. 
Calculated Ashl and Ashnl are the state associated with visible band.

LSDA/6-31G*//RHF/6-31G*

TMPPa+BF4- ITMPPa+-BF4- TMPPa+ ITMPPa+

b2 5.461 5.476 8.048 7.967
b1 5.387 5.397 7.934 7.916
c1 4.159 3.978 7.921 7.844
c2 3.720 3.730 6.233 6.220

Cal
Ashl 1.228 1.420 0.013 0.072
AShnl 1.666 1.667 1.701 1.695
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(a) (b)

Figure 6. Out-of-plane deformations (in A) for calculated LSDA of 
molecular systems: (a) the deformations of MPPa, TMPPa, ITMPPa. 
(b) The deformations of MPa, TMPPa+EFj, and ITMPPa+EFj.

Table 8. Selected atomic coefficients of HOMO and LUMO of 
ITMPPa and ITMPPa+-BF4-, all AOs are for orbital 2Pz.

HOMO LUMO

ITMPPa ITMPPa+・BF4- ITMPPa ITMPPa+・BF4-

N1 -0.049 -0.049 0.000 0.011
N2 -0.044 -0.043 0.165 0.000
C3 0.058 0.000 0.135 0.000
C4 0.199 0.018 0.148 -0.001
C5 0.047 0.000 -0.156 -0.004
C6 -0.191 -0.190 -0.093 0.005
C7 -0.099 -0.090 0.012 0.004

than those of ITMPPa, ITMPPa+EFj and ITMPPa+. Thus the 
larger the cationic character of these photosentizers, the small
er the HOMO-LUMO band gaps is.

Figure 5 shows the three-dimensional (3-D) contours of the 
Gouterman four orbitals with a wave-function value of 0.01 
and 0.02 a.u. for ITMPPa and ITMPPa+BF4- derived from the 
LSDA theory. The HOMO is delocalized on chlorin macro
cycle and has not contributions from (cationic) tropolonyl 
groups. The LUMO is similar to the HOMO, but the LUMO 
orbitals on the C17-C18 carbon atoms in ring IV have not 
contributions. Table 8 lists the selected atomic coefficients of 
HOMO and LUMO of ITMPPa and ITMPPa+・BF4. It is shown 
that all the significant atomic orbitals 2Pz for either C or N, 
suggesting that HOMOs and LUMOs are n orbitals. The atomic 
coefficients of HOMOs and LUMOs in cationic photo
sensitizers are smaller than those of neutral photosensitizer. 
Nevertheless, the eigenvalues of HOMOs and LUMOs of ca
tionic photosensitizers are larger than the neutral one because 
cationic systems have strong electrostatic interactions as 
shown in Table 7. And because of the ionic states, TMPPa+ and 
ITMPPa+ have a very strong electrostatic interaction.

In order to estimate the non-planar deformations of the 
chlorin macrocycle caused by the substituded tropolone and 
cationic tropolone in methyl pyropheophorbides, we were ana
lyzed using NSD.13(b),18-19 Furthermore, the calculated struc
tures (MPPa, TMPPa, ITMPPa, MPa, TMPPa+-BF4-, and

Table 9. Selected Bond Distances(A) of Chlorin Macrocycle in MPa 
and MPPa by HF/6-31G* Calculation

MPa MPPa MPa MPPa
C1-C2 1.477 1.477 C15-C16 1.339 1.336
C2-C3 1.340 1.340 C16-C17 1.529 1.527
C3-C4 1.476 1.476 C17-C18 1.543 1.546
C4-C5 1.342 1.343 C18-C19 1.517 1.519
C5-C6 1.449 1.449 C19-C20 1.441 1.442
C6-C7 1.473 1.472 C1-C20 1.351 1.350
C7-C8 1.343 1.344 C1-N1 1.360 1.361
C8-C9 1.469 1.468 C4-N1 1.373 1.373
C9-10 1.347 1.349 C6-N2 1.293 1.293
C10-C11 1.435 1.434 C9-N2 1.394 1.394
C11-C12 1.381 1.383 C11-N3 1.387 1.385
C12-C13 1.418 1.417 C14-N3 1.325 1.326
C13-C14 1.375 1.375 C16-N4 1.405 1.404
C14-C15 1.451 1.450 C19-N4 1.283 1.281
N1-H21 0.992 0.992 N3-H22 0.993 0.992

Table 10. Selected Bond Angles(° ) of Chlorin Macrocycle in MPa 
and MPPa by HF/6-31G* Calculation

MPa MPPa MPa MPPa

C1-C2-C3 107.9 107.9 C11-N3-C14 109.1 109.1
C2-C3-C4 108.4 108.4 C16-N4-C19 109.5 109.7
C2-C1-C20 125.6 125.7 C1-N1-H21 124.5 124.4
C3-C4-C5 126.6 126.5 C4-N1-H21 123.7 123.9
C4-C5-C6 126.3 126.5 C11-N3-H22 123.5 123.4
C5-C6-C7 122.9 122.9 C14-N3-H22 127.3 127.5
C6-C7-C8 105.8 105.8 N1-C1-C2 106.3 106.2
C7-C8-C9 106.1 106.1 N1-C4-C3 105.7 105.6
C8-C9-C10 125.9 125.9 N2-C6-C7 112.5 112.4
C9-C10-C11 127.5 127.4 N2-C9-C8 109.3 109.3
C10-C11-C12 129.4 129.8 N3-C11-C12 108.7 108.7
C11-C12-C13 105.1 105.2 N3-C14-C13 108.7 108.9
C12-C13-C14 108.3 108.1 N4-C16-C17 108.4 109.0
C13-C14-C15 114.5 114.4 N4-C19-C18 113.9 114.0
C14-C15-C16 124.8 125.2 N1-C1-C20 128.1 128.1
C15-C16-C17 131.1 130.0 N1-C4-C5 127.8 127.9
C16-C17-C18 100.9 101.1 N2-C6-C5 124.6 124.7
C17-C18-C19 100.3 100.6 N2-C9-C10 124.8 124.8
C18-C19-C20 119.7 120.0 N3-C11-C10 121.9 121.6
C19-C20-C1 127.4 127.2 N3-C14-C15 136.8 136.7
C1-N1-C4 111.7 111.7 N4-C16-C15 120.3 120.9
C6-N2-C9 106.3 106.4 N4-C19-C20 126.4 120.0

ITMPPa+・BF4-)13(b),18-19 were analyzed using NSD as shown in 
Figure 6. First comparing MPa with MPPa compound, non- 
planar deformations of MPa were larger than those of MPPa. 
However, because of the carboxyl group effect in ring V of 
MPa as shown in Figure 1, the HOMO- LUMO band gap of 
MPa is a slightly smaller than that of MPPa. On the other hand, 
NSD results show a larger change in out-of-plane deformation 
at TMPPa than that of MPPa to some extent. From detailed 
NSD results of MPPa, saddling is -0.070 A, ruffling is -0.152 
A, doming is 0.037 A, wav(x) is 0.043 A, wav(y) is 0.001 A, 
and pro is -0.127 A. In contrast, saddling of TMPPa is -0.073 
A, -0.146 A for ruffling, 0.054 A for doming, 0.058 A for 
wav(x), -0.004 A wav(y), and -0.124 A for pro. Hence, total 
observed distortion of MPPa is 0.218 A, compared to that of 
TMPPa, which is 0.219 A. It means that the HOMO-LUMO 
band gap is in reasonable agreement with the NSD results in 
MPPa and TMPPa.
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Comparing TMPPa and ITMPPa, the distortion of ITMPPa is 
larger than that of MPPa because of the isopropyl group, which 
is an electron leaving group. Cationic tropolonyl groups have 
smaller distortions than tropolonyl groups, comparing cationic 
tropolonyl methyl pyropheophorbides with tropolonyl methyl 
pyropheophorbides in Figure 6. The major distortions of 
TMPPa are -0.073 A for saddling, -0.146 A for ruffling, and 
-0.124 A for pro. However, those of TMPPa+-BF4- are -0.109 A 
for saddling, -0.103 A for ruffling, and -0.121 A for pro. Total 
observed distortion of TMPPa+・BF4- is 0.207 A. The major dis
tortions of ITMPPa are -0.077 A for saddling, -0.168 A for ruf
fling, and -0.126 A for pro, whereas those of ITMPPa+・BF4- are 
-0.069 A for saddling, -0.165 A for ruffling, and -0.127 A for pro.

Table 6-7 shows that the electronic effect of cationic tropo
lonyl groups reduces the HOMO-LUMO gap. The wavelength 
corresponding to the band gap increases the red shift.

Conclusion

1. We found the following results from the geometry opti
mization by LSDA/6-31G*//HF/6-31G* calculation.

a) After calculating the bond lengths and bond angles, we 
compared the results of MPa and the experimental MPa. 
The results are somewhat equivalent with a maximum dif
ference of0.000-0.035 A and 0.0-3.2 degrees (see Table 1-2).

b) TMPPa and ITMPPa which were linked with tropolone 
change C-C bond lengths of the nearest ring I by 0.007 to 
0.011 A. The C1-C2-C3 bond angles and C2-C3-C4 have a 
difference of 1.2 degree and 1.3 degree respectively. Other 
bond lengths have a maximum difference of 0.001-0.003, 
and the bond angles have a maximum difference 0.5 de
grees except the C14-C15-C16 bond angles of ITMPPa 
(Table 2).

c) TMPPa+ and ITMPPa+, which were linked with tropylium 
ions, changed the C-C bond lengths of the nearest ring I by 
0.000 to 0.019 A. The C1-C2-C3 bond angles and C2-C3- 
C4 are 0.8 to 1.1 degrees. Other bond lengths have a maxi
mum difference of 0.001-0.011 A. The bond angles have a 
maximum difference of 〜1.3 degrees (Table 2). TMPPa+・ 
BF4 and ITMPPa+・BF4, which were linked with cationic 
tropolone, changed the C-C bond lengths of the nearest 
ring I by 0.008 to 0.010 A. The C1-C2-C3 bond angles and 
C2- C3-C4 have a difference of 1.1 to 1.4 degrees. Other 
bond lengths have a maximum difference of 0.000-0.007 
A. The bond angles have a maximum difference of 〜0.4 
degrees (Table 3).

2. The electronic effect of cationic tropolonyl groups reduces 
the HOMO-LUMO band gap. On the other hand, the isopropyl 
group effect increases the HOMO-LUMO band gaps.

3. The calculated energy band gaps are in reasonable agreement 
with the experimental value in visible bands (Q) (see Table 6)

4. The distortions of chlorin macrocycle are able to explain the 

normal-coordinate structural decomposition and the results 
are in reasonable agreement with the HOMO-LUMO energy 
gap.

5. The HOMO-LUMO gap is an important factor to consider in 
the development of PDT.
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