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We have investigated the excited-state properties and singlet oxygen (1∆g) generation mechanism in
phthalocyanines (4M; M) H2, Mg, or Zn) and in low-symmetry metal-free, magnesium, and zinc
tetraazaporphyrins (TAPs), that is, monobenzo-substituted (1M),adjacentlydibenzo-substituted (2AdM),
oppositelydibenzo-substituted (2OpM), and tribenzo-substituted (3M) TAP derivatives, whoseπ conjugated
systems were altered by fusing benzo rings. The S1x and S1y states (these lowest excited singlet states are
degenerate inD4h symmetry) split in the low-symmetry TAP derivatives. The excited-state energies were
quantitatively determined from the electronic absorption spectra. The lowest excited triplet (T1x) energies
were also determined from phosphorescence spectra, while the second lowest excited triplet (T1y) states were
evaluated by using the energy splitting between the T1x and T1y states previously reported (Miwa, H.; Ishii,
K.; Kobayashi, N.Chem. Eur. J.2004, 10, 4422-4435). The singlet oxygen quantum yields (Φ∆) are strongly
dependent on theπ conjugated system. In particular, while theΦ∆ value of 2AdH2 is smallest in our system,
that of 2OpH2, an isomer of 2AdH2, is larger than that of 4Zn, in contrast to the heavy atom effect. The
relationship between the molecular structure andΦ∆ values can be transformed into a relationship between
the S1x f T1y intersystem crossing rate constant (kISC) and the energy difference between the S1x and T1y

states (∆ESxTy). In each of the Zn, Mg, and metal-free compounds, theΦ∆/τF values (τF: fluorescence lifetime),
which are related to thekISC values, are proportional to exp(-∆ESxTy), indicating that singlet oxygen (1∆g) is
produced via the T1y state and that the S1x f T1y ISC process follows the energy-gap law. From the viewpoint
of photodynamic therapy, our methodology, where theΦ∆ value can be controlled by changing the symmetry
of π conjugated systems without heavy elements, appears useful for preparing novel photosensitizers.

Introduction

Photodynamic therapy (PDT) is currently under intense study
for the diagnosis, management, and treatment of various
neoplasms on the basis of the combined use of selective uptake
of photosensitizers into the malignant tissues and local irradia-
tion of these with visible or near-infrared (NIR) light.1-3 Most
of the clinical experience has been obtained with Photofrin,
which is a complex mixture comprising fractions of hemato-
porphyrin derivatives. Although Photofrin is effective in the
treatment of several cancers, it has several disadvantages, such
as a small extinction coefficient at the radiation wavelength (630
nm), as well as cutaneous phototoxicity over prolonged periods
of time. These disadvantages have prompted a search for
“second” and “third” generation photosensitizers, to achieve (1)
high tumor to normal tissue accumulation ratios and (2) large
extinction coefficients at longer wavelengths where light can
penetrate skin.

To obtain intense absorption at longer wavelengths, various
types of photosensitizers, including phthalocyanines (Pcs),
naphthalocyanines, benzoporphins, purpurins, chlorins, por-
phycenes, pheophorbides, bacteriochlorins, and bacteriopheophor-
bides, have been investigated.1-6 These compounds have intense

absorption bands in the visible to near-IR regions, termed the
Q-band, and may be divided into two groups by symmetry
considerations. The first type is observed in Pc and naphtha-
locyanines withD4h symmetry. In these systems, the LUMOs
(egx and egy) are degenerate, so that an intense Q absorption
band consisting of degenerate Qx and Qy bands occurs. On the
other hand, split Q-bands are observed in benzoporphins,
purpurins, chlorins, pheophorbides, bacteriochlorins, and bac-
teriopheophorbides because of lowering of theπ-symmetry by
reduction of the pyrrole rings or fusion of aromatic ring units
onto the pyrrole rings. Since the breaking of theπ-symmetry
also brings about a red-shift of the Q-band, control of the
π-symmetry is a promising method for preparing novel photo-
sensitizers having strong absorption bands at longer wavelengths.

Singlet oxygen yield (Φ∆) is one of the most important
parameters for PDT photosensitizers, since it is believed that
PDT leading to biological damage usually involves the photo-
chemical generation of singlet oxygen (1∆g) and the subsequent
oxidation of tissues by direct attack on biological substrates.
While the Φ∆ values of several porphyrinic compounds have
been reported,7-11 any quantitative relationship between the
symmetry ofπ-conjugated systems andΦ∆ values has so far
been unclear, in contrast to the well-characterized Q absorption
bands.

Recently, we have examined a series of low-symmetry
metallotetraazaporphyrin (MTAP; M) Zn and Pd) derivatives
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lying structurally between TAP and Pc, that is, monobenzo-,
adjacently dibenzo-, oppositely dibenzo-, and tribenzo-substi-
tuted TAP derivatives (Scheme 1 in ref 12). In the case of our
low-symmetry MTAP derivatives, the excited-state energies
were quantitatively determined from the electronic absorption,
magnetic circular dichroism (MCD), luminescence, and time-
resolved EPR spectra (Figure 13 in ref 12). The ability to vary
the excited states as required has motivated us, not only for
controlling the excited-state dynamics and photochemical reac-
tion yields by fusing benzo units, but also to elucidate the
relationship between the symmetry of the porphyrinicπ-con-
jugated system and theΦ∆ values. In this study, we have
investigated the excited-state properties and singlet oxygen (1∆g)
generation mechanism in low-symmetry MTAP (M) H2, Mg,
and Zn) derivatives (Figure 1). Important features are as follows.
(1) In metal-free and magnesium compounds, the excited-state
energies are determined from electronic absorption and lumi-
nescence measurements. By comparing metal-free, Mg, and Zn
compounds, the influence of the central element on theΦ∆ value
is examined. (2) The relationship between theΦ∆ value and
symmetry of theπ-conjugated systems are investigated. This
relationship is transformed into a quantitative relationship
between the excited-state energies and excited-state dynamics,
from which a universal rule for the singlet oxygen generation
mechanism is proposed in relation to the porphyrinicπ
symmetry.

Experimental Section

Instrumental Techniques.Electronic absorption spectra were
measured with a Hitachi U-3410 spectrophotometer. MCD
measurements were made with a JASCO J-720 spectrodichrom-
eter equipped with a JASCO electromagnet which produced
magnetic fields of up to 1.09 T with parallel and antiparallel
fields.12 Fluorescence spectra were recorded at ambient tem-
perature with a Hitachi F-4500 spectrofluorimeter. Fluorescence
lifetimes were measured by a single-photon-counting method
using an argon ion laser (Spectra-Physics, BeamLok 2060-10-
SA), a pumped Ti:sapphire laser (Spectra-Physics, Tsunami
3950-L2S, 1.5 ps fwhm) with a pulse selector (Spectra-Physics,
Model 3980), a second-harmonic generator (GWU-23PS), a
picosecond light pulser (Hamamatsu Photonics PLP-02/041; 408
nm; 59-ps fwhm), and a streak-scope (Hamamatsu Photonics,
C4334-02 or 01). NIR luminescence measurements were
performed using a monochromator (JASCO CT-25CP) and a
photomultiplier (Hamamatsu Photonics R5509-42), which was
cooled at 193 K by a cold nitrogen gas flow system (Hamamatsu
Photonics R6544-20).11,12 The photon signals amplified by a

fast preamplifier (Stanford Research SR445) were measured by
the single-photon-counting method using a photon counter
(Stanford Research SR400). A Nd:YAG laser (Spectra Physics
INDI-30; 355 nm; 7-ns fwhm) or a dye laser (Sirah CSTR-
LG532-TRI-T) pumped with a Nd:YAG laser (Spectra Physics
INDI 40; 532 nm; 7-ns fwhm) was employed as an excitation
source. As a solvent, spectral grade toluene (Nacalai Tesque
Inc.) was used for all measurements (0.1-0.01 M pyridine was
added for Zn and Mg complexes), while a 1:1 mixture of toluene
and 1-iodoethane (Tokyo Chemical Industry Co, Ltd.) was
employed for phosphorescence measurements.

Materials. Metal-free compounds were synthesized following
the methods previously reported12 and were characterized by
electronic absorption and elemental analyses (Supporting In-
formation). Magnesium complexes were synthesized by improv-
ing the method previously reported by Lindsey et al.13 Typical
experimental conditions for 1Mg are shown below.

[22,23-Dioctyloxybenzo[b]-7,8,12,13,17,18-hexa(p-tert-butyl-
phenyl)-5,10,15, 20-tetraazaporphinato(2-)]magnesium(II),
1Mg. 1H2 (20 mg, 1.39× 10-5 mol) and excess magnesium
bromide diethyl etherate (700 mg, 2.72× 10-3 mol) were
refluxed in a toluene solution (16 mL) containing pyridine (80
µL) for 24 h. After adding toluene (50 mL), this organic solution
was washed twice with 5% NaHCO3 aqueous solution and was
dried by Na2SO4. After evaporation of the solvent, the residue
was purified by alumina and bio-beads gel (S-X1) columns using
CHCl3 as eluent. Recrystalization from CHCl3/methanol pro-
duced 1Mg in 15% yield (2.8 mg).

1Mg; FAB mass (m/z): 1437 [M + 1]+. Anal. Calcd for
C97H118N8O3Mg: C, 79.34; H, 8.10; N, 7.58. Found: C, 78.381;
H, 8.039; N, 7.554.

Similarly to 1Mg, the other magnesium complexes, 2AdMg,
2OpMg, 3Mg, and 4Mg, were synthesized from the correspond-
ing metal-free compounds, respectively, and were characterized
by electronic absorption, FAB-mass, ESI-TOF-mass, and el-
emental analyses (Supporting Information).

Results and Interpretations

Electronic Absorption Spectra.Electronic absorption spectra
of magnesium complexes are shown in Figure 2 (left). In the
electronic absorption spectrum of 4Mg, an intense Q band is
seen at 683 nm, indicating that the S1x and S1y states are
degenerate. On the other hand, the Q-bands split into the intense
Qy (S0 f S1y transition) and Qx (S0 f S1x transition) bands for
the low-symmetry TAP derivatives, 1Mg (C2V; 632 and 675 nm)
and 2OpMg (D2h; 610 and 713 nm) (Figure 3). In the case of
3Mg, while three intense bands are observed at 634, 646, and
694 nm in the Q-band region, the bands at 646 and 694 nm
were attributed to the Qy0-0 and Qx0-0 bands, respectively, by
reference to 3Zn.12 In the case of 2AdMg, a clear Q band
splitting is not seen in the electronic absorption spectrum (660
nm). However, focusing on a weak shoulder at around 650∼
660 nm, the Q-band splitting ()∆ESS) was evaluated as 260
cm-1 by band-deconvolution analyses, where the MCD bands
of 2AdMg were fitted using two Faraday B terms of opposite
sign.12,14The∆ESS value decreases in the order 2OpMg (2370
cm-1) > 3Mg (1070 cm-1) > 1Mg (1010 cm-1) > 2AdMg
(260 cm-1), which is almost entirely similar to those of the
corresponding Zn complexes. On the other hand, the Q-bands
of the Mg complexes shift to the lower energy side compared
with those of the corresponding zinc complexes (300∼ 400
cm-1). These higher energy Q-bands of the Zn complexes are
interpreted as due to destabilization of the LUMO and
LUMO+1, as a result of an interaction between theπ* orbitals
of the TAP ligand and the dπ orbitals of the Zn atom.15

Figure 1. Molecular structures of low-symmetry TAP derivatives.
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Electronic absorption spectra of metal-free compounds are
shown in Figure 2 (right). In the case of 4H2, the S1x and S1y

states split, in contrast to 4Mg, as a result of the breaking of
theD4h symmetry because of the presence of the inner pyrrole
protons.15 In a similar manner, the substitutional change from
Mg to 2H makes the Q-band splitting of low-symmetry TAP
derivatives large. From the Q-band peaks, the∆ESS values of
the metal-free compounds (∆ESS(Mf)) were determined to be
2450, 960, 3590, 2260, and 840 cm-1 for 1H2, 2AdH2, 2OpH2,
3H2, and 4H2, respectively, which are much larger than those
of the corresponding Zn or Mg complexes.

Luminescence.All the Mg and metal-free derivatives show
fluorescence at ambient temperature, as shown in Figure 4.
Fluorescence lifetimes (τF) of the Mg complexes were estimated
as 2.5, 3.8, 2.6, 3.4, and 6.5 ns for 1Mg, 2AdMg, 2OpMg, 3Mg,
and 4Mg, respectively (Table 1). TheτF value of 4Mg is longer

than those of the other low-symmetry MgTAP derivatives. In
the case of the Zn complexes, theτF values are shorter than
those of the corresponding Mg complexes. Since the electronic
absorption spectra of the Mg complexes are similar to those of
the Zn complexes, the shortτF values of the Zn complexes are
interpreted due to spin-orbit coupling (SOC) on the zinc atom,
which promotes intersystem crossing (ISC).16,17 On the other
hand, theτF values of the metal-free compounds were deter-
mined as 1.7, 0.081, 2.4, 4.2, and 6.1 ns, for 1H2, 2AdH2,
2OpH2, 3H2, and 4H2, respectively. Theπ symmetry dependence
is larger in metal-free derivatives than in the Zn or Mg
complexes.

Figure 2. Electronic absorption spectra of Mg (left) and metal-free (right) compounds.

Figure 3. Excited-state properties of 4M and 2OpM.

TABLE 1: Fluorescence Lifetimes (τF) and Singlet Oxygen
Yields (Φ∆)

compounds τF/ns Φ∆
a Φ∆/τF 10-8 s

1Zn 1.5 0.62 4.2
2AdZn 1.1 0.49 2.2
2OpZn 2.2 0.60 5.3
3Zn 1.5 0.55 3.6
4Zn 3.4 0.43 1.3
1Mg 2.5 0.27 1.1
2AdMg 3.8 0.18 0.48
2OpMg 2.6 0.24 0.91
3Mg 3.4 0.20 0.61
4Mg 6.5 0.14 0.21
1H2 1.7 0.23 1.4
2AdH2 0.081 0.010 1.3
2OpH2 2.4 0.50 2.0
3H2 4.2 0.27 0.64
4H2 6.1 0.14 0.24

a Φ∆ measurements were carried out with various laser powers, and
the averageΦ∆ values were employed. The experimental errors were
within 15%.
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To determine the T1x energies, phosphorescence measure-
ments were carried out at 77 K. In the case of the Mg or metal-
free TAP derivatives, only a few phosphorescence spectra have
been previously reported because of the low phosphorescence
efficiency.17,18 To utilize heavy atom effects, a 1:1 mixture of
toluene and 1-iodoethane (10-2 M pyridine was added for the
Mg complexes) was employed as a solvent for the phospho-
rescence measurements.16 Thus, we have succeeded in observing
the phosphorescence spectra of Mg and metal-free compounds
in the NIR region (Figure 4),19,20apart from 4H2. The T1x energy
of the Mg complexes decreases in the order 1Mg (1014 nm,
1.00× 104 cm-1) > 2AdMg (1039 nm, 9.62× 103 cm-1) >
3Mg (1090 nm, 9.17× 103 cm-1) > 2OpMg (1112 nm,
8.99× 103 cm-1) > 4Mg (1176 nm, 8.50× 103 cm-1), which
is similar to the Zn complexes.12 The phosphorescence peaks
of the Mg complexes shift to lower energy compared with the
corresponding Zn complexes, similarly to the Q absorption
bands. In the case of the metal-free compounds, the T1x energy
decreases in the order 1H2 (984 nm, 1.02× 104 cm-1) > 3H2

(1052 nm, 9.51× 103 cm-1) > 2OpH2 (1058 nm, 9.45× 103

cm-1) > 2AdH2 (1070 nm, 9.35× 103 cm-1).
Singlet Oxygen Yield,Φ∆. TheΦ∆ values were investigated

by monitoring the singlet oxygen (1∆g) luminescence at 1275
nm.11,21,22The values are summarized in Figure 5 and Table 1.
In Figure 5, two important features are seen as follows.

(1) TheΦ∆ values of the Zn complexes are much larger than
those of the corresponding Mg complexes, while the electronic
structures are similar. This is reasonably interpreted by con-
ventional SOC theory, called the heavy atom effect.16-18

(2) The Φ∆ values strongly depend on the shape of theπ

conjugated system. In particular, theΦ∆ dependence of the
metal-free compounds is noteworthy. For example, while the
Φ∆ value of 2AdH2 is smallest in our system, that of 2OpH2 is
larger than that of 4Zn, exceeding the heavy atom effect. That
is, the Φ∆ value increases with increasing splitting of the
Q-band.

Thus, we have succeeded in changing theΦ∆ value by fusing
benzo units. These results will be analyzed in detail in the
Discussion section.

Figure 4. Luminescence spectra of Mg (left) and metal-free (right) compounds. The fluorescence and phosphorescence spectra were measured at
ambient temperature and 77 K, respectively.

Figure 5. Relationships between the molecular structures andΦ∆

values.
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Discussion

Excited-State Energies of Mg Complexes.The excited-state
energies were quantitatively determined to clarify the singlet
oxygen (1∆g) generation mechanism. In the case of the Mg
complexes, the S1x and S1y energies were determined from the
electronic absorption spectra, except for those of 2AdMg which
were evaluated by band deconvolution analyses of the electronic
absorption and MCD spectra.12,14 The T1x energies were
determined from the position of phosphorescence peaks. The
T1y energies were evaluated by reference to the∆ETT values of
Pd or Zn complexes (∆ETT: the energy splitting between the
T1x and T1y states).12 This approximation that the∆ETT values
are similar among the Mg, Zn, and Pd complexes is plausible,
since the magnitude of the Q-band splitting is similar for these
complexes when comparing across complexes with the sameπ
system.12 The excited-state energies of our Mg complexes
(Figure 6, left) are almost identical to those of the corresponding
Zn complexes (Figure 13 in ref 12), indicating that a comparison
between Zn and Mg complexes is appropriate for investigating
the central metal effects.

Excited-State Energies of Metal-Free Compounds.In the
case of the metal-free compounds, the S1x, S1y, and T1x energies
were determined from the electronic absorption and phospho-
rescence spectra. However, it is difficult to obtain the T1y

energies of metal-free compounds by directly utilizing the∆ETT

values of the Pd or Zn complexes, since the Q-band splitting
of metal-free compounds is different from those of the corre-
sponding Zn or Pd complexes. To evaluate the∆ETT values of

the metal-free compounds ()∆ETT(Mf)), the S1x-S1y splitting
()∆ESS(Mf)) or the ∆ETT(Mf) value is divided into two parts,
as follows.

Here, the S1x-S1y and T1x-T1y splitting due to lowering of the
π-symmetry of deprotonated dianionic species are termed∆ESS

π

and∆ETT
π, respectively, while those due to the inner pyrrole

protons are termed∆ESS
2H and∆ETT

2H, respectively. The∆ESS

and∆ETT values of zinc complexes were employed as the∆ESS
π

and ∆ETT
π values, respectively, since the Q-band splitting is

almost the same between the Mg, Zn, and Pd complexes. From
the difference between the∆ESS(Mf) and ∆ESS

π ()∆ESS(Zn))
values,∆ESS

2H was evaluated as 1540, 680, 1200, 1200, and
800 cm-1, for 1H2, 2AdH2, 2OpH2, 3H2, and 4H2, respectively.
Here, we assumed∆ESS

2H ∼ ∆ETT
2H, since MO calculations

indicate that the inner pyrrole protons barely change theπ MO
coefficients in the HOMO, LUMO, and LUMO+1, respec-
tively.23,24Thus, the∆ETT(Mf) value was approximated accord-
ing to the following equation.

From eq 2, the excited-state energies of the metal-free com-

Figure 6. Summary of the∆ESS and∆ETT values of Mg (left) and metal-free (right) compounds.

∆ESS(Mf) ) ∆ESS
π + ∆ESS

2H (1a)

∆ETT(Mf) ) ∆ETT
π + ∆ETT

2H (1b)

∆ETT(Mf) ) ∆ETT
π + ∆ESS

2H

) ∆ETT(Zn) + [∆ESS(Mf) - ∆ESS(Zn)] (2)
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pounds were evaluated as summarized in Figure 6 (right). The
∆ESS and∆ETT values of the metal-free compounds are much
larger than those of the zinc and magnesium complexes, because
of the inner pyrrole protons.

Energy-Gap Law. By fusing the benzo units, we succeeded
in controlling theΦ∆ value. In particular, theΦ∆ value of 2OpH2

was larger than that of 4Zn, while 2AdH2, being the isomer of
2OpH2, exhibited the smallestΦ∆ value of our compounds. That
is, theΦ∆ value significantly depends on the symmetry of the
porphyrinicπ structure. To obtain a universal rule, theΦ∆ values
are now discussed quantitatively.

Since the singlet oxygen (1∆g) is generated via two processes,
S1 f T1 ISC of the photosensitizer and energy transfer from
the T1 photosensitizer to triplet oxygen (3Σg), the Φ∆ value is
represented byΦET × ΦISC, whereΦET ()kET[O2]/(kET[O2] +
kT)) andΦISC ()kISC/(kF + kIC + kISC)) are the quantum yields
of energy transfer and ISC, respectively (Scheme 1). Since the
T1 lifetimes of our Zn complexes are much longer than the
energy transfer,25-27 the energy-transfer efficiency is almost
100%, that is,Φ∆ ∼ ΦISC, consistent with previous studies on
Pc derivatives.9,11 Thus, the S1 f T1 ISC is the most important
process in the relationship between the molecular structures and
Φ∆ values.

In the S1 f T1 ISC, we focused on the ISC from the S1x

state to the T1y state (Scheme 1). While the S1x and S1y states
or the T1x and T1y states are almost entirely degenerate in the
case of 4M and 2AdM, those of 1M, 2OpM, and 3M are split.
As a result, the energy difference between the S1x and T1y states
()∆ESxTy) is much smaller in 1M, 2OpM, and 3M than in 4M
and 2AdM, enhancing the S1x f T1y ISC. Thus, we discuss the
relationship between the S1x f T1y ISC and∆ESxTy value. The

kISC value is represented using the wave functions of the S1x

()|Φn
SxΦes

Sx>) and T1y () |Φn
TyΦes

Ty>) states as follows.16

Here,|<Φn
Sx|Φn

Ty>|2 and|<Φes
Sx| HSOC |Φes

Ty>|2 denote the
Franck-Condon factor and the SOC matrix element between
the S1x and T1y states, respectively. The Franck-Condon factor
correlates with the energy gap between the initial and final states,
that is,|<Φn

Sx|Φn
Ty>|2 ∝ exp(-∆ESxTy).16,28Under this energy-

gap law, thekISC value is represented as follows.

Experimental relationships between theΦ∆/τF (∼kISC when
Φ∆ ∼ ΦISC) and exp(-∆ESxTy) values are shown in Figure 7.
In each of the Zn, Mg, and metal-free compounds, theΦ∆/τF

values are proportional to exp(-∆ESxTy), indicating that singlet
oxygen (1∆g) is produced via the T1y state and that the S1x f
T1y ISC process follows the energy-gap law. The slope increases
in the order H2 < Mg < Zn, consistent with conventional SOC
theory.16 In the case of the zinc complexes, many EPR results
indicate that ISC from the S1x state is selective to thezsublevel
in the T1y state, rather than the T1x states, because of thez
component of SOC between the dxzand dyzorbitals of the central
zinc atom which are admixed with the LUMO and LUMO+1
of the TAP ligand, respectively.12,17,29 Therefore, our experi-
mental results for the Zn complexes, where singlet oxygen (1∆g)
is produced via the T1y state, is consistent with the previous
EPR studies. On the other hand, in the case of the metal-free
and Mg compounds, selective ISC to thex andy sublevels is

Figure 7. Relationships between theΦ∆/τF and exp(-∆ESxTy) values. The∆ESxTy value is in kcm-1.

SCHEME 1: Singlet Oxygen (1∆g) Generation Mechanism in 4M and 2OpM.

kISC ∝ |〈Φn
Sx|Φn

Ty〉|2 × |〈Φes
Sx| HSOC|Φes

Ty〉|2 (3)

kISC ) R × |〈Φes
Sx| HSOC|Φes

Ty〉|2 × exp(-∆ESxTy) (4)
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dominant because of thex andy components of SOC, which
originate from the admixture of the S1 (or T1) state and the
(σ,π*) (or (π,σ*)) configurations via vibronic coupling.17,29

Thus, the selectivity between the T1x and T1y states had not been
clarified. Therefore, these experimental relationships between
the Φ∆/τF and exp(-∆ESxTy) values are the first experimental
evidence of a S1x f T1y ISC process in metal-free and Mg
compounds.

Conclusions

In this study, we have investigated the singlet oxygen (1∆g)
generation mechanism, focusing on low-symmetry TAP deriva-
tives. We have succeeded in increasing theΦ∆ value by fusing
benzo-units and have found a qualitative relationship, where
the large Q-band splitting results in efficient generation of singlet
oxygen (1∆g). Quantitative analyses on the excited-state energies
show that thekISC value, being proportional to exp(-∆ESxTy),
follows the energy-gap law. With respect to PDT, since heavy
elements generally exhibit toxicity, our methodology, in which
the Φ∆ value can be controlled by the symmetry of theπ
conjugated system without heavy elements, should be useful
for preparing novel photosensitizers.
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