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Abstract

Perylenequinonoid pigments exhibit several photodynamic therapeutic advantages over the commonly used haematoporphyrin derivatives.
Two types of mercapto-substituted hypocrellin B derivatives (5,8-RS-HB, 5-RS-HB) were prepared. The photophysical and photochemical
properties of the mercapto-substituted hypocrellin B derivatives were investigated. When 5,8-RS-HB or 5-RS-HB was illuminated with visible
light, semiquinone radical anion, superoxide anion radical, singlet oxygen and hydroxyl radical were detected. The formation of semiquinone
radical anion and activated oxygen and the transformation and competition between them depend on the sample and oxygen concentrations,
the time and intensity of illumination and the nature of the substrate. In anaerobic solution, the semiquinone radical anion was predominantly
photoproduced via the self-electron transfer between the excited and ground species. In aerobic solution, singlet oxygen was generated. In
addition, the superoxide anion radical was also generated by 5,8-RS-HB or 5-RS-HB on illumination in aerobic solution. The superoxide
anion radical was produced via the reduction of oxygen by the semiquinone radical anion, and this process was significantly enhanced by the
presence of electron donors. In DMSO-H,0 (1 : 1, v/v) solution, the hydroxyl radical was observed via the Fenton reaction. On the basis of
these results, both electron transfer (type I) and 'O, (type II) paths were found to be involved in 5,8-RS-HB and 5-RS-HB photosensitization
to different extents. © 1997 Elsevier Science S.A.
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1. Introduction

Hypocrellin A and B (HA and HB) (Fig. 1) have recently
been isolated from natural fungus sacs of Hypocrella bam-
busae in China. These lipid-soluble 4,9-dihydroxy-3,10-per-

OCHz
ylenequinone derivatives, employed in pioneering photo- 0,0
dynamic therapy (PDT) applications of perylenequinonoid '
pigments (PQPS) [1,2], exhibit several advantages over the Hypocreliin A Hypocrelin &

presently used haematoporphyrin derivatives (HPD), i.e.
easy preparation and purification relative to HPD, small
aggregation tendency (which decreases the efficiency of
HPD), strong red light absorptivity and significantly reduced
normal tissue photosensitivity because of the fast metabolism
in vivo [3]. As a result, hypocrellins have been successfully
employed in the clinical PDT treatment of a number of skin
diseases, such as white lesions of vulva, keloid, vitiligo, pso-
riasis, tinea capitis and lichen amyloidosis [4-6] without the
observation of the prolonged normal tissue photosensitivity
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Fig. 1. Chemical structures of hypocrellin A and hypocrellin B.

which occurs with HPD [3]. It has also been shown that
hypocrellins are efficient singlet oxygen generators [7], and
demonstrate some advantages over the classic 'O, sensitizers
(such as porphyrins, rose bengal, methylene blue, etc.),
including high molar extinction coefficients, wide UV—visi-
ble absorption, high quantum yields of singlet oxygen gen-
eration, high stability, good solubility and small solvent and
concentration effects [8].

The latest studies have indicated that the target of photo-
dynamic action of hypocrellin is the cell membrane, this
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Scheme 1.

photodynamic action causing an evident reduction in the
quantity of mercapto groups in membrane proteins. Until
recently, relatively little effort has been devoted to the study
of the mechanism of this photodynamic action. This has
encouraged us to study the reaction of HB with mercapto
compounds and the photodynamic action of mercapto-
substituted HB derivatives.

In this work, two types of mercapto-substituted HB deriv-
atives (5,8-RS-HB, 5-RS-HB) (Scheme 1) were success-
fully synthesized in high yield and characterized. When
5,8-RS-HB or 5-RS-HB was illuminated with visible light,
the formation process of semiquinone radical anion and acti-
vated oxygen ('O,, 057, 'OH) was studied by electron
paramagnetic resonance (EPR) in detail. The formation
mechanism of superoxide radical anion and the effect of oxy-
gen on the competition between type I and II mechanisms of
photosensitization are also reported.

2. Materials and methods
2.1. Materials

HA and HB were extracted from fungus sacs of Hypocrella
bambusae and purified by recrystallization from acetone. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) and 9,10-diphen-
ylanthracene (9,10-DPA) were obtained from Aldrich
Chemical Company. 2,2,6,6-Tetramethyl-4-piperidone
(TEMP) was purchased from Merck Chemical Company.
Superoxide dismutase (SOD) and cysteine were purchased
from Biotech Technology Corporation, Chinese Academy of
Sciences. Diethylaniline, N-ethylaniline, aniline, sodium
azide, dodecyl mercaptan, dimethylsulphoxide (DMSO) and
other solvents, all of analytical grade, were purchased from
Beijing Chemical Plant. Water was freshly distilled before
use. The solutions were purged with oxygen, air or argon
according to experimental requirements. The required high-
purity solvents were prepared by further purification of the
commercial products, and no impurities were detected by
absorption and/or fluorescence spectroscopy. Absorption
spectra were recorded with a Shimadzu UV-160A UV-visi-
bie spectrophotometer. The samples were bubbled with
highly purified argon for 30 min and irradiated with a 450 W

medium-pressure sodium lamp before measurement. Fluo-
rescence spectra were measured with a Hitachi MPF-4 fluo-
rometer. Proton nuclear magnetic resonance ('H—NMR)
spectra were measured with a Varian XL-400. Mass spectra
were performed by a ZAB-HS (fastatom bombardment mass
spectrometer) .

2.2. Preparation of 5,8-RS-HB and 5-RS-HB

HB (40 mg) was dissolved in DMSO (40 ml), and 28%
ammonium hydroxide was added to adjust the pH (9-10);
dodecyl mercaptan (2 ml) was then added in the dark under
argon. The resulting solution was stirred in the dark for 3 h
at room temperature, and the mixture was poured into ice—
water, neutralized with 10% hydrochloric acid and extracted
with chloroform three to four times. The chloroform layer
was washed with water three times. The solvent chloroform
was evaporated under reduced pressure to obtain a violet red
solid. The solid was purified by thin layer chromatography
(TLC) on a 1% citric acid-silica gel plate using 4 : 2 : 1 (v/
v/v) petroleum ether—ethyl acetate—ethanol, and the com-
pounds 5,8-RS-HB (42 mg; yield, 60%) and 5-RS-HB (17
mg; yield, 30%) were obtained.

5-RS-HB. IR: 3350, 1692 and 1601 cm~'. '"H—NMR:
15.97 (s, 1H, exchanged with D,0, 4(9)-OH), 15.94 (s, 1H.
exchanged with D,0,9(4)-OH), 6.42 (s, 1H, 5(8)-H),2.38
(s, 3H, 18-CH,), 1.97 (s, 3H, 16-CH,), 4.02 (s, 3H, 6-
OCH;), 4.14 (s, 3H, 2-OCH,), 4.07 (s, 3H, 7-OCH,), 4.10
(s, 3H, 11-OCH,), 4.04 (d, 1H, 13-H,, /=11.8 Hz), 3.23
(d, 1H, 13-H,, /= 11.8 Hz), 3.61-3.81 (m, 4H, -SCH,CH,),
1.61 (m, 18H, CH,-), 1.22 (t, 3H, -SRCH;). MS (m/z)
(FAB): 728 (M ™).

5,8-RS-HB. IR: 3348, 1694 and 1601 cm~'. '"H—NMR:
15.98 (s, 1H, exchanged with D,O,4(9)-OH), 15.95 (s, 1H,
exchanged with D,0, 9(4)-OH), 2.38 (s, 3H, 18-CH,), 1.96
(s, 3H, 16-CH,;), 3.88 (s, 3H, 6-OCH,). 4.15 (s, 3H, 2-
OCH,), 3.92 (s, 3H, 7-OCH,), 4.08 (s, 3H, 11-OCH,), 4.04
(d, 1H, 13-H,, /=118 Hz), 3.25 (d, 1H, 13-H,, /=11.8
Hz), 3.09-3.345 (m, 8H, -SCH,CH,), 1.30-1.68 (m, 36H,
CH,-), 1.21 (t, 6H, -SRCH,); MS (m/z) (FAB): 928
(M™).
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2.3. Spin trapping and EPR measurements

The superoxide radical anion (O~ ) and hydroxyl radicals
("OH) produced were identified by means of the spin trapping
method with EPR detection. Measurements of the EPR spec-
tra were carried out on a Bruker ER-300 EPR spectrometer
operating at room temperature (X band; microwave fre-
quency, 9.5 GHz). Samples (25 ul) were injected quantita-
tively into specially made quartz capillaries for EPR analysis
and were illuminated with a 450 W medium-pressure sodium
lamp. A long pass filter was employed to eliminate light at
wavelengths of less than 470 nm.

2.4. Quantum yield of 'O, generation

The quantum yields of 'O, generation of HB, 5,8-RS-HB
and 5-RS-HB were determined using the 9,10-DPA bleaching
method established by Diwu and Lown [8]. The reactions
were followed spectrophotometrically by observing the
decrease in the 374 nm absorption peak of 9,10-DPA (where
the sensitizers used have the lowest absorptivity) as a func-
tion of the irradiation time. The photo-oxidations of DPA
sensitized by HB, 5,8-RS-HB and 5-RS-HB were carried out
on a ‘‘merry-go-round’’, where the sample was illuminated
by 579 nm light, obtained from the combination of a medium-
pressure sodium lamp with a narrow band interference filter.
The spin trapping of 'O, by TEMP was used as an alternative
method to determine the formation of 'O, by HB, 5,8-RS-
HB or 5-RS-HB. The spin trapping of 'O, by TEMP was
performed according to a modification of Lion’s method.
Typically, the reaction solution consisted of 3.4 10> M of
sample and 10 mM of TEMP. These two methods gave con-
sistent results.

3. Results and discussion

3.1. EPR measurements of free radicals produced during
the photosensitization of mercapto-substituted HB
derivatives

INlumination of 5,8-RS-HB (1 mM) or 5-RS-HB (1 mM)
in an argon-gassed DMSO solution for 2 min leads to the
generation of the strong EPR signal shown in Fig. 2. The
intensity of the EPR signal increases rapidly during photoir-
radiation and decreases very slowly in the dark. When the
sample is exposed to oxygen, the EPR signal is quenched
(Fig. 2(D)). The EPR signal intensities of the 5,8-RS-HB
and 5-RS-HB radicals also depend on the concentration of
the sample, the illumination time and intensity. The concen-
trations of 5,8-RS-HB and 5-RS-HB exert such a strong effect
on the generation of the radicals that the signals of the 5,8-
RS-HB and 5-RS-HB radicals can be observed even in aer-
ated DMSO at high concentration. In a previous report, Hu
et al. [9] demonstrated that the HA radical may be generated
by self-electron transfer between the ground and excited spe-

cies. Itis believed that a similar mechanism is involved in the
generation of 5,8-RS-HB and 5-RS-HB radicals

58—~RS—HB*+58—-RS—HB
—58—RS—HB"™ +58—RS—HB'" (1)

In general, the radical cation of quinone is difficult to detect
in common organic solvents owing to its strong oxidizing
ability [10]; thus the EPR spectrum observed may be
ascribed to the semiquinone radical anions of 5,8-RS-HB and
5-RS-HB. In order to identify the EPR signal shown in Fig. 2,
the following experiments were performed.

1. 5,8-RS-HB (1 mM) or 5-RS-HB (1 mM) in DMSO was
illuminated in the presence of N,N-diethylaniline (DEA),
a typical reductant (E,(D* /D) =0.34 V), for | min. The
EPR spectrum (Fig. 2(C) ) obtained is very similar to that
observed in the absence of DEA. From Fig. 2(D), it can
also be seen that the addition of DEA intensifies the EPR
signal significantly. This indicates the anionic character
of the 5,8-RS-HB and 5-RS-HB radicals. A series of other
electron donors, including N-ethylaniline, aniline, cyste-
ine, ascorbate and ethylenediaminetetraacetic acid
(EDTA), were used instead of DEA and similar results
were obtained. These reduced substrates, more electron-
rich than 5,8-RS-HB or 5-RS-HB, may donate an electron
directly to excited 5,8-RS-HB or 5-RS-HB. In the pres-

A - Vi

Fig. 2. (A) Photoinduced ESR spectrum from a deaerated DMSOQ solution
of 5,8-RS-HB (1 mM) irradiated above 470 nm for 2 min. (B) Same as
(A), but the photosensitizer is 5-RS-HB (1 mM). (C) Same as (A), but in
the presence of DEA (5 mM) and irradiation for 30 5. (D) Same as (A),
but oxygen was bubbled through the solution after illumination. Instrumental
settings (spectra A, B and D): microwave power, 1.01 mW; modulation
amplitude, 0.166 G; scan range, 20 G; receiver gain, 2 X 10°. Instrumental
settings (spectrum C): microwave power, 1.01 mW; modulation amplitude,
0.166 G; scan range, 20 G; receiver gain, 2 X 10*,
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ence of electrondonor (D), 5,8-RS-HB"~ and 5-RS-HB™ ™
may be generated by

58—RS—HB*+D—-58—-RS—HB ™ +D" (2)

2. The EPR signals of the 5,8-RS-HB and 5-RS-HB radicals
are quenched significantly by oxygen, the EPR signal dis-
appearing completely when oxygen is bubbled through
solutions of 5,8-RS-HB and 5-RS-HB radicals. Further-
more, when DMPO and oxygen are present in solutions
of 5,8-RS-HB and 5-RS-HB radicals, the EPR signal of
the DMPO-superoxide radical adduct is detected imme-
diately, accompanied by the disappearance of the EPR
signals of the 5,8-RS-HB and 5-RS-HB radicals (details
discussed below).

3. The kinetics of decay of the radical were measured by
recording the decrease in the amplitude of the EPR signal
from its steady state level after illumination was stopped
(Fig. 3). The results show that the 5,8-RS-HB and 5-RS-
HB radicals decay according to second-order kinetics. In
accordance with these results, the observed EPR spectrum
is considered to originate from 5,8-RS-HB"™ and 5-RS-
HB ™.
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Fig. 3. Dependence of the reciprocal 5,8-RS-HB semiquinone radical anion
concentration on the time of dark reaction in DMSO. (A) Measured from
the decay of the amplitude of the EPR signal of 5,8-RS-HB"~. (B) Measured
from the decay of the optical density of 5,8-RS-HB"™ at 655 nm. 5,8-RS-
HB'~ was generated by illumination of an argon-gassed DMSO solution of
5.8-RS-HB and DEA.
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Fig. 4. Absorption spectral changes observed on irradiation. Photoreduction
of 5,8-RS-HB (A) and 5-RS-HB (B) (5X107° mol 17') by DEA
(5x107* mol 17" in deaerated DMSO. Arrows indicate the direction of
the changes.

3.2. Spectrophotometric measurements of deoxygenated
solutions of 5,8-RS-HB/5-RS-HB and electron donor

The UV-visible absorption spectra of 5,8-RS-HB and 5-
RS-HB are shown in Fig. 4. The addition of electron donor
(DEA) does not affect the absorption spectra of 5,8-RS-HB
and 5-RS-HB, indicating the absence of ground state inter-
action between 5,8-RS-HB/5-RS-HB and DEA. When 5,8-
RS-HB in a deaerated solution of DMSO is irradiated in the
presence of DEA, the colour of the sample changes from
purple to green; the absorbance of 5,8-RS-HB at 535 nm
continuously decreases, while the 655 nm absorbance
increases generating an isosbestic point at 608 nm. The pres-
ence of the isosbestic point at 608 nm shows that only two
species, i.e. 5,8-RS-HB and its photoreduced product, exist.
We suggest that the photoreduced product of 5.8-RS-HB is
5-RS-HB’™ and the absorption at 655 nm can be attributed
to 5,8-RS-HB"~ for the following reasons:

1. the product is formed in the presence of a reductant on
irradiation and deaeration; when air is caused to re-enter
the photoreduction system, the product reverts quantita-
tively to 5,8-RS-HB;

2. the decay constant of the absorption at 655 nm and the
EPR signal of 5,8-RS-HB’" are consistent in the dark.
An analogous result for 5-RS-HB was also obtained in DMSO

(Fig. 4).

Thus 5,8-RS-HB"~ and 5-RS-HB"™ may be responsible
for type I photosensitization of 5,8-RS-HB and 5-RS-HB
under hypoxic conditions. The photoinduced EPR spectra of
5,8-RS-HB"™ and 5-RS-HB"~ disappear when oxygen is bub-
bled through the sample. This observation suggests that oxi-
dation of the semiquinone radical anion by dissolved oxygen
occurs. This reaction should produce superoxide anion radi-
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cal, and subsequent experiments were carried out in order to
examine this possibility.

3.3. Formation of superoxide radical anion

It has been demonstrated that O, is implicated in the
photosensitization of amino-substituted hypocrellin deriva-
tives [11]. Here 5,8-RS-HB was used as a representative
structure to investigate the generation of O, . DMPO spin
trapping has been successfully applied to trap certain reactive
radical intermediates, in particular O, and hydroxyl radical,
because it has a high affinity for reactive radicals and leads
to the formation of persistent spin adducts. The EPR spectra
of the spin adducts exhibit a primary "*N triplet which is split
into a secondary doublet due to coupling with the S8-proton
of DMPO.

When an oxygen-saturated DMSO solution of 5,8-RS-HB
(0.1 mM) and DMPO (30 mM) is irradiated at wavelengths
above 470 nm, a multiplet EPR spectrum appears (Fig. 5).
This EPR spectrum is characterized by three coupling con-
stants, which are due to the presence of the nitrogen atom and
two hydrogen atoms in the 3 and vy positions. The hyperfine
coupling constants (a"=12.7 G, ag=103 G, a;=1.5 G)
determined for this EPR spectrum (Fig.5) are consistent
with previously reported values for the DMPO-O5™ radical
adduct in DMSO [12]. In the absence of light, oxygen or
5,8-RS-HB, no detectable EPR signal is observed, indicating
that the formation of the DMPO-05" adduct is dependent on

106G
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Fig. 5. (A) ESR spectrum of DMPO-superoxide radical adduct produced
from the irradiation of an oxygenated DMSO solution of 5.8-RS-HB or 5-
RS-HB (1 mM) and DMPO (30 mM). (B) Same as (A), butin the presence
of DEA. (C) Same as { A), but in the presence of SOD. Instrumental settings:
microwave power, 5.05 mW; modulation amplitude, 1.05 G; receiver gain,

2 X 10° (spectra A and C), 2X 10* (spectrum B).

the presence of oxygen and light as well as 5,8-RS-HB. An
analogous EPR spectrum is also observed when a DMSO
solution of 5-RS-HB is irradiated. The addition of SOD, a
specific and efficient scavenger for superoxide, should inhibit
the O,-dependent DMPO-0O;" adduct formation. This is
observed as shown in Fig. 5. In this assay, SOD at 600 ng
ml ™' results in a marked decrease in DMPO-0;  adduct
formation. SOD inhibits the EPR signal intensity. Thus, as
shown in Fig. 6, the inhibition of the EPR signal intensity
increases with increasing concentration of SOD. The EPR
signal of the adduct is also suppressed by the addition of p-
benzoquinone (3 mM), which is another efficient scavenger
of 0. We suggest that the generation of O, from 35,8-RS-
HB and 5-RS-HB on photoexcitation proceeds initially via
electron transfer between the excited sensitizer and its ground
state to generate the semiquinone radical anion; the semiqui-
none radical anion then undergoes rapid re-oxidation to pro-
duce the original sensitizer and superoxide radical anion

58—RS—HB ™ +0,—58—-RS—HB+0;" (3)

Electron donors which can interact with the excited state
of a sensitizer can effectively switch the pathway from 'O,
production to the generation of the radical anion species,
which can then interact with oxygen to yield O, . In addition,
it is also possible for a donor, such as reduced nicotinamide
adenine dinucleotide (NADH), to react directly with 'O, to
produce O, [13]. However, a control experiment indicates
that DEA cannot react directly with 'O, to generate O, ;
therefore DEA was used as electron donor in our experiment.
In order to confirm our inference about the formation mech-
anism of O™, the following experiments were carried out.
1. When DEA (1 mM) is added to an O,-saturated DMSO

solution containing 5,8-RS-HB (30 uM) and DMPO (35

pM), the EPR spectrum of the DMPO-O,” adduct
formed is shown in Fig. 5. The addition of DEA signifi-
cantly enhances the EPR signal intensity of the adduct.

DEA (1 mM) results in a 15-fold enhancement in O3~

production. When DEA (1 mM) is added to an Ar-satu-

rated DMSO solution containing 5,8-RS-HB (30 pM).
the intensity of the 5,8-RS-HB spectrum increases by as
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Fig. 6. Inhibition of the intensity of the DMPO-0; EPR signal by SOD.
The reaction mixture, containing 5,8-RS-HB (30 uM) (line 1) or 5-RS-HB
(30 wm) (line 2) and DMPO (30 mM), was irradiated in DMSO solution.
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Fig. 7. Production of the spin adduct DMPO-superoxide during irradiation

of oxygenated DMSO solutions of HB (0.1 mM, line 1), 5-RS-HB (0.1
mM, line 2) and 5,8-RS-HB (0.1 mM, line 3).

much as 15-fold compared with the spectrum of the sample
in the absence of DEA.

2. When an Ar-saturated DMSO solution containing 5,8-RS-
HB (3 uM) is illuminated with visible light, no EPR
spectrum of 5,8-RS-HB" ™ is observed. When the solution
is bubbled with oxygen in the presence of DMPO, no EPR
spectrum of the DMPO-O5~ adduct is detected. The two
experiments indicate that the formation of the DMPO-
O3 adduct is dependent on the presence of semiquinone
radical anion. The consistent environmental effects of the
formation of O, with those of 5,8-RS-HB suggest that
5,8-RS-HB"~ is the precursor for the formation of O;~ by
5,8-RS-HB.

Attempts were also made to compare the O3~ generation
abilities of 5,8-RS-HB, 5-RS-HB and HB on photosensiti-
zation. The results are shown in Fig. 7. 5,8-RS-HB can effi-
ciently photosensitize the generation of O and is about
twofold as effective as HB. The addition of a 'O, scavenger,
sodium azide, does not decrease the EPR signal intensity of
the adduct, indicating that 'O, is notinvolved in the formation
of O by 5,8-RS-HB or 5-RS-HB to a significant extent. The
negligible effect of hydrogen peroxide (5 mM) on the EPR
signal of the adduct excludes the role of this species in the
formation of O~ by 5,8-RS-HB. Therefore the 5,8-RS-HB-
and 5-RS-HB-photosensitized generation of O3 in the pres-
ence of an electron donor (D) probably proceeds viaEq. (2).
In the absence of the electron donor, 5,8-RS-HB" ™ and 5-RS-
HB'~ can be generated via Eq. (1) and then reduce O, to
05 .

3.4. Formation of hydroxyl radical

In further experiments, the production of “OH photosensi-
tized by 5,8-RS-HB or 5-RS-HB was studied. When an oxy-
gen-saturated DMSO-H,0 (1 : 1, v/v) solution containing
5,8-RS-HB or 5-RS-HB (30 pM) and DMPO (30 mM) is
irradiated at wavelengths above 470 nm, a four-line EPR
spectruminal:2:2: 1pattern (Fig. 8(A)) is immediately
observed with hyperfine coupling constants a" =a"=14.9

10G
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Fig. 8. (A) ESR spectrum produced from the irradiaticn of an oxygenated
solution (DMSO-H,0 (1 : 1, v/v)) containing 5,8-RS-HB (1 mM)/5-RS-
HB (1 mM) and DMPO (30 mM) above 470 nm for 2 min. (B) Same as
(A), but in the presence of SOD (40 pg ml~'). (C) Same as (A), but
argon was bubbled through the solution. Instrumental settings: microwave
power, 5.05 mW; modulation amplitude, 1.05 G; receiver gain, 2 X 10,

G, characteristic of the hydroxyl spin adduct of DMPO
(DMPO-OH). The values of the coupling constants are in
good agreement with those found in the literature [ 14,15].
The intensity of the signal increases significantly with pro-
longed irradiation of the solution. Since it is known that, in
aqueous solutions, DMPO-O;~ decomposes to form DMPO-
OH, two experiments were carried out to determine whether
the DMPO-OH EPR spectrum in Fig. 8 originates from
DMPO-0;" or from the direct addition of hydroxyl radical
to DMPO. In the first experiment, an oxygen-saturated 5,8-
RS-HB (30 uM) solution (DMSO-H,0O (1:1,v/v)) con-
taining DMPO (30 mM) and SOD (40 pg ml™') was
photoirradiated for 5 min; the production of DMPO-OH
observed in the 5,8-RS-HB solution containing SOD is
approximately 60% less than that obtained in an analogous
experiment in the absence of SOD (Fig. 8(B)), indicating
that superoxide radical anion is involved in the formation of
‘OH by 5,8-RS-HB or 5-RS-HB. In the second experiment,
involving an oxygen-free DMSO-H,O (1 : 1, v/v) solution
of 5,8-RS-HB containing DMPO (30 mM), no EPR spec-
trum of DMPO-OH was observed (Fig. 8(C)). The absence
of the DMPO-OH EPR spectrum indicates that the photo-
generation of DMPO-OH in an air- or oxygen-saturated 5,8-
RS-HB solution is oxygen dependent and is formed from
DMPO-O;". This result indicates that the DMPO—-OH EPR
spectrum observed in Fig. 8 is not generated from the direct
production of hydroxyl radicals in the 5,8-RS-HB solution
and their subsequent addition to DMPO, but via the decom-
position of DMPO-0,~. In DMSO-H,0 (1 : 1, v/v) solu-
tion, the O, formed after irradiation can undergo rapid
dismutation to H,O, and O,. Since transition metal ions may
be present in the DMSO-H,0 solution in trace amounts, the
formation of ‘OH in the irradiated solution of 5,8-RS-HB
probably proceeds via the so-called Fenton reaction. When
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FeCl, is added to the solution, the DMPO-OH signal intensity
is enhanced significantly.

0y, +H* —>HO; (4)
H,0 + HO; + 05~ — H,0,+ 0, +OH"™ (5)
Fe’t +0, —»Fe’™ +0, (6)
Fe?* +H,0, - Fe’* + OH+OH~ (7)

Another possible pathway for the generation of "OH may
be the reaction of semiquinone radical anion with H,0,

H,0,+58—~RS—HB™ -"OH+OH™ +5,8—RS—HB
(8)

3.5. Formation of singlet oxygen

It has been observed that 'O, is involved in many photo-
oxygenations sensitized by perylenequinone pigments [1,2]
and their complexes [16]. There are two methods available
to characterize 'O,: direct 'O, luminescence measurements
at 1270 nm and indirect chemical trapping [17]. Diwu and
Lown [8] have measured the quantum yield of 'O, genera-
tion by HA to be 0.84 (in benzene) by the 9,10-DPA pho-
tobleaching method. In order to determine the quantum yield
of 'O, generation by 5,8-RS-HB and 5-RS-HB, the 9,10-DPA
bleaching method was adopted and HA was used as reference.
During the measurement, the absorbances at 579 nm of the
samples examined were adjusted to be the same. Fig. 9 shows
the rates of 9,10-DPA bleaching photosensitized by 5,8-RS-
HB, 5-RS-HB and HA as a function of the irradiation time at
579 nm in CHCl,. From Fig. 9, the 'O, yields for 5,8-RS-HB
and 5-RS-HB in CHCIl; are calculated to be 0.2 and 0.3
relative to HA (1.00). Assuming that the quantum yield of
'0, generation for HA in benzene is 0.84, the quantum yields
of 'O, generation for 5,8-RS-HB and 5-RS-HB in CHCl; are
estimated to be 0.17 and 0.25 respectively. However, no
bleaching of 9,10-DPA was detected in the dark or in the
irradiated sample without sensitizer or oxygen. These results
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Fig. 9. Photosensitized 9,10-DPA bleaching measured at 374 nm in oxygen-
saturated CHCl; with no sensitizer or oxygen-free or in the dark (line 1),
with 5,8-RS-HB (line 2), with 5-RS-HB (line 3) and with HA (line 4) (in
benzene) as a function of the irradiation time.

A (374 nmy)

show that singlet oxygen can be generated from 5,8-RS-HB
and 5-RS-HB on photosensitization. The generation of 'O,
by 5,8-RS-HB and 5-RS-HB was further confirmed by the
spin trapping of TEMP, which has been proven to be an
efficient 'O, acceptor.
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As shown in Fig. 10(B), the EPR spectrum of three equal
intensity lines, characteristic of a nitroxide radical, was
recorded when an oxygen-saturated solution of 5,8-RS-HB
and TEMP was irradiated at room temperature. The g factor
and hyperfine splitting content of the radical photogeneration
by 5,8-RS-HB are identical with those of authentic TEMPO.
Under similar detection conditions, irradiation of 5-RS-HB
in the presence of TEMP gives an identical EPR spectrum
with that of authentic TEMPO. Therefore the EPR signal
obtained during irradiation of a solution containing 5,8-RS-
HB or 5-RS-HB and TEMP can be attributed to TEMPO.
Control experiments indicate that 5,8-RS-HB or 5-RS-HB,
oxygen and light are all essential for the production of
TEMPQO, indicating that the formation of the nitroxide radical
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Fig. 10. (A) Formation of TEMPO during the illumination of solutions
containing different sensitizers in the presence of TEMP at room temperature
in CHCl,. With no sensitizer or oxygen-free or in the dark (line 1}, with
5,8-RS-HB (line 2), with 5-RS-HB (line 3) and with HA (line 4). (B)
ESR spectrum produced by irradiation of an oxygenated solution containing
5,8-RS-HB or 5-RS-HB (0.1 mM) and TEMP (15 mM). Instrumental
settings: microwave power, 5.05 mW: modulation amplitude, 1.05 G;
receiver gain, 2 X 10%,



166 M. Weng et al. / Journal of Photochemistry and Photobiology A: Chemistry 108 (1997) 159-167

is a photodynamic process. Comparative studies between 5,8-
RS-HB, 5-RS-HB and HA indicate that 5,8-RS-HB and 5-
RS-HB can also generate 'O,. It can be calculated from
Fig. 10 using HA as reference that the quantum yields of
generation of 'O, by 5,8-RS-HB and 5-RS-HB are the same
as in 9,10-DPA bleaching experiments in CHCl,. Thus the
results obtained from EPR and the 9,10-DPA bleaching meth-
ods are consistent.

In order to investigate further the role of singlet oxygen in
the formation of TEMPO radical from TEMP, the effect of
deuterium on the yield of TEMPO was studied during the
photoirradiation of 5,8-RS-HB or 5-RS-HB in CHCl;. When
samples containing 5,8-RS-HB or 5-RS-HB (30 uM) and
TEMP (50 uM) were irradiated separately in oxygen-satu-
rated solutions of CHCl; and CDCl,, the EPR signal inten-
sities of the TEMPO radical were threefold larger in CDCl,
than in CHCl,. Since the lifetime of singlet oxygen is 1015
times longer in deuterated solvents than hydrated solvents,
the increased TEMPO accumulation in deuterated solvents is
anticipated. These results further support the contention that
the photoirradiation of 5,8-RS-HB or 5-RS-HB generates
singlet oxygen which, in turn, reacts with TEMP to form
TEMPO radical.

The EPR signal was suppressed by 'O, scavengers such as
azide and tetramethylethylene. Sodium azide is commonly
used to inhibit oxygen-dependent reactions. In order to esti-
mate the quenching rate constant of sodium azide, different
concentrations of sodium azide were used to establish a com-
petition reaction between NaN, and TEMP for the available
'0,. Fig. 11 shows a Stern—Volmer plot of the effect of NaN.
The Stern—Volmer behaviour of NaN,; quenching is linear up
to at least 2 mM NaN,. The bimolecular quenching rate con-
stant for NaN; was estimated according to dynamic quench-
ing, where kr is the rate for TEMP, k, is the decay rate and
k, is the rate for sodium azide. From this, it follows that

kr[T]

d’l‘EMpo:kT[T] +ka+k,[Q] (10)
bo_ kel T] +ka+k[Q] _ .
6~ kiTlths kT thl Y (11)
6 T T T T r .
E -
00 02 04 o6 a8 0

Sodium azide (mM)

Fig. 11. Stern—Volmer quenching of the EPR signal intensity of TEMPO by
NaNj, performed by adding various amounts of NaNj to a series of oxygen-
saturated CHC, solutions containing 5,8-RS-HB (line 1) or 5-RS-HB (line
2) (0.2 mM) and TEMP (15 mM).

According to this equation, the bimolecular constants of
5,8-RS-HB and 5-RS-HB for NaN; quenching were calcu-
lated to be 2.65x10° M~' s~ ! and 3.13%x10* M~' s~!
respectively using k,=4 X 10’ M~' s 7! determined by Lion
et al. [ 18] for a related amine and 160 ws for 'O, in CHCI,
[ 19]. The above results suggest that TEMPO is derived from
the reaction of TEMP with 'O, generated by the irradiation
of 5,8-RS-HB or 5-RS-HB shown in Eq. (9).

3.6. Transformation between 5,8-RS-HB or 5-RS-HB
semiquinone anion and activated oxygen species and the
effect of oxygen on the competition between type I and type
Il mechanisms of 5,8-RS-HB/5-RS-HB photosensitization

The formation of 5,8-RS-HB"~, 5-RS-HB™~, !0,, 05 and
‘OH depends on oxygen, which can be reduced by 5,8-RS-
HB"™ or 5-RS-HB'™ to give O, . Oxygen plays a key role in
the transformation between 5,8-RS-HB"~, 5-RS-HB™ ", !0,,
O, and "OH. It was therefore of interest to investigate the
effect of the oxygen concentration on the formation of 5,8-
RS-HB™ /5-RS-HB"~, 'O, and O5™.

The unique dual role of TEMPO, applicable for both the
detection of 'O, and 5,8-RS-HB"~/5-RS-HB"~, can be con-
veniently taken advantage of following the transformation
between 5,8-RS-HB'~/5-RS-HB ~/HB'~ and 'O, as the
oxygen concentration changes. As shown in Fig. 12, in the
sealed system of 5,8-RS-HB/5-RS-HB/HB and TEMP, sat-
urated by oxygen prior to illumination, the EPR intensity of
TEMPO increases up to a maximum within 8 min, 12 min
and 15 min for 5,8-RS-HB, 5-RS-HB and HB respectively,
and then decreases as the irradiation proceeds. The TEMPO-
increasing process is caused by the reaction of TEMP with
'0, as shown in Eq. (9), and the TEMPO-decreasing process
results from the spin destruction of TEMPO by 5,8-RS-HB/
5-RS-HB/HB semiquinone radical as shown below

0
>(5< CssRSHBT + SERSHB
N N
o

OH (12)

[TEMPQ]
(Arbitrary Unit)

Irradiation Time (min.)

Fig. 12. Dependence of the competition between 5-RS-HB (line 1), 5,8-RS-
HB (line 2) or HB (line 3) semiquinone radical and singlet oxygen on the
oxygen concentration of a sealed system during irradiation in DMSO. Plot
of the concentration of TEMPO as a function of irradiation time.
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The decreasing oxygen concentration of the sealed system
caused by Eq. (3) suppresses the formation of 'O,, but pro-
motes the generation of 5,8-RS-HB"~ /5-RS-HB"~. Fig. 12
shows the turning points Ma/Mb/Mc, where the accumula-
tion of 'O, is replaced by that of 5,8-RS-HB"~ /5-RS-HB"~/
HB'™ when the oxygen in the system is consumed com-
pletely, indicating that oxygen plays a critical role in the
competition between type I and type II mechanisms of 5,8-
RS-HB and 5-RS-HB photosensitization.

4. Conclusions

Both electron transfer (type I) and 'O, (type II) paths are
involved in 5,8-RS-HB and 5-RS-HB photosensitization to
different extents, depending on the oxygen and 5,8-RS-HB/
5-RS-HB concentrations and environmental factors, such as
the nature of the substrate coexisting with the sample. In a
hypoxic medium, the semiquinone radical, arising from a type
I mechanism, is primarily responsible for 5,8-RS-HB/5-RS-
HB photosensitization. In oxygenated medium, the 5,8-RS-
HB/5-RS-HB photosensitization is largely mediated by
O3, but the supplemental role of 'O, and "OH should also
be considered.
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