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Abstract

To investigate whether intramolecular H-atom transfer (IHT) is critical to the high yields of 1O2 of perylenequinonoid pigments
(PQPs), the 1O2-generating activities of parent and deuterated PQPs were determined by means of chemical trapping. It was found
that deuterium substitution has little influence on the 1O2-yields of PQPs and thus IHT is unlikely a prerequisite of high 1O2-yields

of PQPs.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Naturally occurring perylenequinonoid pigments
(PQPs, Scheme 1), including hypocrellin A (HA),
hypocrellin B (HB), cercosporin (CP) and hypericin
(HYP), etc., have long been known as excellent photo-
sensitizers [1e10]. They hold great potential as photo-
dynamic medicine or fungicide, because many attractive
properties are shared by PQPs, such as: (i) high yields of
reactive oxygen species (ROS), i.e., singlet oxygen (1O2)
and superoxide anion radical (O2

c�); (ii) low toxicity;
(iii) high metabolic rate in human body; (iv) high
thermo- and photo-stability [1e10].

The structureeactivity relationship (SAR) of PQPs
has indicated that 4,9-dihydroxy-3,10-perylenequinone
is the active center of the pigments [11], and the phenolic
hydroxyl groups at positions 4 and 9 seem playing
a critical role in the photo-generation of singlet oxygen
(1O2), because when the hydroxyls of HA, HB and CP
were methylated or acetylated, the quantum yields of
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1O2 dropped drastically from w0.8 to w0.2 [11]. Since
PQPs undergo intramolecular H-atom transfer (IHT) in
ground and excited states [12], it was conjectured that
the IHT is crucial for PQPs to retain the high yields of
1O2 [13], because the thermal vibration pertinent to the
IHT could couple to the radiationless transition and
facilitates the intersystem crossing from the singlet-
excited state to the triplet-excited state. However, this
notion was challenged by two recent findings: (i) the
1O2-yield of HYP was efficiently enhanced by methyl-
ating the hydroxyls [14]; (ii) the photosensitizing activity
of hypomycin B (HMB, Scheme 1), which contains only
one hydroxyl group, was comparable to that of HA
[13], but no expected IHT was observed in the excited
state of HMB [15]. Thus, it is very interesting to
reconcile the contradictory photo-physicochemical
behaviors of HA, HB, CP, HMB and HYP, which will
provide deeper insight into the photosensitizing mech-
anisms of PQPs.

As HA exhibits a deuterium isotope effect in the IHT,
but HYP not [12], it is reasonable to infer that if IHT
plays a role in the photo-generation of 1O2, the
deuterium isotope effects on the 1O2-yields of HA and
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Scheme 1. Structures of some typical PQPs.
HYP will be different. In this paper, employing chemical
trapping methodology, we determined the 1O2-yields of
parent and deuterated HA and HYP. The results will be
helpful to understand the intriguing photo-physico-
chemical behaviors of PQPs.

2. Materials and methods

2.1. Chemicals

HA was extracted from Hypocrella bambuase, a par-
asitic fungus growing in the southwestern mountains of
Yunnan Province of the People’s Republic of China,
and was purified by column chromatography and
recrystallizing according to the routine procedures
[16,17]. HYP was purchased from Planta Naturstoffe
Chemical Company. The purity of HA and HYP are
higher than 98%. 9,10-Diphenylanthracene (DPA) was
purchased from Aldrich Chemical Company. Methanol-
d4 was obtained from Cambridge Isotope Laboratories,
Inc.

2.2. Preparation of deuterated PQPs

As the lifetime of 1O2 in deuterated solvent is about
10 times longer than that in general solvent [18], to
compare the 1O2-yields of parent and deuterated PQPs,
we had to prepare deuterated PQPs in a general solvent.
The procedure is as follows. HA (1.0 mg) or HYP
(1.0 mg) was dissolved in 1.0 ml of methanol-d4 and
placed at room temperature for 48 h in the dark to
ensure the substitution of deuterium. Then, the
methanol-d4 was evaporated to give deuterated HA or
HYP. Finally, methanol was used to dissolve the
deuterated HA or HYP again to give the expected
samples, which were immediately used in the 1O2-
detection.

2.3. Determination of relative 1O2-yield

The DPA-bleaching method was used to determine
the relative 1O2-yields of HA, HYP and deuterated
pigments [19]. During the experiments, the sample
containing PQP and DPA was illuminated by a projector
(Panasonic PT-L1501) and the absorbance of DPA at
374 nm (where PQPs have the weakest absorbance) was
recorded by a Unico UV-2102 spectrophotometer as
a function of irradiation time to measure the 1O2-
generating ability. The irradiation intensity was 24000
lux, measured by an illuminometer ST-80C. The
concentration of DPA was maintained at
1.88! 10�4 M, under which it could trap 1O2 efficiently
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but not quench the excited state of PQP [19]. All of the
experiments were carried out in triplicate.

3. Results and discussion

As shown in Fig. 1, upon illumination the absor-
bance of DPA at 374 nm declined drastically, in-
dicating that both parent and deuterated PQPs can
efficiently generate 1O2. It is interesting to note that
although the 1O2-yields of deuterated PQPs are a little
lower than those of parent ones, there is no evident
difference between the deuterium isotope effects on HA
and HYP, which means that deuterium substitution
has little influence on the 1O2-yields of PQPs and thus
IHT is unlikely a prerequisite of high 1O2-yields of
PQPs.

Recently, the IHT in PQPs was considered governed
by the skeleton vibration of the pigments, because the
zero-point energy of H-atom lies above the IHT barrier,
and therefore the H-atom is freely delocalized between
the two oxygen atoms until being trapped by the
tautomerized conformations of PQPs [12]. Accordingly,
it is reasonable to speculate that it is carbon-skeleton
vibration rather than IHT that is responsible for the
high 1O2-yields of PQPs and the big difference in
photosensitizing activity of methylated HA, HB, CP
and HYP can be interpreted in terms of distinct
vibrational modes of their carbon-skeletons. Apparent-
ly, HYP contains three more conjugated rings than HA,
HB and CP, so the vibrational mode of the former is
definitely different from those of the latter. As a result, if
being methylated, the tautomerization in HA, HB and
CP is completely disrupted and thus the vibrational
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Fig. 1. Change of absorption of 9,10-diphenylanthracene

(1.88! 10�4 M) at 374 nm during the irradiation of perylenequino-

noid pigment solution. (&) Hypericin, 3.2! 10�5 M; (&) deuterated

hypericin, 3.2 ! 10�5 M; (:) hypocrellin A, 2.4 ! 10�5 M; (6)

deuterated hypocrellin A, 2.4! 10�5 M.
modes get rather simple, whereas methylated HYP still
reserves complex vibrational modes of carbon-skeleton,
which may be potent to accelerate the intersystem
crossing and thus enhance the 1O2-yield. This notion can
also explain why HMB has no IHT but exhibits high
photosensitizing activity. That is, although the confor-
mational isomer of HMB is not stable and thus is
incapable of trapping the H-atom [20], its skeleton
vibration is sufficient to lead to the high-efficiency
intersystem crossing. Hence, it seems if the carbon-
skeleton vibration rather than IHT is taken into
consideration, the contradictory observations on 1O2-
generating mechanism of PQPs can be unified.

In brief, the 1O2-yields of PQPs are little influenced
by deuterium substitution. Consequently, not IHT but
probably carbon-skeleton vibration is responsible for
the high yield of 1O2, which is of significance in directing
the photosensitization study on related pigments, such
as anthraquinonoid derivatives, and in designing novel
photosensitizers as well.
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