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Anion of hypericin is crucial to understanding the
photosensitive features of the pigment
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Abstract—Photosensitive behaviors of hypericin (HYP) have attracted much attention, because of HYP�s great potential in photo-
dynamic therapy. It has been found that HYP differs from homologous pigments, such as hypocrellin A (HA), in photosensitive
features. For instance, despite the comparable triplet state quantum yields, HYP holds a much lower singlet oxygen yield than
HA. To understand the unique photosensitive behaviors of HYP, time-dependent density functional theory is employed to calculate
a series of excited-state properties of HYP and its anion (dominant in polar solvents), which are then compared with excited-state
properties of HA. It is revealed that the stronger electron-donating power of HYP anion than that of HA is responsible for the
HYP�s photosensitive features.
� 2005 Elsevier Ltd. All rights reserved.
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Hypericin (HYP, Fig. 1) is a naturally occurring phen-
anthroperylene quinine pigment, which can be found
in plants of genus Hypericum and some insect spe-
cies.1–3 HYP has gained much attention in the past dec-
ades, because of its multiple pharmacological effects,
such as antidepressant, antiviral, antiretroviral, and in
particular photosensitizing activities.4–9

Owing to the great potential of being developed as pho-
todynamic medicine, the photosensitive behaviors of
HYP have been extensively investigated.8,10–13 It is inter-
esting to note that HYP differs from homologous pig-
ments, such as hypocrellin A (HA, Fig. 1), a naturally
occurring perylenequinonoid pigment, in photosensitive
features. For instance, although both pigments have
comparable triplet state quantum yields,12 the singlet
oxygen yield of HYP (about 0.34 in DMSO, 0.35 in eth-
anol, and 0.25 in acetonitrile)12,14,15 is much lower than
that of HA (0.88 in ethanol and 0.79 in acetonitrile).12

Considering the principle that structure determines
property, the different photosensitive behaviors of
HYP and HA can be explained in terms of their distinct
structures.
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Thanks to the vicinal hydroxyls in the bay region and
the intramolecular hydrogen bond between them,16,17

HYP tends to dissociate one proton in the region in po-
lar solvents to give birth to HYP anion (HYP�,
Fig. 2).16,18,19 In contrast, HA exists mainly in neutral
form. Thus, HYP� is likely responsible for the unique
photosensitive behaviors of HYP. Indeed, the bay-re-
gion anion has been neglected in most of the previous
researches on HYP�s photosensitization.10–13

In view of the successful use of time-dependent density
functional theory (TD-DFT) method in exploring the
excited-state behaviors of dyes and pigments,13,20–22 we
attempt to elucidate the photosensitive features of
HYP by calculating the photo-physicochemical proper-
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Figure 1. Molecular structures of hypericin and hypocrellin A.
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Figure 2. 7,14-Diketo tautomer of hypericin and the corresponding

anion derived from proton dissociation in the bay region.
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ties of HYP and HYP� with the TD-DFT method and
then to compare them with those of HA.

The calculation procedures are as follows. Initial struc-
tures of HYP, HYP�, and derived molecules were fully
optimized in solution (ethanol and DMSO systems) by
the hybrid B3LYP23,24 functional with 6-31G(d) Gauss-
ian basis set. Then, the excited-state properties in etha-
nol and DMSO were calculated by TD-DFT
formalism with the same basis set,25 by which the
absorption spectra and triplet (T1) state energies were
obtained. On the basis of the ground (S0) state and T1

state properties, the vertical electron affinities (VEAs)
and vertical ionization potentials (VIPs) of HYP� on
both states were estimated. During the calculations,
the solvent effects were taken into consideration by
employing the self-consistent reaction field (SCRF)
method with polarizable continuum model (PCM).26–28

All of the calculations were performed with Gaussian
03 package of programs.29

Table 1 lists the B3LYP/6-31G(d)-calculated five lowest
singlet excitation energies (E) and oscillator strengths (f)
of HYP and HYP� in ethanol. It can be found that the
deprotonation of HYP causes a bathochromic shift of
�20 nm for the absorption maximum. Interestingly,
the two theoretical absorption bands of HYP� (corre-
sponding to the first (S0 ! S1) and second (S0 ! S2)
lowest excitations) are closer to the experimental values
than those of HYP (Table 1),19,30 which provides solid
evidence to support the finding that HYP anion is dom-
inant form in polar solvents.18,19

As known to all, during photosensitization, S0 state
photosensitizers (PSs) are initially excited to singlet
excited (S1) state and then intersystem cross to T1 state.
Residing in the long-lived T1 state, PS can photogener-
ate reactive oxygen species through various pathways.
First, T1 state PS may react with ground state oxygen
(3O2) through energy transfer to generate 1O2 (Eq. 1).
Table 1. Five lowest singlet excitation energies (E) and oscillator strengths (

HYP 1E (eV) 2.22 2.76

k (nm) 560 449

f 0.35 0.32

HYP� 1E (eV) 2.14 2.54

k (nm) 581 (590)a 489 (4

f 0.27 0.14

a Experimental data are indicated in parentheses.19,30
Second, T1 state PS may pass one electron to 3O2 to give
birth to O��

2 (Eq. 2). Third, through autoionization reac-
tions between T1 and S0 states (Eq. 3) or both T1 states
(Eq. 4), the PS anion radical can be generated, which
could then pass its electron to surrounding 3O2 to form
O��

2 (Eq. 5). As the photosensitive pathways are compet-
itive, how each pathway is modulated will determine the
relative yields of 1O2 and O��

2 .

PS(T1) +
3O2 !PS(S0) +

1O2 ð1Þ
PS(T1) +
3O2 !PS�þ +O2

�� ð2Þ
PS(T1) + PS(S0)!PS�þ +PS�� ð3Þ
PS(T1) + PS(T1)!PS�þ +PS�� ð4Þ
PS�� + 3O2 !PS(S0) +O2
��. ð5Þ

According to the above photosensitive picture, the
photosensitive mechanisms of HYP� are examined as
below.

First, pathway (1) is explored. The triplet excitation
energy (ET1

) of HYP� is estimated as 1.52 eV, close to
the experimental value (1.64 eV) in polar solvents.30,31

It is obvious that the ET1
of HYP� is higher than the

excited-state energy of singlet oxygen (1O2), 1.06 eV,20

suggesting that HYP� can, in principle, generate 1O2

through energy transfer (Eq. 1) in DMSO. This agrees
well with the experimental finding that the pigment
can give birth to 1O2 in polar solvents when irradiated
by light.12,14,15

Second, pathway (2) is examined. The prerequisite of the
reaction is that the summation of vertical ionization
potentials for T1 state (VIPT1

) of HYP� and the adiabat-
ic electron affinity (AEA) of 3O2 is negative. In DMSO,
the summation of VIPT1

(3.36 eV, Table 2) and AEAO2

(�3.65 eV)21 is negative, suggesting that O��
2 can be gen-

erated through this pathway in DMSO. However,
according to previous research,22 reaction (2) is forbid-
den for HA in the same solvent, which results from
the weaker electron-donating ability of HA than that
of HYP� on T1 state (reflected from their VIPT1

, 4.44
vs 3.36 eV, Table 2).

Third, as mentioned above (Eqs. 3 and 4) T1 state HYP�

may also react with a neighboring S0 state (Eq. 3) or T1

state HYP� (Eq. 4). According to theoretical parameters
listed in Table 2, the total energies of reaction (3)
(VEAT1

þ VIPS0 or VIPT1
þ VEAS0) are positive, while

that of reaction (4) (VEAT1
þ VIPT1

) is negative. Thus,
the anion radical of HYP� (HYP�2�) can be generated
f) of hypericin and its anion in ethanol

2.87 3.10 3.20

433 399 387

0.02 0.02 0.03

2.88 3.04 3.14

80)a 431 408 395

0.09 0.02 0.06



Table 2. Lowest triplet excitation energies (ET1
, in eV), vertical

electron affinities (VEAs, in eV), and vertical ionization potentials

(VIPs, in eV) of hypericin anion and hypocrellin A in DMSO

ET1
VEAS0 VEAT1

a VIPS0 VIPT1

b

HYP� 1.52 �2.68 �4.20 4.88 3.36

HAc 1.54 �3.39 �4.93 5.98 4.44

a VEAT1
¼ VEAS0 � ET1

.
b VIPT1

¼ VIPS0 � ET1
.

c Data from Ref. 22.
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through reaction (4). HYP�2� then can pass its electron
to surrounding 3O2 to form O��

2 (Eq. 5), owing to the
negative reaction energy (VIPðHYP�2�Þ þAEAO2

¼
3:03þ ð�3:65Þ ¼ �0:62 eV). This reveals another O��

2 -
generating mechanism of HYP� in polar solvents. How-
ever, this pathway is less possible than pathway (2),
because it depends on the interaction of two T1 state
HYP� molecules. Once O��

2 is given, other ROS, such
as H2O2 and

�OH, can be produced through the Fenton
reaction or Haber–Weiss reaction,32,33 which will effi-
ciently amplify the photosensitizing activity of HYP.

In conclusion, HYP� predominates in polar solvents.
Both 1O2 and O��

2 can be photogenerated by HYP�

through energy transfer or electron transfer. However,
the quite strong electron-donating potential of HYP�

enables its T1 state to react directly with molecular
oxygen to give birth to O��

2 (Eq. 2), which is not per-
mitted for HA. Considering the fact that the different
photosensitive pathways are competitive and the elec-
tron transfer is favored in polar solvents, reaction (2)
will get dominant in polar systems comparing with
reaction (1) for HYP�, which accounts well for the
experimentally observed lower 1O2 yield of HYP than
that of HA in polar solvents. Thus, anion is crucial to
understanding the photosensitive features of HYP. As
HYP is also a model molecule to explore intramole-
cular hydrogen transfer (IHT),34 we suggest that the
HYP� should be taken into consideration to explain
its intriguing IHT behaviors, because there has been
much debate on this topic.35,36
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