
Journal of Photochemistry and Photobiology A: Chemistry 165 (2004) 3–9

The photophysical characteristics of
2-butylamino-2-demethoxy-hypocrellin B

Hua-yang Leea, Zhi-xiang Zhoub, Shen Chena, Man-hua Zhanga, Tao Shena,∗
a Key Laboratory of Photochemistry, Center for Molecular Science, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080, PR China

b Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, PR China

Received 9 October 2003; received in revised form 22 December 2003; accepted 20 January 2004

Abstract

2- Butylamino-2-demethoxy-hypocrellin B (BAHB), is an efficient photodynamic sensitizer, excited singlet-state energies are determined
from the overlap of the normalized from absorption and emission spectra to be 176.4 kJ mol−1 (ESCT) and 202.8 kJ mol−1 (ES1), respectively.
The quantum yields of BAHB fluorescence are 0.0098 (Φf1) and 0.0076 (Φf2), respectively. The energies and quantum yields of excited
triplet states of BAHB are examined from the external effect of heavy atom on its florescence emission in the mixture of n-propyl iodide and
benzene. The energies of excited triplet states of BAHB are 134.4± 10.5 kJ mol−1 (ETCT) and 158.6± 10.5 kJ mol−1 (ET1), respectively.
The quantum yields of excited triplet states of BAHB are 0.73± 0.04 (ΦTCT) and 0.56± 0.04 (ΦT1), respectively. Meanwhile, the kinetic
constants of fluorescence emission, intersystem crossing and internal conversion are also calculated from relative equations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Amino-substituted hypocrellins are new kinds of efficient
photodynamic sensitizers. Especially, 2- butylamino-2-de-
methoxy-hypocrellin B (BAHB) has shown the prefect
photoinduced anticancer ability to tumor cells, such as Hela
cancer cell, murine ascitic hepatoma cells, human pancre-
atic cancer cell and line Capan-1 cells[1–4]. Wu et al.
[1,3] has reported the photopotentiation factor of BAHB for
killing Hela cancer cell is 200–400-fold and much higher
than that of HB (only 10-fold for HB). The quantum yield
of O2 (1�g) generatied by BAHB is only 56% of HB
and the ability of O2− generation by BAHB is 2.7 times
stronger than that of HB. Although the investigation of the
mechanism of the excellent photodynamic action of BAHB
is undergoing, it is believed that both O2 (1�g) and O2

− are
involved in the photodynamic action of BAHB. It is well
known that the generation of O2 (1�g) by BAHB is through
the energy transfer process from the excited triplet state of
BAHB to ground state of oxygen and the generation of O2

−
by BAHB is originated from the electron transfer between
semiquinone anion radical and ground state of oxygen (the
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semiquinone anion radical is also produced from its excited
state). The electron and energy transfer abilities of BAHB
in its photodynamic mechanism have intimate relationship
with its energies and quantum yields of excited state[3].

However, so far, little has been reported about the pho-
tophysical characteristics of excited states of BAHB, espe-
cially, excited triplet states, since BAHB does not exhibit
appreciable phosphorescence even at low temperature. Hu
and Jiang reported an efficient method for determination of
triplet state energy and quantum yield of HB by the effect of
external heavy atom on its fluorescence and singlet oxygen
quantum yields[8]. In the present work, using this method
along with the examination of absorption and fluorescence
spectra, for the first time, we reported the energies and quan-
tum yields of the excited states of BAHB and the kinetic
constant of fluorescence emission, intersystem crossing and
internal conversion.

2. Materials and methods

2.1. Chemicals

2- Butylamino-2-demethoxy-hypocrellin B was synthe-
sized by the amination of HB (Scheme 1) and characterized
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Scheme 1. Synthesis of 2-butylamino-2-demethoxy-hypocrellin B (BAHB).

by IR, 1H-NMR, 13C-NMR, FAB-MS, and UV-Vis spec-
trometers[1,5]. 9,10-Diphenyl-anthracene (DPA, A.R.) was
purchased from Aldrich, USA.n-Propyl iodide (C.P.), ben-
zene (A.R.) and other solvents were purchased from Beijing
Chemical Plant China, and further purified before use.

2.2. Measurements

2.2.1. Spectrometer measurement
Ultraviolet-visible (UV-Vis) absorption spectra were

recorded on a Shimadzu UV-160-A spectrometer; fluores-
cence emission spectra were measured on HITACHI-F4500
spectrometer, and lifetime of fluorescence was determined
on HORIBA NAES-1100 time-resolved fluorescence spec-
trometer.

2.2.2. Determination of the quantum yield of singlet oxygen
The photooxidation of 9,10-DPA to its endoperoxide

derivative by singlet oxygen (Scheme 2) is usually used to
detect singlet oxygen generated from photosensitizers[6].
In order to determine the quantum yield of O2 (1�g) gener-
ated by BAHB, we used 9,10-DPA bleaching method with
HB in benzene solution as standard. Samples were placed
in the series of Pyrex glass cells of the same specification,
and irradiated with a 500 W tungsten–halogen lamp on a
marry-go-around apparatus. Filters are combined to select
wavelengths around 460 and 600 nm, respectively, in which
only the sensitizers absorb significantly. The concentration
of samples was adjusted to give the same optical density at
the selected wavelength (460 or 600 nm). The reaction was
followed spectrometrically via observing the decrease in
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Scheme 2. The photooxidation of 9,10-DPA to its endoperoxide derivative
by singlet oxygen.

374 nm absorption peak of DPA (where BAHB andn-propyl
iodide have the smallest absorption) as a function of irradi-
ation time. The irradiation time was controlled so that the
conversion rate for the BAHB-sensitized photo-oxidation
of DPA was within 5–10%.

2.2.3. Determination of the energy and quantum yield of
exicted state

The energies and quantum yields of excited singlet state
of BAHB were investigated through the measurements of
its absorption and fluorescence spectra in benzene solution.
Based on the Stoke‘s shift, the energy gap of zero vibration
energy level,E0–0 between SCT and S0 was measured by the
curve crossing point of absorption and emission spectrum
(exited wavelength is 620 nm), and also the energy gap of
zero vibration energy level ofE0–0 between S1 and S0, was
measured by the curve crossing point of excitation spectra
(detected wavelength is 625 nm) and fluorescence emission
spectra (excited wavelength is 460 nm)[7]. The fluores-
cence quantum yield of BAHB was measured and calculated
according to the standard of HB (Φ = 0.058 in benzene)
[6], The concentration of BAHB and standard solution
was adjusted to the same absorbance at excited wavelength
(460 nm). The dissolved oxygen was removed by bubbling
with high purity nitrogen for 30 min before measurement.

The energies and quantum yields of excited triplet-state
of BAHB were estimated through the heavy atom effect on
its fluorescence emission and quantum yields of singlet oxy-
gen generation in benzene solution, and the DPA bleaching
method[6,8] was used to examine the generation quantum
yields of singlet oxygen.

A set of solutions consisting of BAHB and CH3CH2CH2I
(BAHB 1×10−5 M, CH3CH2CH2I 0.5xM, x is the multiple
of 0.5) in benzene were used to determine the relative quan-
tum yields of fluorescence at 611 and 732 nm, respectively.
A set of solution consisting of BAHB (0.8× 10−4 M), DPA
(1.2 × 10−3 M) and CH3CH2CH2I (0.5xM, x is the mul-
tiple of 0.5) in benzene was carefully prepared to ensure
the apparent external heavy atom effect could be observed,
the relative quantum yields of singlet oxygen generated
by the sensitizer were determined at two different wave-
length bands: around 460 nm or around 600 nm by the
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DPA-bleaching method. The energies of BAHB triplet states
(TCT and T1) were estimated via the rate constant of BABH
fluorescence quenching by CH3CH2CH2I in benzene solu-
tion [9]. The quantum yield of triplet states of BAHB was
measured by the relationship between the relative fluores-
cence quantum yield of BAHB and the relative quantum
yield of singlet oxygen generated by BAHB in the different
CH3CH2CH2I concentration of benzene solutions[8].

3. Results and discussions

3.1. Characteristics of the excited singlet state

The absorption spectrum of BAHB is shown inFig. 1A
(Curve a). Base on the study of absorption spectrum of HB
(Fig. 1A (Curve c))[2,5]. The absorption of shorter wave-
length at 463 nm (logε = 4.06) is assigned to the�–�∗
transition and the absorption of the longer wavelength at
583 nm (logε = 4.10) was in relation to intramolecular
proton transfer between peri-hydroxyl and quinone groups,
which may take on some active role in the photodynamic
activity. Compared with HB, the absorption of BAHB at the
longer wavelength is enhanced obviously, and raises a new
absorption at 621 nm (logε = 4.09), which resulted from the
introduction of a butylamino group into the perylenequinone
ring. Its curve shapes of fluorescence emission excited re-
spectively at 460 and 620 nm are apparently different: when
excited at 460 nm, the fluorescence spectrum shows double
emission peaks with maxima at 613 and 733 nm (Fig. 1B
(Curve d)), respectively, when excited at 620 nm, there is
only one emission peak with maximum at 733 nm (Fig. 1A
(Curve b)). Compared with the fluorescence spectrum of HB
[10,11], the shorter wavelength emission of BAHB is simi-
lar to the emission of peri-hydroxyl perylenequinone group
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Fig. 1. The normalized absorption and fluorescence emission and excitation spectra of BAHB and HB in benzene. (A) (Curve a) The absorption spectrum
of BAHB; (Curve b) the emission spectrum of BAHB, excited wavelength at 620 nm; (Curve c) the absorption spectrum of HB. (B) (Curve d) The
emission spectrum of BAHB, excited wavelength at 460 nm; (Curve e) the excitation spectrum of BAHB, detecting wavelength at 625 nm; (Curve f) the
excitation spectrum of BAHB, detecting wavelength at 725 nm.

in HB caused by intramolecular proton transfer, while the
longer wavelength emission of BAHB is a new peak caused
apparently by the introduction of a butylamino group into
perylenequinone ringFig. 1A and 1B(Curves c and d)).
The excitation spectra at different detecting wavelengths,
625 and 725 nm, respectively, are shown inFig. 1B(Curves
e and f). Two different excitation spectra belong to differ-
ent fluorescence excited states of BAHB. When excited at
460 nm, the dual fluorescence emission is related to two ex-
cited fluorescence states, SCT and S1 [12,13]. The energy
level of SCT and S1 can be estimated by the crossing points
of absorption (or excitation) and fluorescence spectra. They
are listed inTable 1. The fluorescence quantum yields of S1
and S2 are determined using the standard HB in benzene via
Eq. (1)and listed inTable 1.

ΦX
f

ΦS
f

= FX

FS

AS

AX
(1)

ΦX
f andΦS

f are the fluorescence quantum yields of BAHB
and the standard HB, respectively.AX and AS are the ab-
sorptions at the excitation wavelength (460 and 620 nm) of
the BAHB and standard HB, respectively.FX andFS are the
area of the fluorescence peaks of the BAHB and the standard
HB, respectively, at the same sensitivity scale. The photo-
physical characteristics of singlet state of BAHB along with
those of HB[7,8,10]are listed inTable 1.

Judged fromTable 1, in contrasted with HB, the fluo-
rescence quantum yields of BAHB reduced obviously. It
is known that the fluorescence of HB mainly results from
the intramolecular proton transfer between peri-hydroxyl
and perylenequinoid carbonyl groups. When a butylamino
group was introduced into perylenequinone structure, it re-
duces the intramolecular proton transfer between quinone
and perihydroxyl group, and in the consequence, reduces the
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Table 1
The photophysical characteristics of BAHB singlet state

Photophysical characteristics BAHB HBa

Absorption spectrum
λmax (nm) (logε) 463 (4.06); 583 (4.10); 621 (4.09) 466 (4.35); 548 (4.08); 580 (3.96)

Fluorescence emission
λmax (nm) (λexc = 460 nm) 613; 733 628
Φf 0.0098 (S1); 0.0076 (S2) 0.058 (S1)
τS (ns) 1.51 (SCT); 1.33 (S1) 1.0 (S1)

Energy level (kJ mol−1) 176.4 (SCT); 202.8 (S1) 199.4 (S1)

a Ref. [7,8]. Notes: Φf is the quantum yield of fluorescence;τS is the lifetime of fluorescence.

florescence quantum yield. Moreover, the electron donating
properties of amino group may cause some extent of in-
tramolecular charge transfer (ICT) between the butylamino
and quinonoid carbonyl groups, which provides a pathway
for fluorescence quenching via radiationless transition that
also reduces the fluorescence quantum yields of BAHB.

3.2. Determination of the energy of triplet state

Intersystem crossing process will be accelerated in pres-
ence of heavy atoms in solution system such as iodine and
bromine [6]. This leads to the fluorescence quenching of
fluorephore by heavy atom and the increase of quantum
yield of triplet state. When adding CH3CH2CH2I gradually
to BAHB in benzene solution (1.07 × 10−5 M), the fluo-
rescence quantum yield of BAHB varied with the concen-
tration of CH3CH2CH2I that satisfied the Stern–Volmer be-
havior. The typical Stern–Volmer curve is shown inFig. 2.
FromFig. 2, two Stern–Volmer constants can be calculated
to be Ksv1 = 1.17 ± 0.05 andKsv2 = 0.139 ± 0.005.
As the fluorescence lifetime of SCT and S1 are 1.51 and
1.33 ns, respectively, therefore, two bimolecular kinetic con-
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Fig. 2. The Stern–Volmer curves of fluorescence quenching of BAHB by
CH3CH2CH2I in benzene solution.Φf /Φ

Q
f is the relative fluorescence

quantum yield. (Curve A) S1 state (λmax = 613 nm); (Curve B) SCT state
(λmax = 733 nm).

stants of BAHB are 1.77 ± 0.05 × 109 and 1.84 ± 0.05
× 108 M−1 s−1.

As shown inFig. 2, the external heavy atom effects on
SCT and S1 are different: S1 was much more influenced
by CH3CH2CH2I than SCT, and CH3CH2CH2I affected the
S1 so little that its Stern–Volmer curves of fluorescence
quenching was nearly a level line against the concentration
of CH3CH2CH2I. As the energy levels of excited singlet
and triplet states of CH3CH2CH2I are all greatly higher than
those of excited singlet states of BAHB, so that it is impos-
sible that CH3CH2CH2I quenched the fluorescence of the
BAHB via intermolecular energy transfer mechanism from
BAHB to CH3CH2CH2I. We realized that heavy atom ac-
celerated the intersystem crossing processes of SCT → TCT
and S1 → T1, which lead to quenching of the fluorescence
BAHB. Von Dreeskamp et al.[9] has researched the fluo-
rescence quenching behavior of CH3CH2CH2I influencing
on a series of aromatic compounds, and proved that the bi-
molecular kinetic constant logKq have linear relationship
with �Ets (i.e. �Ets is the energy gap of triplet and singlet
state).

Based on the relationship mentioned above, we can de-
terminate the�Ets of BAHB to be 42.0±10.5 kJ mol−1 for
SCT → TCT and 44.21 kJ mol−1 for S1 → T1. Since the SCT
and S1 energy level of BAHB are 176.43 and 202.8 kJ mol−1,
the TCT and T1 energy levels of BAHB are 134.4 ± 10.5
and 158.6 ± 10.5 kJ mol−1, respectively.

3.3. Estimation quantum yields of the triplet state

BAHB is a good photosensitizer of singlet oxygen[1]. In
addition, since the fluorescence of BAHB is not quenched
by ground oxygen in benzene solution, singlet oxygen is
formed only by the energy transfer from triplet state of
BAHB to ground oxygen[3]. We can probe the heavy atom
influence on the triplet state of BAHB via measuring the
quantum yields of singlet oxygen by varying the concentra-
tion of external heavy atom. We use 9,10-DPA bleaching
method to detect the influence of external heavy atom on
generation of singlet oxygen. A set of solutions, consisted
of BAHB (0.8× 10−4) M, DPA (a singlet oxygen acceptor,
1.2× 10−3 M) and CH3CH2CH2I (0.5xM, x is the multiple
of 0.5, saturated by the oxygen), were irradiated at two



H.-y. Lee et al. / Journal of Photochemistry and Photobiology A: Chemistry 165 (2004) 3–9 7

0 20 40 60 80
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

 T
he

 D
ec

re
as

e 
va

lu
e 

of
37

4n
m

 D
P

A
 A

bs
or

ba
nc

e
   

 A
0-

A
t

Time (minutes)

 a
 b
 c
 d
 e

Fig. 3. Photosensitized DPA bleaching by measuring the absorbance de-
crease at 374 nm as a function of irradiation time in aerobic benzene so-
lution irradiated at 460 nm, BAHB (0.8× 10−4 M); DPA (1.2× 10−3 M);
CH3CH2CH2I (a: 0 M, b: 0.5 M, c: 1 M, d: 1.5 M, e: 2 M).

selected irradiation wavelength (460 or 600 nm),
respectively, which were absorbed only by the BAHB; the
reaction was followed spectrometrically by observing the
decrease in the 374 nm absorption peak of DPA as a function
of irradiation time (Scheme 2), where the samples have the
smallest absorption.Figs. 3 and 4indicate that the quantum
yields of singlet oxygen generated by BAHB increase obvi-
ously in the presence of heavy atom. The relative quantum
yields against the BAHB solution without CH3CH2CH2I
were measured from the ratio of the line slope.

Those results furthermore demonstrate that CH3CH2CH2I
accelerated the intersystem crossing procedures of SCT →
TCT, S1 → T1 resulting in quenching of the fluorescence
of BAHB. In our experimental conditions, a reasonable as-
sumption is that the efficiency of the energy transferring
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Fig. 4. Photosensitized DPA bleaching by measuring the absorbance de-
crease at 374 nm as a function of irradiation time in aerobic benzene so-
lution irradiated at 600 nm, BAHB (0.8× 10−4 M); DPA (1.2× 10−3 M);
CH3CH2CH2I (a: 0 M, b: 0.5 M, c: 1 M, d: 1.5 M, e: 2 M).

Table 2
Φ

Q
T /ΦT in different concentration of CH3CH2CH2I excited at different

wavelength

�ex (nm) The concentration of heavy atom (mol l−1)

0 0.5 1 1.5 2.0

460 1 1.08 1.15 1.39 1.56
600 1 1.42 2.08 2.58 3.34

Notes: Φ
Q
T andΦT are the quantum yields of triplet state in the presence

of heavy atom and in the absence of it, respectively. The values ofΦ
Q
T /T

can be repeated within 3–5%.

from the BAHB triplet state to ground oxygen that produces
singlet oxygen, does not vary with the adding heavy atom
(Eq. (2)). The quantum yield of singlet oxygen generated by
BAHB only depends on the quantum yields of BAHB triplet
states.Eq. (2) was used to estimate the quantum yields of
triplet states of BAHB.

Φ
Q
O

ΦO
= nΦ

Q
T

nΦT
= Φ

Q
T

ΦT
(2)

Here,ΦQ
O andΦO are the quantum yields of singlet oxygen

in the presence and absence of heavy atom, respectively.Φ
Q
T

andΦT are the quantum yield of triplet state in the presence
and absence of heavy atom, respectively.

When the concentration of CH3CH2CH2I was altered
gradually in the sample solutions irradiated with selected
excited wavelength, a series ofΦ

Q
T /ΦT can be calculated

which are listed in theTable 2.
In order to estimate the quantum yields of two triplet states

of BAHB, we make use of the relationship between rela-
tive fluorescence quantum yield and relative triplet quantum
yield of BAHB in benzene solution of different heavy atom
concentrations irradiated at 460 nm and 600 nm, respectively
(Table 3). Medinger has deduced the following formula[14]:

ΦT = (Φf /Φ
Q
f ) − 1

{([T ]Q/[T ])(Φf /Φ
Q
f )} − 1

(3)

Here, [T ]Q/[T ] is the concentration ratio of triplet state
with or without heavy atom effect. In our experimental con-
dition, the absorbance of BAHB at select wavelength are all
the same, therefore, equation([T ]Q/[T ]) = (Φ

Q
T /ΦT) can

exist andEq. (3) is changed toEq. (4).

T = (Φf /Φ
Q
f ) − 1

{(ΦQ
T /ΦT)(Φf /Φ

Q
f )} − 1

(4)

Table 3
The photophysical characteristics of BAHB triplet state

ΦT Energy level (kJ mol−1)

BAHB 0.73± 0.04 (TCT) 134.4 ± 10.5 (TCT)
0.56± 0.04 (T1) 158.6 ± 10.5 (T1)

HBa 0.76 (T1) 168.0 (T1)

Notes: ΦT is the quantum yield of triplet state.
a [7,8].
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Fig. 5. The relationship between relative fluorescence quantum yield and
relative triplet quantum yield of BAHB in benzene solution of different
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According to Eq. (4), measuring(Φf /Φ
Q
f ) at different

concentrations of CH3CH2CH2I irradiated at 460 or 600 nm
in benzene as a function of the numerator ofEq. (4) will
give the consequences of the quantum yields of two triplet
states of BAHB from the slopes of line (Figs. 5 and 6). The
quantum yield of T1 0.73 ± 0.04 and T2 0.55 ± 0.04 are
shown inFigs. 5 and 6, respectively.

3.4. Calculating the kinetic constants of fluorescence
emission, intersystem transition and internal conversion

Based on the data of research described above, we can
estimate kinetic constants of fluorescence emission, inter-
system crossing and internal conversion with following
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Fig. 6. The relationship between relative fluorescence quantum yield and
relative triplet quantum yield of BAHB in benzene solution of different
heavy atom concentrations irradiated at 600 nm.

Table 4
Calculation of the kinetic constants andΦIC

Kinetic constant (s−1) ΦIC
d

κf
a κST

b κIC
c

SCT 6.49 × 106 4.77 × 108 1.72 × 108 0.26
S1 5.71 × 106 4.21 × 108 3.23 × 108 0.43

Notes: ΦIC is the quantum yield of internal conversion;κf , κST and κIC

are kinetic constants of fluorescence emission, intersystem crossing and
internal conversion, respectively.

a ±0.02.
b ±0.03.
c ±0.04.
d ±0.05.
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Fig. 7. State diagram for BAHB.Notes: represents the radiationless
transitions and→ the radiative transitions.

formula [6,7]:

ΦIC = 1 − Φf − ΦT (5)

Φf = κf τS (6)

ΦT = κSTτS (7)

ΦIC = κICτS (8)

Here,ΦIC is the quantum yield of internal conversion;Φf
is the quantum yield of fluorescence;ΦT is the quantum
yield of triplet state;κf , κST andκIC are kinetic constants
of fluorescence emission, intersystem crossing and internal
conversion, respectively,τS is the lifetime of fluorescence.
The calculated results are listed inTable 4and the energy
level and photophysical transitions are summarized inFig. 7.

4. Conclusions

In our work, by the measurement of absorption and flu-
orescence spectra of BAHB under the external heavy atom
effect of CH3CH2CH2I, we determined a series of physical
characteristics of BAHB excited singlet and triplet states. It
will be important for understanding the mechanism of pho-
todynamic action of BAHB.
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