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Abstract

Ab initio and CIS theories were employed to study a new type of perylenequinonoid photosensitizer (PQP)—hypomycin B (HMB), which
has only one pair of adjacent hydroxyl group and carbonyl group in its peri-region. Geometries, Mulliken charge population, energy, and
photophysical and photochemical process in excited state were discussed in detail. The results indicate that HMB exhibits quite similar
intramolecular proton transfer (IPT) to perylenequinone, which offers an indirect understanding that the IPT process in perylenequinonoid
d iplet so that
t n of PQP.
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erivatives (PQD) is a single proton transfer process. There exists the crossing of the potential energy surface of the singlet and tr
he intersystem crossing (ISC) can occur. The ISC will increase triplet quantum efficiency, which is the basis for photosensitizatio
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. Introduction

Perylenequinonoid photosensitizers (PQP) or perylen-
quinonoid derivatives (PQD) are of interest because of their

ight-induced antiviral and anti-tumor activity (Fig. 1) [1–6].
QP are a novel type of photosensitizers, and have the follow-

ng advantages as compared with hematoporphyrin deriva-
ives: easy preparation and purification, high quantum yields
f triplet and singlet oxygen, high phototoxicity but low dark

oxicity, and rapid clearance from normal tissues[7–9]. All
f these indicate that PQP are promising phototherapeutic
gents. In addition, more efforts have found that PQP have po-

ential application in the anti-oxidation and molecular probe,
tc.[9].

PQP have very strong intramolecular hydrogen bonds in
heir molecules. This unique molecular structure enables PQP
o isomerize both in ground and in excited states by means
f intramolecular proton transfer (IPT)[2,10–12], which has

∗ Corresponding author. Tel.: +86 531 6182539/0304;
ax: +86 531 6180304.

also been called intramolecular hydrogen transfer (IH
Previous experimental researches demonstrated that thi
radiative process played a significant role in the photo
sitization of PQP[8,13]. We have found recently from th
theoretical calculation that there exists the crossing o
potential energy surface in the singlet and triplet state
PQ. This is the foundation of the intersystem crossing f
singlet to triplet state so that high triplet quantum yields
be achieved.

Previous reports revealed that PQ is the active ce
of PQD and the skeleton structure is important to res
their photosensitive activity[3,14]. As for the PQ is con
cerned, relatively simple a molecule, there exists two
sible IPT process in the molecule. But it is still a myst
to date whether it is a single proton transfer or two pro
transfer concerted. A new compound, hypomycin B (HM
was extracted recently from natural substances[15], which
has similar structural framework with PQ but only one
droxyl group peri to a carbonyl group. In other words, th
exists only one possible intramolecular hydrogen tran
in HMB [15–19]. The IPT process of the skeleton str
E-mail address:dchen@sdnu.edu.cn (D.-Z. Chen). ture of HMB is illustrated inFig. 2. This unique structure
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Fig. 1. Structures of several PQP.

of HMB enables us to understand IPT process of PQP
easily.

In present paper, theoretical calculation on IPT process
of HMB for the ground and excited states (including singlet
and triplet excited state) were performed. Also, comparison
of the results of HMB with those of PQ, including energy,
barrier, variance of charge on the transferred hydrogen atom,
and dipole moments were made. Based on all these results,
possible excited-state photophysical and photochemical pro-
cess of PQP was discussed. The elucidation of this primary
photo-induced process will help us understand the mecha-
nism for photosensitization of PQP. Additionally, the simi-
lar hydrogen transfer has been studied by experimental and
theoretical methods[20–25], and this research also helps to
understand the nature of the intramolecular proton transfer
process.

2. Method of calculation

Theoretical researches have found that side chains are
of minor effect on the height of the IPT barrier for these
compounds[19]. So its skeleton structure may provide us
a quantitative description of IPT barrier of the molecule.
The geometries have been fully optimized at the restricted
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the ground state. All located transition states (TS) exhibit one
expected normal imaginary frequency with a transition vec-
tor that corresponds to the motion of atom in the IPT transfer
process.

The Gaussian 98 suite of programs[30] was used through-
out the calculation.

3. Results and discussion

3.1. Geometries

The optimized geometries indicate that the skeleton struc-
ture of HMB is planar, as is depicted inFig. 2, and the
molecule retains plane during the process of IPT. The six-
member ring containing hydrogen bond is the active center
part, which is depicted inFig. 3, because its structure al-
ters significantly during the IPT process. The lengths of in-
tramolecular hydrogen bond are all less than 2.0Å, so strong
hydrogen bonds exist in two isomers in the ground and excited
states. For the parallel structure (para in brief), the length of
intramolecular hydrogen bond is 1.806Å in S0 state, while
it is 1.700 and 1.916̊A in S1 and T1 states, respectively.
The length of carbon–oxygen of carbonyl increases regu-
larly from S0, S1 to T1. This suggests that the carbon oxy-
g cited.
T
s
f s
o n of
t f two
o state
f te
i

artree–Fock (RHF) level of theory with 6-31G basis se
he ground state. Previous studies demonstrated that 6
asis set could get the same results as 6-31G(d, p) o
rinciple[5]. So 6-31G basis set was used for these relat

arge molecules. Configuration interaction single-excita
CIS) method was applied to optimize molecular structu
xcited states and calculate excitation energy in recent
26–29]. The geometries in excited states were fully o
ized with CIS method at the same basis set level as th
en double bond becomes weaker with the electron ex
he structures of TS change significantly. The OO distance
hrinks from 2.592̊A in thepara structure to 2.335̊A in TS
or ground state. It can be seen fromFig. 3 that the length
f all C O bonds tend to be averaged in TS. The positio

he transferred hydrogen does not locate in the center o
xygens. It suggests that it should be a late transition

or the reaction in S0 and T1, and an early transition sta
n S1.
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Fig. 2. Intramolecular proton transfer of HMB.

Fig. 3. Structural parameters in the active center.

It should be noted that the geometries change greatly in
the triplet states. For instance, the bond length of OH re-
duces to 0.953̊A and the length of intramolecular hydrogen
bond elongates to 1.916̊A for parastructure, which is much
different from that in ground and singlet excited states. It
means that the feature of intramolecular proton transfer in
triplet state would be different from that in S0 and S1 states.
In addition, the bond lengths of OH and distance of OO
are all similar to other intramolecular hydrogen bond species
[31,32].

3.2. Energies

The relative electronic energy (including zero-point en-
ergy) of HMB is shown inFig. 4. In ground state, the energy
of thepara structure is lower than that of theversstructure.
The IPT barriers ofparaandversstructures are 37.37 kJ/mol

Fig. 4. Relative energy of PQ and HMB in the ground and excited states
(units: kJ/mol).
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and 19.19 kJ/mol in ground state, respectively. The IPT bar-
riers of hydrogenoxalate anion and 9-hydroxyphenalenone
are 27.16 kJ/mol[33] and 29.87 kJ/mol[5], so the larger con-
jugated systems increase the IPT barrier slightly. Consider-
ing the singlet excited state, theversstructure is more stable
than thepara structure, which is contrary to the situation in
ground state, and the reaction barrier frompara to vers is
only 6.38 kJ/mol. It follows that the IPT is easy to take place
in S1 state, and theversstructure becomes the predominant
component in singlet. In triplet, the energy for theparaand
versstructure is close to each other. The energy barrier in this
state is 89.33 kJ/mol and much higher than that both in S0 and
S1 states. So IPT is less likely to take place in triplet. Com-
paring the IPT barrier of HMB with PQ[5], it can be found
that they exhibit little difference in ground state and a little
difference in excited states. For instance, the barrier in ground
state is 37.32 kJ/mol for HMB and 37.83 kJ/mol for PQ. This
suggests that the IPT in PQ is also a single proton trans-
fer process. Previous experimental studies demonstrate that
hypomycin B do not execute excited state H-atom or proton
transfer[15]. From our calculated results and the similarity to
PQ’s characteristic of intramolecular proton transfer, we can
conclude that intramolecular proton transfer is also present
in HMB, which is agreement with our previous conjecture
[34].
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Table 2
Change of dipole moment in the IPT process of HMB (unit: Debye)

X Y Z Total

S0 para 1.7857 −0.9240 −0.0001 2.0106
vers −1.9951 −0.5242 −0.0003 2.0628
TS 3.0315 −0.3062 0.0000 3.0470

S1 para 2.2660 −1.0062 0.0026 2.4794
vers 2.1675 −0.3318 −0.0034 2.1927
TS 3.1954 −0.4037 −0.0001 3.2208

T1 para −1.1927 1.5658 0.0003 1.9683
vers −0.3105 −1.6645 0.0008 1.6932
TS −1.0948 1.0428 −0.0002 1.5119

X, YandZ represent the axis of coordinates.

decreases from TS tovers isomer. That is, there is a charge
variance during the IPT process.

Table 2depicts how the dipole moments of HMB change
in IPT process. When the hydrogen atom is transferred, the
dipole moments increase notably in both ground state and
singlet excited state, which implies that polar solutions will
facilitate the IPT process. While in the triplet state, the case
is quite different. The dipole moment of TS decreases com-
pared with that of the other two isomers. So the isomerization
process will be slow down by polar solution via shrinking of
dipole moment.

3.4. The photophysical process of HMB in the excited
state

The electronic population of the frontier orbital was
sketched inFig. 5. Only the HOMO and LUMO are con-
sidered in this paper and they are all� type bonds. Calcu-
lated results indicate that the excitation transition coefficients
are all close to 0.7. So, electronic transition from HOMO to
LUMO is main component in the lowest excitation. In other
words, the transitions from HOMO to LUMO are all� → �∗
type.

The photo-induced reactions take place in excited state,
as is also the case for HMB. So it is essential to elucidate
i clear
t the
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s cess
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As we proposed in our previous paper[19], the energ
f the molecules depends on the number of molecular
nance mode. The more the resonance mode is, the

he energy of the molecule is, vice versa[35]. It is five for
hepara structure and four for theversstructure in groun
tate, so theparastructure is a stable one, which agrees w
ur calculated results. In addition, S. Nagaoka construc
odal-plane model in which the relative stability of mol
lar isomers depends on the electronic state of the mol

36], for example, in ground state the keto form is stable, in
rst excited state proton transfer takes place and yields a
orm. In S0 state, theparastructure is a stable one, while in1
tate theversstructure becomes a stable one. Our calcu
esults agree well with that predicted by nodal-plane mo

.3. Mulliken charge and dipole moments

The Mulliken charges of hydrogen atom transferred
isted inTable 1. The results indicate that charge of the
rogen atom increases about 15% frompara to TS and the
harge on hydrogen in TS is the highest one, then the c

able 1
ariance of Mulliken charge population on the hydrogen in the IPT pro
f HMB

para TS vers �εHMB
para �εHMB

vers

0 0.488631 0.560814 0.494687 0.07218 0.06

1 0.501236 0.559595 0.494383 0.05836 0.06

1 0.464178 0.479752 0.445924 0.01557 0.02

εHMB
para represents the variance of charge on the transferred hydroge

ara to TS, and�εHMB
vers represents that fromversto TS.
ts excited state photophysical process in order to make
he mechanism of its photosensitization. According to
rank–Condon theory, the molecular structure changes
hortly after it is excited because the photo-induced pro
s quite quick. The excitation energy was calculated b
n the ground state structures. The excitation energy an
illator strength are displayed inTable 3. The data indicat

able 3
nergy and oscillator strength of electron transition in the ground sta
MB

para TS vers

E (eV) f E (eV) f E (eV) f

4.1680 0.0000 3.6195 0.6784 3.7756 0.5
4.2004 0.3851 4.1541 0.0000 4.1299 0.0
4.2561 0.9946 4.3656 0.5789 4.2369 0.8

andf represent excitation energies and oscillator strengths.
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Fig. 5. HOMO and LUMO for HMB.

that vertical excitation energy is 4.2561 and 4.2369 eV for
theparaandversstructures, respectively.

The excited state structure and energy were determined by
fully optimization. According to the equationt = 1.499/fE2

[37], whereE is the energy gap of different states in unit of
cm−1, f is oscillator strength of the electronic state andt is
the life-span of this state in unit of second. The life-span of a
certain state can be figured out. The results are displaced in
Table 4.

According to the results, the life spans of the first three
singlet excited states are about 10−9 s. Previous studies in-
dicate that the CIS methods overrate the excitation energy
[38], so the fluorescence emitting time is more than 10−9 s.
So we can draw a conclusion that the excited states of HMB
have long life spans. On the other hand, relaxation process
is slower than intersystem crossing (ISC) and IPT process,
which are in time scales of 10−7 to 10−11 s and 50–250 ps
respectively[37,39]. So before fluorescence is emitted, the
excited molecule can execute IPT quickly and intersystem
crossing. As a result, the HMB achieve high triplet quantum
yield effectively. This property attributes to the good photo-
sensitization of HMB.

Table 4
Energy, oscillator strength and life-span of electron transition in the excited state for HMB

f

1 5295
2
3 463

It is well known that when the following two conditions
coexist, the ISC of singlet excited state may take place with
high efficiency. Firstly, the potential energy surface of sin-
glet and triplet excited states are necessary to have at least
one isoenergetic point. Secondly, one microcosmic magnetic
field is indispensable in order to reverse the electronic spin.
According to the Frank–Condon theory, we calculate the en-
ergy of triplet excited state based on the optimized singlet
excited state structure, which is illustrated inFig. 6. It shows
that energy values ofpara andversstructures in the triplet
state are lower than that of the singlet state, while the en-
ergy of TS is much higher than that in S1 state. Therefore,
there exists a crossing of the potential energy surface for these
two states. When appropriate magnetic field appends to this
system, the ISC is apt to take place and the high triplet quan-
tum state yield is achieved. As is mentioned in the preceding
discussion, there is a charge variance coupling the IPT pro-
cess, so the charge transfer will induce a magnetic field. As
all the conditions mentioned above cooperate, the ISC will
take place with high efficiency. The molecule in T1 state has
longer life-span and most photosensitive reaction occurs in
this state.
para TS

E (eV) f t (109 s) E (eV)

3.6509 0.3113 5.5534 3.3874
3.9347 1.0375 1.4346 3.9576
4.0437 0.0000 – 4.0002
vers

t (109 s) E (eV) f t (109 s)

0.4486 4.4766 3.1265 0.6679 3.
0.9537 1.5426 4.0254 0.0000 –
0.0000 – 4.1135 0.6345 2.1
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Fig. 6. Energy of HMB in the singlet and triplet excited states, where the
geometries used for computing the energy in the S0, S1 and T1 are that fully
optimized in the S0, S0 and S1 states.

4. Conclusions

A new compound, HMB, which has similar structural
framework with PQ-like photosensitizers but only one hy-
droxyl group peri to a carbonyl group were studied theoreti-
cally. The structures of the ground and the excited states were
calculated using HF and CIS theory at 6-31G basis set level.
From the calculated results some conclusions can be drawn.
The intramolecular proton transfer process of HMB is quite
similar to PQ. Their IPT energy barriers in ground state are
nearly the same, and only a little difference exists in the ex-
cited states. The change feature of the Mulliken charges and
the dipole moments also shows the same similarity with that
of PQ. Another important result is that there exists a crossing
of the potential energy surface of the singlet and triplet so that
the intersystem crossing can occur. It can also concluded that
HMB is a new photosensitizer to be explored and it is a single
proton transfer process in PQD, which play an important role
in photosensitization of these series compounds.
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