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Photophysical properties of two new psoralen analogs
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Abstract

The photophysics of two new psoralen analogs has been examined using absorption and emission spectroscopy. Both compounds
efficiently absorb radiation in the UVA region(320< λ < 400 nm) which are weakly fluorescent and sensitize the generation of singlet
oxygen with a quantum efficiency near unity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Psoralens are plant natural products. They are coumarin
derivatives. Their basic characteristic is a furanic ring fused
to the coumarin basic structure [1] (Scheme 1). They are
often photosensitizing drugs, and widely used for the treat-
ment of various skin diseases characterized by hyperprolif-
erative conditions [1–4], some infections connected to AIDS
[5] and blood decontamination [6]. Therapy involves the
combination of drug administration and UVA light(320 <

λ < 400 nm). However, the treatment with these drugs may
be accompanied by some serious side effects, such as skin
phototoxicity and mutagenicity [3,7,8]. The photobiological
activity of psoralens is basically related to their capacity to
damage DNA. In the dark, these compounds can intercalate
into DNA base pairs, forming weak molecular complexes,
which generally do not induce significant biological effects
[2]. However, upon exposing such complexes to UVA light,
they photoreact with the pyrimidine bases of DNA, forming
covalent mono- and bifunctional C4 cycloadducts [2], by a
type III mechanism. Besides type III, psoralens can photo-
sensitize type I and II reactions [1a]. Type I and II reactions
are, electron-transfer and energy-transfer oxygen-mediated
reactions respectively. In the first reaction, radicals such as
superoxide are generated as reactive intermediates, and in
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type II, singlet oxygen is produced [9]. Type III reaction con-
sists of photoreactions between the psoralen and substrate,
and is favored by polar solvents. In general, the C3C4 and
C4

′C5
′ double bonds are photoreactives, but in solution only

the C3C4 is involved, showing that this bond is particularly
reactive in the triplet state [1]. The three mechanisms are in-
volved in the induction of damage to membrane constituents
[1a, 10].

The substitution of hydrogens in the positions 3,
4, 4′ and 5′ by groups greater in volume or having
electron-withdrawing properties can reduce the photoreac-
tivity of the active double bonds, and impose limits to the
intercalation capacity of these compounds [1a]. Bordin et al.
[10] have studied the biological and photochemical activ-
ities of 4-hydroxymethyl-4′,5′-tetrahydro-benzopsoralen, a
compound quite similar to the analogs studied in this pa-
per. This compound induced strong antiproliferative effects
in the dark and under illumination with UVA light. In the
dark, it inhibited the synthesis of DNA and RNA in cells,
and under illumination, demonstrated good singlet oxygen
sensitizing capability. Also under UVA, the synthesis of
DNA was inhibited.

In this work, the photophysical properties of two psoralen
analogs, 3-ethoxycarbonyl-2H-benzofuro[2,3-e]-1-benzo-
pyran-2-one (pso A), and 3-ethoxycarbonyl-2H-benzofuro-
[3,2-d]-1-benzopyran-2-one (pso B) are presented (Fig. 1).
Particularly, both compounds sensitize the generation of
singlet oxygen with a quantum yield near unity.
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Scheme 1. A typical psoralen.

Fig. 1. Representation of the two psoralens under study: (A)
3-ethoxycarbonyl-2H-benzofuro[2,3-e]-1-benzopyran-2-one (pso A); (B)
3-ethoxycarbonyl-2H-benzofuro[3,2-d]-1-benzopyran-2-one (pso B).

2. Experimental

2.1. Materials

All the solvents were of spectroscopic grade. Chloroform
was treated with activated silica for 12 h before its use in
the measurements of quantum yield of1O2 generation. The
synthesis and characterization of the two psoralen analogs
was carried out by Oliveira-Campos and co-workers, and
will be published in a separate paper.

2.2. Measurements and methods

Absorption and emission spectra were recorded, on a
HACH DR-4000U spectrophotometer and a HITACHI
F-4500 spectrofluorometer, respectively, equipped with
low-temperature accessories. The fluorescence spectra were
obtained, using a right angle configuration in the sample
compartment, by exciting the sample at the wavelength of
maximum absorption. The fluorescence quantum yield was
determined from the corrected fluorescence spectra with
9,10-diphenylantracene in cyclohexane(Φfl = 0.90 at 20◦C)

as standard, using the equation below [11]

φa = AsFan
2
a

AaFsn2
s
φs

whereφa andφs are the quantum yields of the sample and
of the standard, respectively,A the absorbance at the exci-
tation wavelength,F the integrated emission area andn the
refractive index of the solvent. The absorbance of the solu-
tions, including the standard at the wavelength of excitation,
was maintained below 0.100.

The fluorescence lifetimes were obtained by the use of a
time-correlating single photon counting technique through
a CD-900 Edinburgh Analytical Instrument, using a front

face configuration in the sample compartment. The excita-
tion source was a hydrogen-filled nanosecond flash lamp at
30 kHz pulse frequency. Theχ2-values were 0.950< χ2 <

1.010.
The quantum efficiencies of singlet oxygen generation

and triplet lifetimes were quantified for both psoralens
in chloroform, for solutions with absorbance of 0.300 at
355 nm. A front-surface configuration was used for both
sample and standard for the measurements of quantum
efficiencies of singlet oxygen generation. For the triplet life-
time measurements, a right angle configuration was used.
An LP 900 Edinburgh Analytical Instruments time-resolved
system, using 5 ns laser pulses at 355 nm furnished by a
Nd-YAG CONTINUUM SURELITE II (Q-switched delay
200�s) was used. The laser power varied from 0 to 8 mJ.
A NORTH COAST EO-817 detector was used for the de-
tection of singlet oxygen phosphorescence at 1270 nm. For
the measurement of triplet lifetimes, the laser power was
30–40 mJ (confirmar), and an R955 photomultiplier was
used to detect the transient signals. The transient absorp-
tion was investigated between 380 and 600 nm for solutions
previously deaerated, and the decays were monitored at the
transient absorption maximum for each sample. The quan-
tum efficiency of singlet oxygen generation was determined
using phenalenone in chloroform (φ
,s = 0.97 ± 0.02 at
20◦C) as standard, due to its photophysical parameters,
including Φ
 ≈ 1, for different solvents, following is the
equation [12],

φ
,a = Ia

Is
φ
,s

where Ia is the emission intensity of the sample,Is the
emission intensity of the standard andφ
,a the quantum
efficiency of singlet oxygen generation by the sample. The
samples and standard were excited at different laser pulse
energies, and the initial intensity of emission at 1270 nm
was measured. The ratioIa/Is is calculated from the slopes
of the plot of signal intensity vs. laser pulse energy.

The energy and multiplicity of the excited states were cal-
culated for both compounds using configuration interaction
(CI). The structures were previously optimized using the
Polar-Ribiere algorithm. The RMS gradient was limited to
0.1 kcal/(Å mol) as convergence limit. All calculations were
based on the PM3 semiempirical method (Hyperchem Pro
5.11). These calculations were performed using a PC based
on a 450 MHz Intel Pentium III processor, with 196 MB of
100 MHz SDRAM.

3. Results and discussion

3.1. Absorption and emission spectra

The absorption spectra of both compounds are quite sim-
ilar, with two intense bands. Psoralen A (pso A) shows
maxima at 208 and 347 nm, while psoralen B (pso B) ex-
hibits bands at 202 and 349 nm (Fig. 2). All are attributed to
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Fig. 2. Absorption spectra: (a) pso A(2.71× 10−6 mol/dm3); (b) pso B(5.18× 10−6 mol/dm3). Solvent: chloroform.

��∗ transitions of electrons in the psoralen ring. A shoul-
der at approximately 235 nm is also seen for both the com-
pounds. A very small peak around 300 nm, attributed to
an n�∗ transition from the non-bonding orbital on the C2
carbonyl group to the�∗ orbital can be also seen. The
peaks centered around 348 nm present high molar absorp-
tivity (104 dm3 mol−1 cm−1) for both compounds. The logε
for that transition is 4.68 and 4.36 for pso A and pso B, re-
spectively, in chloroform. This highε is in agreement with
an expected��∗ S0 → S1 transition, characteristic of this
class of compounds [1a].

3.2. Fluorescence and phosphorescence

Despite the very intense absorption at S0 → S1 electronic
transition, the fluorescence spectra are of low intensity, with
small ΦF: 0.020 for pso A and 0.010 for pso B. At 77 K,
these values increase at least five times (0.100 for pso A
and 0.064 for pso B). Assuming that the only photophysical
processes occurring from S1 for both compounds are fluo-
rescence and intersystem crossing, and observing that the
quantum yield of fluorescence increases at low temperature,

Table 1
Microstates of the pso A and pso B, calculated using PM3 semi-empirical calculation, and estimated from low temperature measurements

State Relative energy (kJ/mol)

Pso A Pso B

PM3 (isolated)a PM3 (solvated)b Experimental PM3 (isolated)a PM3 (solvated)b Experimental

S0 0.00 0.00 0.00 0.00 0.00 0.00
T1 284.83 302.92 231.24 269.57 265.39 233.74
T2 320.94 332.60 255.85c 308.28 304.39 254.93c

S1 348.49 370.81 292.01 346.73 340.34 284.91

a Isolated: 400 configurations.
b Solvated: 4900 configurations.
c Theoretical prevision of E(T2).

a slight thermal activation energy to intersystem crossing
could be involved. Using the data at room temperature and
77 K, activation energies of ISC of 6.14 and 6.90 J/mol can
be calculated for pso A and pso B, respectively. This rough
estimation suggests that the triplet state populated by the S1
state is slightly higher in energy. The pre-exponential values
which would be the rate in the absence of an activation en-
ergy are 2–4× 109 and are reasonable for a��∗ singlet to
n�∗ triplet transition. The data from CI quantum mechani-
cal calculations indicates that the intersystem crossing must
occur from S1 to a T2 excited state for both the compounds,
isolated or solvated, being E(T2) < E(S1) (Table 1). In the
calculations involving solvation, chloroform was considered
as solvent.

As can be seen from Table 1, the theoretical values,
calculated for E(S1) and E(T1) considering the solva-
tion of the molecules, are higher than the experimental
ones. However, these differences show a certain regularity.
For pso A, it is around 30% for both states. For pso B,
the differences are lower, between 13.5% for E(T1) and
19.4% for E(S1). Considering a difference of 30% be-
tween the theoretical prevision and the experimental value
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for pso A, we can speculate on an experimental value
for E(T2) as being 255.85 kJ/mol. Thus, the difference
E(S1)−E(T2) must be around 36.16 kJ/mol. This differ-
ence is very near to the theoretical values, 38.21 kJ/mol.
For pso B, considering a difference of 19.4% between
the theoretical prevision and the experimental values, we
can approach an experimental value of 254.93 kJ/mol for
E(T2). Thus, the difference E(S1)−E(T2) must be around
30.06 kJ/mol in this case. The difference between the theo-
retical data is 35.95 kJ/mol. For both the compounds, these
small differences justify an efficient population of the T2
state.

The simulation of the solvated molecules was done us-
ing 4900 configurations to compensate the inclusion of
the solvent in the calculation. Eighteen molecules of chlo-
roform were arranged around each molecule of psoralen.
The CI calculations for the isolated molecules were done
using 400 configurations. Even considering an interme-
diate number of configurations in the expression of the
solvated molecule, the results do not differed substantially
from that obtained with 4900 configurations. The theoret-
ical behavior is in agreement with the experimental one,
principally if we consider the facility presented by these
species to populate the T1 state, as can be seen by the ratio
kST/kF.

Assuming that for the deactivation of the S1 excited state
of pso A and pso B, we have

ΦF = kF(kF + kST)
−1 = kFτexp

As ΦF is small, thenkST > kF and the above expression can
be resumed to

ΦF = kF

kST
= kFτexp

Fig. 4. Emission spectra: (a) fluorescence spectrum for pso B at 300 K; (b) total emission spectrum for pso B at 77 K. Solvent: methyl-cyclohexane;
excitation wavelength: 348 nm; concentration: 5.18× 10−6 mol/dm3.

Fig. 3. Emission spectra: (a) fluorescence spectrum for pso A at 300 K; (b)
total emission spectrum for pso A at 77 K. Solvent: methyl-cyclohexane;
excitation wavelength: 354 nm; concentration: 2.71× 10−6 mol/dm3.

The experimental lifetimes,τexp, are 0.385 ± 0.006 and
0.766± 0.007 ns for pso A and pso B, respectively, in chlo-
roform. The calculated fluorescence lifetimes are 19.25 and
76.60 ns, respectively.

Based on the above expression, we can estimatekF and
kST for both the compounds: pso A,kF = 5.2 × 107 s−1

and kST = 2.6 × 109 s−1; pso B,kF = 1.3 × 107 s−1 and
kST = 1.3×109 s−1. ThenkST ≈ 50kF for pso A, andkST ≈
100kF for pso B, which agrees with the small values found
for ΦF. As is known, the presence of a carbonyl group in
the conjugated aromatic structures tends to favorkST [13].

As can be seen from Figs. 3 and 4, at 77 K, the phos-
phorescence spectra are well resolved for both species: the
spectra are similar, showing three peaks, the first attributed
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Fig. 5. Typical singlet oxygen emission decay at 1270 nm generated by pso B. Solvent: chloroform.

to T1,0 → S0,0. For pso A, ET = 231.24 kJ/mol and
pso B, 233.75 kJ/mol. The experimental S1 energies are
292.01 and 284.91 kJ/mol, for pso A and pso B, respectively
(Table 1).

3.3. Singlet oxygen generation

The quantum yield of1O2 generation by sensitization
in non-aqueous solvents can be conveniently measured us-
ing the near-IR phosphorescence of singlet oxygen around
1270 nm, of a sample relative to a standard [9,12,14]. Since
the radiation rate constant of singlet oxygen depends on the
solvent [5], it is necessary to compare the emissions of the
investigated sensitizer and the reference sensitizer dissolved
in a same solvent. At low laser pulse energies, the intensity
at t = 0 s in a time-resolved emission decay is proportional
to the amount of singlet oxygen generated and to the laser
pulse energy.

Fig. 5 shows a typical profile of that decay. The ini-
tial amplitude of this signal is proportional to the yield
of singlet oxygen. Under our experimental conditions, the
decay of this signal, which reflects the lifetime of singlet
oxygen is consistent with the value reported in the liter-
ature for chloroform [9]. The lifetime calculated was of
1.94 × 10−4 s (χ2 ≈ 0.97) in chloroform, for both the
compounds.

Initial emission intensities of the standard (phenalenone)
and the samples were measured at different laser pulse
energies. These values were plotted against the laser pulse
energy. The ratio of the slopes is equal to the ratio of the
quantum yields at low laser pulse energies where the signal
is directly proportional to the pulse energy. This method-
ology gives a more accurate evaluationIa/Is than would be
possible using measurement at a single pulse energy, and

guarantees that neither signal is saturating

Ia

Is
≈ (
S/
P)a

(
S/
P)s
= (
S)a

(
S)s

(
P )a = (
P )s, considering that the experiments are done
under the same conditions.

Fig. 6 shows the energy dependence plot, obtained for
phenalenone, pso A and pso B. The slopes, estimated by lin-
ear fit(R > 0.99), for phenalenone, pso A and pso B, in the
range between 0.0 and 3.0 mJ, were, respectively, 1.3692,
1.3704 and 1.3319 V J−1. From these values, and the previ-
ous value ofφ
,s (0.97 at 20◦C) for phenalenone [12], the
quantum yields of singlet oxygen generation from pso A and

Fig. 6. Power dependence plot for: (�) phenalenone; (�) pso A; (�)
pso B (R > 0.99); emission at 1270 nm; excitation at 355 nm; solvent:
chloroform.
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Scheme 2. Representation of the first microstates for pso A.

pso B were 0.97±0.06 and 0.94±0.06, respectively. These
are high values, comparable to the best singlet oxygen sen-
sitizers and much higher than that found for other psoralens
[4,9a].

Considering the absorption spectra in chloroform, these
compounds should efficiently sensitize the singlet oxygen
formation under natural sunlight. The values ofΦ
 esti-
mated for both the compounds indicate that the T1 state re-
sponsible for the singlet oxygen generation is a ketonic��∗
excited state, which generally displays a high efficiency for
singlet oxygen formation [15–17]. Also, the elevated triplet
lifetimes, estimated by flash photolysis measurements, 37±3
and 22± 1�s, respectively for pso A and pso B are suffi-
ciently high to justify the T1 state as��∗. These transients
absorb with maxima around 470 nm for pso A, and 480 nm
for pso B. As the theoretical calculation results show that
this state is populated by internal conversion from a T2 ex-
cited state, which is populated by intersystem crossing from
S1 state. It is possible that the T2 state is ann�∗ state, as oc-
curs also with phenalenone [18]. It is pertinent to consider
thatφISC is near unity, considering the values observed for
the ratiokST/kF. Similarly, in phenalenoneφISC between S1
and T2(n�∗) is around the unity and occurs in a timescale
around 10−9 s [17]. Schematically, for both the compounds,
an energy diagram could be represented as shown in
Scheme 2. Singlet oxygen formation cannot occur from the
singlet state as the singlet excited states of these compounds
are too short to allow quenching by intermolecular oxygen
diffusion. The singlet–triplet energy gap is also too small
to allow singlet oxygen formation through oxygen-induced
intersystem crossing. The near unity quantum yield of sin-
glet oxygen formation, therefore, indicates that the triplet
yield is also near one and that the principal photophysical
process for decay of the singlet excited state is intersystem
crossing.

Although the prediction of the state energies are
considerably higher than the experimental ones, these
predictions can be considered sufficiently safe, consid-
ering that these results are referred to semi-empirical
calculations.
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