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The properties of the lowest excited singlet and triplet state of four halo-angelicins (HA) have been
investigated by steady-state and time-resolved spectrometric techniques. The study has been performed
in solvents with different polarity and proticity: cyclohexane, dioxane, acetonitrile, ethanol and 2,2,2-
trifluoroethanol. Absorption and emission spectra showed that the nature of lowest singlet state is mainly
w,m and the transitions are allowed or partially allowed. Absorption coefficients, fluorescence quantum
efficiency and lifetimes are also presented. Flash photolysis investigations have indicated the presence of a
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Angelicins unique transient assignable to the lowest triplet state T;. The triplet state has been characterized in terms
Fluorescence of absorption spectra, decay kinetics, molar absorption coefficients and formation quantum yields. The

Proximity effect
Singlet oxygen

Triplet state
Photodynamic therapy

racing of both intersystem crossing and fluorescence quantum yields going from a non-polar to a highly
polar-protic solvent indicates the presence of a S, state, n,mw’ in nature, close lying to the 7 one. The
quantum yields of the singlet decay pathways (fluorescence, intersystem crossing and internal conver-
sion) depends markedly on the energy gap between S; and S; states in agreement with the manifestation
of the “proximity effect”. In fact in cyclohexane HA decay mainly through S; — So internal conversion,
while in trifluoroethanol their fluorescence and intersystem crossing increase significantly.
Singlet-oxygen quantum yields have been also determined in order to understand the possible applica-
tion of the investigated drugs in photodynamic therapy. The absence of photochemical pathways allowed
the indirect evaluation of the internal conversion decay bringing to the achievement of a complete decay
pathways picture.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction of the cell membrane or to stimulate enzymatic repair of the DNA
damages [2,6,7].

Naturally occurring furocoumarins and some of their synthetic The ability of psoralens in forming di-adducts with the pyrim-

derivatives are members of a class of photobiologically active com-
pounds used as light-activated drugs in several skin diseases [1-3].
The photochemotherapeutic activity of furocoumarins may have
antiproliferative or stimulating effects on skin cells (treatment of
psoriasis and vitiligo, respectively) [4] and effects against immuno-
logic disorders [3]. The antiproliferative activity of psoralens (linear
furocoumarins) and angelicins (angular fourocoumarins) has been
mainly attributed to their ability to form cycloadducts with DNA,;
the former forming mono- and di-adducts and the latter only
monoadducts [5]. The pigmentogenic effect, on the other hand, is
mainly connected to their ability to induce photodamages in lipids
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idine bases gives rise to crosslinking between DNA chains [5]. For
this reason the photochemotherapy with psoralens has some side
effects such as skin phototoxicity and risk of skin cancer [1,8-10]
which limit the possible applications of these furocoumarins. In fact
there is some evidence that skin phototoxicity is related to the for-
mation of DNA di-adducts [5-8], which are less efficiently repaired
than monoadducts [11,12].

In contrast to psoralens, angelicins generally show lower muta-
genic activity [13,14] and smaller phototoxic effects on the skin
[15-17]. Therefore, detailed studies on several angelicin derivatives
were undertaken to correlate the various aspects of their pho-
tobiological activity with their photophysical and photochemical
properties [18-21]. In particular a characterization of the lowest
excited states of methylangelicins and thioangelicins was per-
formed [22,23].

In the present paper the investigation was extended to some
chloro- and bromo-derivatives of angelicins (see Scheme 1) in
order to evaluate the effect of heavy atoms on the rate parameters
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of the decay pathways and on singlet-oxygen production. For four
halo-angelicins a detailed characterization of the lowest excited
singlet and triplet states was carried out by determining the
fluorescence quantum yields and lifetimes in different solvents
and by determining the spectroscopic and kinetic properties of
the triplet state by laser flash photolysis. The triplet quenching
by molecular oxygen and the quantum yield for singlet-oxygen
formation was also measured.

2. Experimental
2.1. Materials

The four compounds investigated (Scheme 1), which are halo-
angelicine derivatives (abbreviation, HA), were synthesized as
reported in the supplementary information. The purity of com-
pounds (>99%) has been checked by HPLC analysis. The solvents
cyclohexane (Cx), dioxane (Dx), acetonitrile (MeCN), ethanol
(EtOH) and 2,2,2-trifluoroethanol (TFE), of spectrophotometric
grade, were all purchased from Fluka and used without any further
purification. The chemicals anthracene, phenalenone and ben-
zophenone (Aldrich, gold label) were also used without any further
manipulation step.

2.2. Instrumentation

Absorption spectra were recorded with a PerkinElmer Lambda
800 spectrophotometer.

Emission and excitation spectra were measured with a
Fluorolog-2 (Spex, F112Al) spectrophotofluorimeter. Quantum
yields were determined comparing the emission spectra of the
drugs, recorded on air-equilibrated solutions (absorbance <0.1 at
the excitation wavelength to avoid auto-absorption), to that of
anthracene in ethanol, ¢r=0.27 [24] used as standard solution.
The fluorescence lifetimes, T (mean deviation of three indepen-
dent measurements, ca. 5%), were measured by a Spex Fluorolog-T;
system, which uses the phase-modulation technique (excitation
wavelength modulated in the 1-300 MHz range; time resolution
ca. 10ps). The frequency-domain intensity decays (phase angle
and modulation vs. frequency) were analyzed with the Globals
Unlimited™ (rev. 3) global analysis software [25].

Triplet formation quantum yields and lifetimes were measured
with a nanosecond laser flash photolysis setup previously described
(Nd:YAG Continuum, Surelite II, third harmonics, Aexc =355 nm,
pulse width ca. 7 ns and energy <1 m] pulse~!) [26,27]. First-order
kinetics were observed for the decay of the lowest triplet state
(T-T annihilation was prevented by the low excitation energy).
The triplet lifetimes were measured at an absorbance of ca. 0.2;
the concentration effect on triplet lifetime was not investigated.
The transient spectra were obtained by monitoring the change of
absorbance each 10nm over the 300-740 nm range and averag-
ing at least 10 decays at each wavelength. Triplet-triplet molar
extinction coefficients (e1) were determined by energy transfer.
The calibration of the experimental setup was performed with an
optically matched acetonitrile solution of benzophenone (¢r=1
and Agp=6500M-1cm~! at the corresponding absorption max-
imum) [28]. The Aet (and then ¢r) values, were determined by
the energy transfer method by use of benzophenone as a donors
in MeCN and anthracene as acceptor in the other solvents. The
experimental errors on 7T were estimated to be about £10% and on
Aer and ¢ of about +15%. The quenching constants of the triplets
by the molecular oxygen were evaluated by the slope of the lin-
ear plots of triplet lifetime vs. different oxygen concentration. The
singlet-oxygen quantum yields (¢ 5 ) were determined by record-
ing the phosphorescence intensity of O,(' Ag) with a germanium
diode detector in air-equilibrated solutions [22]. The amplified sig-
nal extrapolated at zero time was plotted as a function of the laser
dose. Linear relationships were obtained for the four HA and for
phenalenone used as standard (¢ =0.97 +0.03) in organic sol-
vents [29]. The ¢ 5 values were then obtained from the ratio of the
slopes of the substrate to that of phenalenone multiplied by the
known ¢ of the standard. For each solution at least 200 kinetic
decays were averaged. The experimental error on ¢ o was estimated
to be about +15%.

All measurements were carried out at room temperature; the
solutions were saturated with bubbling nitrogen.

2.3. Semi-empirical calculations

The absorption spectra were predicted by use of the semi-
empirical INDO1/CI method (MOPAC2002), after geometrical
optimization with the PM3 model. The configuration interaction

6-chloro-4,9-dimethyl-2H-furo[2,3-h]chromen-2-one
CIAl

6-chloro-4,8,9-trimethyl-2H-furo[2,3-h]chromen-2-one

ClA2

6-bromo-4,9-dimethyl-2H-furo[2,3-h]chromen-2-one

BrAl

6-bromo-4,8-dimethyl-2H-furo[2,3-h]chromen-2-one

BrA2

Scheme 1.
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Fig. 1. Absorption spectra of CIA1 (panel A), CIA2 (panel B), BrA1 (panel C) and BrA2 (panel D) in solvent with different polarity: cyclohexane (black line), 1,4-dioxane (red
line), acetonitrile (green line), ethanol (blue line), 2,2,2-trifluoroethanol (magenta line).

(CI) calculations included the singly excited configurations built
from the 15 highest occupied (HOMO) and 15 virtual (LUMO)
molecular orbitals [30,31].

3. Results and discussion
3.1. Absorption spectra

The ground-state absorption spectra of the four HA (Scheme 1)
recorded in the 250-400 nm range, are reported in Fig. 1. The main
absorption maxima and the extinction coefficients (emax) in the
different solvents are reported in Table 1. As for the angelicins and
thioangelicins previously described [22,23] the spectra are charac-

Table 1
Absorption coefficients of HA in cyclohexane and ethanol
Compound Solvent Amax (NM) e(M1em1)
CIA1 Cyclohexane 332 5,060
286 5,340
254 28,230
Ethanol 333 2,010
279 8,670
255 15,350
CIA2 Cyclohexane 338 4,840
301 6,930
258 32,110
Ethanol 335 4,220
297 7,480
257 25,990
BrAl Cyclohexane 333 6,860
297 7,700
254 39,800
Ethanol 330 5,900
296 7,730
254 30,990
BrA2 Cyclohexane 330 7,540
299 11,380
254 44,470
Ethanol 330 6,490
294 10,530
254 38,930

terized by three absorption bands appearing around 260, 285 and
335nm.

To have more information about the nature of the Sg— Sj
transitions responsible for these absorption features, the absorp-
tion spectra in five solvents of different polarity and proticity,
namely cyclohexane, 1,4-dioxane, acetonitrile, ethanol and 2,2,2-
trifluoroethanol, were recorded (Fig. 1). The maximum positions of
the HA are slightly affected by the polarity/proticity of the solvents
(only for the 285 nm bands a clear red-shift, typical of the m — 7"
transitions, was observed for CIA1, CIA2 and BrA1). Pronounced
differences were detected in the spectral profiles. In particu-
lar, in cyclohexane the spectra present a vibrational structure
(Av~1300cm™1, which is assignable to the stretching of the aro-
matic C-C bonds) that decreases and disappears going to solvents
of higher polarity. The ¢ values are of the order of 104 M~1 cm~1! at
285 and 330nm and 10° M~! cm~! for the highest energy transi-
tion (~260 nm). These values suggest that all the bands are 7,7 in

Fluorescence intensity (a.u.)

400

500
A (nm)

600

Fig. 2. Emission spectra of CIA2 in solvent with different polarity (from the bottom
to the top: cyclohexane, 1,4-dioxane, acetonitrile, ethanol, 2,2,2-trifluoroethanol)
normalized by fluorescence quantum yield.
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Table 2

Fluorescence properties of HA in solvents with different polarity

Compound Solvent Amax (Nm) Pr Tr (PS)

CIA1 Cyclohexane - <0.0001? -
1,4-Dioxane 408 0.001 70
Acetonitrile 414 0.001 270
Ethanol 418 0.006 210
2,2,2-Trifluoroethanol 428 0.02 720

ClA2 Cyclohexane 403 0.0005 <20
1,4-Dioxane 416 0.003 80
Acetonitrile 431 0.007 150
Ethanol 440 0.02 790
2,2,2-Trifluoroethanol 469 0.04 2400

BrA1l Cyclohexane 400 0.0006 <20b
1,4-Dioxane 407 0.001 23
Acetonitrile 413 0.002 44
Ethanol 416 0.004 80
2,2,2-Trifluoroethanol 426 0.004 130

BrA2 Cyclohexane 408 0.0004 <20
1,4-Dioxane 418 0.002 160
Acetonitrile 435 0.0014 30
Ethanol 439 0.005 90
2,2,2-Trifluoroethanol 436 0.005 130

2 No fluorescence detected.
b Not measurable.

nature, moreover the one around 260 nm (¢ ~3-4 x 10° M~1cm™1)
is fully allowed while the other two (¢~2-7 x10*M~1cm™1)
should be considered partially forbidden transitions.

As for methylangelicine [22] semi-empirical calculations pre-
dicted for all HA a n— 7 transition around 340nm with an
oscillator strength (f) of 0.0006 close to the lowest energy m — 7
transition (f=0.044). Due to the difference of f values, n— 7
absorption does not affect the spectral features. Other m — 7" tran-
sitions reaching f values of 0.3-0.6 are predicted at 300-280 nm.
Moreover, the n,m" state is predicted to lie just 350 cm~! below the
@, one. The proximity of a n,m" state to the 7 state is crucial
for the photophysical properties, particularly taking into account
that the polarity/proticity effect changes the energy gap between
the two mr,m" and n,m states and it may also vary the state order
(see below).

3.2. Steady-state and time-resolved fluorescence

The properties of the lowest excited singlet states of HA were
investigated by both steady-state and time-resolved fluorimetric
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Fig. 3. Dependence of the fluorescence maximum energy of 6,5-DMA (O), CIA2 (O)
and BrA1 (A) on the Er(30) solvent parameter.

techniques in several solvents. All HA exhibit, in all the solvents,
a broad not resolved single emission band, that results red shifted
with increasing the solvent polarity, from ~400 nm in cyclohexane
to ~430 nm (and even to 460 nm for CIA2) in TFE. As an example, the
emission spectra of CIA2 in the five solvents are reported in Fig. 2,
where they have been normalized on the basis of the corresponding
fluorescence quantum yield (¢f). The fluorescence characteristics
(emission maxima, quantum yields and lifetimes) of all HA at room
temperature are summarized in Table 2. For CIA1 in Cx the fluores-
cence intensity was below the experimental sensitivity of the setup
at disposal, so the quantum yield was only estimated and given
as an upper limit. The red-shift of the HA fluorescence maximum
(~3000cm~! for CIA2 and 1500 cm~! for BrA1l on going from Cx
to TFE) is consistent with a 7,7 nature of the emitting state, more
polar than the ground state and stabilized by high polarity or hydro-
gen bonds donating solvents. This shift is well correlated with the
solvent parameter E7(30) proposed by Reichardt [32], as suggested
by the linear plots (correlation coefficient 0.999) of the fluorescence
maximum energy (in cm~!) vs. Er(30), reported in Fig. 3, where the
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Fig. 4. Frequency responses (phase, full symbols; modulation, open symbols) of
CIA2 in solvents with different polarity: acetonitrile (squares), ethanol (triangles),
2,2,2-trifluoroethanol (circles).
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Fig. 5. Time-resolved triplet-triplet absorption spectra of CIA1 (a) recorded
0=0.03 ps, O=0.61 s, A=0.99 ws, v =1.62 s, O =3.30 s, +=6.42 s after the laser
pulse, CIA2 (b) recorded 0 =0.09 s, O =0.28 s, A=0.52 ps, v=0.83 s, +=1.24 s,
x=2.73 ws after the laser pulse, BrAl (c) recorded 0=0.03 s, O=0.08 us,
A=0.18 s, v=0.27 ps, 0 =0.37 us, +=0.51 s, x =6.42 ps after the laser pulse, BrA2
(d) recorded 0=0.04 ws, O=0.07 ws, A=0.13 us, v=0.21 us, $=0.33 s, +=1.16 s
after the laser pulse in air-equilibrated ethanol solutions (Aexc =355 nm).

behavior of CIA2 and BrA1l is compared with that of dimethylan-
gelicin, DMA [33]. It has to be noticed that the solvent effect on HA
fluorescence maximum is much lower than that observed for DMA,
probably due to a lower difference in the dipole moments between
the ground and excited states of halo-derivatives. These behaviors
indicate that Er(30) well describes the mixed effect of polarity and
hydrogen bond formation on the fluorescent state of HA, as was
found for dimethylangelicin [33].

The fluorescent quantum yields are very low, particularly in
non-polar solvents. For CIA1 in Cx a ¢ value lower than 10~ was
estimated. In polar/protic solvents the emission efficiency increases
(Table 2) and ¢r reaches the value of 0.04 for CIA2 in TFE. Even
though a marked increase (even one hundred times) was observed
on going from Cx to TFE, the ¢¢ values remain very low for all HA in
all the solvents and therefore the radiative decay has to be consid-
ered a negligible process in the deactivation of these compounds.
Excitation spectra (data not shown), recorded at the emission max-
imum, in all the cases fully overlapped the absorption ones.

The fluorescence lifetimes (tr) were measured by a frequency
resolved technique. In Fig. 4, as an example, are reported the
frequency responses (phase angle and modulation) for CIA2 in
MeCN, EtOH and TFE. The fluorescence decay was well fitted by a
monoexponential function. The t¢ values for all the systems investi-
gated, obtained upon the best fittings of the experimental data, are
reported in Table 2. It has to be pointed out how the lifetime changes
dramatically with the solvent polarity (a rough idea can be found
out from the curve intersections in Fig. 4, earlier the intersection
longer the lifetime). The ¢¢ and tf values allow the fluorescence
constant (kg) to be determined; since both parameters increase in
a similar way with the solvent, the kg values do not change very
much and are in the range 0.4-5.5 x 107 s~ (see below) for the vari-
ous compounds and solvents. These values are comparable with the

results obtained on similar compounds [22,23] and their absolute
values are in agreement with a partially allowed 7" — 7 transition.

3.3. ns-Laser flash photolysis

Upon 355 nm laser excitation of HA at room temperature, in
Cx, Dx, MeCN, EtOH and TFE, transient absorptions that were
assigned to the lowest triplet states (T;) of HA were detected; in
fact in all the solvents (i) they appeared within the laser pulse,
(ii) were quenched by oxygen with an almost diffusional rate con-
stant (kox ~10°M~1s-1), (iii) decayed with a lifetime in the s
range following a first-order kinetics at low pulse intensity and
low ground-state concentration, (iv) were sensitized by higher
energy donor (benzophenone) and quenched lower energy accep-
tor (anthracene). The T; — T, absorption shows one broad band
around 410 nm, a shoulder at about 500 nm and a slightly absorb-
ing band at 670 nm (see Figs. 5 and 6). The triplet lifetimes (zT)
in the ws time scale (Table 3) were measured with laser energy
<1m]pulse~!. The 77 values compiled in Table 3 show that the
structure of the compound and the polarity of the medium have a
negligible effect on the decay rate constants of T;. Because of the
triplet energy of angelicins is about 240 k] mol~1 [22], energy trans-
fer experiments involving these compounds were performed using
benzophenone as an energy donor (in MeCN) and anthracene as
an energy acceptor (in Dx and EtOH). In both cases, the quench-
ing of the donor triplet was accompanied by the appearance of
the sensitized T; — T, absorption (of HA or anthracene, respec-
tively). The extinction coefficients (Aer) of triplet in MeCN were
measured by the energy transfer method from triplet benzophe-
none (3B") at Aexc=355nm. For 3B" at 520nm, Aer value of
6500M-'cm~! in MeCN was used [28]. In EtOH and Dx, the Agr
values of HA were determined by using anthracene as standard
(Aer=52,000M-1cm~! at 430nm and Aer=50,000M-'cm~! at
430 nm, respectively) [28].
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Fig. 6. Time-resolved triplet-triplet absorption spectra of CIA2 in 1,4-dioxane (top)
recorded 0=0.22 ps,O=0.70 ps, A =1.28 s, v = 1.81 s, ¢ =2.53 s, +=6.37 s after
the laser pulse, acetonitrile (center) recorded 0=0.09 s, O=0.28 ps, A=0.52 us,
v =0.83 us, +=1.24 ps, x =2.73 s after the laser pulse, 2,2,2-trifluoroethanol (bot-
tom) recorded 0=0.09 us, O=0.55us, A=0.75ps, v=13 s, 0=2.2 us after the
laser pulse (Aexc =355 nm).
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Table 3

Triplet properties of HA in solvents of different polarity at room temperature (Aexc =355 nm)

Compound Solvent Amax (nm) 71 (WS) er (M Tem1)e o2 kox (10°M-1s71)
CIA1 Cyclohexane 410, 490, 670 1.2 (1) 0.182 2.0
1,4-Dioxane 410, 500, 680 14 2440° 0.19 2.6
Acetonitrile 410, 510, 670 0.7 850¢ 0.47 2.8
Ethanol 410, 500, 670 11 2000 0.85 1.9
2,2,2-Trifluoroethanol 410, 530, 670 2.0 (2) 0.974 1.5
CIA2 Cyclohexane 420, 510 14 (1) 0.072 2.0
1,4-Dioxane 410, 510, 680 1.7 2800 0.32 15
Acetonitrile 410, 500, 670 0.7 5300¢ 0.26 3.0
Ethanol 420, 510, 660 1.9 3100° 0.87 1.9
2,2,2-Trifluoroethanol 380, 450 1.6 (2) 0.934 2.7
BrA1l Cyclohexane 420, 510 0.7 (1) 0.212 3.0
1,4-Dioxane 410, 490 1.2 2300P 0.74 23
Acetonitrile 420, 510, 660 0.7 5230¢ 048 2.7
Ethanol 420, 500, 670 1.6 5400V 0.63 2.7
2,2,2-Trifluoroethanol 410, 430, 680 14 (2) 0.754 2.6
BrA2 Cyclohexane 410, 490 1.25 (1) 0.122 1.8
1,4-Dioxane 410, 490 1.2 4100 0.36 2.0
Acetonitrile 400, 480 0.45 4500¢ 0.45 2.6
Ethanol 410, 490, 670 13 3900 0.83 23
2,2,2-Trifluoroethanol 410, 490, 680 15 (2) 0.99¢ 2.6

1Signal too weak in order to determine the absorption coefficient.
2No standard available.

2 Assuming the same absorption coefficient of the dioxane.

b Evaluated using anthracene as an energy acceptor.

¢ Evaluated using benzophenone as an energy donor.

4 Assuming the same absorption coefficient of the ethanol.

¢ Absorption coefficient measured at the underlined wavelength.

The ratio between the slopes of the linear plots of the absorbance
change, AA, vs. laser dose of optically matched solutions of HA and
benzophenone in MeCN allowed the Aer x ¢r products of HA in
the five solvents to be obtained, using A&syg x ¢pr=6500M~1 cm~!
for benzophenone. Considering the Aet and Aer x ¢t values, the
triplet quantum yields, ¢t, were determined and are reported in
Table 3. Due to the lack of suitable standards to obtain the T; — T,
extinction coefficients in Cx and TFE, it has been assumed that the
Aert values in these solvents were equal to those measured in Dx
and EtOH, respectively, because of the similar value of dielectric
constants. The intersystem crossing quantum yield values are small
in non-polar solvents but they increase with Dimroth’s solvent
parameter Et(30), reaching almost unity in TFE (0.99 for BrA2).

The intersystem crossing quantum yields of HA, compared with
those reported for angelicins [22] and thioangelicins [23], show that
the heavy atoms chlorine and bromine have similar effect in the
intersystem crossing induction, particularly relevant in non-polar
solvents, and that their effect is comparable with that of sulphur
atom in thioangelicins [23].

3.4. Singlet-oxygen production

The T state of HA was efficiently quenched by molecular oxy-
gen with bimolecular rate constant (kox=1.5-3.0x 109M~1s~1,
see Table 3) close to the diffusional limit. The triplet quenching
was accompanied by singlet oxygen, O,(! Ag), formation. Singlet-
oxygen production was quantified measuring the phosphorence
intensity at 1270 nm after excitation at 355 nm and standardizing
the experimental setup with phenalenone. Laser intensities were
kept low in order to avoid triplet-triplet annihilation. The lumines-
cence detected by the Ge-photodiode was assigned to the O5(1 Ag)
phosphorescence for the following reasons: (1) it was produced
within the instrumental time resolution, (2) it decayed by a first-
order kinetic, (3) it was not observed in the absence of the substrate

or by bubbling it with nitrogen. The singlet-oxygen decays with
lifetimes depending on the solvent, in particular it decays with a
lifetime of ~20 ws in Dx and EtOH and ~60 s in acetonitrile. Typ-
ical singlet-oxygen decay kinetics are shown in Fig. 7 (right panel).
In Fig. 7 (left panel) the different plot slopes for the four angelicins
and the phenalenone (standard) in EtOH are shown; the slopes of
the plots allowed ¢ values to be determined. The measurements
were carried out on air-equilibrated solutions. The singlet-oxygen
quantum yield was determined only in three of the solvents (Dx,
MeCN and EtOH) used in the present work due to the weakness of
the signal for the compounds in Cx (¢ <0.01) and the absence of
an appropriate standard in TFE. The values founded span from 0.06

1 " 1 n
10 20
Laser Dose (%)

time (us)

Fig. 7. Panel left: laser energy effect on the intensity of singlet-oxygen phospho-
rescence sensitized by phenalenone (O), CIA1 (O), CIA2 (A), BrA1 (v) and BrA2 (¢)
(Aexc =355nm) in air-equilibrated ethanol solutions. Panel right: decay kinetics of
singlet-oxygen phosphorescence sensitized by, CIA1 (a), CIA2 (b), and phenalenone
(c) in air-equilibrated ethanol solutions (Aexc =355 nm).
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Table 4
Quantum yields of singlet-oxygen formation sensitizer by HA in air-equilibrated
solutions (Aexc =355 nm)

Compound Solvent D SA
CIA1 1,4-Dioxane 0.06 0.32
Acetonitrile 0.06 0.13
Ethanol 0.27 0.32
ClIA2 1,4-Dioxane 0.13 0.41
Acetonitrile 0.17 0.65
Ethanol 0.40 0.46
BrA1 1,4-Dioxane 0.19 0.26
Acetonitrile 0.20 0.42
Ethanol 0.59 0.94
BrA2 1,4-Dioxane 0.19 0.53
Acetonitrile 0.22 0.49
Ethanol 0.57 0.69

in the less polar solvent (Dx) to 0.59 in the solvent with the high-
est polarity (EtOH). Generally, the HA have ¢ 5 values higher than
methylangelicins [22], as expected due to the presence of an heavy
atom, and in some cases (Br-derivatives in ethanol) higher than
thioangelicins [23]. Between HA the bromo-derivatives have ¢
higher than chlorine (see Table 4). Therefore, the bromo-HA seem to
be, at least for the O(! Ag) production, better than other angelicins
for the photodynamic therapy. Considering that molecular oxygen
does not quench S; state (too short tf values), the whole produc-
tion of singlet oxygen has to be assigned as occurring exclusively
via triplet state.

Calculated S values, representing the fraction of quenched
triplet yielding singlet oxygen, are also reported in Table 4. S val-
ues range between 0.1 and 0.9 and again the higher values pertain
to bromo-derivatives in polar solvents. These values are, in gen-
eral, similar to those obtained for molecules like naphthalene [34]
and biphenyl [35], and in the case of BrA1 S5 reaches the maxi-
mum value obtained for 7,7 aromatic triplets (So ~0.9) [36]. This
observation suggests that the efficient interactions of Br-derivatives
in ethanol might be related to the nature of the lowest triplet state,
whose investigation is in progress.

Table 5
Decay rate constants of the lowest excited singlet state of HA in solvents of different
polarity

Compound  Solvent ke (107s71)  kisc (109s71) ke (109s71)
CIA1 Cyclohexane - >9.00 >41.0
1,4-Dioxane 1.43 2.71 11.6
Acetonitrile 0.37 1.74 1.96
Ethanol 2.86 4.05 0.69
2,2,2-Trifluoroethanol 2.78 1.35 0.01
CIA2 Cyclohexane >2.50 >3.50 >46.5
1,4-Dioxane 3.75 4.00 8.46
Acetonitrile 4.67 1.73 4.89
Ethanol 2.53 1.10 0.14
2,2,2-Trifluoroethanol 1.67 0.39 0.013
BrA1 Cyclohexane >3.00 >10.5 >39.5
1,4-Dioxane 4.35 32.2 11.3
Acetonitrile 4.55 10.91 11.77
Ethanol 4.55 7.88 4.58
2,2,2-Trifluoroethanol 3.08 5.77 1.89
BrA2 Cyclohexane >2.00 >6.00 >44.0
1,4-Dioxane 1.25 2.25 3.99
Acetonitrile 4.67 15.0 18.3
Ethanol 5.56 9.22 1.83
2,2,2-Trifluoroethanol 3.85 7.62 0.039

3.5. Decay pathways

The results reported in Tables 2 and 3 show that in cyclohex-
ane the lowest excited singlet state (S;) of halo-angelicins decays
mainly through internal conversion (IC). In fact, the quantum yield
of the IC process (¢;c) can be equated to the difference 1 — ¢¢ — s
since no evidences of side-products were observed upon excitation
of dilute solutions. Thus, in cyclohexane ¢c is generally larger than
0.8. In solvents of higher polarity/proticity (MeCN, EtOH and TFE)
the quantum yields of the competitive processes (fluorescence and
intersystem crossing) increase markedly while ¢,c decreases and
becomes 0.001 in TFE.

To better understand the solvent effect on the HA singlet decay,
the rate constants of the various processes have to be taken into
account. The values reported in Table 5 show that kg is reasonably
constant for the different angelicins in the considered solvents; kjsc
is slightly affected by the solvent and its changes cannot account
for the changes of ¢r. On the contrary, kjc values undergo a dra-
matic decrease, responsible of the increasing of ¢ and ¢;sc, being
>41.0 x 109s~1 and 0.01 x 10% s~! in Cx and TFE, respectively.

The absolute values of kg indicate that the nature of the emit-
ting state is the same in all the compounds and it does not change
with the solvent. In general kjsc values (Table 5) are quite high
(in non-polar solvents in the range 2-32 x 109 s~1) as expected for
the presence of heavy atoms. These high kjsc values originate, in
cyclohexane and dioxane, intersystem crossing quantum yields one
order of magnitude higher than those of methylangelicins [22] and
comparable with those of thioangelicins [23].

On the basis of semi-empirical calculations, HA, as similar com-
pounds previously studied [22,23], posses two very close singlet
excited states of different in nature: '(n,7") and !(m,7"). The sol-
vent effect on quantum yields of the S; decays and fluorescence
lifetimes gives strong evidence that the fluorescent state of HA is
mainly controlled by the energy gap between these two singlet
excited states. The relative importance of the S; decays of these
compounds can be described in terms of “proximity effect”, that
through a vibronic interaction between the close-lying !(n,7") and
1(ar,m") states leads to a huge value of kic and to an efficiency of
the S; — Sp internal conversion near unity. This effect, which has
been described in detail by Lim, was clearly underlined in the pho-
tophysical behavior of psoralen [37,38] and invoked for methyl- and
thio-angelicins [22,23].

Halo-angelicins, in solvent of low/medium polarity, have ¢¢
values negligible (10-3-10-5); the close proximity of !(n,m") and
1(ar,m") states (expected by semi-empirical calculations) leads to a
predominance of internal conversion with respect to the other sin-
glet decay processes (kjc is >>kisc in spite of heavy atom effect). In
such solvents, the k¢;/kg ratio is larger than 102. When the polarity
and/or proticity of the solvent increases, the !(n,m") state energy
increases more than that of '(m,7") and therefore the S;-S, energy
gap becomes higher. As a consequence, !(n,m" )-!(m,m") vibronic
coupling decreases and the S; — S IC rate constant becomes lower.
In trifluoroethanol kjc is two orders of magnitude lower than in
cyclohexane and lower than kisc. The tf values, which change from
a ps to a ns time scale (Table 1) on going from Cx to TFE, reflect
the solvent effect on k¢, being kg and kjsc only slightly affected.
Another important change on going from non-polar to polar sol-
vents is the increased quantum yield of triplet formation (Table 2)
mainly due to the decrease of k¢;. Since the decreasing of k;c with
increasing solvent polarity/proticity can be considered an indica-
tion of the “proximity effect” importance, the four HA reveal, in this
respect, different behavior (Table 5). The decrease (as ratio of kic in
Cx and TFE) is much higher for chloro- than for bromo-derivatives
and it is particularly low for BrA1 that, in spite of the heavy atom
and the decrease of the vibronic coupling, has a ¢ value reaching



M. Amelia et al. / Journal of Photochemistry and Photobiology A: Chemistry 198 (2008) 98-105 105

only 0.75 in TFE. This behavior found for HA can be related to the dif-
ferent values of their energy gap !(n, 7 )-1(m,7") in the non-polar
solvent Cx or to the different effect of the polar/protic solvents on
the relative state energy.

Acknowledgements

The authors gratefully acknowledge the financial support of the
Universita di Perugia and of Ministero per 'Universita e la Ricerca
Scientifica e Tecnologica (Rome). M. A. is grateful to the Consorzio
CRESCI for the fellowship.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jphotochem.2008.02.022.

References

[1] L. Musajo, G. Rodighiero, in: A.G. Giese (Ed.), Photophysiology, vol. 7, Academic
Press, New York, 1972, pp. 115-147.

[2] R. Gambari, I. Lampronti, N. Bianchi, C. Zuccato, G. Viola, D. Vedaldi, F.
Dall’Acqua, in: M.T.H. Khan (Ed.), Topics in Heterocyclic Chemistry (Vol. 9-
Bioactive Heterocycles III), Springer, Berlin, Heidelberg, 2007, pp. 265-276.

[3] EP. Gasparro, Extracorporeal Photochemotherapy: Clinical Aspects and the
Molecular Basis of Efficacy, CRC Press, Boca Raton, FL, 1994.

[4] J.A. Parrish, R.S. Stern, M.A. Pathak, T.B. Fitzpatrick, in: J.D. Regan, J.A. Par-
rish (Eds.), The Science of Photomedicine, Plenum Press, New York, 1982, pp.
595-624.

[5] E. Dall’Acqua, S. Marciani, L. Ciavatta, G. Rodighiero, Formation of inter-strand
cross-linkings in the photoreactions between furocoumarins and DNA, Z. Natur-
forsch. B 26 (1971) 561-569.

[6] EA. Anthony, H.M. Laboda, M.E. Costlow, Psoralen-fatty acid adducts acti-
vate melanocyte protein kinase C: a proposed mechanism for melanogenesis
induced by 8-methoxypsoralen and ultraviolet A light, Photodermatol. Pho-
toimmunol. Photomed. 13 (1997) 9-16.

[7] B.A. Gilchrest, M.S. Eller, DNA photodamage stimulates melanogenesis and
other photoprotective responses, J. Investig. Dermatol. Symp. Proc. 4 (1999)
35-40.

[8] J.A. Parrish, T.B. Fitzpatrick, T.B. Tanenbaum, M.A. Pathak, Photochemotherapy
of psoriasis with oral methoxsalen and longwave ultraviolet light, N. Engl. ].
Med. 291 (1974) 1207-1211.

[9] E.M. Farber, E.A. Abel, A ]. Cox, Long-term risks of psoralen and UV-A therapy
for psoriasis, Arch. Dermatol. 119 (1983) 426-431.

[10] J.H. Epstein, Risks and benefits of the treatment of psoriasis, N. Engl. J. Med.
300 (1979) 852-853.

[11] E Bordin, F. Carlassare, F. Baccichetti, L. Anselmo, DNA repair and recovery in
Escherichia coli after psoralen and angelicin photosensitization, Biochim. Bio-
phys. Acta 447 (1976) 249-259.

[12] D. Averbeck, E. Moustacchi, E. Bisagni, Biological effects and repair of damage
photoinduced by a derivative of psoralen substituted at the 3,4 reaction site:
photoreactivity of this compound and lethal effect in yeast, Biochim. Biophys.
Acta 518 (1978) 464-481.

[13] B. Pani, N. Babudri, M. Tamaro, C. Monti-Bragadin, Mutation induction
and killing of prokaryotic and eukaryotic cells by 8-methoxypsoralen
4,5'-dimethylangelicin, 5-methylangelicin, 4’-hydroxymethyl-4,5'-dimethyl-
angelicin, Teratogen. Carcinogen. Mutagen. 1 (1981) 407-415.

[14] D. Averbeck, S. Averbeck, F. Dall’Acqua, Mutagenic activity of three monofunc-
tional and three bifunctional furocoumarins in yeast (Saccharomyces cerevisiae),
Farmaco 36 (1981) 492-505.

[15] E. Bordin, F. Carlassare, F. Baccichetti, A. Guiotto, P. Rodighiero, D. Vedaldi, F.
Dall’Acqua, 4, 5'-dimethylangelicin: a new DNA-photobinding monofunctional
agent, Photochem. Photobiol. 29 (1979) 1063-1070.

[16] F. Dall’Acqua, D. Vedaldi, A. Guiotto, P. Rodighiero, F. Carlassare, F. Baccichetti,
F. Bordin, 6-Methylangelicins: a new series of potential photochemothera-
peutic agents for the treatment of psoriasis, J. Med. Chem. 24 (1981) 806-
811.

[17] US Patent, 4,312,883, 1982.

[18] ]J.J. Serrano-Pérez, M. Merchan, L. Serrano-Andrés, Quantum chemical study on
the population of the lowest triplet state of psoralen, Chem. Phys. Lett. 434
(2007) 107-110.

[19] M. Crow, T.G. Truscott, F. Dall'’Acqua, A. Guiotto, D. Vedaldi, E.J. Land, Methylan-
gelicins: possible correlation between photophysical properties of the triplet
excited state and photobiological activity, Photobiochem. Photobiophys. 7
(1984) 359-365.

[20] L. Chen, O. Rinco, J. Popov, N. Vuong, L.J. Johnston, Psoralen and coumarin pho-
tochemistry in HSA complexes and DMPC vesicles, Photochem. Photobiol. 82
(2006) 31-37.

[21] C.N. Knox, EJ. Land, T.G. Truscott, Triplet state properties and triplet state-
oxygen interactions of some linear and angular furocoumarins, J. Photochem.
Photobiol. B 1 (1988) 315-321 (and references therein).

[22] E. Elisei, G.G. Aloisi, C. Lattarini, L. Latterini, F. Dall'’Acqua, A. Guiotto, Photo-
physical properties of some methyl-substituted angelicins: fluorimetric and
flash photolytic studies, Photochem. Photobiol. 64 (1996) 67-74.

[23] E. Elisei, G.G. Aloisi, F. Dall’Acqua, L. Latterini, F. Masetti, P. Rodighiero, Photo-
physical properties of the lowest excited singlet and triplet states of thio- and
seleno-psoralens, Photochem. Photobiol. 68 (1998) 164-172.

[24] M. Montalti, A. Credi, L. Prodi, M.T. Gandolfi, Handbook of Photochemistry, third
ed., CRC Press, Boca Raton, FL, 2006 (and references therein).

[25] J.M. Beechem, E. Gratton, M. Ameloot, J.R. Kutson, L. Brand, in: J.R. Lakowicz
(Ed.), Fluorescence Spectroscopy, vol. 1, Plenum Press, New York, 1988 (and
references therein).

[26] H. Gorner, F. Elisei, G.G. Aloisi, Photoinduced electron transfer between styry-
lanthracenes and electron donors and acceptors in acetonitrile, J. Chem. Soc.
Faraday Trans. 88 (1992) 29-34.

[27] A.Romani,F.Elisei, F. Masetti, G. Favaro, pH-Induced effects on the photophysics
of dipyridyl ketones, J. Chem. Soc. Faraday Trans. 88 (1992) 2147-2154.

[28] I Carmichael, G.L. Hug, Triplet-triplet absorption of organic molecules in con-
densed phase, J. Chem. Phys. Ref. Data 15 (1986) 1-204.

[29] R. Schmidt, C. Tanielian, R. Dunsbach, C. Wolff, Phenalenone, a universal ref-
erence compound for the determination of quantum yields of singlet oxygen
0>(! Ag) sensitization, ]. Photochem. Photobiol. A 79 (1994) 11-17.

[30] M.C. Zerner, Semiempirical molecular orbital methods, in: K.B. Lipkowitz, D.B.
Boyd (Eds.), Reviews in Computational Chemistry 2, VCH Publishers Inc., 1991,
pp. 313-365 (and references therein).

[31] J.E. Ridley, M.C. Zerner, Triplet states via intermediate neglect of differen-
tial overlap: benzene, pyridine and the diazines, Theor. Chim. Acta 42 (1976)
223-236.

[32] Ch. Reichardt, Solvatochromic dyes as solvent polarity indicators, Chem. Rev.
94 (1994) 2319-2358.

[33] G.G. Aloisi, F. Elisei, M. Amelia, L. Latterini, A. Chilin, G. Miolo, S. Caffieri, Photo-
physics and photodimerization of 6,5'-dimethylangelicin in different solvents,
J. Photochem. Photobiol. A 175 (2005) 69-78.

[34] A.A. Gorman, I. Hamblet, C. Lambert, A.L. Prescott, M.A.]. Rodgers, H.M. Spence,
Aromatic ketone-naphthalene systems as absolute standards for the triplet-
sensitized formation of singlet oxygen, O,(' Ag), in organic and aqueous media.
A time-resolved luminescence study, J. Am. Chem. Soc. 109 (1987) 3091-
3097.

[35] A.A. Gorman, G. Lovering, M.A.J. Rodgers, A pulse radiolysis study of the triplet
sensitized production of singlet oxygen: determination of energy transfer effi-
ciencies, J. Am. Chem. Soc. 100 (1978) 4527-4532.

[36] RW. Redmond, S. Braslawsky, Time-resolved thermal lensing and phospho-
rescence studies on photosensitized singlet molecular oxygen formation.
Influence of the electronic configuration of the sensitizer on sensitization effi-
ciency, Chem. Phys. Lett. 148 (1988) 523-529.

[37] B.T.Lim, Proximity effect in molecular photophysics: dynamical consequences
of pseudo-Jahn-Teller interaction, J. Phys. Chem. 90 (1986) 6770-6777.

[38] T Lai, B.T. Lim, E.C. Lim, Photophysical properties of biologically important
molecules related to proximity effects: psoralens, J. Am. Chem. Soc. 104 (1982)
7631-7635.


http://dx.doi.org/10.1016/j.jphotochem.2008.02.022

	Photophysical properties of halo-derivatives of angelicins
	Introduction
	Experimental
	Materials
	Instrumentation
	Semi-empirical calculations

	Results and discussion
	Absorption spectra
	Steady-state and time-resolved fluorescence
	ns-Laser flash photolysis
	Singlet-oxygen production
	Decay pathways

	Acknowledgements
	Supplementary data
	References


