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ABSTRACT

Furocoumarins are widely used as photosensitizers in photochemical therapies against different skin
disorders such as psoriasis and vitiligo. Absorption of near-UV light by the chromophore triggers a set
of photoreactions related to the therapeutic properties of the technique: linkage of a furocoumarin to
thymine DNA nucleobases preventing proliferation of pathogenic cells, or generation of highly reactive
singlet oxygen in damaged tissues. The family of furocoumarins has been studied in depth for many years
seeking a drug having the most remarkable set of properties to act as a photosensitizer. For this purpose,
understanding the underlying photochemical mechanisms behind the effectiveness of this therapy is
required. We have undertaken a quantum-mechanical study on the photophysics and photochemistry of
several relevant furocoumarins: psoralen, 8-methoxypsoralen (8-MOP) and 5-methoxypsoralen (5-MOP),
4,5' 8-trimethylpsoralen (TMP), 3-carbethoxypsoralen (3-CPS), and khellin, analyzing the most efficient
way in which the lowest excited triplet state, as protagonist of the photosensitizing action, is populated
from the initially promoted singlet states. The results point out to khellin, in particular, and 5-MOP, as the

most efficient photosensitizers.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Phototherapy, a technique consisting in the employment of elec-
tromagnetic radiation coupled with a drug, the photosensitizer,
is probably the medical area which nowadays better represents
the connection between Physics, Chemistry, and Medicine. The
absorption of electromagnetic radiation by the chromophore trig-
gers a chain of photochemical reactions responsible for the healing
process. Phototherapy is presently considered a major therapeu-
tic strategy for health care in dermatology and has dramatically
influenced the treatment of many skin disorders, whereas its
prospective application against cancer is under intense research.
Not only does therapeutic photomedicine pursue the suppression
of ongoing deterioration processes, but also aims to prevent, mod-
ulate or abrogate the pathogenic mechanisms causing the disease
[1].

Furocomarins are well-known heterocyclic photosensitizers
already used to treat some skin problems in ancient India and
Egypt [2]. The treatment coined PUVA (psoralen + UV-A) therapy, in
which the chromophore absorbs near UV-A light (320-400 nm, i.e.,
3.83-3.06eV) [2,3-7], has been specifically designed to treat dif-
ferent skin disorders such as psoriasis and vitiligo [8-11]. Two are
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the mechanisms involving light and phototherapeutical response
(see Fig. 1) [12]. On the one hand, furocoumarin in its lowest triplet
excited state can undergo photoreactions with thymine forming
monoadducts and diadducts inserted in the DNA strand that alter
the genetic material of the affected cell, preventing its proliferation
[13-16]. A[2 +2]-photocycloaddition between the double bonds of
the furocoumarin (C3=C4 and C4'=Cs/, see Fig. 2) and the double
bond of thymine takes place [17]. On the other hand, in a second
type of strategy, named photodynamic therapy (PDT), the photo-
sensitizer in its lowest triplet excited state can transfer its excess
energy to molecular oxygen available in the cellular environment,
generating highly electrophilic singlet oxygen ready to damage tar-
get tissues [18-20].

In the last century, furocoumarin’s chemistry reached its hey-
day. In 1834, Kalbruner isolated 5-methoxypsoralen (5-MOP),
and Abdel Monem El Mofty made a breakthrough employing 8-
methoxypsoralen (8-MOP) treating vitiligo in the 1940s. In 1953,
Lerner, Denton, and Fitzpatrick, and later Parrish in 1974 [9], pub-
lished studies of the treatment of both psoriasis and vitiligo with
8-MOP coupled with UV-Aradiation. In the 1950s, 8-MOP was made
available commercially, followed later by the synthetic compound
4,5',8-trimethylpsoralen (TMP) [14].

Regarding the present use of furocoumarins, 8-MOP is used as
an oral photoactive chemical for the treatment of vitiligo [2] and
psoriasis [9]. 5-MOP is used against psoriasis as well, although it
shows less severe secondary effects than 8-MOP and it is better tol-
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Fig. 1. Scheme of the phototherapeutical action of furocoumarins over skin diseases, including PUVA (Psoralen (Ps)+UV-A) therapy, involving formation of adducts with

DNA, and PDT (photodynamic therapy), yielding reactive singlet oxygen.

erated by patients because of its lower phototoxicity [2,15]. Khellin
has been found to be useful in the photochemotherapeutic treat-
ment of vitiligo [15]. This compound does not display long-term
side effects and phototoxic skin erythema reactions and seems
to form mainly monoadducts. With respect to TMP, it is used in
the treatment of both psoriasis and vitiligo [21]. Finally, 3-CPS (3-
carbethoxypsoralen) has been tested in the photochemotherapy
of psoriasis [22]. Apparently, it gives rise only to monoadducts
with DNA, being considered as a non-carcinogenic alternative to
8-MOP, so it is possible that phototherapy with 8-MOP will give
way to 3-CPS in a foreseeable future [23]. In summary: (i) all the
mentioned furocoumarins produce monoadducts; (ii) only pso-
ralen and TMP show a very strong ability to build diadducts; (iii)
5-MOP and 8-MOP do not have such a pronounced trend; and
finally, (iv) diadducts are not obtained from 3-CPS and khellin
[19,24]. Regarding the generation of singlet oxygen, psoralen (Ps), 8-
MOP, and 3-CPS have been suggested as the most favorable sources
[19,22,25-28].

The photochemical process leading to the therapeutic action
begins with the absorption of UV-A light by the photosensitizer and
the system evolution along the paths and mechanisms promoting
the population of the reactive lowest energy triplet state, which
must be activated only at the target tissues. From this standpoint,
an effective photosensitizer should possess, in principle, certain
desirable key features: it must be harmless in the dark; in order
to treat deep tissues, it should be activated by long-wavelength
light, because the longer wavelength radiation the photosensitizer
absorbs, the deeper the energy penetrates in the tissue; its triplet
state must be populated from the excited singlet state by an effi-
cient intersystem crossing process, and effective in transferring the
energy to molecular oxygen in the PDT mechanism, and finally,
the chromophore should form monoadducts with DNA to become
mutagenic for the cells carrying the disease and perhaps less prone
to build diadducts in order to prevent carcinogenic side effects. In
addition, a good photosensitizer should be amphiphilic to favor the

injected administration of the drug, easily synthesized or isolated
from natural sources, be deactivated soon after the treatment, and
quickly eliminated from the body [29].

As a first step, and in order to understand the basic mechanis-
tic aspects of the furocoumarins phototherapeutic action and in
order to propose new and more efficient photosensitizers, it is nec-
essary to get a better insight into the photophysics of the family
of molecules. In the present research we will focus on the parent
molecule, psoralen, and several of its closest derivatives: 8-MOP,
5-MOP, khellin, TMP, and 3-CPS (see Fig. 3), many of them used
in current clinical practice. It would be highly desirable to have
a detailed account of the photophysics of most furocoumarins to
perform a thorough comparison. The experimental data are how-
ever scarce. The basic trends of the absorption spectra are in all
cases similar. Apart from several sharp features at higher ener-
gies, psoralen displays a weak and structured low-lying band with
a maximum ranging from 360 to 310 nm (3.44-4.00eV) in aque-
ous solution and ethanol [30,31]. The intensity pattern varies for
the series of furocoumarin compounds and the position of the
band maximum is strongly solvent dependent: 340 nm (3.60eV)
for 8-MOP in different environments [32,33]; 335nm (3.66eV)
in ethanol, 334-305nm (3.71-4.02eV) in dioxane, and 313 nm
(3.91eV) in water for 5-MOP [34,35]; 338-320nm (3.62-3.83eV)
for khellin in various solvents [36,37]; 335nm (3.66 eV) for TMP

Fig. 2. Labeling and structure of psoralen.
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Fig. 3. Structure of psoralen, 8-MOP, 5-MOP, TMP, 3-CPS, and khellin.

in several media [21,34], and 318 nm (3.85eV) in both water
and ethanol-water mixture for 3-CPS [38]. Independently of the
location of the maxima, this electronic transition is undoubtedly
responsible for the UV-A absorption, source of the phototherapeutic
action.

Both fluorescence (F) and phosphorescence (P) emissions have
been detected for the different compounds in a similar energy
range: for psoralen in ethanol at 409 nm (F, 3.03 eV) and 456 nm
(P, 2.72 eV, band origin) [30]; for 8-MOP in different solvents and
temperatures at 482-440nm (F, 2.54-2.78 eV) and 456.5nm (P,
2.68 eV, band origin) [21,34-36,39,40]; for 5-MOP at 510-425 nm
(F, 2.40-2.88eV) and 472nm (P, 2.60eV, band origin) in vari-
ous media [21,32,34,35]; for khellin emission ranges from 553 to
422 nm (2.22-2.90eV) [36,37]; for TMP in ethanol fluorescence has
been detected from 450 to 416 nm (2.72-2.94eV), and the phos-
phorescence band origin is located at 446.5nm (2.74eV) [34,40],
and finally for 3-CPS the emission band maxima takes place at
448-395nm (F, 2.50-2.77 eV) and 490 nm (P, 2.53 eV), depending
on the temperature [23,38]. The measured fluorescence quantum
yield is similar (0.02) in psoralen, 5-MOP, and 3-CPS, somewhat
higher for TMP, and lower for 8-MOP and khellin [21,34,36,37].

Together with this parameter, that indicates that 8-MOP and khellin
fluorescence is better quenched, we can use the phosphores-
cence/fluorescence quantum yield ratio (®p/®f) as a good probe
of how favorable is the global intersystem crossing process. Com-
paring data in the same environment, ethanol at 77K, the ®p/®¢
ratio ranges from 7.1 in psoralen to 13.1 in 8-MOP, 11.9 in 5-MOP,
and 6.0 in TMP [34], indicating that the relative population of the
triplet state is the highest in 8-MOP. Khellin and 3-CPS, on the other
hand, seem to give rise to higher triplet quantum yield formation
than the other compounds in several solvents [22,23,36,37]. Such
experimental evidence points out toward 8-MOP and khellin, and
perhaps 3-CPS, as the most promising photosensitizers, consider-
ing that the efficient population of the T; state is a sine qua non
condition to display an effective action via PDT and PUVA therapies
[15].

The strong dependence of the data on the solvent and thermal
effects and the lack of systematic and modern photochemical stud-
ies on the molecules make the rationalization of their properties
quite difficult, because in many cases they cannot be compared.
Apart from that, there is not a straightforward relationship between
the photophysical and phototherapeutic properties, because the
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latter strongly relies on the ability for subsequent formation for
mono- and diadducts with DNA nucleobases. In the present study
we have the objective to determine theoretically the intrinsic and
most relevant photophysical properties of the furocoumarins in
order to put them into the same framework and proceed to a full
comparison. In particular we will analyze the efficiency of the ini-
tial population of the spectroscopic bright state, the accessibility
of the singlet-triplet crossing (STC) and conical intersection (CI)
regions connecting the excited states potential energy surfaces and
leading to efficient intersystem crossing (ISC) and internal conver-
sion (IC) processes, respectively, and the strength of the spin-orbit
coupling terms between the different states. One of the highest
level quantum-chemical methods currently available, in particular
the CASPT2 approach, will be used for that purpose. The results
are expected to provide good hints addressed to propose the most
effective photosensitizer among the studied systems. Comparison
with other quantum-chemical results on the psoralen itself can be
also performed [41-43].

2. Methods and computational details

Using CASSCF multiconfigurational wave functions as reference,
a second-order perturbation theory through the CASPT2 method
was employed in order to include dynamic correlation energy in
the calculation of the electronic excited states. The CASPT2 method
calculates the first-order wave function and the energy up to second
order and has repeatedly proved its accuracy [44-49]. The imagi-
nary level-shift technique was employed in order to prevent the
effect of intruder states. A shift parameter of 0.3 au was selected
to avoid intruder states problems [50,51]. The molecular symmetry
was constrained to the Cs point group. For geometry optimizations,
however, relaxing the symmetry constraints had no effect on the
final structures, which preferred in all the cases to maintain pla-
narity. An atomic natural orbital (ANO-L)-type basis set contracted
to C,0[4s3p1d]/H[2s1p] [52] was used throughout. The carbon and
oxygen 1s core electrons were kept frozen in the second-order per-
turbation step. Geometries were obtained by computing analytical
gradients at the RASSCF level for the ground and lowest singlet and
triplet excited states. In the optimization of the A’ states an active
space of 14 active orbitals and 16 electrons has been employed and
up to quadruple excitations were considered (eight orbitals in RAS1
space and six orbitals in RAS3 space). Within the irreducible rep-
resentations (a’, a”) of the Cs group this active space can be labeled
as (0, 14), with no a’ and 14 a” orbitals. An additional oxygen lone-
pair orbital and two electrons were included in the active space
(1, 14) in order to optimize the lowest A” excited states. In all the
remaining calculations, CASSCF wave functions were generated as
state-average (SA)-CASSCF roots of a given symmetry. Using the
information obtained by analyzing natural orbital occupation in
control RASSCF calculations, the active space for the CASSCF calcu-
lations was set to include 12 active electrons and 12 active orbitals
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Table 1
Active orbitals (a’,a”) and electrons (N-e~) comprising the active space of the studied
psoralen derivatives

RASSCE (A") RASSCF (A”) CASSCF (A, A")

RAST RAS3 Ne~ RAS1 RAS3 Ne  RAS2 Ne-
Psoralen (0,8) (0,6) 16 (1,8) (0,6) 18 (1,12) 14
8-MOP  (0,9) (0,6) 18 (1,9) (0,6) 20  (1,11) 12
5-MOP  (0,9) (0,6) 18 (1,9) (0,6) 20  (1,11) 12
TMP (0,8) (0,6) 16 (1,8) (0,6) 18 (1,10) 14
Khellin  (0,10) (0,6) 20  (1,10) (0,6) 22 (1,9 12
3-CPS 0,8) (0,7) 16 (1,8) (0,7) 18 (1,9 12

(0, 12) for A’ roots and 14 active electrons and 13 active orbitals
(1, 12) for A” roots. The number of selected SA-CASSCF roots was
11, 4, 7, and 3 for 'A’, 3A’, 'A”, and 3A” symmetries, respectively.
A detailed account of employed active spaces for psoralen deriva-
tives can be found in Table 1. The CAS state interaction method
[53] (CASSI) was used to compute transition properties, including
the spin-orbit coupling (SOC) elements between selected states
[54,55]. All calculations in the present paper were performed with
the MOLCAS-6.0 quantum chemistry software [56,57].

3. Results and discussion
3.1. Photophysics of furocoumarins

In previous studies, the photophysics of the furocoumarin’s
parent molecule, psoralen, was analyzed in depth [58-60]. In par-
ticular, we computed the spectroscopic properties of the low-lying
singlet and triplet excited states, as well as the basic photochemical
features that makes the system an efficient photosensitizer, such it
is the possibility of effectively populate its lowest energy triplet
state (T, m7™*) from the initially promoted bright singlet state (S,
m*). As mentioned above, the present paper will be devoted to
make a thorough comparison of the photophysical properties of
several psoralen derivatives, 8-MOP, 5-MOP, Khellin, TMP and 3-
CPS, most of them used in current clinical practice, in the quest
of the best photosensitizer. For that purpose we have computed
vertical absorption and adiabatic excited state energies, oscillator
strengths, radiative lifetimes, spin-orbit coupling terms, and rele-
vant geometrical parameters of the two lowest energy singlet and
triplet mm* and nT* excited states, as compiled in Tables 2 and 3.

The initially promoted S; 7™ (Si) state is clearly higher in
energy for psoralen, 8-MOP and 5-MOP, whereas the associated
transitions have not large oscillator strengths. Khellin and TMP, on
the other hand, have transitions in the low near-UV range which
are predicted relatively more intense, representing undoubtedly an
advantage from the photochemical viewpoint. 3-CPS represents an
intermediate situation. The vertical results are however difficult to
relate to the variable position of the band maximum in different sol-
vents [21-40]. The emission properties of the state are in all cases

Table 2
Main spectroscopic properties of furocoumarins?
Compound Sy Sw Sn T Tn

n(D) Eya f Te  Trag(ns) w(D) Eva f Te  Trag m(D) Evo Te  Trag SOC (D) Eya Te  Trag (ms) SOC (D)
Psoralen 6.25 398 0.027 359 74 6.50 5.01 ~10~4 391 3ms 207 327 276 28s <1001 540 485 384 9 46 2.15
8-MOP 6.78 390 0.006 3.50 254 733 5.01 ~10~4 391 3us 266 3.16 272 60s <100' 675 4.85 384 1 47 2.77
5-MOP 7.79 396 0.002 3.60 971 815 5.05 ~104 395 3us 326 3.14 266 95s <10-' 738 489 388 0.1 47 333
Khellin 441 352 0.012 3.26 189 515 4.00 ~10°6 326 3ms 243 3.05 283 34h <1 429 361 3.03 9 40 243
TMP 6.56 3.57 0.06 325 38 735 492 ~1074 391 3ms 190 3.04 2.63 180s <10-' 613 478 373 1 46 2.06
3-CPS 401 3.73 003 3.05 100 531 4.84 ~104 359 4ps 066 288 240 81s <10-1 367 4.72 358 32 44 0.49

Energies in eV and SOCs between the ground and the excited state in cm~1.

2 Dipole moments (4, D), vertical absorption (Eya, eV), oscillator strength (f), adiabatic electronic band origin (Te, €V), radiative lifetime (7), and spin-orbit coupling (SOC,

cm—!).
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Table 3
Selected bond lengths (P: pyrone; F: furan) at the excited states optimized geometries of furocoumarins
Compound d (C=C)g (A)? d (C=C)p (A)P
So St Sn Tx Th So St Sn T Tn

Psoralen 1.348 1.365 1.345 1.344 (0.05,0.00)¢  1.345 1.342 1.373 1.428 1.469 (0.31,0.73) 1.419
8-MOP 1.346 1.362 1.343 1.342 (0.05, 0.00) 1.343 1.341 1.382 1.426 1.469(0.32,0.76) 1.417
5-MOP 1.345 1.365 1.343 1.343 (0.00, 0.04) 1.343 1.342 1.377 1.427 1.467 (0.29,0.78) 1.420
Khellin 1.337 1.352 1.339 1.444 (0.81,0.19) 1.339 1.332 1.328 1.351 1.333(0.00,0.08) 1.346
TMP 1.348 1.365 1.346 1.345 (0.06, 0.14) 1.346 1.345 1.374 1.429 1.475 (0.34,0.66) 1.421
3-CPS 1.343 1.363 1.363 1.342(0.00, 0.02) 1.343 1.344 1.418 1.442 1.472(0.40,0.71) 1.435

2 Bond Cy Cy

b Bond C3Cy4 except for khellin, which is C,C3

¢ Spin population at the carbons located in the reactive double bonds of each moiety.

similar, whereas the computed radiative lifetimes (Strickler-Berg
approach [61]) tend to be close or one order of magnitude larger
than the experimental values (~1-100ns) [35], reflecting in that
manner the presence of actual non-radiative decay channels. From
Table 3 it is clear that, as it was already observed in psoralen [58],
the S; state is delocalized in all the molecule, and no significant
bond elongation is observed upon geometrical optimization for the
representative double bonds of the furan (C4Cs ) and pyrone units
(C3C4, except for khellin, in which it is C;C3). 3-CPS is, however,
an exception where the C3C4 bond enlarges in the state, clearly
because the influence of the neighbor ethylmethanoate substituent.
Other singlet excited 7™ states have been computed at the same
level of theory for all six systems at energies 0.5-1.0 eV higher than
those of the low-lying S; state, with transitions having noticeable
oscillator strengths, although their importance in the present con-
text is minor.

Regarding the lowest energy nm* states, S, and Ty, they are in all
cases related with the carbonyl oxygen lone pair, therefore centered
in the pyrone ring. There are no major differences among their prop-
erties in the various molecules except for the case of khellin, where
the excitation energies are near 1.0 eV lower, favored by the differ-
ent position of the C=0 bond in the pyrone ring. This brings changes
also in the emission properties of S, in khellin, which becomes
isoenergetic with Sy and displays a large radiative lifetime. With
respect to the mechanism of triplet population, it is very impor-
tant to notice that in khellin S and T, become almost degenerate
already at the Franck-Condon (FC) geometry. As shall be empha-
sized later, even when the SOC terms between both states are not
very high at the ground-state geometry, (3cm™1), the combined
effects of the SOC and the degeneracy will enhance the probability
of efficient ISC toward Ty, followed subsequently by IC to T; mm*
(Tw).

Finally, we can compare the results obtained for the lowest T
state. The energy pattern is quite similar in all the studied com-
pounds, that is, at the FC region the state is located 0.5-0.7 eV
below any other excited state. Important differences can be, how-
ever, observed in khellin. This molecule locates the spin population
of the Ty state in the C=C double bond of the furan ring (C4Cs/),
unlike the other derivatives that do it on the pyrone C=C bond
(C3Cy), as it is clear by checking in Table 3 the enlargement of the
corresponding bonds upon optimization of the state. A spin popu-
lation concentrated at the carbon atoms of the furan double bond in
the T, state of khellin, unlike at the pyrone double bond in the other
derivatives, also reflects the different behavior of the former. These
facts may have dramatic consequences in the photochemistry of
khellin as compared with the other systems when monoadducts are
formed with thymine in the DNA strand. Whereas a T, populated
psoralen or other derivatives will favor a [2 + 2]-photocycloaddition
linking an elongated pyrone (C3C4) bond and the double bond of
thymine leading to pyrone-type monoadducts (PMA), khellin will

tend to link through the double bond of the furan side, leading to
furan-type monoadducts (FMA) [60]. Regarding emission proper-
ties, the obtained electronic band origins of phosphorescence are
strikingly close (less than 0.1eV) to the experimental values of
vibrational band origin: psoralen (2.7 eV), 8-MOP (2.68 eV), 5-MOP
(2.60eV), and TMP (2.74eV) [32]. On the other hand, computed
phosphorescence radiative lifetimes are just one order of magni-
tude off from the experimental values (~1 s)[35], except for khellin,
in which we obtain a value of 3.4h (12,2405s). This result might
reflect that the Strickler-Berg approach cannot be applied in the
case of khellin due perhaps to the presence of non-radiative decay
channels toward other states, as it will be shown in the next sec-
tion. Anyway, from the viewpoint of a photosensitizer and provided
that radiationless processes from T do not become predominant,
khellin will be undoubtedly a convenient system displaying a very
long-lived triplet state. More studies on its phosphorescence are
surely required.

In summary, the study of the photophysics of psoralen deriva-
tives indicates that although large differences are not expected from
the parent molecule, the analyzed derivatives will be slightly more
efficient sources of triplet-activated phototherapy than psoralen
itself, either because the initial S; state is more easily populated
(lower energies and larger intensities), like for khellin, TMP or
3-CPS, or because the T; state is slightly longer lived. Khellin
represents a unique situation, because the distinct pyrone ring
structure largely modifies the photophysical properties, decreas-
ing the excitation energies and enlarging the state lifetimes, and
more specifically making S;; and T, degenerate at the FC geometry
and prone to give very efficient ISC rates. The consequences for the
photochemistry of the systems are also crucial. Khellin is expected
to form preferably triplet (T )-mediated FMA complexes, because
of the location of the spin population of Ty in the furan double
C=C bond, unlike the other systems that will initially form pyrone
monoadducts (PMA). In the next section we shall provide a deeper
analysis on the mechanism of efficient population of T, following
the scheme recently proposed for psoralen [59].

3.2. Triplet population mechanism in furocoumarins

The main goal of the present research is to determine a mech-
anism to efficiently populate the lowest excited triplet state in
furocoumarins, given that this state is the protagonist of the photo-
sensitizing action. In order to make fully comparable the results
obtained for the psoralen derivatives with those of the parent
molecule, the same methodology as in Ps has been applied [59,60].
The bright spectroscopic Sy singlet state in furocoumarins is the
only one to be significantly populated by direct absorption in the
range of UV-A radiation typically used in phototherapy (3.1-3.9eV)
[13-15]. Therefore, from this state we focus on how the most favor-
able transfer of energy to the triplet manifold can take place.
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An effective ISC process demands two conditions: small
singlet-triplet (S-T) energy gaps and large SOC between the
populated state (S; here) and the corresponding triplet state.
According to the qualitative El-Sayed rules [62,63] the spin-orbit
coupling is large between states of mm* and n7* types and small
between states of the same character. Therefore, a large SOC matrix
element between S, (the lowest excited singlet state of 7w
nature) and T, state (the lowest excited triplet state of nT nature)
is likely to occur. At the ground-state FC geometry, the computed
data are: Ps (AE=0.87eV; SOC=3cm~1), 8-MOP (AE=0.95eV;
SOC=3cm™'), 5-MOP (AE=0093eV; SOC=3cm~!), Kkhellin
(AE=0.09eV; SOC=3cm~!), TMP (AE=1.21eV; SOC=6cm™1),
and 3-CPS (AE=0.98 eV; SOC=4 cm™1). The two mentioned condi-
tions do not seem to be simultaneously fulfilled. Khellin, in which
the gap Sz-Tn, is 0.09 eV, whereas the SOC, even if small, 3cm™1, it
is noticeable, is an exception, and, consequently the ISC process can
be considered more favorable. Furthermore, taking into account
the values for the dipole moments displayed in Table 2, it is
not expected that the effect of the aqueous environment largely
changes the outcome. In the remaining compounds an immediate
ISC upon absorption is unlikely, especially because of the large
energy gap and the effects of the environment. Considering the
obtained relative dipole moments, the S;; and Tj states will slightly
stabilize and destabilize in polar solvents, respectively, increasing
the S-T gap. In any case, the molecule can evolve rapidly along
the S; hypersurface, and therefore it is possible to search for
regions of the coordinate space in which both energy gap and
SOC are more favorable for ISC. Provided that those regions are
easily accessible they can be the sources of triplet population. The
strategy we have followed in the study is the same as the one
we have recently employed for psoralen [59,60]. We found that
the S; state minimum was easily reached from the FC geometry,
therefore we have to be able to find crossing regions starting
from such structure. As in psoralen we have performed linear
interpolations in internal coordinates (LIIC) from the minimum
of the S; state to the minimum of the S, state in each furo-
coumarin (see Figs. 4 and 5), to help us to understand the profiles
of the different excited states along such a path, considered to
be appropriate to find the singlet-triplet crossing, since both
Sn and T, states share the same basic structure and energetics
[59].

Along the LIIC profile the main geometrical arrangement from
the first (0 =Sy minimum) to the last (4=S, minimum) point is,
as expected, an enlargement of the C=0 bond, due to the change
in nature from a wm* to a noT* state. Once the Sy state is pop-
ulated its minimum can be easily reached, and then fluorescence
is favored. Deactivation to other states by means of efficient ISC
would be only possible if, simultaneously, the energy gap S-T is
small enough and the SOC terms are large enough. Starting by the
results on Fig. 4, in psoralen, 8-MOP, and 5-MOP the obtained pro-
files for the different states are apparently similar. As it occurs at
the FC geometry, in the S; minimum the two criteria for efficient
ISC are not fulfilled at the same time. The SOC terms between S
and any other excited triplet " state (such as T, T3 or T4) are too
small, whereas they increase for the coupling between S and Ty,
(3-5cm™1). The energy gap ST, is, however, too large to expect
an efficient ISC at the Sy-equilibrium structure, (S )vin. Studying
the evolution along the LIIC path may provide valuable informa-
tion on the fate of the energy. In all systems, the only state that
strongly interacts with Sy via spin-orbit terms is the T, state. Anal-
ysis of the accessibility of the STC (S+/Th)x gives a good account
of the relative efficiency of the corresponding ISC process. In the
three molecules the singlet-triplet crossing takes place between
points 2 and 3. The approximate barriers that the system has to
overcome to reach the T, state from the S; minimum are 0.42 eV
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Fig. 4. Computed CASPT2 energies for the low-lying excited states of psoralen, 8-
MOP, and 5-MOP along a linear interpolation of internal coordinates (LIIC) from S to
Sn minima. Solid and dashed lines represent singlet and triplet states, respectively.
Energy gaps (AE) and spin-orbit coupling (SOC) terms between the S and T,, states
ateach geometry are also included. The singlet-triplet crossing (S+/Tn )x is indicated.

(Ps), 0.39eV (8-MOP), and 0.26 eV (5-MOP). Because of the nature
of the interpolation in the considered LIIC path, the obtained bar-
rier can be considered as an upper limit to the actual value. In a
previous study on Ps, the STC (S+/Tp )x was located and the barrier
decreased to 0.36 eV, that is, just 0.06 eV [59,60]. The trend is clear,
and the lower barrier obtained in 5-MOP makes it be viewed as a
slightly better candidate to yield more efficient ISC than psoralen
and 8-MOP. It is worth noting, however, that along the LIIC path the
three systems display increasing SOC elements, that become max-
imum at the S, minimum, and therefore the region for significant
ISC can extend from the mentioned STC to the (Sp)min Structure.
No drastic differences are then expected in the photophysics of the
three systems.

From the results obtained for khellin, TMP, and 3-CPS displayed
in Fig. 5, it is clear that TMP and 3-CPS have similar features as the
previous systems, in particular a large S;-T, gap at the Sy mini-
mum. As a consequence, the STC (S+/Tp )x takes place far away along
the LIIC profile and the corresponding barrier to reach STC (S« /Th)x
from the S; minimum is as large as in psoralen: 0.41 eV (TMP) and
0.44 eV (3-CPS). Because of such relatively higher barrier height,
even when the SOC terms are slightly larger than in psoralen, 8-
MOP, and 5-MOP, the efficiency of the ISC process will be probably
lower. Khellin is obviously a totally different case. The S and Ty,
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Fig. 5. Computed CASPT2 energies for the low-lying excited states of khellin, TMP,
and 3-CPS along a linear interpolation of internal coordinates (LIIC) from S+ to Sy
minima. Solid and dashed lines represent singlet and triplet states, respectively.
Energy gaps (AE) and spin-orbit coupling (SOC) terms between the S+ and T, states
ateach geometry are also included. The singlet-triplet crossing (S+/Tn )x is indicated.

states are basically degenerated already at the FC geometry, and
they are very near at the S minimum. The STC (S+/Tn)x takes place
immediately along the LIIC path. Because both states are extremely
close in a wide region of the coordinate space, the computed bar-
rier, 0.11 eV, cannot be most probably be considered as a measure
of the actual efficiency of the ISC process. The energy degeneracy,
together with the computed SOC coupling near 3 cm~!, makes the
ISC process involving Sy to T, extremely favorable in relation to the
other furocoumarins.

Once the energy has been partially transferred from Sy to the
Ty, state, the lower T, state can be efficiently populated by means
of a proper IC process. Fig. 6 displays a scheme of the mechanism
of triplet population in furocoumarins suggested by the present
results. In our previous study on psoralen [59,60], the conical inter-
section (Tp/Tx )1, responsible for the IC process, was located almost
isoenergetic to the T, minimum, and therefore the corresponding
radiationless decay was predicted to be extremely efficient. In all
the molecules studied here, except khellin, the profile of these two
triplet states is very similar, and therefore the final outcome once
Ty has been populated can be considered to be practically the same.
Once again khellin is an exception. The T, state is much lower
in energy, and therefore the conical intersection (Ty/T+)c can be
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Fig. 6. Scheme of the suggested mechanism of triplet state population in furo-
coumarins. See text.

reached in a barrierless way already along the LIIC path, enhancing
in this way the efficiency of the IC process.

In summary, we are proposing a common mechanism for the
population of the lowest energy triplet state in furocoumarins
which may slightly vary depending on different factors. If the FC
gap between the initially populated Sy state and the Ty state (AE;
in Fig. 6) is small enough, like in khellin, a very efficient ISC pro-
cess will take place already near the initial FC geometry, provided
that the SOC terms are large enough. In the other furocoumarins,
reaching a region of favorable S /T, ISC means to surmount a bar-
rier (AE; in Fig. 6) toward the singlet-triplet crossing point. The
barrier has been computed much larger in psoralen, 8-MOP, TMP,
and 3-CPS than in 5-MOP, in which the ISC process can be there-
fore considered slightly more efficient. In all cases, but especially
in khellin, once the Ty state is populated the energy transfer to the
T state will be extremely favorable.

A photosensitizer is expected to be more effective as more
efficient is the process of population of T, since such state is
protagonist of processes as the cycloaddition to the DNA thymine
moieties and the formation of singlet molecular oxygen for photo-
dynamic therapy. From the photophysical viewpoint we have found
in the studied psoralen derivatives that khellin could be consid-
ered a much more effective photosensitizer, followed by 5-MOP,
whereas 8-MOP, TMP, 3-CPS, and psoralen itself, are expected to be
somewhat less efficient, a tendency similar to that observed in the
clinical practice [2,9,15,21,22]. In khellin, however, the triplet state
reactivity is centered in the side of the furan ring, which indicates
a favorable formation of furan-monoadducts (FMA), whereas the
other systems have a reactive bond in the triplet state located at
the pyrone ring, favoring the formation of PMA. Further research
is required to determine whether the phototherapeutic efficiency
of furocoumarins is better influenced by a more favorable triplet
population, such as in khellin, or by the initial formation of FMA
(khellin) or PMA (the other systems) complexes with DNA. Work
on the formation of monoadducts furocoumarins-thymine at this
level of theory is currently in process.

4. Summary and conclusions

In the present contribution, the photophysics of several furo-
coumarins has been analyzed using quantum-chemical methods
through the multiconfigurational second-order perturbation pro-
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cedure, CASPT2, employing high-quality ANO-type one-electron
basis sets. Optimized geometries for the low-lying singlet and
triplet states, energy differences, and state and transition properties
provide relevant information to understand the excited state struc-
ture and the absorption and emission processes taking place upon
irradiation of the furocoumarin class of molecules. The absorption
and emission spectra of the systems have been studied by com-
puting vertical and adiabatic excitation energies. Analysis of the
energy gaps and spin-orbit couplings at the Franck-Condon region
suggests that the process responsible for the population of T; (Tr)
does not take place vertically, except in khellin, and most proba-
bly it occurs along the relaxation path on the S; (S ) hypersurface.
On the contrary, in khellin population of Ty is likely to happen at
the Franck-Condon region. Another important difference regard-
ing khellin is that the spin population in the T state is mainly
located on the carbon atoms of the C=C double bond of the furan
moiety, just the opposite that in psoralen, 8-MOP, 5-MOP, TMP, and
3-CPS. As a result, the length of C=C double bond of furan moiety is
enlarged with respect to the ground state in the T state of khellin.

In addition, we have analyzed the population mechanism of
the low-lying T state of the furocoumarins, protagonist of their
action as photosensitizers. Determination of the obtained energy
differences, barrier heights, energy minima, and spin-orbit cou-
pling terms among the different electronic states indicates that
the system, after evolving toward the S; energy minimum, may
surmount a barrier and reach a S-T crossing between S and the
low-lying triplet nm* state, (S+/Tn)x. In this regard, khellin and 5-
MOP, having the smallest barriers, seem to be the most promising
photosensitizers. Once the Ty, state has been populated, an ultrafast
decay towards the low-lying T state may well proceed through
the conical intersection (Ty/Tx)c, transferring the energy to the
Tx energy minimum from which the furocoumarin molecule may
emit (phosphorescence), react with thymine, or transfer its energy
to molecular oxygen. Among the other molecules, khellin combines
favorably the presence of an easily accessible Cl with a large lifetime
for the reactive T excited state. Considering that psoralen, 8-MOP,
and 3-CPS have been estimated as the best singlet oxygen genera-
tors [19,22,25-28] and until more information is available we here
suggest that khellin seems to be the most plausible photosensitizer
at least on the basis to its ability to react with thymine.
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