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Abstract

We have calculated the vertical singlet and triplet excitation spectra and spin—orbit coupling matrix elements for psoralen and its
derivatives resulting from the replacement of intracyclic oxygen by sulfur or selenium. Molecular ground state equilibrium geometries
have been determined employing Kohn—Sham density functional theory. Electronic excitation energies and oscillatory strengths have been
obtained utilizing a combined density functional/multi-reference configuration interaction method. Spin—orbit coupling matrix elements
for correlated wavefunctions have been computed applying the efficient, purely non-empirical spin—orbit mean-field approximation.

The theoretical data allows for a detailed assignment of experimental absorption bands [J. Photochem. Photobiol. B: Biol. 35 (1996)
221]. The computed excitation energy of the finst> w* singlet transition varies from 3.81 (7H-furo [3,2-g] [1] benzopyran-7-one) to
3.12 eV (7H-selenolo [3,2-g] [1] benzoselenopyran-7-one). The energy of the lowesttriptet™* state & is remarkably constant in
all cases (2.95-2.73eV). The energies of the dark n* states are found to be lowered considerably (up@080 eV) upon replacing
intracyclic oxygen at the pyrone side by sulfur or selenium, but much less upon hetero-atom substitution solely at the furan side. For all
the heteropsoralens, additional low-lyimg— o* states have been found that are important for photochemical ring opening reactions.

The spin—orbit coupling between the $tate and the ground statg Smounts to less than 2 crhfor all cases. Between a> *
andm — w* states appreciable spin—orbit coupling matrix elements are observed which indicate a probable channel for singlet—triplet
radiationless transitions. Their size varies from several ten wavenumbers for those psoralens which have oxygen or sulfur in the pyrone
ring to several hundred wavenumbers in the case when selenium is present in the pyrone ring.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and HIV type-1 virus), another possible field of application
for psoralens is the purification of blood and blood products
Psoralens (also called furocoumarins) are a class of[4].
photobiologically active substances which are of pharma- During the last 40 years, much effort has been spent in
ceutical use in many respect$,2]. In a PUVA therapy photobiological, photochemical, and photophysical research
(psoralen plus ultraviolet A or UV-A radiation) of skin dis- on clarifying the underlying mechanisms of the desired
eases, oral or topical application of psoralens is combined phototherapeutical effects and undesired side effects of
with the exposure of the diseased skin to UV-A radiation psoralens (for reviews sdé,2,5). It has been found that
[3]. This treatment is effective against, e.g., psoriasis andthese heterocyclic carbonyl compounds can undergo pho-
vitiligo [3]. In photopheresis, peripheral blood is the target tocycloadditions to biomolecules such as DNA and RNA
of the photobiological action of psoralens in order to treat or unsaturated fatty acidf]. In the case of DNA, the
cutaneous T-cell lymphoma and other autoimmune disor- psoralen is assumed to be intercalated between the two
ders[3]. As some psoralens show antibacterial activity and DNA strands first[6]. After photoexcitation, it may form
also antiviral activity (among others against Herpes virus photocycloadducts to pyrimidine bases (most effectively to
thymidine) involving the GC double bond of the furan
"+ Corresponding author. Tel£49 211 81 13209: ring (2, 3-position, se_E_ig. 1), th_e G=C double bond of the
fax: +49 211 81 134686. pyrone ring (5, 6-position, sdeig. 1), or both[3,6]. In the
E-mail address: christel. marian@uni-duesseldorf.de (C.M. Marian). latter case, the resulting cross-links between the two DNA
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4 5 part responsible for their increased reactivity. However, a

3 .. L . K
J X 6 definite answer to the question about the reacting state in

2 g - B - .
the psoralen photocycloaddition to DNA is still missing
X Y 770 (see, for example, Refb]). For a similar discussion on the
! ? 8 photodimerization of coumarin see REF4].

XY=0.S orSe Early spectroscopic studies of Song and coworkers on the

parent psoralen (X Y = O, Fig. 1) revealed a T state
Fig. 1. Chemical structure of psoralens: in the parent compound: Of m — m* type phosphorescing af” = 456 nm with a
X =Y = 0. In synthetic thio- and seleno-psoralens one or both of the life time of tp ~ 0.66 s in ethanol at 77 K15,16]. Fluores-
intracyc_lic oxygen atoms is replaced by sulfur or selenium. We use the cence is observable in ethanol, too. However, the quantum
numbering for the parent compound throughout. yield of fluorescencé®r ~ 0.019) is much less than the

one of phosphorescen¢®p ~ 0.13) and the fluorescence
strands will inhibit the excessive mitosis of cells, causing band is very broad and shape-less. Mantulin and Song sus-
a reduction of the proliferation which is characteristic, e.g., pected an excited singlet state of-# «* type near the
of psoriasis. This DNA reaction is also thought to be the ac- lowest excited singlet state ef — w* type to be involved
tive principle behind the antiviral and antibacterial activity in the fast radiationless depletion of the singtet—> w*
of psoraleng5]. However, photoexcited psoralens may also state to the electronic ground statg [$5]. Further studies
take part in electron transfer reactions to molecular oxygen on various psoralen derivatives, e.g. on 8-methoxypsoralen
leading to the formation of superoxide §O) or hydroxyl by Lim and coworker$17], showed a strong dependence of
(OH®) radicals (oxygen-dependent type | reactiofig]. the fluorescence quantum yield on the solvent and on the
Additionally, they may produce singlet molecular oxygen temperature. The same applies to the triplet formation quan-
02 (*Ag) via excitation energy transfer (oxygen-dependent tum yield. More preciselypoth the quantum yields of fluo-
type Il reaction)[5,7,8]. rescence and triplet formation were found to decrease with

As some of the possible photoreactions (e.g. the decreasing solvent polarity or proticity and with increas-

oxygen-dependent type | and Il reactions) of psoralens ing temperature. Lim and coworkers introduced the term
may cause severe side effects, many synthetic psoralengproximity effect” and suggested vibronic coupling of the
have been developed in order to minimize these effects Si(w — =*) state with a nearby $n — =*) state via an
and optimize the phototherapeutical 1d4¢9,10] Among out-of-plane bending mode to be responsible for this behav-
them, sulfur and selenium analogs of psoralEig.(1 and ior [17,18]
Table ) show enhanced light absorption in the UV-A re- The absorption, fluorescence emission, and triplettriplet
gion (400-320 nm, often a wavelength of 365 nm is used in absorption spectra for five HPS in various solvents such as
practice) compared to the parent psoraléh]. For some benzene, ethanol, and trifluoroethanol (TFE) were investi-
of these compounds (especially 7H-thiopyrano [3,2-f] [1] gated by Aloisi et al[4]. In addition, they studied the quan-
benzofuran-7-one), a high DNA-photobinding ability has tum yield of singlet-oxygen production after photoexcitation
been observed12]. As nucleic acid bases are known to inaerated solution. From these data, rate constants and quan-
guench psoralen triplet states effectivgli3], it seems tum yields for various radiative and non-radiative transitions
likely that the reaction of psoralens with DNA proceeds via were derived. Collet et al. studied the photosensitized gen-
a triplet excited state. Further evidence is given by the ex- eration of hydroxyl radicals in water by ESR spin trapping
cited state lifetimes which are much longer for triplet states techniqueq11]. They also presented absorption spectra for
than for singlet one$4]. Concerning the heteropsoralens all heteropsoralens in water, ethanol and mixtures of both
(HPS), an enhancement of the singlettriplet intersystem [11]. In addition, the efficiency of photobinding to DNA
crossing (ISC) rates and triplet formation quantum yields for various heteropsoralens was evaluated by Collet et al.
due to the heavy atom effect is expected to be at least in[12].

Table 1

Nomenclature of sulfur and selenium analogs of psoralen

X Y Heteroanalogs Abbreviatién
(0] (0] 7H-furo [3,2-g] [1] benzopyran-7-one PSO(0-0)
(0] S 7H-thiopyrano [3,2-f] [1] benzofuran-7-one PSO(0O-S)
(0] Se 7H-selenopyrano [3,2-f] [1] benzofuran-7-one PSO(O-Se)
S (0] 2H-thieno [3,2-g] [1] benzopyran-2-one PSO(S-0)
Se O 2H-selenolo [3,2-g] [1] benzopyran-2-one PSO(Se-0)
S S 7H-thieno [3,2-g] [1] benzothiopyran-7-one PSO(S-S)
S Se 7H-selenopyrano [3,2-f] [1] benzothiophen-7-one PSO(S-Se)
Se S 2H-selenolo [3,2-g] [1] benzothiopyran-2-one PSO(Se-S)
Se Se 7H-selenolo [3,2-g] [1] benzoselenopyran-7-one PSO(Se-Se)

2Taken from Collet et al[11].
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So far, theoretical investigations on psoralen and its 2.1. Geometry optimization
derivatives have been carried out solely by semiempirical
methods[4] or time-dependent density functional theory For the electronic ground states, geometry optimizations
(TD-DFT) [8,19]. The purpose of the current work is to were performed applying the restricted Kohn—Sham DFT al-
elucidate mechanisms and trends in the photophysical prop-gorithm of the TurBoMOLE 5.6 program packag3]. The
erties of HPS utilizing more advanced quantum chemical B3-LYP functional was usef{P4,25] Harmonic vibrational
methods. The questions to be dealt with are: frequencies were calculated analytically at the resulting ge-
ometries to ensure that they correspond to true minima of
(1) What is the effect of the hetero-atom substitution on the the potential energy surface. Utilizing the TZ¥Ryd basis
vertical electronic excitation spectra and the capability set for the parent psoralen, a numerical grid, usually em-
of absorption in the UV-A region? ployed for the cesium atom, was chosen for the quadrature
(2) Which spin—orbit matrix elements give rise to noticeable of the exchange correlation potential at the dummy centers.
ISC from the singlet into the triplet manifold? How does
spin—orbit coupling (SOC) between singlet and triplet 2.2. Electronic spectra
states change when intracyclic oxygen is replaced by
sulfur or selenium? The DFT/MRCI method of Grimme and Waletzke repre-
(3) Is there a pronounced dependence of electronic excita-sents a very efficient and accurate means to obtain spin-free
tion energies on the solvent polarity? What are the con- electronic spectra for large organic systems (errors in exci-
sequences with respect to intersystem crossing channelgation energy usually less than 0.3 ef2p]. The principal
which are accessible upon UV-A excitation? idea is to include major parts of dynamic electron correla-
tion by density functional theory whereas static correlation
effects are taken into account by short MRCI expansions.
2. Methods and computational details This MRCI expansion is built up from a one-particle ba-
sis of Kohn—Sham orbitals employing the BH-LYP func-
For the computation of electronic excitation spectra, a tional [26,27] Molecular orbitals were generated using the
guantum chemical method has to be applied which allows TurBOMOLE 5.6 program packagi3]. The MRCI expan-
for a balanced description of static and dynamic electron sion is kept short by extensive configuration selection. For
correlation and which brings about high computational further details concerning the DFT/MRCI method we refer
expense. In order to minimize the latter, we decided to to the original publication of Grimme and Waletz|@0].
determine the potential energy surface minima of the elec- We calculated 12 roots for the/ And 8 roots for the Air-
tronic ground states at the level of density functional theory reducible representation of the €ymmetry group both for
(DFT). The vertical electronic excitation energies and the the singlet and the triplet multiplicity. Utilizing the TZVP
dipole (transition) matrix elements were obtained from sub- basis set and applying standard selection thresholds, the di-
sequent single-point calculations applying the combined mension of the actual MRCI space ranged from approxi-
density functional theory/multi-reference configuration in- mately 1x 10° to 7x 10° configuration state functions (CSFs)
teraction (DFT/MRCI) approach of Grimme and Waletzke per space and spin symmetry depending on the system un-
[20]. Spin—orbit matrix elements (SOMESs) for the corre- der consideration. The size of the final reference space was
lated DFT/MRCI wavefunctions were computed using the approximately 100-200 CSFs per space and spin symmetry.
spin—orbit coupling kit 8ock which has recently been Upon employing the TZVR- Ryd basis set for the parent
developed in our laboratorf21]. psoralen, the dimension of the MRCI space was approxi-
In Sections 2.1-2.below, details of the various compu- Mmately 16 x 10° CSFs for the singlet case and32 10°
tational procedures are given. Unless noted otherwige, C CSFs for the triplet case. The size of the reference space
symmetry constraints were imposed and TZVP basis setsamounted to 100-130 CSFs, here.
from the TurBomoLE library [22] were applied. For the
parent psoralen (X Y = O), additional calculations with ~ 2.3. Spin-orbit coupling
a second basis set including diffuse functions were carried
out in order determine the energy regime of the lowest SOMEs in the basis of the DFT/MRCI wave-functions
Rydberg states. This basis set called TZ¥Ryd consists ~ were computed using the recently developeddk [21].
of the original TZVP basis set and 3s, 3p, and 1d primi- Key features of this program are: first, spin-coupling co-
tive diffuse Gaussians with origin at two dummy centers efficients between CSFs for spin-dependent one-electron
and exponents of 0.05, 0.02, 0.008 (s and p-Rydberg) andoperators are determined f§28]. Secondly, the one-center
0.015 (d-Rydberg). The two dummy centers were located spin—orbit mean-field Hamiltonian is applid@9]. This
inside the pyrone and the furan ring, respectively, and were non-empirical effective one-electron operator treats the
allowed to adjust during the geometry optimization. The expensive two-electron terms of the full Breit—Pauli Hamil-
introduction of a third dummy center inside the central tonian in a Fock-like mannd®9]. The one-center approxi-
benzene ring was not found to change the results noticeably.mation where the molecular mean-field is reduced to a sum
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Table 2
Vertical electronic excitation energiesE (eV) and oscillatory strengthg(r) for the parent psoralen PSO(O-0) £XY = O, seeFig. 1) at the optimized
equilibrium geometry of the ground statg S

State DFT/MRCI [TZVP] DFT/MRCI [TZVP+Ryd]  TDDFT[19], Experiment,AE (eV)
- o - - AE (eV)
Dominant excitation(s) c? AE (eV) f(r) AE (eV) f(r)
St 2'A > w 0.75 3.81 0.168 3.81 0.166 3.77 F78.7%, 3.7C
S 1A nyz— wf 0.66 4.24 ~0 421 ~0 4.40
S A myowf,mn—ow,, 069,012 448 0.299 4.48 0.276 4.36 41939, 45P, 4.1¢
Sy 4A 7 — o (mixed) 4.96 0.053 4.91 0.039 4.97 473
S 5'A wy o @,y mHo1—> L, 055,022 526 0.756 5.20 0.775 5.24 $08.14, 5.1¢
S 6'A" who— w), mHo1—> W ,, 043,014 555 0.004 5.50 0.010 5.56
S, 2lA7 - - - - 5.50 0.003 -
T, 1BBA wyo1— wl, = ) 0.47,0.33 2.95
T, 28A"  w — m* (mixed) 3.28
T3 3BA @y —> o TH-1 —> T 0.49, 0.19 3.79
Ts BPA” mhz—> s> w,, 066,012 408
Ts 43A 7 — «* (mixed) 4.37
Te 5°A" mpi— m,,, m—>m,; 033,020 456
T; 6%A" 7 — w* (mixed) 4.61

aFrom absorption in ethanol at 77K5].
b From absorption in cyclohexari84] (multiple entries correspond to vibrational progressions).
¢From absorption in water—ethanol (volume ratio 95F)].

of atomic contributions brings about considerable additional ent psoralen in some detail here, because this will pave the
computational savings. Originally devised for heavy-metal way for a discussion of the spectral changes occurring when
compoundg?29], this one-center mean-field approximation sulfur or selenium is substituted for intracyclic oxygen. The
proved to cause only minor errors even in the case of light vertical singlet and triplet spectra obtained from DFT/MRCI
organic molecule§30].

2.4. Solvent effects

For the parent psoralen, spectral shifts due to electrostatic
interactions in polar solvents were estimated employing the
conductor-like screening model (COSMO) which is imple- . i .
mented in the TreomoLE packagg31,32] Of course, hy- (a)s &= ~DRTA0ER (Mi12), € = +0.0380Ex
drogen bonding cannot be taken into account properly this % i %
way. A dielectric constant of = 7854 corresponding to 2 w‘\
water at a temperature of 298 K was chof&3]. Electronic :
excitation energies are taken from DFT/MRCI calculations
in the one-particle basis of COSMO optimized Kohn—Sham
orbitals utilizing the TZVP basis set. Because of technical  (mg_1), € = —0.2915Ey (m5..), € = —0.0003Eg
reasons, € symmetry had to be used. 14 roots were com- A
puted for both singlet and triplet multiplicity. The geometry
of the ground state was reoptimized.

3. Results and discussion

(Th—s), € = —0.3591Ey (n3), € = —0.0388Ey

3.1. \ertical electronic excitation spectra and
characterization of the low-lying excited states

3.1.1. The parent compound L

For the parent psoralen (¢ Y = O, seeFig. 1), elec- .
tronic excitation energies from TD-DFT calculations apply-  ("7-3), € = —0.3395Fy
ing the B3-LYP functional have recently been rEporteq by Fig. 2. The highest occupied and lowest unoccupied Kohn—-Sham MOs
Llano et al.[8] and Nakata et a[19]. Nevertheless, we dis-  for psoralen PSO(0-0) (% Y = O, seeFig. 1 Sy geometry, BH-LYP
cuss the vertical electronic excitation spectrum of the par- functional, TZVP basis, isoline= 0.050.)
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computations together with the TD-DFT values from Ref. of Nakata et al., however, predict it to be the third excited
[19] and some experimental absorption maxima from Refs. singlet state, slightly above another— w* excited state
[15,34] are shown inTable 2 [19]. In our calculations, the latter state appears aaiS
The valence molecular orbitals which are involved in the 4.48 eV. Both the $and $w — =* excited states show a
dominant excitations listed ifable 2are depicted irfrig. 2 middle-sized oscillatory strength. Due to the energetic loca-
With respect to the location of nodal planes, these valencetion, the practically important absorption in the UV-A region
molecular orbitals are in close agreement with those pre-ranging from 320 to 400 nm may be addressed solelyito S
sented by Nakata et dlL9]. The lone-pair orbital (denoted At higher energies ok5eV, a strongly absorbing state is
ny_3 in Fig. 2) is localized almost exclusively around the found in experimenf34]. We assign the transition between
carbonyl group of the pyrone ring. The occupied orbital Sy and $(5'A’) at 5.26 eV with an oscillatory strength of
wH—1 is completely delocalized and is bonding in the region 0.756 to this band. The energy of this— =* excitation
of the 5-6 double bond in the pyrone ring. The highest oc- is almost unchanged by the inclusion of diffuse functions in
cupied molecular orbital (HOMO, denotetk in Fig. 2) is the basis set, confirming that it is a pure valence-type state.
mainly located at the furan side and the benzene ring. Itis In the triplet manifold, there are three stateg«Ts) of
bonding with respect to the 2—3 double bond. The lowest un- m — «™* character in the vertical spectrum with energies
occupied molecular orbital (LUMO, denoterd in Fig. 2) below the first excited singlet state.SAs expected, the
has major contributions in the pyrone ring and is antibond- singlet—triplet splitting is much larger for the — 7* ex-
ing with respect to the 5-6 double bond. The centroid of the cited states than for the-» m* excited states. Thgnz —
virtual orbital =, is (like that of the orbitalmy) directed mt excited triplet state Z(13A”) is located above Sand
towards the furan ring, but;"_ , is antibonding with respect  only slightly below the corresponding singletn =* state
to the 2—3 double bond. The 2—-3 and the 5—6 double bondsS,(11A”).
are involved in the [2+ 2]-photocycloaddition reactions of Remarkably, the spatial wave functions of the—> w*
psoralens to DNA bases. excited triplet states differ considerably from their singlet
At the equilibrium geometry of the ground state, our cal- counterparts. The lowest excited triplet stageig not dom-
culations predict the lowest-lying singlet excited state S inated by the HOMO-LUMO transitiomy — ", in con-
to be the 2A’ state ofm — =* character. The dominant trast to . Instead, it shows strong mixing of the config-
configuration for this stateny — =) corresponds to the urationswy — =« andwy_1 — =. From the shape of
HOMO-LUMO transition. Our computed excitation energy the MOs involved in the low-lyingr — =* transitions, one
of 3.81eV is in excellent agreement with the experimental would assign a sizeable shift of electronic charge towards
absorption maximum at 3.73 eV in cyclohexd84] and the the pyrone ring and a reduction in bond strength both for the
theoretical value of 3.77 eV obtained by Nakata e{X8]. 2-3 and the 5-6 double bonds to the s$ate. The charge
The $ state corresponds to the g — 7 excitation. En- displacement should be much less in thestate for which
ergetically, it is located at 4.24 eV, in good accord with the a strong reduction in bond order in the 5-6 double bond
value 4.40eV given in Refl19]. The TD-DFT calculations  but almost no change in the 2—3 double bond is expected.

Table 3
Vertical electronic excitation energieAE (eV) and oscillatory strengthy(r) for singlet states in parentheses for mono-substituted heteropsoralens
(DFT/MRCI, TZVP basis, equilibrium geometry of the ground state)

State X=0,Y=S X=0,Y = Se X=8Y=0 X=SgY =072

S1 2IAY (m — ) 21N (m — ") 2IAY (m — w*) 2IAY (m — ")
3.45 (0.081) 3.25 (0.059) 3.65 (0.028) 3.58 (0.005)

S 1'A” (n — @*) 1IA7 (n — 7*) A (mr — a*) 3IA (m — 7*)
3.62 (0) 3.44 (2x 1074 4.18 (0.370) 4.03 (0.340)

S3 3A (- ") A (mr— ) 1'A” (n — @*) 1'A” (n — w*)
4.16 (0.107) 4.06 (0.080) 4.22 (3104 4.23 (3x 1074

Sy AN (- 7*) AN (- 7*) AN (- 7*) 2IA (m — o)
4.52 (0.076) 4.35 (0.067) 4.64 (0.315) 4.320)

S 5'A’ (m — ") S5A (r — ") 5IA’ (m — ") AN (7 — 7*)
4.83 (0.741) 4.65 (0.639) 5.02 (0.645) 4.49 (0.454)

T A’ (7 — ) 1BA (7 — 7*) 1A’ (m — ) 1A’ (m — )
2.85 2.78 2.91 2.87

T2 22N/ (m — ") 22A’ (m — ") 22N (m — w*) 22N/ (m — )
3.13 3.02 3.16 3.15

T3 3BA (7w — ) 13A7 (n— 7*) BA (7w — 7*) 3BA (m — 7*)
3.45 3.29 3.53 3.38

Ty 13A” (n — 7*) BA (7 — ") 13A” (n — w*) 1BA” (m — o)
3.47 3.34 4.05 4.04

aThe n— =* type state 3A” corresponds to Jand is located at 4.06 eV. The; Btate at 4.05eV originates fromma— =* excitation.
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Table 4
Vertical electronic excitation energigsE (eV) and oscillatory strengtlfi(r) for singlet states in parentheses for di-substituted heteropsoralens (DFT/MRCI,
TZVP basis, equilibrium geometry of the ground state)

State X=SY =S X=S§Y =Se X=SeY =% X=SeVY =S¢

S 2N’ (m — ) 2N (m — ) 2N (m — ) 2N (m — w*)
3.34 (0.024) 3.15 (0.027) 3.29 (0.013) 3.12 (0.022)

S 1'A”7 (n — w*) 1IA” (n — 7*) 1IA” (n — w*) 1IA7 (n — 7*)
3.58 (0) 3.41 (2x 107%) 3.58 (0) 3.41 (2x 1074

S 31A/ (1T s 1T*) 31A/ ('1T N "lT*) 31A/ ("lT N 1T*) 31A/ (TI' N TI'*)
3.95 (0.218) 3.85 (0.188) 3.85 (0.229) 3.75 (0.214)

Ss 41A/ (1T s 1T*) 41A/ ("lT N ,ﬂ.*) 41A/ (1T N 1T*) 41A/ (TI' N TI'*)
4.31 (0.142) 4.19 (0.076) 4.19 (0.234) 4.09 (0.152)

SS 51A/ (1T s 1T*) 51A/ ('1T N "lT*) 21A// (’1T N 0_*) 21A// (1T N 0_*)
4.67 (0.798) 4.53 (0.770) 4.2%0) 4.17 &0)

T1 1BA’ (7 — ) 1A’ (1 — ) 1A’ (7 — %) 1A (7 — %)
2.82 2.75 2.80 2.73

T, BA’ (1 — %) 22N’ (m — ) 22N (1 — ) 22N (m — )
2.97 2.85 2.95 2.83

T3 3BA’ (1T - 1T*) 3BA/ ('1T N ,ﬂ.*) 3BA/ (1T N 1T*) 3BA/ (TI' N TI'*)
3.28 3.21 3.20 3.15

Ty 13A” (n — %) 13A” (n — 7*) 13A7 (n — 7*) 13A7 (n — 7*)
341 3.25 3.41 3.24

aslA’ (m — =*) at 4.59eV with an oscillatory strength of 0.738.
bSIA’ (m — w*) at 4.48eV with an oscillatory strength of 0.754.

Actually, the characterization of{Tas a strongly localized

ment of § (8.66 D) is considerably increased with respect

diradical in the 5, 6-positions in the pyrone ring was already to the ground state value, this is not the case for thetate
postulated by Song and coworkers in the early 1916%. (5.77 D). For the p_3 — = excited states Sand T, a

The different localization of electronic charge in the ex- shift of charge towards the furan ring results in a strong re-
cited states brings about large differences in the excited stateduction of the dipole moment to 1.23 D. For the high-lying
dipole moments (se@able §. The dipole moment of the = — =* excited state § a relatively moderate increase of
ground state §amounts to 6.23 D, pointing from the furan the dipole moment compared t@ B observed, correspond-
ring towards the carbonyl group. Whereas the dipole mo- ing to a value of 7.21 D.

Fig. 3. Vertical excitation energieAE (eV) of heteropsoralens at the equilibrium geometry of the ground statéABscissa encoding corresponding to
Fig. L DFT/MRCI, TZVP basis, higher-lying states af — =* type are ommitted.)

E[eV]

55

45

e --
A
- -

atoms in X and Y position for compound
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3.1.2. Thio- and seleno-psoralens S; state is more ionic than that of thg $tate for all these
For the mono- and di-substituted heteropsoralens, the ver-psoralens.
tical electronic excitation spectra are givenTiables 3 and In Table 5 data of the experimental absorption spectra for
4, respectively. In addition, the excitation energies are rep- all HPS in a water—ethanol mixture are given together with a
resented graphically iRig. 3 tentative assignment of the bands to our computed electronic
A look at Fig. 3reveals that the hetero-atom substitution transitions. The experimental data are taken from the work
in Y position has a large effect on the excitation energy of of Collet et al.[11] Our calculated excitation energies are in
the singlet and triplet excited states ofn w* character. very good agreement with the experimental values. A max-
In contrast, substitution in the X position does not intro- imum deviation of 0.31 eV is recognized in the case of the
duce any noticeable change in the excitation energy of theseSy — Sz transition for PSO(O-S). For the parent psoralen
states. For example, in PSO(O-Se) £X0O, Y = Se) the and its analogs which are hetero-substituted at the pyrone
vertical excitation energy of the # * type state 1A” is side only, we assign the lowest— =* singlet states with
lowered by 0.80 eV compared to the parent psoralen whereasmoderate oscillatory strengths to long-wavelength shoulders
in PSO(Se-0) (X= Se, Y = O) this state is found at the given by Collet et al. For all psoralens which contain sul-
same energy as in the parent psoralen. These findings ardur or selenium inside the five-membered ring, however, the
obviously related to the facts that the n orbital is strongly lowest-lying singletm — w* states show very low oscilla-
localized at the carbonyl group and that the LUMO has tory strengths€0.03). For these compounds, we suggest the
only minor contributions in the 1-position at the furan side. first pronounced band to result from an excitation of the sec-
In contrast, the vertical excitation energy of the State, ondw — 7" excited state, whereas the lowest-lyiig—
being ofm — w* type in all cases, is remarkably constant. «* states may be associated to the broad long-wavelength
For all the psoralens under study, this behavior supports thetails appearing in the experimental spectra. Concerning prac-
view of Ty as a diradicaloid state which is localized in the tical application in PUVA, the marginal intensity of the
5-6 double bond of the pyrone moiety and is therefore nearly So — $; transition has not necessarily to be a major draw-
unaffected by hetero-atom substitution. In thesgate more back. Sufficient absorption in the UV-A region may be pro-
prominent changes occur, in particular upon substitution in vided by the second — w™* excited singlet states which are
the six-membered pyrone ring. This state is appreciably low- lowered in energy upon disubstitution down to 3.75-3.95eV
ered in excitation energy upon hetero-atom substitution (up according to our calculationg#bles 3 and }
to 0.69eV for X=Y = Se). The different behaviors of S Quite remarkably, in the vertical spectra of all hetero-
and T; may be taken as an indication that, similar to the sit- substituted psoralens, we find additional states ‘6fspm-
uation for the parent psoralen, the electronic structure of the metry in the energy regime below 5.5 eV that do not result

Table 5
Wavelengths\max of experimental absorption maxima and corresponding extinction coefficgiéntsvater—ethanol (volume ratio 95:5) taken from Collet
et al.[11] and assignment to our calculated gas phase transitions

X Y Amax (NM) AEops (V) € (dm¥mol~tcm1) Assignment AEcac (€V) §iGo)
o o 33% (3.70) 7600 §— S 3.81 0.168
296 (4.19) 13900 S— 4.48 0.299
(243) (5.10) §— S 5.26 0.756
(@] S 36% (3.40) 3300 8>S 3.45 0.081
322 (3.85) 9700 &> S 4.16 0.107
(259) (4.79) $— S 4.83 0.741
o] Se 378 (3.31) 2700 58— St 3.25 0.059
323 (3.84) 9100 &~ S3 4.06 0.080
(261) (4.75) §— S 4.65 0.639
S (@] 316 (3.92) 13500 S~ S 4.18 0.370
(272) (4.56) S S 4.64 0.315
S S 336 (3.69) 10600 oS- S3 3.95 0.218
(296) (4.19) S S 431 0.142
S Se 337 (3.68) 12000 0S> S3 3.85 0.188
(295) (4.20) $— Sy 4.19 0.076
Se (6] 323 (3.84) 13600 S S 4.03 0.340
(280) (4.43) §— S 4.49 0.454
Se S 342 (3.63) 10500 0S> S3 3.85 0.229
(298) (4.16) S-S 4.19 0.234
Se Se 343 (3.62) 9900 0S> S3 3.75 0.214
(301) (4.12) §— S 4.09 0.152

21n parentheses, we give the corresponding excitation energigss and some additional approximate values for absorption maxima beyond the
UV-A region which we obtained from the plotted spectra published by Collet et al.
b Shoulder.
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Table 6
Dipole momentsu [D] of ground and excited states for mono-substituted heteropsoralens (DFT/MRCI, TZVP basis, equilibrium geometry of the ground
state)

State Dipole momentsu{
X=0,Y=0 X=0,Y=S X=0,Y =Se X=8Y=0 X=SeY =07

S XA/ 6.23 XA/ 6.11 XA 5.82 XA/ 5.90 XA 5.80
S 1A 8.66 an 7.85 A 7.08 an 9.56 A 10.44
S, A7 1.23 A7 2.12 A 2.15 3a 10.78 7\ 10.98
S 3l 9.92 3a 8.64 3a 8.08 A7 1.22 A 1.16
Ss 4 6.77 4p 5.45 4 5.60 4apn 6.30 A" 6.37
S 51A7 7.21 gA’ 5.60 gA’ 4.26 gA’ 5.21 4p 6.60
T, 13A/ 5.77 Ba/ 5.97 BA 6.02 Ba/ 5.81 BA 6.04
To 23/ 7.45 BN 7.24 B 6.85 2N 8.03 BN 8.15
T3 3B 7.88 3N 6.57 BA” 2.01 A 7.11 A 7.15
Ts 1377 1.23 BA” 1.97 3N 5.29 BA” 1.30 BA” 6.22

aHere, the states®A” and 2A” are of w — o* type. ZA” (not shown) is of n— =* type.

from n — «* excitations. These states correspond to single 3.2. Solvent effects

excitations fromm-type MOs into virtual MOs of Asym-

metry which we denote by™* in order to emphasize that they Excitation energies of the parent compound in aqueous
are valence like and not Rydberg like. The singlet—triplet solution as mimicked by the COSMO solvation model are
splitting for these states is small (around 0.2-0.3 eV). The displayed inTable 8 The most pronounced changes com-
occurrence of states of this type at low excitation energies pared to the vacuum values are observed for the nr*

can be related to the questions of photostability and pho- states. They are blue-shifted by 0.48 eV. Forthe> * ex-
toreactivity of the psoralens. The lowest excitation energies cited singlet statef5a red shift of 0.11 eV is obtained. Com-
(4.17 eV for the singlet and 3.92 for the triplet) of— o* paring the experimental absorption maxima in cyclohex-
excited states are obtained for PSO(Se—Se). For PSO(Se—-Ohane (median of vibrational progression at 4.35[@4]) and

our calculations predict the lowest excited triplet state 6f A water—ethanol mixtures (band maximum at 4.19E\]),
symmetry to be oftr — o* type with an excitation energy  an experimental estimate of 0.16 eV may be extracted for
of 4.04 eV below the nearly degenerafA? state of n— the bathochromic shift of the(S— Sz transition. The

7* type at 4.06 eV. In the case of PSO(O-Se), however, theeffect of solvation on the energy of the other - =*
lowest excited triplet state af — o* type is located consid-  states is almost negligible within this model. In a simpli-
erably higher at 4.42 eV. Thus, psoralens which contain se-fied picture, the energetic stabilization or destabilization
lenium in the furan ring are expected to be least photostableof the ground and excited states in polar solvents is con-
in accord with chemical intuition. In the case of the parent nected to their dipole moments and the extent of polariza-
psoralen, the lowest singlet state corresponding to an exci-tion they induce in the surrounding solvent. Compared to
tation from aw-type orbital into an orbital of Asymmetry the electronic ground state, the-n 7* states show dra-
(2'A” at 5.50 eV employing the TZVR- Ryd basis set) is  matically reduced dipole moments. The dipole moment of
of s-Rydberg type at the ground state equilibrium geometry. the — =* state G is noticeably increased, explaining the

Table 7
Dipole momentsu [D] of ground and excited states for di-substituted heteropsoralens (DFT/MRCI, TZVP basis, equilibrium geometry of the ground state)
State Dipole momentsu

X=SY=S X=SY =Se X:SQY:Sa X:S&Y:Sé)
S XA 5.78 XA 551 XA/ 5.72 XA/ 5.45
S 21N 8.31 A 7.28 A 8.92 an 7.73
S 11A7 1.64 TA” 1.62 2A” 1.49 2A” 1.54
S 3 10.31 3 9.96 3A 11.05 3n 10.91
Sy 4 5.36 4n 5.25 4n 5.96 4n 551
S 51A7 4.10 gA’ 2.62 A7 5.44 A7 4.93
T1 1847 5.57 BA 5.39 BA’ 5.62 BA 5.34
Ts 23N 8.49 BA 7.76 BA 9.35 2N 8.54
T3 3B 5.87 3 4.88 A 5.65 3 4.83
T 13A7 1.55 BA” 1.52 BA” 1.41 BA” 1.45

aDipole moment of § (5'A’): 3.43 D.
b Dipole moment of § (5'A’): 2.43 D.
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3.3. Spin—orbit coupling

Simulated electronic spectrum for psoralen PSO(O-0) assuming a solvent

polarity corresponding to watere (= 78.54) using COSMO: vertical
excitation energie\E (eV) and oscillatory strengthg(r) (DFT/MRCI,

COSMO)

State Symmetry Type AE [
S XA

S 2IA T 3.80 0.140
S, 3’ T 4.37 0.381
S 11A7 n— w* 4.72 2x 1074
Sy 4p T 7t 4.96 0.055
S5 5LA/ T — 5.30 0.636
S 6LA - 5.57 0.016
S A T — 5.71 0.083
T1 1347 T 3.00

T 23/ T 3.28

T3 33A/ - 7t 3.79

T 43A7 T — 4.39

Ts 1377 n— 4.56

Te 53A/ T 4.59

Ty 63A/ T 4.68

Tg 7BA T 5.31

Ty 83A/ T 7t 5.66

noticeable bathochromic shift for the other — =* ex-

state.

states of all the HPS are shown Tables 6 and 7They

findings. Remarkably, the dipole moments of the-> o*

than the ground state value.

Table 9
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For the psoralens under investigation, SOMEs which were
TZVP basis, equilibrium geometry of the ground state reoptimized with Computed at the ground state equilibrium geometries are
listed in Tables 9 and 10We restrict our presentation to

matrix elements between low-lying singlet and triplet states
which may thus be important for intersystem crossing pro-
cesses following photoexcitation in the UV-A region. For

showing up trends, the matrix elements are also depicted in

Fig. 4.

For all psoralens under investigation, the tabulated
SOMEs between a triplet and a singlet— w* excited
state as well as SOMEs between a triptet> 7* state and
the ground state do not exceed 1-2¢mnd are often much
less. On the other hand, the singlet—triplet coupling between
a state of A symmetry and a state of ’Asymmetry typi-
cally is in the order of several tens per centimeter to several
hundreds per centimeter. This applies tesnw* /7w — =*
couplings, to those ones betweersn* triplet states and
the ground stategs and also to couplings between— o*
excited states and states of Aymmetry. The observed
proportions of n— w*/m — 7, m - w*/m — «*, and
n - w*/n — «* couplings are widespread in organic
photophysics and are known as El-Sayed'’s r{B&g.
calculated red-shift in polar solvents. The absence of any Large changes in SOMEs are expected upon hetero-atom
substitution because the atomic SOC constants increase
cited states in our calculation is consistent with their mod- strongly with the nuclear charg@6]. It becomes imme-
erately changed dipole moments compared to the grounddiately evident from a look aFig. 4 that the substitution
of selenium for an intracyclic oxygen atom of the parent
The dipole moments for the ground and low-lying excited psoralen can cause an enormous increase of the SOMEs,
indeed. Replacement of oxygen by sulfur causes less dra-
are comparable to the corresponding ones for the parentmatic effects on the SOMEs and their order of magnitude is
psoralen. In a first approximation, we thus expect the solventroughly the same as for the parent psoralen. More precisely,
effects for these compounds to be very similar to the above the extent of change in the singlet-triplet coupling which
is induced by selenium substitution depends on the pair of
states (2A” and BA” for PSO(Se-0)), are somewhat larger states under consideration and the site of substitution (furan
or pyrone moiety). Selenium substitution in the 8-position

Spin—orbit matrix elements (absolute values) {dinof the lowest singlet and triplet states for the parent psoralen and mono-substituted heteropsoralens
(DFT/MRCI, TZVP basis, equilibrium geometry of the ground state. The component of the spin—orbit Hamiltonian is indicated in parentheses.)

X=0,Y=0 X=0,Y=S X=0,Y =Se X=SY=0 X=SegY =02
(13A|Hsol X1A) 5x 1072 (z) 4% 1072 () 1.3 @) 4% 1072 (2) 0.4 @)
(13A | Hs0|21A) 7 x 1073 (2) 4% 1072 () 0.2 ) 1x 1072 () 0.3 @)
(23A'|Hsol2'A) 5x 1072 (z) 8x 1072 (z) 0.3 () 2% 1072 (z) 0.2 )
(3BA|Hs0|21A) 5x 1073 () 2x 1072 (z) 0.4 @) 4% 1072 (7) 0.3 @)
(L3A" | Hsol XA 41.5 ()/27.9 () 70.5 (x)/34.6 (y) 209.5 §)/92.2 (v) 39.6 (1)/29.6 (y) 282.1 ()/565.3 §)
(13A" | Hsol2tA") 9.8 (x)/2.9 () 24.1 ()/26.2 () 277.1 @)/171.7 §) 6.2 (x)/0.4 () 47.9 ()/106.7 @)
(13A" | Hsol3tA) 10.8 ()/6.7 () 9.6 (x)/2.6 () 2.9 (x)/4.3 () 10.5 (c)/9.2 () 2.3 (x)/19.9 ()
(13A" M0l 11A”) 24.7 ()/13.4 () 9.1 )/6.4 () 168.4 ()/106.5 () 21.3 (1)/14.7 () 19.2 ()/22.8 ()
(2°A'[Hs0l11A7) 4.2 (x)/0.3 () 25.8 (x)/21.6 (y) 202.9 )/113.2 §) 11.0 ()/3.6 () 11.3 ()/0.4 ()
(33A"|Hs0l11A”) 0.8 (x)/1.9 () 26.1 (x)/19.9 () 127.1 ()/70.5 () 0.4 (x)/2.4 () 0.5 ()/8.4 ()
(13A" | Hsol11A") 9% 1072 (z) 0.3 () 0.4 () 0.1 ) 0.2 )
(23A"|Hsol XA 15.5 ()/7.2 () 27.8 ()/125.6 () 197.7 ()/621.8 () 38.9 (t)/114.3 () 41.3 ()/20.0 ()

aHere, the state®A\” is of m — o* type. ZA” is of n — =* type.
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Table 10

Spin—orbit matrix elements (absolute values) {éinof the lowest singlet and triplet states for di-substituted heteropsoralens (DFT/MRCI, TZVP basis,
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equilibrium geometry of the ground state. The component of the spin—orbit Hamiltonian is indicated in parentheses.)

X=S8SY=S X=SY =Se X=SeY =S X=SeY =Se
13A/ | Hsol X1A) 5x 1072 (z) 1.4 @) 0.4 () 0.5 ()
13A/|Hso|2IA) 9x 1073 () 0.2 ) 0.2 () 0.2 )
22A'|Hso|21A) 8x 1072 (z) 0.2 () 0.1 ) 6x 1073 (2)
33A|Hs0l2'A) 3x 1072 () 0.2 ) 0.3 () 0.5 ()

13A//|HSO|X1A/>

68.4 ()/37.4 ()

202.4 ()/100.8 ()

64.3 ()/41.4 ()

191.2 ()/118.8 ¢)

{
{
{
{
{
(1°A" | Hso|2!A')
{
{
{
{
{
{

23.4 (1)/27.3 () 258.3 ()/178.0 §) 21.3 ()/35.1 () 234.8 §)/202.3 §)
13A" | Hsol3A) 8.0 (¥)/3.1 () 26.5 ()/23.8 () 7.5 ()/16.3 () 34.7 ()/22.8 ()
13A | Hsol 1MA7) 14.8 ()/0.2 () 158.5 ()/110.8 ) 14.7 ()/5.6 () 138.3 ()/118.7 ()
282N | Hsol 11A") 24.7 ()/26.9 () 202.4 ()/127.6 () 23.6 ()/37.6 () 195.3 ()/158.3 ()
BA | Hsol11A) 16.7 ()/13.7 () 67.4 ()/41.3 () 11.9 ()/13.6 () 30.4 ()/23.9 ()
13A" | Hso|11A") 0.2 ) 0.2 () 0.1 ) 0.2 )
2N [ Hsol X1A) 33.5 ()/86.4 () 161.3 ()/609.8 ) 269.6 ()/546.4 () 211.3 §)/453.6 §)

10.8cnt! for the parent psoralen. On the contrary, sele-
the SOMEs between the lowest-lying# w* type singlet nium substitution solely in the 1-position at the furan side
(triplet) state andmr — =* type triplet (singlet) states in (X = Se, Y = O) does not bring about any appreciable
many, but not all of the tabulated cases. For example, thechanges for those tabulated SOMEs which involve the low-
matrix element(13A”(n — *)|Hso.|2A (m — 7)) est lying singlet (8, 11A”) or triplet (Ts, 22A”) state of
amounts to 277.1cmt in PSO(O-Se) which corresponds n — =* type. Instead, for PSO(Se—0) large SOMEs occur
to an increase of almost a factor of 30 compared to the between the lowest triplet state of— o* type (T4, 13A”)
parent psoralen. As the electronic coupling matrix element and somer — w* excited singlet states. A hugh matrix
enters quadratically into the Golden Rule formula for radi- element of 565.3 cmt for Hso,y is also observed between
ationless transition rates, an increase by a factor of 1000 of T4 and the ground stateyS

the S ~» T ISC rate for PSO(O-Se) compared to the parent  These findings are intimately related to tha-3depen-
psoralen seems plausible. The matrix elem@ian”(n — dence of the spin—orbit Hamiltonian: considerable spin—orbit
frr*)|7-tso,x|31A’(w — %)) is less influenced and shows a integrals between two MOs will only arise if these MOs
lowering down to 2.9 cm! for PSO(O-Se) from a value of  are located in the same spatial region. As the mean-field

in the pyrone ring (X= O, Y = Se) strongly increases

600 T T T T T T - : 3 — .
< (m->m) 1 Hgo, |20 —>m) 1> —+—
< (= m) 2 Hg o (0= 1) 1> --xe--
< > m) 1 Hgo o] 3= ) 1> %o
Sosmisieomny o

i n SO, ) 3> -
500 <Sy |Hsof(zy o m) 1> -

<Sy |HSnyy ‘mM->m)l> -0 -

<i[Hggli> [1/cm]

00 0os OSe SO SeO SS SSe SeS
atoms in X and Y position for compound

Fig. 4. Absolute values of spin-orbit matrix elements {din (Abscissa encoding corresponding Fag. 1 If there is more than one nonvanishing
Cartesian component of the spin—orbit Hamiltonian between to states the sum of their absolute values is depicted.)
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operator is an (effective) one-electron operator, non-zerothe systems under study. The- =* states are lowered
matrix elements occur only between configurations that arein energy by a large amount, when sulfur or selenium is
singly excited with respect to one another. present in the pyrone ring. The lowering of the— *
SOMEs will thus be significantly increased upon selenium state g is less pronounced. As a result, the-n w* states
substitution only if the above conditions are fulfilled for become nearly degenerate t@ i our calculated vertical
the main configurations of the states involved. For example, spectra for PSO(O-S) and PSO(O-Se). On the other hand,
the (highest occupied) n orbital is localized at the carbonyl substitution inside the furan ring does almost not affect the
group for all heteropsoralens just as the M@ g in Fig. 2 energy of the n—> w* excited states, but lowers slightly the
If the 7 orbital involved in ther — =* excitation shows  m — «* state 3 in energy. The energy gap betweena®d
a noticeable amplitude in this region, the SOME between the n— «™* excited states is thus increased for PSO(S-0)
the lowest n— w* excited states and this — =* excited and PSO(Se-0). In the MO picture, these findings may be
state is expected be very large, e.g. in PSO(O-Se). Simi-related to the strong localization of the n orbital near the
larly, the large SOME13A" (1 — ¢*)|Hso,,| 1A (Sp)) in carbonyl group. Similarly, the view of the — =* T1 state
PSO(Se-0) can be explained by the amplitudes ofithe as a diradical in the 5, 6 positions of the pyrone ring may
andc* MOs at the 1-position in the furan ring. explain that the energy of this state is almost constant for
Assuming that the shape and energetic order of the MOsall psoralens under study.
and the electronic structure of the excited states are com- In all heteropsoralens, low-lying — ¢* excitations are
parable for all the psoralens, a pronounced regularity in the found. We expect these states to be closely related to photo-
size of the SOMEs is predicted. AccordingRig. 4, this ac- chemical reactions involving bond cleavage and to the pho-
tually is the case to a large extent. One has to keep in mind,tostability of the psoralens.
however, that these SOMEs are calculated at the respective In connection with the excitation energies, the calculated
ground state equilibrium geometry. Hetero-atom substitution SOMEs allow to sketch the most important triplet state pop-
may result in major changes in the adiabatic order of states.ulation mechanisms. For most of the systems, there are at
Hence, a similar regularity with respect to the time constants least three triplet states af — =* and one of n— =* char-
of spin-forbidden processes is by no means certain. acter below or nearly degenerate to thestate. Although
As discussed above, the-s w* states are thought to be the adiabatic excitation energies are unknown yet, we re-
involved in the singlet—triplet ISC because of their appre- gard these states to be potentially involved in ISC processes
ciable SOMEs. At first sight, one might conclude that the starting from the adiabatically lowest excited singlet state.
ISC rate and as a consequence the triplet formation quan-The latter may be ofr* — =* or n — =* type depend-
tum yield will drop down sharply when the solvent polarity ing on the system and—probably—even the solvent. As all
exceeds a certain value and the ISC channels involving thethe coupling matrix elements between a singlet and a triplet
n — w* states are not energetically accessible any more.m — =* state in this energy regime are negligibly small,
Note, however, that Lim and others observed experimentally it is very likely that'(n — w*) ~» 3(w — 7*) or }(w —
an increase of both the fluorescence and the triplet forma-=*) ~» 3(n — =*) are the dominant channels of ISC into
tion quantum yield upon increasing the solvent polarity or the triplet state manifold. Note, however, that alln =*
proticity. Of course, the quantum yield of triplet formation excited states exhibit a considerable blue shift in polar sol-
is a result of the competition of several processes. Among vents and thus may not be accessible energetically. At first
them, the internal conversion to the ground state plays asight these findings contradict the experimental observation
prominent role. that the triplet quantum yield increases with increasing sol-
vent polarity.
To resolve open questions which are connected with ra-
4. Conclusion diationless transitions in psoralens, a more detailed knowl-
edge about the excited states in psoralens should thus be
In this work, we have given a compilation of vertical elec- helpful. In a forthcoming publication we will discuss ex-
tronic spectra and—for the first time—spin—orbit coupling cited state equilibrium geometries, vibrational frequencies,
matrix elements for psoralen and its sulfur and selenium and Franck—Condon factors for radiationless transitions. At
substituted derivatives. the same time we will investigate the— ¢* states in more
Our calculated absorption spectra are in close agreementetail.
with experimental values and previous TD-DFT calculations
from the literature. Regarding the dependence of the energy
of a specific state on the hetero-atom substitution pattern, Acknowledgements
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