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Abstract

The main photophysical properties, useful for establishing whether hypericin in

anionic form and some of its derivatives containing heavy atoms such as iodine, can

be proposed for their use in photodynamic therapy, were determined using density

functional based computations. The results showed that in the anionic form and in

the iodinated derivatives, the absorption wavelength undergoes a bathochromic shift,

the singlet-triplet energy gap assumes values that allow to excite the oxygen mole-

cule from its ground to the excited singlet state, and that the spin–orbit couplings

between singlet and triplet states significantly increase.
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1 | INTRODUCTION

Hypericin, a natural molecule extracted from several species of the

genus Hypericum, is used since ancient times for healing purposes.

The first documented records of its medical use date back to

around 200 BC and over the centuries it has been used as a drug in

various medical applications. Since its isolation in 1911,1 the phe-

nanthroperylene type structure of hypericin has been the subject of

a huge amount of investigation. In fact, the structural knowledge of

multiple hydroxyl derivative of phenanthroperylene systems is diffi-

cult to determine due the presence of tautomerization, protonation

and dissociation and torsional equilibria.2 However, the great mole

of theoretical and experimental studies has finally well established

the structural properties of hypericin under different chemical

conditions.3–6

The interest in this molecule has increased in recent decades

due to the discovery of its antiviral, antimicrobial, anti-

inflammatory and anticancer effects.7–9 Furthermore, its photophy-

sical properties make it a powerful and natural photosensitizer that

can be used in photodynamic therapy (PDT)10 for the treatment of

psoriasis, disinfection from viruses and bacteria and, more recently,

in oncology where his study is in the clinical and pre-clinical phase

for the treatment of different types of tumors.7

PDT is a well-established clinical treatment based on a photo-

physical cycle. After the photosensitizer has been positioned in the

target, it is excited in its singlet state (transition S0 to >S1) by irradia-

tion with light of appropriate wavelength. Since the penetration

capacity in the tissue is a function of the wavelength of the radia-

tion, excitations with light in the band between 500 and 800 nm

(the so-called therapeutic window) are optimal for the treatment of

solid tumors. For disinfection applications against microbes or

viruses, irradiations with lower wavelengths capable of destroying

their thin membranes are also effective. Once irradiated, if the PS

used is fluorescent, it returns to the ground state (S0), otherwise it

can transfer its energy to an excited triplet state (T1) through an

intersystem crossing (ISC) mechanism that can only occur if the

spin–orbit between the two states (S/T) assumes consistent values.

At this point, the T1 state, if its energy is greater than 0.98 eV, in

the presence of molecular oxygen, can transfer its energy to the

oxygen causing the excitation of O2 from the ground triplet state to

the excited singlet one, a strong cytotoxic agent able to destroy the

tissues.
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Recently it has been proposed that the PDT action of hypericin

depends on its anionic form which is dominantly present in aqueous

solution and possesses photophysical properties different from its

neutral form.11 Stimulated by this hypothesis, we have undertaken a

theoretical study of the photophysical properties of both forms by cal-

culating the geometries of the states involved, the excitation energies,

the entity of the SOCs and the energy differences between their

ground and triplet states (ΔES-T).

Since in the literature it is widely demonstrated that the presence

of heavy atoms can increase SOCs12–15 and then the ISC rate, we car-

ried out the same calculations for the neutral and anionic forms of

hypericin containing iodine atom in different positions of its skeleton

(Scheme 1).

The study was performed by using the density functional theory

(DFT) and its time dependent version (TDDFT).

2 | COMPUTATIONAL DETAILS

For this study, we chosen a theoretical computation protocol, widely

used previously to determine the photophysical properties of organic

and inorganic systems active in PDT,16–18 and of which we report the

most significant details below.

All the geometries were optimized by using the M06 exchange-

correlation functional19 coupled with the 6-31G(d) basis sets for all

the atoms and the SDD pseudopotential20 for iodine. SMD solvation

model21 was used considering the DMSO solvent (due to the pres-

ence in the literature of the electronic spectra provided in this envi-

ronment). No symmetry constraints were imposed during the

geometry optimizations. In order to verify if the obtained structures

were real minima, frequencies calculations were performed at the

same level of theory. Vertical excitation energies were obtained at the

M06/6-31+G(d)//M06/6-31G(d) level of theory. All the data have

been obtained through the use of the Gaussian 09 code.22

The spin–orbit couplings (SOCs) defined as:

SOCnm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

⟨ψSn
bHSO

��� ���ψTi,m
⟩

��� ���2
s

; i¼ x, y, z

where bHSO is the spin–orbit Hamiltonian, were computed with the

DALTON code23 by using the spin–orbit coupling operators for effec-

tive core potentials with an effective nuclear charge24 for iodine

atoms containing systems. The atomic mean field approximation25

was used in the other cases. For this purpose, the B3LYP func-

tional26,27 was employed in conjunction with the cc-pVDZ basis set

for all the atoms except for iodine for which we adopted the corre-

sponding pseudopotential.

3 | RESULT AND DISCUSSION

3.1 | Geometries

The optimized ground state geometry structures are depicted in

Figure 1 (front and side views), while in Table 1 the ϕ1 and ϕ2 dihedral

angle values are reported.

From our and previous studies on the structural properties on the

neutral hypericin (hyp), it is clear that the most stable structure

(ground state) is that in which the carbonyl groups are in position C7

and C14. The structure appears slightly distorted with a consistent

helical twist (ϕ1 = 31.2� and ϕ2 = 32.9�) as also found in the previous

x-ray28 and theoretical investigation.3,4 This characteristic is essen-

tially due to the steric hindrance between the OH moieties in the bay

region and between the two methyl groups in the peri site. From the

determined pKa values29,30 and from previous theoretical studies,3–5

it was established that the first deprotonation takes place at the

expense of an OH group in the bay region. The structure of the

obtained anion (hyp�) still presents structural distortions (ϕ1 = 30.3�

and ϕ2 = 33.2�) which are similar to those found in the corresponding

neutral though the OH OH repulsion in the bay region is not present

in the anionic form. Also for hyp� our optimized structure (Table 1

and Figure 1) well agrees with the previous x-ray28 and DFT results.3–

5,11 Similar distorted structures (Table 1) have been found for neutral

and anionic compounds containing iodine although for hyp-I2 and

hyp-I2� systems, the corresponding ϕ1 values are smaller.

The excited S1 and T1 and T2 states topologies are similar to the

ground one. In particular, the two triplets present small variations (the

two torsional angles differences are contained in a range of 6–8

degree) and this also reflect their similar molecular orbital pictures.

3.2 | Excitation energies

The computed lowest excitation energies, of interest for our purposes,

are given in Table 2 together with the oscillator strength and the

orbitals involved in the transitions.

For neutral hypericin hyp, the computed wavelength for the S1

state (537 nm) is in good agreement with previous theoretical B3LYP

computations (5563 and 560 nm11) and experimental value in ethanol

solvent.31 Below such state lie two triplet states at 719 nm (1.73 eV)

and 595 nm (2.08 eV). For the first of them, the comparison with the

SCHEME 1 Schematic representation of the investigated
compounds and definition of torsional angles
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experimental data obtained from phosphorescence spectra in ethanol

(730 nm)32 and acetonitrile (752 nm)33 and with the theoretical one

calculated at B3LYP level (765 nm)3 are pretty good. Both these trip-

lets have a ΔES1-Tn energy gap higher than that necessary to excite

O2 in its1Δg state.

The deprotonation in the bay region, that gives rise to the hyp�

anion, causes a bathochromic shift of S1 up to 588 nm, which is in

excellent agreement with the experimental value (590 nm)34 and with

the previous B3LYP theoretical evaluation (581 nm).11 Also, T1

undergoes the same phenomenon. Contrary to hyp, its anionic form

does not possess an additional triplet state useful for PDT. The mono-

and di-iodination of the neutral hypericin (hyp-I and hyp-I2) does not

cause significant shift in the values of S1, T1, and T2 which are within

10 nm. The same trend is found in the iodinated compounds of the

hyp� anion (hyp-I� and hyp-I2�) as it is evident from Table 2.

A general trend that can be deduced from our results is the non-

negligible bathochromic shift (about 0.2 eV) that the presence of the

negative charge provokes in the T1 states of all the investigated mole-

cules. From Table 2 it can be seen how, for all the studied systems,

the excited states S1 and T1 originate from a transition HOMO !
LUMO while the T2 ones derive from an HOMO�1! LUMO one.

In order to verify if the used solvation model is able to give reli-

able results, we have redone the calculations for hyp�, by adding one

or two explicit solvent molecules (DMSO) to the used solvation

model. The results, (see Table S1) show how, for both excited states

S1 and T1, the differences with respect to the SMD continuum model

vary by a few nm (maximum 3 nm for S1 and 7 nm for T1). If we con-

sider the bathochromic shift that occurs, for the S1 state, in going from

the neutral to the anionic form of hypericin, we note that it does not

undergo significant variations depending on the model used, as the

F IGURE 1 Front and side views for
the optimized structures of the studied
compounds

TABLE 1 Ground (GS) and excited
states (S, T) dihedral angle values for the
studied compounds in DMSO solvent

hyp GS S1 T1 T2 hyp� GS S1 T1 T2

Φ1 31.2 29.3 28.8 34.1 30.3 29.8 29.2 -

Φ2 32.9 30.8 30.5 36.4 33.2 32.8 32.4 -

hyp-I hyp-I �

Φ1 32.0 30.1 29.6 35.0 30.9 30.0 29.4 -

Φ2 32.8 30.4 30.1 36.3 33.2 32.2 31.9 -

hyp-I2 hyp-I2�

Φ1 27.6 25.6 25.2a 25.2a 19.3 21.9 16.7 22.1

Φ2 33.9 31.3 30.9 30.9 34.5 32.9 32.7 36.7

aDegenerate states.
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values obtained are 51, 50, and 48 nm for hyp�, hyp� + H2O, and

hyp� + 2H2O, respectively.

3.3 | Photodynamic action

In order to exert the photodynamic action, the photosensitizers have

to possess a triplet state lying at least 0.98 eV under the ground sin-

glet one and a favorable ISC kinetic for its population. In the limit of

Frank–Condon approximation and in the non-adiabatic regime, the

KISC of the Sn-Tm transitions can be estimated by using the Fermi

Golden rule assuming that both the involved electronic states are

harmonic35:

knmISC ¼
2π
ℏ
⟨ψSn

bHSO

��� ���ψTm
⟩
2� FCWD

in this expression bHSO is the spin–orbit Hamiltonian and FCWD is the

Franck–Condon weighted density of states that is proportional to the

exponential factor35:

FCWD/ exp � ΔES�Tð Þ2
4λkBT

" #

being λ the Marcus reorganization energy and ΔES-T the difference

between the energies of singlet and the triplet states.

As previously mentioned, efficient ISC can be obtained if the rela-

tive SOCs assumes non-negligible values. As a reference we can con-

sider the Foscan® (5,10,15,20-tetrakis-[m-hydroxyphenyl]chlorin),

approved for its use in PDT medical treatments,36 and whose spin–

orbit coupling constant <S1jHSOjT1 > has been computed to be

0.24 cm�1.37

The <S1jHSOjT1> and <S1jHSOjT2> computed for hypericin sys-

tems are reported in Table 3. From this table, we can observe that in

hyp, which has a very small SOC value (0.03 cm�1), the relative ISC is

unlikely to occur. On the contrary, in hyp� where the SOC results to

be 0.84 cm�1 (higher than that obtained for the Foscan®) the S1 ! T1

ISC should take place. As expected, because of heavy atom effect, the

SOC values calculated for the neutral, hyp-I and hyp-I2, and charged

iodinated species, are sensibly higher than those of hyp and its anion.

Therefore, in principle they can better work as photosensitizer in PDT

than the heavy atom free hypericin. Furthermore, the SOC values for

S1 !T2 radiationless transition are systematically higher than S1 !T1

one and increase significantly in the iodine containing systems. Also in

the case of both anionic iodine-containing systems, the S1/T1 SOCs

are higher than that in the corresponding neutral form. In all cases,

the computed SOCs remain considerably higher than those of iodine-

free hypericin.

According to the El Sayed rules,38 SOCs values increase when the

symmetry of the molecular orbitals (MO) involved in the transition

changes significantly. This means that ⟨S ππ�ð ÞjbHsojT ππ�ð Þ⟩ have small

SOSs with respect to ⟨S nπ�ð ÞjbHsojT ππ�ð Þ⟩. To verify the existence of this

relationship in the studied compounds, we plotted the molecular

orbitals involved in the main transitions reported in Table 2. Figure 2

report the MOs for hyp, hyp� and hyp-I, while those for the remaining

systems are reported in Figure S1. From these Figures, it can be seen

that the orbital symmetries do not vary too much and that they have

a ππ* nature. This explains why the computed SOC values are smaller

than those previously calculated for other systems containing heavy

atoms.12–18 Although this is general, the increase in SOC values can

be partially explained. In hyp, only in the HOMO�1! LUMO

orbitals, which characterize the T2 state, there is a small variation in

their composition that can justify the increased value of ⟨S1jbHsojT2⟩.

In hyp�, the increase in SOC for ISC from S1 to T1 can be explained in

the same way, since a participation of iodine in the MO surfaces can

be observed. A similar situation is found for hyp-I but the significant

increase in SOCs is also due to the iodine presence. In fact, the spin–

orbit coupling matrix elements depend also on the effective nuclear

charge of heavy atoms with the amplitude of the spin–orbit interac-

tion proportional to Zeff.
4

From the equation reported for KISC it appears clear that,

although the kinetic constant depends considerably on the spin–orbit

coupling matrix elements, also the energy difference between the two

considered electronic states should be considered to establish the

fastest and more efficient deactivation pathways.

For hyp� and hyp-I� in which only the

S0 !A S1 !ISC T1,

deactivation channel is possible and due to the fact that the

ΔES-T values are very similar (0.61 and 0.63 eV for hyp� and hyp-I�,

respectively) the fastest ISC is dictated by the SOC value that

TABLE 2 Vertical excitation energy, ΔE (eV), λ (nm), oscillator
strength f and main transitions for the studied compounds computed
in DMSO using M06/6-31+G(d)//M06/6-31G(d)

Molecule State λ ΔE f Main transition

hyp S1 537 2.31 0.383 H ! L, 98%

T1 719 1.73 H ! L, 98%

T2 595 2.08 H-1 ! L, 88%

hyp� S1 588 2.11 0.256 H ! L, 98%

T1 825 1.50 H ! L, 98%

hyp-I S1 539 2.30 0.409 H ! L, 98%

T1 721 1.72 H ! L, 98%

T2 604 2.05 H-1 ! L, 84%

hyp-I� S1 577 2.15 0.256 H ! L, 95%

T1 815 1.52 H ! L, 98%

hyp-I2 S1 542 2.29 0.410 H ! L, 98%

T1 718 1.72 H ! L, 98%

T2 617 2.01 H-1 ! L, 85%

hyp-I2� S1 544 2.29 0.297 H ! L, 98%

T1 761 1.63 H ! L, 98%

T2 575 2.16 H-1 ! L, 78%
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in the case of the iodinated system results to be higher of more one

order of magnitude.

For the other studied molecules, the deactivation paths can be

essentially two:

ið ÞS0 !A S1 !ISC T1; iið ÞS0 !A S1 !ISC T2 !IC T1:

Looking on the ΔES-T values reported in Table 2, the second

mechanism seems to be more probable because of the higher SOCs,

the lower singlet-triplet energy gaps and the fact that the IC process

between the two triplet states it is always much faster.

4 | CONCLUSIONS

The photophysical properties of hypericin and iodine-containing

derivatives in the form of neutral and anionic species, are here

reported aiming at establishing the most active form and the influence

of the heavy atom presence on the photodynamic action. On the basis

of the theoretical investigation, the following conclusions can be

drawn:

1. the computed spin orbit coupling constants of the anionic

form of the hypericin are higher than those of the neutral

species and, since in aqueous environment anionic form is the

most abundant, we can claim that it is responsible for PDT

activity;

2. the presence of a heavy halogen atom in the skeleton increases the

possible PDT activity for both neutral and deprotonated species;

3. the most probable deactivation pathway is that in which the S1-T2

intersystem crossing is followed by a T2-T1 interconversion.

We hope that our results can stimulate desirable future studies on

the possible applications of these systems in photodynamic therapy.
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TABLE 3 Spin–orbit matrix elements (cm�1) and ΔES-T (eV) calculated at the B3LYP/cc-pVDZ//M06/6-31G(d) level of theory

SOC (ΔES-T) hyp hyp� hyp-I hyp-I� hyp-I2 hyp-I2�

⟨Ψ S1 jbHsojΨT1 ⟩
��� ��� 0.03 (0.58) 0.84 (0.61) 5.57 (0.58) 14.0 (0.63) 2.3 (0.57) 12.6 (0.66)

⟨Ψ S1 jbHsojΨT2 ⟩
��� ��� 0.40 (0.23) 31.96 (0.25) 61.0 (0.13) 8.5 (0.13)

F IGURE 2 Molecular orbitals contour plot (isovalue 2 � 10�2 a.u.) for excited states of (A) hyp, (B) hyp�, and (C) hyp-I
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