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Abstract A density functional theory (DFT) study of the

V/UV spectrum and the adiabatic energy released from the

triplet excited state of sapphyrin and three disubstituted

derivatives (with O, S or Se atoms) is performed in order to

obtain an accurate theoretical description of their capability

as photosensitizers in photodynamic therapy (PDT). For

the calculation of the V/UV spectra, we used two func-

tionals already tested for porphyrin derivatives, B3LYP

and PBE0, and two new ones recently proposed,

MPWB1 K and M05, all of them with two different basis

sets and two continuum solvent models. The best agree-

ment with experimental data was obtained at the CPCM-

M05/6-31 ? G(d)//B3LYP/6-31 ? G(d) level, at which

errors lie in the range of 0.13–0.20 eV for the Q band in

CH2Cl2 solution. A careful comparison between triplet and

singlet geometries shows that the inner macrocycle enlar-

ges, but planarity distortions lead to a volume contraction

upon excitation to the triplet state for sapphyrin, and O and

S heterosapphyrins, and to negligible volume changes for

Se heterosapphyrin. Actually, the heterosapphyrins with

S and Se atoms acquire a saddle shape in the triplet state.

According to our results, the energy released from the

triplet state for S- and Se- disubstituted sapphyrins could be

adequate to generate activated oxygen both in the gas phase

and in CH2Cl2 solution.

Keywords Sapphyrin � Heterosapphyrins �
Photosensitizers � TD-DFT � V/UV spectra � Excited states

1 Introduction

Sapphyrins are expanded porphyrin derivatives whose core

contains an additional pyrrole ring giving rise to a bipyrrole

subunit (see Scheme 1). They present potential medical use

in several areas and have been considered as potential

photodynamic therapy agents in the treatment of cancer

diseases [1, 2]. Sapphyrins are important in coordination

chemistry and have been proposed as anion transporters

[3–5], among other practical applications [6]. They consti-

tute a growing family of compounds, which have been the

subject of many investigations in these years [3, 4, 7–11].

Recently, a variety of modified sapphyrins have been

prepared. Among them, are the heterosapphyrins in which

some core NH groups belonging to a pyrrole have been

replaced by other donor atoms such as O, S, and Se. The

incorporation of these heteroatoms into the core of the

macrocycle leads to an alteration of the cavity size and

electronic structure, thus providing interesting spectro-

scopic, chemical, and physical properties, which can find

applications in biology, medicine, material science, and

catalysis [12]. 5,10,15,20-Tetraphenylheterosapphyrins

have been synthesised in the 1990s [13–17], and several

surprising facts concerning their conformation have been

reported. 1H NMR spectroscopic studies suggest that
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5,10,15,20-tetraphenylsapphyrin and 5,10,15,20-tetra-

phenyl-dioxasapphyrin present the pyrrole ring opposite

the bipyrrolic unit inverted (inverted conformation) while

diheterosapphyrins with S and Se show the three N atoms

toward the internal cavity (normal conformation) [13, 16].

On the other hand, DFT calculations on sapphyrin and

dioxasapphyrin without meso substituents render the

normal conformation as the most stable one [18, 19].

In a previous work, we undertook a theoretical analy-

sis of 5,10,15,20-tetraphenylsapphyrin, TPS, 5,10,15,

20-tetraphenyl-26,28-dioxasapphyrin, TP2OS, 5,10,15,20-

tetraphenyl-26,28-dithiasapphyrin, TP2SS, and 5,10,15,20-

tetraphenyl-26,28-diselenasapphyrin, TP2SeS, and proposed

several reasons for the greater stability of the inverted

conformation of TPS and TP2OS (i-TPS, i-TP2OS), and

the normal conformation of TP2SS and TP2SeS (n-TP2SS

and n-TP2SeS) [20]. In that work and in the present one,

the most stable tautomer of each sapphyrin is considered.

TPS tautomer with H atoms bonded to N25, N27, and N28

is the selected one. For the heterosapphyrins, the degen-

erate tautomers with internal H atom bound to N25 or N29

atoms are reported to be the most stable ones [18] so

tautomer N25 will be studied.

The feature we wish to remark in this study is the

theoretical description of the ability of just mentioned

sapphyrins as photosensitizers that could be used in

photodynamical therapy (PDT) for the treatment of cancer

and other diseases [8–10]. PDT uses a photosensitizer,

working as a light-sensitive drug, to treat the target tissue

locally upon the irradiation of light with appropriate

wavelengths. The mechanism of PDT is based on the

interaction between the excited photosensitizer and sur-

rounding molecules, generating singlet oxygen (1O2),

which can cause oxidative damage to biological substrates

and ultimately cell death [1]. At experimental level, much

work has been performed looking for the best photosensi-

tizers [1, 2, 6, 12–15, 17–19, 21]. One of the criteria that

have to be fulfilled is the capability of the photosensitizer

to absorb radiation in the therapeutic window, that is,

between 600 nm and 850 nm [22, 23]. Light in this spectral

region is scattered to a relatively small extent by most

mammalian tissues and is poorly absorbed by endogenous

chromophores such as melanin, cytochromes, and hemo-

globin. As a consequence, this red light possesses a high

penetration power into human tissues and can be selec-

tively absorbed by photosensitizing agents localized in

predetermined sites of the organism [1].

On the basis of experimental results, the electronic

absorption spectra in dichloromethane solution of the

sapphyrins i-TPS, i-TP2OS, n-TP2SS, and n-TP2SeS are

composed of two main absorption bands: one at higher

wavelengths, in the visible region, called the Q band, and

the other, at lower wavelengths and more intense, called

the B or Soret band [14–16, 21]. All of them are collected

in Table 1, along with their intensities, when available.

The Q band presents four absorption maxima. Theoret-

ical interpretations of the absorption spectra of related

systems such as free-base porphins have assigned the four

absorption maxima of this band to Qx
0, Qx

1, Qy
0, and Qy

1,

where the subscripts denote the excitation direction and the

superscripts the vibration band [24]. The B band displays a

split absorption maximum for i-TPS, i-TP2OS, and

n-TP2SeS, and one appreciable absorption maximum at

469 nm for n-TP2SS.

As mentioned above, the human body’s therapeutic

window for PDT falls into the range 600–850 nm [22, 23],

being less harmful the longest wavelength radiations. It has

been reported that the presence of the heteroatoms O and S in

porphyrin derivatives results in a bathochromic effect, that

is, a displacement of the absorption wavelength to larger

values [25]. This effect is observed in the Qx
0 and Qx

1 peaks

experimentally measured for the sapphyrins investigated in

this work (see Table 1). In the present research, we focus our

attention on the displacement of the longest wavelength of

the Q band, kQ, for the most stable isomers of sapphyrin,

i-TPS, and the heterosapphyrins i-TP2OS, n-TP2SS, and

n-TP2SeS by performing TD-DFT calculations.

The absorption wavelength criterion itself is not enough;

it is also necessary that the photosensitizer has a good

quantum yield for the first excited triplet state, which has to

release the appropriate energy to yield singlet oxygen, that

is, 0.95 eV (22.0 kcal/mol) or greater [12]. This value is

the minimum energy necessary to excite the triplet ground

state of the molecular oxygen (3O2) to its first excited

singlet state (1O2) of lower energy named as 1Dg. The next

excited singlet state of the molecular oxygen corresponds
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to the state 1Rg
? with excitation energy of 1.63 eV

(37.5 kcal/mol). Although both 1Dg and 1Rg
? are significant

in the gas phase, only the 1Dg state is important in con-

densed phase.

The aim of getting an accurate theoretical description of

the photosensitizing properties of these sapphyrins

prompted us to undertake a DFT study of the V/UV

absorption spectra and of the energy emission from the

triplet states of the most stable conformers of i-TPS,

i-TP2OS, n-TP2SS, and n-TP2SeS, taking into account

the effect of the density functional, the basis set, and sol-

vent on these properties.

2 Computational details

Computational investigations of the electronic absorption

spectra of regular porphyrins (and several derivatives) have

included calculations ranging from semiempirical [26, 27],

single and multireference (MR) configuration interaction

(CI) [24, 28–35], multiconfiguration second-order pertur-

bation theory (CASPT2) [36–39], and time-dependent

density functional theory (TD-DFT) [24, 32, 33, 35, 40,

41]. Excitation energies have also been calculated at the

similarity transformed equation-of-motion coupled cluster

and perturbation theoretical levels (STEOM-CC and

STEOM-PT) [31–42]. The less expensive TD-DFT has

been shown to be in better agreement with experiment than

the more expensive ab initio CI, CASPT2, or STEOM-CC

calculations [24, 28]. Therefore, we calculated the

absorption spectra as vertical excitations from the minima

of the ground state structures using the TD-DFT [43, 44]

framework as implemented in Gaussian03 [45]. The cor-

responding optimized geometries of the ground-state

structures were reported in a previous theoretical study

[20]. They were found using the B3LYP functional [46–

48], with the relativistic effective core pseudopotential

LACVP for Se [49], and the 6-31 ? G(d) [50] basis set for

the remaining atoms as implemented in the JAGUAR

program [51].

Given that the absorption spectra of some porphyrin

derivatives, calculated by using the B3LYP/6-31G(d) [52,

53] and PBE0/6-31 ? G(d) [22, 23] levels of theory, are in

good agreement with experimental results, we used several

computational schemes by combining the functionals

B3LYP and PBE0 [54, 55] with the basis sets 6-31 ? G(d)

(LANL2DZ for Se) [49] and 6-311 ? G(d,p) [50]

(LANL2DZ for Se). The hybrid functional B3LYP is based

on Becke’s three parameter hybrid exchange functional and

gradient-corrected correlation functional of Lee et al. while

PBE0 consists of the generalized gradient functional PBE

(Perdew-Burke-Erzenrhof) with 25% of Hartree–Fock

exchange energy. Besides these functionals, which were

already tested in the literature, we also performed TD-DFT

calculations with MPWB1 K [56, 57] and M05 [58, 59]

functionals recently developed. The experimental absorp-

tion spectra of porphyrin derivatives are known to be sol-

vent dependent, and in order to account for this

dependency, we carried out calculations using two con-

tinuum models: a dielectric-like polarizable continuum

model (PCM) [60–62] and a conductor-like polarizable

continuum model (C-PCM) [63–66]. A dielectric constant

of 8.93 was assumed in the calculations to simulate

dichloromethane as the solvent experimentally used.

Full geometry optimizations of the triplet state structures

of all the investigated sapphyrins were performed at the

UB3LYP/6-31 ? G(d) (LACVP for Se) theory level as

implemented in the JAGUAR program. Similar computa-

tional schemes (B3LYP/6-31G(d) [52, 53] and PBE0/

6-31 ? G(d) [22, 23]) have been previously employed to

determine the geometry and energy of the triplet-state

structures of different porphyrin systems. Molecular vol-

umes were defined as the volume inside a contour of 0.001

electrons/bohr3, and calculated with Gaussian03 [45]. The

effect of CH2Cl2 solvent on the triplet–singlet electronic

energy gap was also calculated by means of self-consistent

reaction field Poisson–Boltzmann (SCRF-PB) [62] model.

Finally, the electronic structure of the triplet species stud-

ied in this work was investigated using the natural bond

orbital (NBO) approach [67].

Table 1 Experimental electronic absorption spectra of i-TPS, i-TP2OS, n-TP2SS, and n-TP2SeS sapphyrins

i-TPS [21] i-TP2OS [16] n-TP2SS [14–16] n-TP2SeS [14, 15]

Q band

Qx
0 1.57 (790) – 1.48 (837) 3.52 1.51 (821) 4.30 1.51 (823) 4.55

Qx
1 1.75 (710) – 1.69 (735) 3.44 1.69 (732) 3.67 1.68 (736) 3.85

Qy
0 1.78 (697) – 1.97 (630) 3.74 1.99 (624) 4.00 1.96 (631) 4.26

Qy
1 1.94 (640) – 2.12 (586) 3.84 2.12 (584) 4.30 2.09 (592) 4.45

Soret band 2.39 (518) – 2.62 (474) 4.55 2.64 (469) 5.44 2.40 (517) 4.81

2.51 (493) – 3.08 (403) sh 2.61 (475) 5.48

For each band energy (eV), (wavelength (nm)) and log(e) are shown
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3 Results and discussion

3.1 Electronic absorption spectra

Table 2 collects the excitation energies and oscillator

strengths of kQ theoretically obtained for i-TPS, i-TP2OS,

n-TP2SS, and n-TP2SeS molecules. As they are the largest

wavelengths computationally obtained, we compare them

to the longest (and most intense) kQ value experimentally

measured, on the basis of previous theoretical works on

related systems [24].

Let’s analyze first the results obtained with density

functionals already tested for porphyrin derivatives. For the

four sapphyrins optimized at the B3LYP/6-31 ? G(d)

theory level and with the eight computational levels used,

PCM-B3LYP/6-31 ? G(d), PCM-B3LYP/6-311 ? G(d,p),

PCM-PBE0/6-31 ? G(d), PCM-PBE0/6-311 ? G(d,p),

CPCM-B3LYP/6-31 ? G(d), CPCM-B3LYP/6-311 ? G(d,p),

CPCM-PBE0/6-31 ? G(d), CPCM-PBE0/6-311 ? G(d,p);

the calculated Q wavelength, kQ, is smaller than the

experimental one as observed in previous similar theoret-

ical works [22]. The enlargement of the basis set from

6-31 ? G(d) to 6-311 ? G(d,p) makes kQ longer by 2 or

3 nm, so it is changed in the right direction. The effect,

however, is very small compared to the increase in the

required computational effort, so we chose 6-31 ? G(d)

basis set as a practical one. Based on reported results and as

a first step, we tested B3LYP and PBE0 functionals.

Table 2 shows that PBE0 renders kQ values smaller than

B3LYP ones by about 9 or 10 nm, so B3LYP is a better

functional for the calculation of the Q band for this family

of sapphyrins. The last variable considered in the selection

of the best computational scheme is the continuum model

used to simulate bulk solvent effects. We found that PCM

and CPCM yield essentially the same results with an

increase in kQ values of about 1 nm when using CPCM. So,

among the eight computational approaches tested by now,

we select CPCM-B3LYP/6-31 ? G(d) as the most ade-

quate one. The energy differences between the results

obtained at this level and the experimental ones are 0.16,

0.21, 0.20, and 0.19 eV for i-TPS, i-TP2OS, n-TP2SS,

and n-TP2SeS, respectively.

Among the new density functionals which have been

recently developed to offer a broad applicability in chem-

istry [56, 68–70], we choose MPWB1 K and M05 to test

their ability to theoretically reproduce spectroscopic mea-

surements. Taking into account previous discussion to

select an appropriate basis set and solvent model, we car-

ried out TD-DFT calculations at the CPCM-MPWB1 K/

6-31 ? G(d) (LANL2DZ for Se) and CPCM-M05/6-31 ?

G(d) (LANL2DZ for Se) levels of theory on the B3LYP/

6-31 ? G(d) (LACVP for Se) optimized geometries.

Again, both functionals yield shorter kQ values than

experimental ones, rendering MPWB1 K functional worse

results than those obtained at the previously selected level

CPCM-B3LYP/6-31 ? G(d). On the other hand, M05

yields kQ values closer to experimental ones, so CPCM-

M05/6-31 ? G(d)//B3LYP/6-31 ? G(d) is the best com-

putational level to reproduce kQ values among those tested

by us, and the energy differences between the results

obtained at this level and experimental ones are 0.13, 0.20,

0.17, and 0.15 eV for i-TPS, i-TP2OS, n-TP2SS, and

n-TP2SeS, respectively. These errors are lower than other

theoretical ones reported for different porphyrin derivatives

[22, 23].

All previous TD-DFT calculations have been carried out

using B3LYP/6-31 ? G(d) (LACVP pseudopotential for

Se) optimized structures. To check whether this theory

level for the geometry optimization could bias our results,

we performed geometry optimizations with the M05

functional (See Online Resource 1) and, then, TD-DFT

calculations with both B3LYP and M05 functionals (See

Table 2). As discussed above, using B3LYP geometries,

the functional M05 renders kQ values closest to experiment

(See bold rows 1 and 2 in Table 2). The same conclusion

rises when M05 optimized structures are used to perform

the B3LYP and M05 TD-DFT calculations (See bold rows

3 and 4 in Table 2). It seems that M05 is an adequate

functional to calculate electronic spectra for the systems

considered in this work. On the other side, the comparison

of kQ values obtained with B3LYP TD-DFT calculations

over B3LYP and M05 geometries (See bold rows 1 and 3

in Table 2) indicates that B3LYP geometries are the most

suitable. The same conclusion is obtained when kQ values

are calculated through M05 TD-DFT calculations (See

bold rows 2 and 4 in Table 2). Therefore, B3LYP geom-

etries yield electronic spectra more similar to experimental

ones. In fact, although B3LYP and M05 optimized geom-

etries are quite similar, the bond distances along the inner

macrocycle of n-TP2SS and n-TP2SeS at the M05/

6-31 ? G(d) optimized geometries differ from X ray data

in the range of -0.099 Å to ?0.031 Å, while the same

bond distances are closer to experimental values in

B3LYP/6-31 ? G(d) optimized structures (differences

between -0.014 Å and ?0.038 Å) (No X-Ray data are

available for i-TPS and i-TP2OS) [20]. As a consequence,

the combination of B3LYP optimized geometries with

M05 TD-DFT calculations provides the best values of kQ

for the systems under study.

In good agreement with experimental measurements,

our calculations show that heterosubstitution by two O, S,

and Se at 26 and 28 positions in the sapphyrin molecule

causes a red shift of the longest kQ value relative to the

unsubstituted sapphyrin.
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3.2 Molecular orbitals involved in the Q band

The spectroscopic behavior of sapphyrins can be rational-

ized in terms of the Gouterman four-orbital model [71–74],

because the principal excitations involve the two highest

occupied molecular orbitals (HOMO and HOMO–1) and

the two lowest unoccupied molecular orbitals (LUMO and

LUMO ? 1). Online Resource 2 collects the contribution

of electronic transitions to the Q band. At CPCM-M05/

6-31 ? G(d)//B3LYP/6-31 ? G(d) (LANL2DZ for Se)

level, the HOMO ? LUMO transition (0-0) is the most

important one in all of the sapphyrins, and its weight

increases as the atomic number of the heteroatom grows.

The second contribution corresponds to the crossed

transition HOMO ? LUMO ? 1 (0-1) for i-TPS and

i-TP2OS and to the HOMO-1 ? LUMO ? 1 (1-1) tran-

sition for n-TP2SS and n-TP2SeS.

Figure 1 displays the shape of these MOs for the four

sapphyrins under study in this work. Unoccupied MOs

LUMO, and LUMO ? 1, and the occupied HOMO-1 are

quite similar for the four sapphyrins, but the HOMO of

i-TPS shows several differences when compared with the

HOMOs of the remaining heterosapphyrins. Pyrrole ring

opposite to the bipyrrolic unit displays large contribution of

the b carbon atoms only in i-TPS. Concerning heterosub-

stituted rings, they display large participation of the b
carbon atoms in the heterosapphyrins but not in i-TPS.

In Online Resources 3 and 4, the full electronic spectra

for the four sapphyrins at the CPCM-B3LYP/6-31 ?

G(d)//B3LYP/6-31 ? G(d) and CPCM-M05/6-31 ? G(d)//

B3LYP/6-31 ? G(d) levels are collected. These results

show that the 3rd and 4th theoretical bands present sig-

nificantly larger oscillator strengths, so they can be

assigned to the Soret band. Only two peaks of the Q band

Fig. 1 Frontier MOs of the sapphyrins under study involved in the electronic excitation spectra along with their orbital energies (eV)
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are theoretically found, as reported in similar theoretical

works on other porphyrin derivatives [22, 23]. As can be

seen in Table 1, one of the peaks belonging to the Qx/Qy

type is more intense than the other. TD-DFT calculations

seem to reproduce with significant oscillator strength only

the most intense band of each group. In many porphyrin

systems, the main configuration of Qx bands is a combi-

nation of HOMO ? LUMO, (0-0), and HOMO-1 ?
LUMO ? 1, (1-1) transitions while Qy band is mainly

composed of crossed transitions, (0-1) and (1-0) [22, 23].

Our results indicate that the 1st Q peak theoretically

calculated could be clearly assigned to one of the Qx

experimental bands for n-TP2SS, and n-TP2SeS at the

CPCM-M05/6-31 ? G(d) level while i-TPS and i-TP2OS

longest kQ peak present the contribution of direct and

crossed transitions.

3.3 Singlet-state versus triplet-state geometries

and energies

Another important goal of our work was to determine the

optimized triplet-state structures and energies of i-TPS,

i-TP2OS, n-TP2SS, and n-TP2SeS in order to investigate

their emission properties. Online Resource 5 and Table 3

collect the optimized triplet-state structures and their cor-

responding energy at UB3LYP/6-31 ? G(d) (LACVP for

Se) theory level, respectively.

We analyzed the geometry of the triplet structures by

comparison with the analogous singlet ground state ones

taking as reference the atom numbering in sapphyrins

shown in Scheme 1. Our results indicate that, when passing

from the ground state to the triplet one, the most significant

changes in the bond distances correspond to an enlarge-

ment of the skeleton comprised between the a carbon

atoms C9 and C16 going through N27. It amounts to 0.057,

0.053, 0.045, and 0.037 Å for i-TPS, i-TP2OS, n-TP2SS,

and n-TP2SeS, respectively. It is also observed an elon-

gation of the internal macrocycle between C6 and C19

going through the bipyrrolic N atoms. In this case, the

enlargement is of 0.030, 0.056, 0.067, and 0.057 Å for

i-TPS, i-TP2OS, n-TP2SS, and n-TP2SeS, respectively.

Another significant variation was found for the distance

between X26 and X28 (X = N, O, S, Se), which shortens

0.028 Å for i-TPS and enlarges 0.005, 0.087, and 0.089 Å

for i-TP2OS, n-TP2SS, and n-TP2SeS, respectively. The

bond angles involved in the core of the sapphyrins are very

similar and present a very slight variation in the range of

(-1.2) - (?1.4) degrees when passing from the singlet

state to triplet one. More notable changes were found for

the dihedral angles, which are directly related to the pla-

narity of the molecules. In the inverted sapphyrins i-TPS

and i-TP2OS, the four rings with their heteroatom oriented

toward the inner part of the macrocycle are nearly in the

same plane both in the singlet and in the triplet states. In

i-TPS, the inverted pyrrole ring goes away from this plane

by 34.28 in the triplet state, 10.38 more than in the singlet

one, as measured by the C9-C10-C11-C12 dihedral angle.

However, the opposite is found for i-TP2OS in which the

inverted ring is 8.3� closer to the reference plane in the

triplet state. These reverse deviations could be related to

the increase of steric repulsions among core H atoms in

i-TPS due to the small shortening of the X26-X28 distance,

which is only slightly elongated in i-TP2OS. Heterosap-

phyrins in normal conformation, n-TP2SS and n-TP2SeS,

show a significant loss of planarity in the triplet state

compared to the singlet one adopting a saddle shape. This

fact is observed in the z coordinates of the b carbon atoms

(see axis orientation in Scheme 1) that change in the

substituted rings with X26 and X28 heteroatoms from a

mean value of 0.35 and 0.27 Å to 0.65 and 0.47 Å for

n-TP2SS and n-TP2SeS, respectively, while the pyrrole

ring and the bipyrrolic unit vary from -0.38 and -0.29 Å

to -0.77 and -0.52 Å for n-TP2SS and n-TP2SeS,

respectively (see Online Resource 6). The slight enlarge-

ment of the internal cavity along with the separation of X26

and X28 for X = S, Se upon excitation to the triple state

could render weaker interactions inside the macrocycle,

that is, an increase in flexibility. As discussed in our per-

vious work [20], the response of the sapphyrins to the

repulsion of meso phenyl rings is their bending, when

possible.

RMSD (root mean square deviation) allows a general

overview of the deviations of the whole molecular structure

of the triplet state compared to the singlet one. Between the

inverted sapphyrins, i-TP2OS (RMSD = 0.43) presents a

Table 3 Total (in hartree) and relative energies (DE, in eV) of the

most stable isomers of i-TPS and 5,10,15,20-tetraphenyl-26,28-di-

heterosapphyrins with two O, S, and Se atoms in the gas phase and in

CH2Cl2 solution

Molecule Electronic

state

Gas phase CH2Cl2 solution

Total energy DE Total energy DE

i-TPS
1A -2122.782705 0.0 -2122.798841 0.0
3A -2122.750779 0.87 -2122.777099 0.59

i-TP2OS
1A -2162.472980 0.0 -2162.497790 0.0
3A -2162.436504 0.99 -2162.465657 0.87

n-TP2SS
1A -2808.425178 0.0 -2808.451806 0.0
3A -2808.387111 1.04 -2808.414514 1.01

n-TP2SeS
1A -2030.439868 0.0 -2030.461463 0.0
3A -2030.400559 1.07 -2030.426175 0.96
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larger structural change than i-TPS (RMSD = 0.19),

whereas for the normal ones, n-TP2SS shows a higher value

of RMSD (0.61) than n-TP2SeS (0.32), indicating that the

compound with sulfur undergoes a major structural change.

It has been reported that laser-induced optoacoustic

spectroscopy measures predict a contraction of porphyrin

ring in aqueous solution after excitation to the triplet state

[75], which mainly originates in the rearrangement of water

around the excited macrocycle nitrogen atoms and to a

minor extent in bonds shortening upon excitation. In spite

of the larger inner cavity theoretically obtained for the

triplet state in the sapphyrins under study, the whole vol-

ume calculated in the gas phase also displays a reduction

for i-TPS (-29.7 cm3/mol), i-TP2OS (-23.1 cm3/mol),

and n-TP2SS (-39.1 cm3/mol) and a negligible expansion

for n-TP2SeS (?4.5 cm3/mol) upon excitation to this

excited state.

NBO calculations show that both in singlet and in triplet

states, N and O atoms present a negative charge of about

-0.5 electrons, while the less electronegative S and Se

atoms present a positive charge of about ?0.6 electrons.

Consequently, Ca atoms bonded to negatively charged

atoms display a positive charge (about ?0.2 electrons) and

those bonded to positively charge atoms display a negative

charge (about -0.2 electrons). In all the cases, Cb atoms in

all of the rings have negative charges of about -0.2 elec-

trons. At both electronic states in i-TPS, it is observed an

important stabilizing interaction (see Online Resource 7)

between the lone pair on the N atom of the pyrrole NHs and

the two closest meso p antibonding C–C bonds whereas in

i-TP2OS, n-TP2SS and n-TP2SeS, the stabilizing inter-

action of the heteroatom lone pairs with the neighboring p
antibonding C–C bonds is much weaker as a consequence

of a poorer overlap. This indicates that the O, S, and Se

lone pairs in the heterosapphyrins present a lower mobility

compared with that of the N lone pairs of the pyrrole NHs

in i-TPS. Concerning the spin density in the triplet states of

the studied sapphyrins, our results show that it is prefer-

entially located on the meso carbon atoms C5 and C15. In

i-TPS, it is also located in the meso carbon C10. The

inclusion of CH2Cl2 as a solvent in the calculations hardly

influences NBO atomic charges, stabilizing interactions

involving lone pairs of the heteroatoms, and spin densities.

As can be seen in Table 3, in CH2Cl2 solution, only the

heterosapphyrins with S and Se atoms have an energy gap

between the singlet ground and the triplet excited states

greater or equal than 0.95 eV, which fulfills the second

requirement for their use as photosensitizers in PDT. In the

gas phase, it is interesting to note that the increase of the

size of the heteroatom X provokes a rise of the energy gap

from 0.87 to 1.07 eV. Solvent makes the energy gap

smaller for all the sapphyrins as it stabilizes both states but

the triplet one in a greater amount.

Our DFT calculations indicate that the S and Se disub-

stituted sapphyrins fulfill the two requirements to act as

good photosensitizers in CH2Cl2: they absorb light in the

red region and release adequate energy to activate oxygen.

However, the solvent used, CH2Cl2, is not appropriate to be

directly used in physiological conditions. To make our

results more applied we could think, on the one hand, about

doing again the study for water soluble sapphyrins. This

way has already been explored by relevant research groups

[76, 77]. On the other hand, it has been recently reported

the use of photon upconverting nanoparticles (PUNPs) to

design a new generation of versatile photosensitizers [78].

These particles are coated with a layer of silica containing

photosensitizing molecules and attached to ill cells via

specific antigen–antibody binding. In this nonpolar envi-

ronment and selecting adequate PUNPs (those emitting the

energy that sapphyrins absorb), the sapphyrin and the three

heterosapphyrins here studied could be used.

4 Conclusions

In this work, it was found that M05, a recently defined DFT

functional, is adequate to theoretically reproduce V/UV

spectra of sapphyrin, i-TPS, and the heterosapphyrins

i-TP2OS, n-TP2SS, and n-TP2SeS in their most stable

conformations. CPCM-M05/6-31 ? G(d)//B3LYP/6-31 ?

G(d) seems to be a balanced computational level leading to

errors in the Q band in CH2Cl2 solution for the just men-

tioned sapphyrins in the range of 0.13–0.20 eV. The com-

parison between singlet ground and triplet excited

geometries shows a slight enlargement of the inner macro-

cycle, but changes in planarity lead to small volume con-

tractions upon excitation for i-TPS, i-TP2OS, and n-TP2SS

and to practically no changes for n-TP2SeS volume. In the

gas phase, the adiabatic energy of the triplet excited states

enlarges as the atomic number of the heteroatom does,

varying from 0.87 to 1.07 eV. CH2Cl2 solvent diminishes

this energy gap for all the sapphyrins and, as a consequence,

only n-TP2SS and n-TP2SeS could be adequate to generate

singlet molecular oxygen, 1O2 in this environment.
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