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Abstract

:

The modulation of the photophysical properties of a series of recently synthetized oxobacteriochlorins with the introduction of heavy atoms in the macrocycles, was investigated at density functional level of theory and by means of the time-dependent TDDFT formulation. Absorption frequencies, singlet-triplet energy gaps and spin-orbit coupling (SOC) constants values were computed for all the investigated compounds. Results show how the sulfur- selenium- and iodine-substituted compounds possess improved properties that make them suitable for application in photodynamic therapy (PDT).
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1. Introduction


Photodynamic therapy (PDT) is used in cancer treatment due to its mini-invasive nature, limited side effects, easy procedure and short treatment time in respect to surgery or chemotherapy [1,2,3,4,5]. PDT is based upon the so-called photodynamic effect, that can be defined as the tissue destruction or damage by the combined action of a photosensitizer, a visible or near visible light, and molecular oxygen. The key cytotoxic agent is the highly reactive singlet exited oxygen (O2, 1Δg) produced in a photophysical cycle (type II photoexcitation process) which can be briefly described as it follows [6]: Absorption of light with the appropriate wavelength by a photosensitizer in its ground state (S0) leads to the excitation of one electron into a higher-energy orbital. The excited singlet (S1) that is formed may undergo an ‘intersystem crossing’ (ISC) to generate a more stable excited triplet state (T1). The long lifetime of the triplet state allows to transfer its energy to the molecular oxygen (O2), which passes from its triplet ground state (3Σg) to the singlet excited state (1Δg). The efficiency of the ISC process strictly depends on the amplitude of the spin-orbit coupling singlet constants (SOC) [7] and it is possible only if the lowest triplet excited state (T1) lies above the energy needed to produce the molecular singlet oxygen (0.98 eV). In order to better penetrate into the tissue, the photosensitizer absorption wavelength should fall in the so called PDT absorption window that is between 500 to 800 nm. To improve the penetration of the light to the tissue, many scientists work on excitation with longer wavelength at near-IR or even longer wavenumbers [5]. In this spectroscopic region, even if the light deeply penetrates into the tissues it does not produce side effects due to the high frequency vibrations. In addition, the photosensitizer must be non-toxic in the dark, not subjected to intermolecular aggregation phenomena (which would diminish its phototherapeutic efficacy), and soluble in aqueous environment.



Although research in this area has increased significantly in recent years [4,5,6], the number of molecules, that have passed clinical trials to be used in medical protocols, are few and essentially based on porphyrin-like structures. Among these, we mention Foscan® (Temoporfin) [8], Photofrin® (porfimer sodium) [9], and Laserphyrin® (Talaporfin) [10]. Second generation photosensitizers such as Lutrin® (Lutetium texaphyrin) are in different clinical phases [11]. The success of the porphyrin-like systems as PDT agents is due to the fact that, as it is required, they are not toxic, easily soluble in physiological solutions and able to absorb into the spectral region of the therapeutic window. Furthermore, their long-wavelength absorption Q band can be tuned easily introducing different chemical groups at distinct sites around the perimeter of the hydroporphyrin skeleton. In particular, the presence of auxochromes positioned along the bisection axis of pyrrole rings causes batochromic shifts with respect to the unsubstituted chorines or bacteriochlorins.



Recently, a series of oxo- and thioxo- substituted bacteriochlorins [12,13] have been synthetized and their photophysical properties determined. Moreover, other photosensitizers with different chemical structures, squaraine [14], BODIPY [15], aza-BODIPY [16] and BOIMPY [17] have been proposed for their use in PDT on the basis of cytotoxicity tests. Some of these works underline the possibility to redshift the absorption Q band as a function of the substituents position in the macrocyclic skeleton, being this, one of the most important requirements to satisfy in designing new PDT drugs.



In this scenario, modern methods of theoretical and computational chemistry can offer significant aids for a reliable and rational design of targeted drugs by shortening the usually long chain from chemical synthesis to clinical approval. In particular, density functional based methods (DFT) are able to predict the structural, energetic and spectroscopic properties of a great number of complex chemical systems conjugating reasonable computational effort with chemical accuracy.



In this work we will show how, by using DFT, it is possible not only to correctly reproduce a series of photophysical properties, but also predict their change as a result of a targeted substitution of atoms or functional groups. Starting from some recently synthesized oxobacteriochlorins [12], the calculation of their absorption spectra, singlet-triplet energy gaps and spin-orbit couplings constants allowed to suggest chemical modifications that fulfill the criteria necessary to propose them as photosensitizers in photodynamic therapy.




2. Results and Discussion


The ground and excited singlet and triplet states optimized structures (see Table S1 for Cartesian coordinates) present a planar conformation of the hydroporphyrin macrocycle in all studied systems (see Scheme 1).



In order to evaluate the effects of the heavy atom on the photophysical properties of the considered systems, vertical excitation energies at TDDFT level of theory have been calculated (see Table 1 and Figure S1). From the obtained values it results a batochromic shift in going from compounds 1, with an oxo group (599 nm), to 2 (623 nm) and 3 (678 nm) in which S and a Se atoms, respectively substitute the oxygen one.



The dioxo molecule (4) shows a Q band at 602 nm meaning that the addition of a second oxo group does not change the absorption behavior significantly. The same situation is found in systems 7 and 9, where two phenyl groups are present in the phorphyrin-like skeleton. In all systems, the transitions involve the HOMO and LUMO orbitals and are π-π in nature. This can be inferred from the molecular orbital pictures of all the three compounds, in which a π delocalization on the entire macrocyclic ring (see Figure 1) is present. Several triplet states have been localized above the low-lying excited singlet one. In particular, three triplet states have been found in unsubstituted molecules (1, 4–7, 9) while four ones appeared when a sulfur or a selenium atom replaces the oxo group (2, 3, 8). T1 derives from a HOMO-LUMO transition while T2 and T3 are originated by an electron transfer involving different orbitals (see Table 1). T4, present in the thioxi and selenoxi containing molecules, is almost degenerate with the S1 state. For all systems, the energy gap between the ground state and the low-lying triplet (T1) assumes values higher than that required to activate molecular oxygen from the 3Σg electronic state to 1Δg one (0.98 eV) and therefore satisfies one of the criteria necessary for an efficient PDT photosensitizer (see Table 1).



As previously mentioned, the photosensitizers active in PDT must possess an efficient singlet-triplet intersystem crossing whose kinetic constant can be derived from the Fermi golden rule throughout the following expression [7]:


kISC(S1→Tj)=2πℏ⟨S1|HSO|Tj⟩24πλkBT∑nSknn!exp(−Sk)exp[−(ΔES−Tj+nℏωk+λs)24λkBT]








where ⟨S1|HSO|Tj⟩ are the spin-orbit matrix elements, ωk the high-frequency vibrational modes and ΔES-T is energy gap between the S1 and Tj states at their equilibrium geometries. In this formulation, the Franck–Condon-weighted density of states is estimated by the Marcus theory for the non-radiative transition from S1 to each triplet excited state (Tj) lying below.



From the reported equation, it can be inferred how the ISC efficiency depends mainly on the values of the spin orbit couplings other than the singlet-triplet energy gaps for the involved ISC. For all the investigated compounds, we have decided to compute the SOCs concerning the S1 → Tj transitions. The same procedure has been adopted for the selenium containing molecules 3 and 8 for which the S2 state is populated (see Table 1). This should mean that, in agreement with the Kasha rules [18], after the excitation, which populates the S2 state, this state decays on S1 through a fast internal conversion process (IC).



The computed ⟨S1|HSO|Tj⟩, together with the relative ΔES1-Tj energy gaps are collected in Table 2.



From that Table it clearly appears that the presence of heavy atoms in the porphyrin-like skeleton greatly influences the amplitude of the spin orbit coupling constants. In fact, in going from system 1 (oxo), to 2 (thioxo), to 3 (selenoxo), the ⟨S1|HSO|T1⟩ increases significantly assuming values of 114.7 and 685.8 cm−1 for 2 and 3, respectively. The same behavior is found for compounds 7 (0.2 cm−1) and 8 (675.4 cm−1). It is interesting to note that for these two last compounds, having a T4 state with energy similar to that of S1, the SOCs values for the S1 → T4 transitions have quite high values (52.2 and 239.5 cm−1 for 2 and 3, respectively).



The presence of halogen atoms also contributes to increase the ⟨S1|HSO|T1⟩ matrix element, especially in the case of iodine (17.4 cm−1). While for the other examined systems the values of the other S1–Tj SOCs are negligible, for the iodine-containing system (6) the ⟨S1|HSO|T2⟩ and ⟨S1|HSO|T3⟩ matrix elements increase considerably compared to those of the unsubstituted system (see Table 2).



These trends can be rationalized using the El Sayed rules [19] that establish that SOC values increase significantly if a symmetry change of the molecular orbitals involved in the transitions, occurs. The orbital pictures of singlet (S1) and triplets (T1–T4) for systems 1 and 3 are reported in Figure 1.



For the unsubstituted oxobacteriochlorin (see Table 1) S1 and T1 transition involves the HOMO-LUMO orbitals that are both π-π * in nature. Although for T1 and T2 the transitions are due to HOMO-1→LUMO and HOMO→LUMO+1, respectively, Figure 1 shows that all these orbitals are of π type. The presence of selenium in 3 affects significantly the ISC in the S1→T1 and S1→T4 transitions since the orbital compositions change becoming nπ→ππ with different percentage (Table 1). In accordance with the El Sayed rules [19], the SOCs values should be high. In other considered intersystem crossings, the transition involves orbitals with almost the same symmetry in agreement with the low SOC values obtained by our calculations.



Same correlations between orbital nature and SOC amplitudes have been previously found for S, Se and Te-substituted deoxyguanosines [20] and thymidines [21]. Furthermore, the heavy atom effects have been explored in the case of halogen substituted aza-BODIPY [22], BOIMPY [23] and metal containing tetraphenylporphyrin [24].



Considering the computed spin-orbit coupling constants, we can suggest the following possible faster deactivation paths for the considered ISC processes:

	
S0→AS2→ICS1→ISCT1 or S0→AS2→ICS1→ISCT4 →ICT1 for compound 3;



	
S0→AS1→ISCT1 or S0→AS1→ISCT4 →ICT1 for compounds 2 and 8;



	
S0→AS1→ISCT1 or S0→AS1→ISCT2 →ICT1 for compound 6;



	
S0→AS1→ISCT1 for all other systems.








An accurate prediction of kISC(S1→Tj) requires that the adiabatic singlet-triplet energy gaps are taken into consideration as well as the calculation of the Franck–Condon weighted density of states. Work is in progress in this direction.




3. Materials and Methods


All the computations have been carried out by using the Gaussian 09 [25] code employing DFT and its time dependent formulation TDDFT [26]. The hybrid B3LYP [27,28] exchange–correlation functional has been used in conjunction with the 6-31+G* basis set for all the atoms and the SDD pseudopotential [29] for iodine. No symmetry constraints have been imposed during the geometry optimizations.



Computations have been performed in toluene to mimic the experimental environment, by using a dielectric constant of ε = 2.37. The integral equation formalism for the polarizable continuum model (IEFPCM) [30], which corresponds to a linear response in nonequilibrium solvation, has been employed. Spin–orbit matrix elements ⟨S1|HSO|Tj⟩ have been computed with the DALTON code [31] by using the spin–orbit coupling operators for effective core potentials with an effective nuclear charge [32] for iodine atoms containing systems. The atomic mean field approximation [33] has been used in the other cases. For this purpose, the B3LYP functional has been employed in conjunction with the cc-pVDZ basis set for all the atoms except for iodine for which the corresponding pseudopotential has been adopted.



The choice of the computational protocol has been suggested by our previous benchmarks in computing different photophysical properties for several compounds [34,35,36,37,38,39].




4. Conclusions


Stimulated by the recent synthesis of a series of oxo- and dioxobacteriochlorine that should produce singlet oxygen under UV-Vis irradiation, we have computed the main photophysical properties of such compounds relevant in photodynamic therapy. In addition, we have demonstrated that the inclusion of a heavy atom (S, Se, I) in the skeleton of these systems strongly improves the spin-orbit coupling constant values, and consequently the efficiency of the intersystem crossing, ensuring high yield of the cytotoxic singlet molecular oxygen agent.



All the studied systems show absorption wavelengths that fall in the so-called photodynamic window and possess a singlet-triplet energy gap higher than that necessary to generate 1Δg O2 (0.98 eV).



The computed SOCs have values higher than that of Foscan® already used as photosensitizer in the PDT clinical protocols.



We hope that our work can stimulate the synthesis and the characterization of new possible PDT drugs.
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Scheme 1. Schematic representation of compounds investigated in this work. 
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Figure 1. Molecular orbital composition for the excited states involved in the singlet and triplet excitation for molecules for 1 and 3 molecules. 
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Table 1. B3LYP/6-31+G* vertical excitation energies, ΔE in eV and (nm), oscillator strengths f and main orbital transitions for the studied compounds (in toluene). H = HOMO; L = LUMO. Experimental values are taken from ref. [12].






Table 1. B3LYP/6-31+G* vertical excitation energies, ΔE in eV and (nm), oscillator strengths f and main orbital transitions for the studied compounds (in toluene). H = HOMO; L = LUMO. Experimental values are taken from ref. [12].














	Molecule
	State
	ΔE
	
	f
	Transitions
	λexp





	1
	S1
	2.07
	(599)
	0.247
	H→L, 87%
	690



	
	T1
	1.31
	(948)
	
	H→L, 93%
	



	
	T2
	1.36
	(910)
	
	H−1→L, 84%
	



	
	T3
	2.01
	(617)
	
	H→L+1, 87%
	



	2
	S1
	1.99
	(623)
	0.244
	H→L, 80%
	



	
	T1
	1.22
	(1013)
	
	H→L, 81%
	



	
	T2
	1.38
	(898)
	
	H-1→L, 59%
	



	
	T3
	1.67
	(741)
	
	H→L+1, 75%
	



	
	T4
	1.82
	(682)
	
	H-2→L, 57%
	



	3
	S1
	1.83
	(678)
	0.000
	H-1→L, 77%
	



	
	S2
	1.95
	(636)
	0.279
	H→L, 79%
	



	
	T1
	1.15
	(1076)
	
	H→L, 85%
	



	
	T2
	1.38
	(898)
	
	H-2→L, 55%
	



	
	T3
	1.54
	(806)
	
	H-1→L, 70%
	



	
	T4
	1.62
	(764)
	
	H→L+1, 70%
	



	4
	S1
	206
	(602)
	0.200
	H→L, 82%
	680



	
	T1
	1.29
	(963)
	
	H→L, 66%
	



	
	T2
	1.44
	(863)
	
	H-1→L, 58%
	



	
	T3
	1.93
	(641)
	
	H→L+1, 84%
	



	5
	S1
	2.02
	(613)
	0.333
	H→L, 89%
	703



	
	T1
	1.29
	(964)
	
	H→L, 98%
	



	
	T2
	1.33
	(929)
	
	H-1→L, 87%
	



	
	T3
	2.00
	(620)
	
	H→L+1, 87%
	



	6
	S1
	2.02
	(614)
	0.362
	H→L, 89%
	



	
	T1
	1.29
	(964)
	
	H→L, 100%
	



	
	T2
	1.33
	(933)
	
	H-1→L, 90%
	



	
	T3
	2.00
	(619)
	
	H→L+1, 87%
	



	7
	S1
	1.99
	(624)
	0.457
	H→L, 86%
	709



	
	T1
	1.26
	(988)
	
	H→L, 88%
	



	
	T2
	1.38
	(896)
	
	H-1→L, 80%
	



	
	T3
	1.98
	(627)
	
	H→L+1, 86%
	



	8
	S1
	1.83
	(679)
	0.000
	H-2→L, 60%
	



	
	S2
	1.89
	(655)
	0.373
	H→L, 82%
	



	
	T1
	1.12
	(1109)
	
	H→L, 87%
	



	
	T2
	1.40
	(883)
	
	H-1→L, 47%
	



	
	T3
	1.54
	(806)
	
	H-2→L, 53%
	



	
	T4
	1.59
	(781)
	
	H→L+1, 72%
	



	9
	S1
	2.01
	(616)
	0.355
	H→L, 84%
	695



	
	T1
	1.23
	(1007)
	
	H→L, 66%
	



	
	T2
	1.45
	(858)
	
	H-1→L, 63%
	



	
	T3
	1.95
	(635)
	
	H→L+1, 85%
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Table 2. Spin–orbit matrix elements (cm−1) and singlet-triplet energy gaps (eV) calculated at the B3LYP/6-31G(d) level of theory.






Table 2. Spin–orbit matrix elements (cm−1) and singlet-triplet energy gaps (eV) calculated at the B3LYP/6-31G(d) level of theory.
















	Cmpd
	|⟨ΨS1|H^so|ΨT1⟩|
	ΔES1-T1
	|⟨ΨS1|H^so|ΨT2⟩|
	ΔES1-T2
	|⟨ΨS1|H^so|ΨT3⟩|
	ΔES1-T3
	|⟨ΨS1|H^so|ΨT4⟩|
	ΔES1-T4





	1
	2.6
	0.8
	1.9
	0.7
	0.4
	0.1
	
	



	2
	114.7
	0.8
	2.2
	0.6
	0.6
	0.3
	52.2
	0.2



	3
	685.8
	0.7
	8.4
	0.5
	1.5
	0.3
	239.5
	0.2



	4
	2.1
	0.8
	3.2
	0.6
	1.0
	0.1
	
	



	5
	2.8
	0.73
	2.1
	0.69
	0.9
	0.0
	
	



	6
	17.4
	0.7
	71.1
	0.69
	35.2
	0.0
	
	



	7
	0.2
	0.8
	0.2
	0.61
	0.1
	0.0
	
	



	8
	675.4
	0.7
	9.2
	0.43
	3.9
	0.3
	258.6
	0.2



	9
	0.1
	0.8
	0.1
	0.56
	0.2
	0.1
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