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Introduction

Photodynamic therapy (PDT) is a noninvasive, still under
investigation, medical technique for the treatment of differ-
ent types of diseases in oncology and ophthalmology.[1–4] The
basic principle of PDT is the combination of a photosensitis-
ing drug capable of absorbing within the body$s therapeutic
window (l=620–850 nm), a light source (e.g., a laser) of an
appropriate wavelength and molecular oxygen. The photo-
sensitiser, which accumulates preferentially in cancer cells
and has a low dark toxicity, is injected into human body
tissue and then irradiated with visible light. After irradia-
tion, the light-activated molecule undergoes different reac-
tions and can decay from a singlet to a triplet excited state,
through a radiationless transition (intersystem spin cross-
ing). The rate of the latter step is enhanced by the presence
of an atom with a high atomic number (heavy-atom effect)
in the molecule. The key cytotoxic agent is singlet molecular
oxygen 1O2 (1Dg), which is generated by an energy-transfer
reaction from the photosensitiser triplet state to the ground-
state molecular oxygen 3O2 (

3�g).
[5] The photosensitiser trip-

let-state energy should match, for an efficient process, the
first excitation energy of molecular oxygen, that is 0.98 eV
(l=1300 nm). Photosensitisers currently approved for clini-
cal use belong to various groups. Photofrin, a derivative of
hematoporphyrin, was the first and is actually the most used
PDT agent for the treatment of stomach, early-stage cervical
and skin cancers.[6,7] Other classes of polypyrrole macrocy-
clic compounds, belonging to the so-called second-genera-
tion photosensitisers, such as tin etiopurpurin (Purlytin)[8] or
Lutetium texaphyrin (Lutex),[9] are in different stages of
clinical trials. On the other hand, non-porphyrin PDT agents
such as methylene blue[10] or chalcogenopyrilium com-
pounds[11] have shown only a limited application in PDT due
to their dark toxicity and low wavelength absorption (l<
650 nm). Methylene blue, a cationic dye, is applied ex vivo
for the inactivation of extracellular enveloped viruses in
blood plasma.[7,12]

In the continued effort to design, synthesise and charac-
terise new photosensitisers that exhibit a high efficiency and
a low dark toxicity, information from modern theoretical
methods is very useful. Indeed, the a priori knowledge of a
series of properties (e.g., absorption band, singlet–triplet
energy gap, thermodynamic stability, substituent effects,
etc.) can be considered a basic requirement before proceed-
ing to the synthesis, chemical-physical characterisation and
in vitro and in vivo tests. For example, compounds that
show absorption properties in the red part of the therapeutic
window, and for this reason can be considered to be good
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candidates for application in PDT, in practice can be ineffi-
cient if the singlet–triplet energy gap is lower than the
energy required to produce 1O2. The theoretical work pre-
sented here focusses on the structural, energetic and spec-
troscopic behaviour of a novel class of non-porphyrin mole-
cules, that is, BF2-chelated tetraarylazadipyrromethenes, that
have been recently synthesised and tested in vitro for use in
PDT.[13,14] In particular, we have determined 1) the geomet-
ric structures and the conformational behaviour, 2) the ab-
sorption spectra and their electronic origin, 3) the singlet–
triplet energy gap, 4) the influence of the substituents on the
absorption spectra, and 5) the solvent effects. Density func-
tional theory (DFT) and its time-dependent extension (TD-
DFT)[15] were used for this purpose.

Computational Methods

All calculations were carried out by using the Gaussian 03 package.[16]

Geometry optimisations and frequency calculations for all the studied
systems were performed at the density functional level of theory, by em-
ploying the PBE0[17, 18] hybrid functional, based on the generalised gradi-
ent functional proposed by Perdew, Burke and Ernzerhof (PBE)[19] with
25% of exact exchange, in combination with split-valence basis sets aug-
mented with polarisation functions (SVP).[20,21] No symmetry constraints
were imposed during the geometry optimisations. Restricted formalism
was applied for the singlet electronic states and unrestricted formalism
for the triplet states. Absorption spectra were computed as vertical elec-
tronic excitations from the minima of the ground-state structures by
using time-dependent density functional response theory[22] as implement-
ed in the Gaussian 03 code.[23,24] The TD-DFT calculations were carried
out by using the standard 6-31+G* basis sets[25, 26] and the same PBE0 ex-
change-correlation functional that was successfully used previously to re-
produce absorption spectra of different molecules, including photosensi-
tisers active in PDT.[27–29] To further verify whether the used basis set was
large enough to ensure correct results of excitation energies, we per-
formed TD-DFT computations on compound 1a (see Figure 1, below) by
using basis sets of increasing size. For instance, the first excitation energy,
relative to the main absorption band, obtained by employing the 6-
31++G**, 6-311+G*, cc-pVDZ and aug-cc-pVDZ basis sets, is 2.13,
2.12, 2.15 and 2.11 eV, respectively. These values agree very well with the
6-31+G* calculation, which gives 2.13 eV at lower computational cost.
Moreover, these results agree with the previous studies of Stratmann and
Scuseria,[30] Bauernschmitt and Ahlrichs,[31] and Jacquemin et al. ,[32] in
which the basis-set dependence for excitation energies at the TD-DFT
level of theory was carefully investigated. Therefore, the choice of the 6-
31+G* basis set seemed to be appropriate.

Solvent effects were evaluated by using the conductor-like approach, in
the framework of the polarisable continuum model (PCM),[33,34] because
it provides results close to those obtained from the original dielectric
model for solvents with high-dielectric constants. Solvent shifts of the ex-
citation bands were obtained by the nonequilibrium implementation of
the PCM[35] through single-point calculations on equilibrium geometries,
obtained in vacuo.

Results and Discussion

This section is organised into three parts in which the deter-
mination of the ground-state geometries, excitation energies
and solvent effects will be discussed.

Ground-state geometric structures : The investigated sys-
tems, shown in Figure 1, are conformationally characterised
by four dihedral angles (f1, f2, f3, f4), which define the ori-
entation of the four phenyl rings relative to the central part

of the molecule. As a starting point for our calculations, we
took into account the crystal-structure data available for
compounds 1b and 2a.[13,14] To investigate the most stable
conformer, separate potential energy surface scans of the di-
hedral angles f1 and f3, with a 158 step, were performed
starting from the optimised crystal structure, for samples
both in vacuo and in ethanol. The energy profiles for f1 and
f3 are very similar in vacuo and in solvent, and are charac-
terised by two minima and two maxima. The minima corre-
spond to the out-of-plane positions of the phenyl rings,
whereas the highest energy characterises the planar posi-
tions. Similar results were obtained for all the studied sys-
tems. Optimised geometric structures corresponding to con-
formational minima are reported in Figure 2. The structures
show a C2 molecular axis passing through boron and the
bridging nitrogen N1, so selected geometric parameters, re-
ported in Table 1, were averaged between these two parts of
each compound. As can be seen from Table 1, the bond
lengths and valence angles do not change significantly
within each series of compounds (1 and 2), showing a good
agreement with experimental (exptl) data, with a deviation
of less than 0.03 M and 28 for the bond lengths and angles,
respectively. For each series, the optimised dihedral angles
f1 and f2 are almost the same, which corresponds to a par-
allel orientation of the two moieties, with a maximum differ-
ence from experimental data of about 108. The same behav-
iour was found for dihedral angles f3 and f4, with the ex-
ception of compounds 2a–2c, for which the phenyl rings are
oriented differently. Experimental X-ray measurements of
these compounds show that antiparallel orientation of the
two moieties is preferred. For f1 and f2 this behaviour can
be ascribed to the interaction between fluorine and the
phenyl-ring hydrogen atoms. For f3 and f4, for which this

Figure 1. The structure of BF2-chelated tetraarylazadipyrromethenes used
in this study, with the atom, substituent and free-rotation torsion angle
ACHTUNGTRENNUNGlabelling.
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interaction is absent and the rotation is less hindered in the
gas phase, the crystal packing is probably the reason for the
discrepancy.

Electronic spectra of compounds in vacuo : The experimen-
tal electronic spectra of compounds 1a–1d and 2a–2c,[13] are
characterised, in the visible part of the spectrum, by a
strong absorbance band ACHTUNGTRENNUNG(�0.8 absorbance units) with a
sharp profile. Wavelengths corresponding to this maximum
range between 1.90 and 1.78 eV, depending on the substitu-
ents present (R1, R2 and X, see Figure 1) and solvent effects.
A secondary band appears at higher energies with a very
low intensity (<0.2) and a broad character. First, we com-
puted spin-allowed singlet transitions of the compounds in
vacuo; the relative results are reported in Tables 2 and 3 for
the main excitation energies falling in the visible region,
along with their relative oscillator strengths and the transi-

tion character. For compounds
1a–1d, the lowest excitation
energy gives rise to the more
intense transition (0.7< f<1)
and varies from 2.13 to
2.01 eV. This transition stems
mainly from the HOMO!
LUMO excitation (70%)—
except for compound 1c for
which there is a small contribu-
tion from the HOMO�2 to the
LUMO (7%)—and corre-
sponds to the strong experi-
mental band that plays the
basic role in PDT applications.
This can be assigned to a p!
p* transition (Figure 3). The
introduction of substituents on
the aryl rings (1b, 1c) causes a
redshift relative to the
“parent” molecule 1a. In par-
ticular, the presence of an elec-
tron-donating group in the two
isomers 1b (R2=MeO) and 1c
(R1=MeO) causes a shift at
lower energy, of 0.12 and
0.10 eV, respectively, with 1b
showing a better conjugation
of electronic charge. This
effect is less marked for com-
pound 1d, which has an elec-
tron-withdrawing group (R1=

Br), for which the shift is
0.05 eV. A similar trend, owing
to the dependence of the
lowest excitation energy upon
substituents, is shown by the
experimental values measured
in different solvents. The
second excitation energy for

1a, 1b and 1d falls between 2.51 and 2.61 eV and involves
electronic transitions from the HOMO�2 and HOMO�1 to
the LUMO with a very weak intensity (0.003< f<0.017), so
it does not contribute so much to the spectral band appear-
ance. The next excitation energies contribute to the secon-
dary experimental band and vary between 2.43 and 2.73 eV.
This contribution is not uniquely defined: for example, in
compound 1a it stems mainly from a HOMO�2 to LUMO
(89%) excitation with an oscillator strength of 0.273, while
for 1b we obtain a contribution either from the HOMO�1
(75%) or the HOMO�3 (15%) to the LUMO (f=0.443).
In the latter case, we also have an excitation energy at
3.01 eV (f=0.121) that should overlap in the experimental
spectrum with the previous transition, corresponding to the
secondary band. For compounds 2a–2c, in which bromine
atoms are directly bound to the central core of the molecule,
there is no significant effect on the lowest excitation energy,

Figure 2. Optimised molecular structures (corresponding to conformational minima) of compounds 1a–1d and
2a–2c.
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which ranges from 2.17 to 2.01 eV (0.5< f<0.7), in compari-
son with that of 1a–1d (Table 3). Also, in this case we com-
puted a shift to lower energy for 2b and 2c of 0.16 and
0.14 eV, respectively, relative to 2a. In order to relate this
behaviour to orbital energies obtained from the geometric
optimisation, we sketched correlation energy diagrams
(Figure 4) for all of the compounds, reporting the energetic
difference between the HOMO and LUMO, which predomi-
nantly contributes to the main transition. The trend found is
analogous to that found from TD-DFT results: the minimum

energetic gap, HOMO!
LUMO, along each series is dis-
played by compounds 1b and
2b with values of 2.20 and
2.22 eV (in toluene), respective-
ly. The lower energy transition
for 1b and 2b, relative to their
corresponding isomers, seems
to derive from a better energy
stabilisation of the HOMO or-
bital of 0.07 and 0.09 eV, re-
spectively.

Solvent effects : The available
experimental absorbance spec-
tra data have been recorded in
toluene, chloroform, ethanol,
and water containing the emul-
sifier Cremophor EL.[13] In our
work, we exploited the bulk sol-

vation effect on excitation energies, and considered the two
very different dielectric media: toluene (e=2.379) and etha-
nol (e=24.55). Results for each compound are reported in
Table 4 for the lowest excitation energy, together with the
corresponding experimental data. As a general remark, we
observed a constant shift to lower energies (redshifted wave-
lengths) relative to the data for the compounds in vacuo.
The energetic deviation of the main transition from the ex-
perimental data ranges between 0.01 and 0.07 eV, with the
exception of compound 2a whose deviation is about 0.12 eV.
So, the introduction of solvent effects improves results by
about one order of magnitude with respect to the com-
pounds in vacuo, for which the energetic difference ranges

Table 2. Main excitation energies (DE), oscillator strengths (f) and tran-
sition coefficients computed for compounds 1a–1d in vacuo. All electron-
ic states belong to 1A.

Molecule Excited
state

Transition
character

Weight DE
[eV]

f

1a 1 HOMO!LUMO 0.580 2.13 0.723
2 HOMO�1!LUMO 0.668 2.58 0.005
3 HOMO�2!LUMO 0.667 2.70 0.273

1b 1 HOMO!LUMO 0.583 2.01 0.730
2 HOMO�2!LUMO 0.668 2.61 0.003
3 HOMO�3!LUMO -0.276 2.73 0.443

HOMO�1!LUMO 0.612
4 HOMO�3!LUMO 0.608 3.01 0.121

HOMO�1!LUMO 0.272
HOMO!LUMO+3 0.141

1c 1 HOMO�2!LUMO 0.191 2.03 0.650
HOMO!LUMO 0.573

2 HOMO�2!LUMO 0.636 2.43 0.113
HOMO!LUMO �0.131

3 HOMO�1!LUMO 0.665 2.43 0.361

1d 1 HOMO�1!LUMO �0.111 2.08 0.724
HOMO!LUMO 0.579

2 HOMO�2!LUMO 0.661 2.51 0.017
3 HOMO�2!LUMO 0.668 2.59 0.350

Table 1. Selected geometric parameters for PBE0-optimised geometric structures of compounds 1a–1d and
2a–2c.

1a 1b 1c 1d Exptl (1b) 2a 2b 2c Exptl (2a)

bond lengths [M]
B�F 1.398 1.401 1.399 1.397 1.371 1.391 1.394 1.392 1.376
B�N 1.577 1.574 1.575 1.578 1.562 1.584 1.582 1.582 1.566
N2�C1 1.398 1.398 1.398 1.397 1.402 1.396 1.395 1.395 1.394
C1�N1 1.325 1.326 1.326 1.326 1.322 1.325 1.325 1.325 1.322
CPhenyl�O – 1.356 1.358 – 1.372 1.365 1.369 1.366 1.357
C�BrACHTUNGTRENNUNG(core) – – – – – 1.885 1.887 1.887 1.875
C�Br – – – 1.901 – – – – –

valence angles [8]
F1-B-N3 111.7 111.8 111.8 111.7 112.0 107.9 107.7 108.0 108.5
B1-N2-C1 122.0 121.9 122.1 122.0 122.0 122.7 122.4 122.8 123.2
F-B-F 111.8 111.3 111.6 111.9 110.1 111.6 112.3 112.4 112.6
C2-N1-C1 121.0 120.9 120.9 120.9 119.7 119.5 120.8 120.9 120.9

torsion angles [8]
f1 150.1 153.1 149.8 150.0 140.8 45.9 41.5 46.3 50.4
f2 150.0 153.0 149.8 150.0 144.0 45.9 41.4 46.3 52.6
f3 156.1 156.3 158.3 156.6 166.3 146.0 145.0 148.9 29.2
f4 156.2 156.4 158.3 156.6 175.6 146.0 145.6 148.9 131.8

Table 3. Main excitation energies (DE), oscillator strengths (f) and tran-
sition coefficients computed for compounds 2a–2c in vacuo. All electron-
ic states belong to 1A.

Molecule Excited
state

Transition
character

Weight DE
[eV]

f

2a 1 HOMO!LUMO 0.587 2.17 0.722
2 HOMO�1!LUMO 0.674 2.41 0.000
3 HOMO�2!LUMO 0.670 2.53 0.194
4 HOMO�5!LUMO 0.148 3.01 0.002

HOMO�3!LUMO 0.680

2b 1 HOMO!LUMO 0.591 2.01 0.733
2 HOMO�2!LUMO 0.673 2.48 0.003
3 HOMO�3!LUMO �0.364 2.59 0.306

HOMO�1!LUMO 0.565
4 HOMO�3!LUMO 0.568 2.78 0.133

HOMO�1!LUMO 0.364

2c 1 HOMO�2!LUMO 0.279 2.03 0.506
HOMO!LUMO 0.557

2 HOMO�1!LUMO 0.636 2.30 0.286
3 HOMO�2!LUMO 0.602 2.30 0.231

HOMO!LUMO �0.213
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between 0.17 and 0.27 eV relative to the experimental data
in toluene. It is worth noting that a slight hypsochromic shift
of the main excitation energy is present on going from tolu-
ene to ethanol, despite their different polarities. The calcu-
lated difference ranges from 0.01 eV for compound 2c to a
maximum of 0.04 eV for compounds 2a and 2b. These
values are comparable to the experimental difference of
about 0.02 eV. The PCM model does not take into account
specific interactions that can be present under physiological
conditions and that can affect the magnitude of the solvent
shift. The studied compounds, owing to their nature, do not
present significant specific interactions in solvent so the
PCM model is good enough to take into account the main
part of the solvent effects, as demonstrated by the good
agreement with the experimental data. Also, in the presence
of solvent, the excitation energies and the main configura-
tion for the Q-like band derive mainly from the HOMO!
LUMO transition (see Figure 3) with increased oscillator
strengths with respect to the corresponding values for the
compounds in vacuo (0.681< f<0.901). The role of substitu-
ents, in both solvents, is identical to that found in vacuo,
with compounds 1b and 2b having the lowest excitation en-
ergies corresponding to the main transition (1.84 and
1.85 eV in toluene; 1.86 and 1.89 eV in ethanol). A compari-
son of compounds 1a–1c with their analogues 2a–2c shows
lower excitation energy values for the former series by
about 0.02–0.04 eV in toluene and 0.02–0.05 eV in ethanol.
Therefore, the introduction of bromine atoms does not
cause appreciable changes in the absorbance properties. The
analysis of the molecular orbitals involved in transitions fol-
lows the same trends as the results for the compounds in
vacuo. The HOMO!LUMO gap, for both 1a–1d and 2a–
2c, does not vary in going from toluene to ethanol, with
maximum intensity excitation energies being dependent on
the substituent groups on the aryl rings. This gap decreases
from 1a to 1d, with a minimum for compound 1b (2.20 eV
in toluene); compounds 2a–2c follow the same trend.

Singlet–triplet energy difference : One of the basic requisites
of a photosensitiser for achieving an optimal performance in
PDT is represented by its singlet–triplet energy gap (greater
or equal to 0.98 eV). The PBE0 singlet–triplet energy gaps
(DE) are reported in Table 5. At first it appears that DE is
different for the two series of compounds. The first series

Figure 4. Molecular orbital diagrams of the active orbitals in electronic
transitions for 1a–1d (top) and 2a–2c (bottom) in vacuo (solid arrows)
and in solvent (dashed arrows= toluene; dotted arrows=ethanol). The
HOMO–LUMO gaps are reported for the gas phase, in toluene (values
in parentheses) and in ethanol (values in square brackets).

Table 4. Lowest excitation energies (DE) and oscillator strengths (f)
computed for compounds 1a–1d and 2a–2c in toluene and in ethanol (in
parentheses).

Molecule DE [eV] f Exptl

1a 1.96 ACHTUNGTRENNUNG(1.99) 0.890 ACHTUNGTRENNUNG(0.853) 1.89 ACHTUNGTRENNUNG(1.92)
1b 1.84 ACHTUNGTRENNUNG(1.86) 0.888 ACHTUNGTRENNUNG(0.853) 1.79 ACHTUNGTRENNUNG(1.81)
1c 1.87 ACHTUNGTRENNUNG(1.89) 0.835 ACHTUNGTRENNUNG(0.779) 1.86 ACHTUNGTRENNUNG(1.88)
1d 1.92 ACHTUNGTRENNUNG(1.95) 0.897 ACHTUNGTRENNUNG(0.862) 1.87 ACHTUNGTRENNUNG(1.89)
2a 2.00 ACHTUNGTRENNUNG(2.04) 0.898 ACHTUNGTRENNUNG(0.859) 1.90 ACHTUNGTRENNUNG(1.92)
2b 1.85 ACHTUNGTRENNUNG(1.89) 0.901 ACHTUNGTRENNUNG(0.865) 1.82 ACHTUNGTRENNUNG(1.84)
2c 1.90 ACHTUNGTRENNUNG(1.91) 0.746 ACHTUNGTRENNUNG(0.681) 1.89 ACHTUNGTRENNUNG(1.92)

Figure 3. Plot of the HOMO, LUMO, HOMO�1, and HOMO�2 molec-
ular orbitals for compound 1a in toluene.
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has DE values ranging from 0.79 eV (1b) to 0.87 eV (1a)
whereas values equal or higher than 0.90 eV are found for
the second series. This means that 2a–2c should induce the
triplet–singlet molecular-oxygen transitions. However, it is
worth noting that, owing to the small difference in DE
values, this has to be approached with caution. In fact, com-
pound 1a is also able to generate singlet oxygen, with a low
quantum yield, as found experimentally.[13]

Conclusion

By using the DFT and TD-DFT tools we examined the
structural, energetic and UV-visible spectroscopic properties
of a new class of photosensitisers recently proposed for their
use in photodynamic therapy. Solvent effects were also
taken into account. Our results can be summarised as fol-
lows: 1) the electronic spectra were correctly reproduced
with a good agreement with the experimental data. The
origin of the transition has been explained by using frontier
molecular orbital diagrams. The main transitions come from
HOMO!LUMO excitations with small contributions aris-
ing from other neighbouring occupied molecular orbitals;
2) the relationship between the substituent group and the
absorption behaviour was shown. As expected, the presence
of an electron-donating group causes small redshifts in the
spectra; 3) all of the systems show high conformational flexi-
bility of the torsional angles that link the phenyl groups to
the core moiety of the molecules; 4) the singlet–triplet
energy gap for compounds containing bromine directly
bound to the central core of the molecule (2a–2c) is slightly
higher than that found for the corresponding hydrogenated
systems, suggesting that, in principle, the former should be
more effective as photosensitisers in PDT; 5) the introduc-
tion of solvent effects for different media improve the
agreement with the experimental data. A slight hypsochro-
mic shift was found for the solvents on going from low to
high dielectric constants. We hope that our results can help
the experimentalists to develop synthetic strategies for new
photosensitisers for use in photodynamic therapy.
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