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TD-DFT calcalution of BODIPYand
related compunds as photoseners for

Photodynamic therapy
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Abstract

In this work we carrid out Theoretical evaluation of Bodipy and related as
photosensitizer for use in photodynamic therapy (PDT).Five compounds were
studied through substituents at the position 6 in the chromophore of Bodipy
with elements from the fifth column in the Periodic table such(N-P-As-Bi).in
the present study the density functional theory and its time dependent
extension calculations have been used to calculate the eneregy of ground and
singlet -triplets excited states, energy differences AEr, _g AEg, _r, , electronic
absorption spectra , transition dipole moments (TDM) for spin-allowed S¢—Ss
and other proporities.
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1. Introduction

Photodynamic therapy (PDT) is a minimally invasive procedure that offers
many advantages over traditional cancer treatments [1].

(PDT) was discovered more than 100 years ago, and has since become a well-
studied therapy for cancer and various non-malignant diseases including
infection[2].

It has been used for many years, but it is only now becoming widely accepted
and utilized Originally it was developed as a tumor therapy and some of its
most  successful applications are for non-malignant diseases[3].
Photodynamic therapy employs light-sensitive compounds known as
photosenstizers (PSs) that when exposed selectively to light in conjunction
with molecular oxygen become toxic to cells resulting in cell death[1-3].
The process is initiated when the photosensitizer absorbs a photon and
undergoes simultaneous or sequential decays that result in intramolecular
energy transfer reactions[4].

after the photosensitizer absorbs light, it is activated to an excited singlet state.
Molecules at this state readily decay back to the ground state with the emission
of light (fluorescence) or heat, or they can cross to the triplet state[4].
The photosensitizer in the triplet state can react with ground-state oxygen to
produce a singlet-state oxygen which is generally accepted as the major
damaging species in PDT.

There are many types of photosensitizers available.

An ideal PS agent should be a single pure compound to allow quality control
analysis with low manufacturing costs and good stability in storage. It should
have a high absorption peak between 600 and 800 nanometers (hnm) (red to
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deep red), because absorption of photons with wavelengths longer than 800
nm does not provide enough energy to excite oxygen to its singlet state and to
form a substantial yield of reactive oxygen speciesoxygen species[5].
The first PS to be clinically employed for cancer therapy was a water-soluble
mixture of porphyrins called hematoporphyrin derivative (HPD), a purified
form of which, porfimer sodium, later became known as Photofrin.
Although porfimer sodium is still the most widely employed PS, the product
has some disadvantagesThe properties of unfavorable skin phototoxicity, low
absorption in the red region of the visible spectrum, as well as complex
mixtures arising from the method of synthesis were targeted for improvement
with second generation photosensitizers.

There has been a major effort among medicinal chemists to discover second-
generation PSs, and several hundred compounds have been proposed as
potentially useful for anticancer PDT[6]. With
several commercially available photosensitizing agents now on the market,
numerous well designed clinical trials have demonstrated the efficacy of PDT
on various cutaneous and deep tissue tumors. However, current
photosensitizers and light sources still have a number of limitations[7-9].
Future PDT will build on those findings to allow development and refinement
of more optimal therapeutic agents and illumination devices.
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives have been
proposed in several potential biomedical applications[8].

BODIPYs absorb strongly in blue-green region with high fluorescence
emission, properties that convert them in effective fluorophores in the field of
biological labeling. However, BODIPY structures can be conveniently
modified by heavy atoms substitution to obtain photosensitizers with
applications in photodynamic therapy .

BODIPYs have been proposed as phototherapeutic agents for
the photodynamic inactivation of microorganisms[9].

Therefore, BODIPY structures need to be optimized to produce an efficient
photocytotoxic activity.

BODIPY can be tuned from wavelengths (excitation and emission) of about
~500 nm to NIR wavelengths by structural modification with sharp absorption
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and emission bands. In addition to the flexible synthesis, several photophysical
properties, such as singlet-triplet state character and electrochemical
properties, can be tuned as desired.

These properties have enabled the transformation of a fluorescent dye with
negligible triplet state to a PS[10].
BODIPY dyestend to be highly fluorescent, but their emissions can be
attenuated by adding substituents with appropriate oxidation potentials.
Substituents like these have electrons to feed into photoexcited BODIPYs,
guenching their fluorescence, thereby generating relatively long-lived triplet
states. Singlet oxygen is formed when these triplet states interact with 30, this
causes cell death[11]. The PDT agents
that are currently approved for clinical use do not feature BODIPYSs, but there
are many reasons to believe that this situation will change[12].
2-Computational details:
In the present work guantum mechanical calculations of Bodipy dye as
photosensitizer were performed by DFT-TD-DFT which is One of the most
powerful methods for theoretical studying of spectroscopic properties of large
molecular systems.by using hybrid functional (B3LYP) the most commonly
used not only for ground-state but also for excited state calculations and basis
set( 6-31G, lanl2dz) [13-14].
The presence of solution affects the optical activity of molecular systems. The
solute- solution interactions have a direct and significant influence on the UV-VIS
spectra. As a consequence a reliable theoretical study of electronic spectra cannot
be performed without a proper treatment of solution effects. The polarizable
continuum model (PCM) is one of the most widely used methods since it meets a
good compromise between accuracy and computation time[15-16].

the present work present study for five compounds four of it dervited from
chromophore Bodiby by substituents carcon number 6 by atoms from the fifth
column in the Periodic table (N-P-As-Bi) as shown in figure (1) and table(1).
The molecules were drawn using CHEM BIO software and theoretical
calculation carried out by Gaussian 09 software The theoretical calculations
were focused on the ground state by DFT .
the excited triplet and singlet states by TD-DFT[13].
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Fig(1) Molecular structure of the BODIPY dye and the related compounds

Table (1): the five molecules

PM-6 PM-C PM-N PM-P PM-As PM-Bi

3-Results and discussion

3-1Geometry

The ground and excited-state structural parameters of Bodipy and studied
LILILIV- V compounds were obtained by using calculations by DFT/
B3LYP/6-31G (lanl2dz for Bi) Bond
length, Bond angles and Dihedral angles are presented in tables (2,3,4)
respectively. It was shown abiggiest increase in the bond length C5-C6 when
substituted with Bi in (C5-Bi6) And abiggiest increase in the bond length C1-
C6 when substituted with Bi in( C1-Bi6).
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For the Bond angles in the table(3) it was shown in the bond C5-(X)6 —
C1lsmallest value in the presence of Bi Table( 4) was shown biggest change
in the values of Dihedral angles at Bi.

Table(2): Bond length (A) for PM for ground state

Atoms Actual Optima
PM-C C(5)-C(6) 1.3924 1.523
N(4)-C(9) 1.3519 1.438
N(4)-C(5) 1.4084 1.438
B(3)-F(8) 1.4253
B(3)-F(7) 1.4253
B(3)-N(4) 1.5569
N(2)-C(14) 1.3519 1.438
N(2)-B(3) 1.5569
C(1)-C(6) 1.3924 1.523
C(1)-N(2) 1.4084 1.438
PM-N C(5)-N(6) 1.4004 1.456
N(4)-C(9) 1.3757 1.364
N(4)-C(5) 1.3814 1.364
B(3)-F(8) 1.5462
B(3)-F(7) 1.5451
B(3)-N(4) 1.5038
N(2)-C(14) 1.3142 1.47
N(2)-B(3) 1.5013
C(1)-N(6) 1.2902 1.26
C(1)-N(2) 1.4499 1.462
PM-P C(5)-P(6) 1.773 1.828
N(4)-C(9) 1.3569 1.364
N(4)-C(5) 1.4034 1.364
B(3)-F(8) 1.4238
B(3)-F(7) 1.429
B(3)-N(4) 1.5523
N(2)-C(14) 1.3569 1.364
N(2)-B(3) 1.5523
C(1)-P(6) 1.773 1.828
C(1)-N(2) 1.4034 1.364
PM-As C(5)-As(6) 1.8457
N(4)-C(9) 1.3575 1.364
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N(4)-C(5) 1.3989 1.364
B(3)-F(8) 1.4304
B(3)-F(7) 1.4242
B(3)-N(4) 15513
N(2)-C(14) 1.3574 1.364
N(2)-B@3) 1.5515
C(1)-As(6) 1.8457
C(1)-N(2) 1.3991 1.364
PM-Bi C(5)-Bi(6) 2.1148
N(4)-C(9) 1.3693 1.364
N(4)-C(5) 1.4081 1.364
B(3)-F(8) 1.4338
B(3)-F(7) 1.4462
B(3)-N(4) 1.5473
N(2)-C(14) 1.3691 1.364
N(2)-B(3) 1.5476
C(1)-Bi(6) 2.1145
C(1)-N(2) 1.408 1.364

Table(3) Bond angles ( )0for PM for ground state

Atoms Actual Optimal
PM-C C(5)-C(6)-C(1) 121.7616 109.5
C(6)-C(5)-N(4) 120.4047 108.8
C(5)-N(4)-B(3) 125.4343
F(8)-B(3)-F(7) 109.6157
N(4)-B(3)-N(2) 106.5603
B(3)-N(2)-C(1) 125.4343 126
C(6)-C(1)-N(2) 120.4047 108.8
PM-N C(5)-N(6)-C(1) 113.7233 115
N(6)-C(5)-N(4) 126.3373 126
C(5)-N(4)-B(3) 117.3263 108.8
F(8)-B(3)-F(7) 109.4223 107.7
N(4)-B(3)-N(2) 105.1088
B(3)-N(2)-C(1) 116.5427
N(6)-C(1)-N(2) 124.7189 126
PM-P C(5)-P(6)-C(1) 100.7827 115
P(6)-C(5)-N(4) 125.3269 126
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C(5)-N(4)-B(3) 126.9616 108.8
F(8)-B(3)-F(7) 109.9763 107.7
N(4)-B(3)-N(2) 108.7463
B(3)-N(2)-C(1) 126.9611
P(6)-C(1)-N(2) 125.3256 126
PM-As C(5)-As(6)-C(1) 98.7024 115
As(6)-C(5)-N(4) 125.1495 126
C(9)-N(4)-C(5) 108.2799 124
C(5)-N(4)-B(3) 126.565 108.8
F(8)-B(3)-F(7) 110.149 107.7
B(3)-N(2)-C(1) 126.5945
As(6)-C(1)-N(2) 125.1118 126
PM-Bi C(5)-Bi(6)-C(1) 92.3833 115
Bi(6)-C(5)-N(4) 123.9002 126
C(9)-N(4)-B(3) 123.578 108.8
C(5)-N(4)-B(3) 127.1633 108.8
F(8)-B(3)-F(7) 109.6948 107.7
C(12)-C(1)-Bi(6) 128.176 120
Bi(6)-C(1)-N(2) 123.9194 126
Table (4): Dihedral angles( )0 of PM for ground state
Atoms Actual
PM-C N(2)-C(1)-C(6)-C(5) 0.0000
B(3)-N(4)-C(5)-C(11) 179.9966
PM-N N(2)-C(1)-N(6)-C(5) 10.3514
B(3)-N(4)-C(5)-C(11) 150.1226
PM-P N(2)-C(1)-P(6)-C(5) 2.3375
B(3)-N(4)-C(5)-C(11) 171.2981
PM-As N(2)-C(1)-As(6)-C(5) 5.1103
B(3)-N(4)-C(5)-C(11) 169.5953
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PM-Bi N(2)-C(1)-Bi(6)-C(5) 5.3297
B(3)-N(4)-C(5)-C(11) 168.7146

3-2Absorption:

absorption bands was obtained by using TD-DFT/B3LYP/ PCM/6-31G
(lanl2dz for Bi) in isolated gas phase and solutions Acetonitrile, Ethanol,and
DMSO it was shown biggest absorption band in the atom Bi and the
acetonitrile as shown in the table (5)

Table(5): The calculation absorption bands of PM by TD-DFT/B3LYP/ PCM/6-
31G (lanl2dz for Bi) in Acetonitrile, Ethanol, DMSO solutions

PM PM-C PM-N PM-P | PM-As | PM-Bi
Aabs (NM) 415,98 | 475,46 | 556,69 | 525,36 | 609,63

Aabs (nm) 420,72 | 477,88 | 489,33 | 518,94 | 569,63
Acetonitrile

Aabs (nm) 421 478,48 | 490,19 | 521,62 | 570,91
Ethanol

Aabs (nm) 422,91 | 479,83 | 491,84 | 521,62 | 571,79
DMSO
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Fig (2): HOMO and LUMO states for all studied compounds.

Tables (6-7-8) show calculations of oscillator strengths (f) and transition dipole
moments (TDM) of the spin-allowed SO—Sn in Acetonitrile, Ethanol, DMSO
solutions.
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Table(6): The parameters of the transition dipole moments (TDM)

for spin-allowed S0—Sn, oscillator strengths (f).

TD-DFT/B3LYP/ PCM/6-31G (lanl2dz for Bi) in Ethanol solution

Ethanol So—Sh TDM [a.u] MO
dx dy dz Dip flau]
PM-C —S1 2.2 0.2 -0.0 4.9 H-0-L+0 (91%) | 0.2917
—S; 0.4 0.2 0.0 0.2 H-1-L+0 (90%) | 0.0170
—S3 0.3 0.3 0.3 0.3 | H-2—>L+0 (96%) | 0.0327
PM-N —S1 19 | -07 0.0 42 | H-0-L+0 (71%) | 02283
—S2 05 0.6 -0.0 0.67 | H-1-L+0 (70%) | 0.0440
—Ss3 03 | -05 0.0 0.4 | H-3—L+0 (64%) | 0.0318
PM-P —S1 2.2 4.9 | H-0—L+0 (80%) | 0.3046
—S; 14 | -02 | -0.0 2.1 | H-1-L+0 (78%) | 0.1442
—S3 0.2 | -0.2 0.0 0.1 | H-2-L+0 (92%) | 0.0113
PM-As —S1 2.2 0.2 -0.0 49 | H-0-L+0 (98%) | 0.2917
—S2 0.4 0.2 0.0 0.2 | H-I-L+0 (97%) | 0.0170
—S3 0.3 0.3 -0.3 0.3 | H-3-L+0 (51%) | 0.0327
PM-Bi —S1 1.9 0.7 0.0 4.2 | H-0-L+0 (99%) | 0.2283
—S2 05 0.6 -0.0 0.6 | H-1-L+0 (64%) | 0.0440
—S3 03 | -05 0.0 0.4 | H-0-L+0 (71%) | 0.0318
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Table(7): The parameters of the transition dipole moments (TDM)
for spin-allowed So—Sn, oscillator strengths (f).
TD-DFT/B3LYP/ PCM/6-31G (lanl2dz for Bi) in DMSO solution

DMSO | So—Sy TDM [a.4] MO
d« | dy | dz | Dip flau]
PM-C\ =81 1 54 | oo | o1 | 58 H(%;/Ig)* O | 04178
=% | 41003 00 | 14 H'(BI;/%; O | 01179
% L5 | | 0o | o7 Hég;/%; 0 | 00797
PM-N1 =S 1 19 | 00| 00 | 38 Hgg;/%; O | 0.2433
=S | 47103 -00]| 31 H(;;;/%; O | 02238
% o5 | o, | 01| 04 Hég;};; O | 0.0368
PM-P =80 155 oo | 00| 52 H'(%g;/{;; O | 03256
% a3 | | 00| 19 H(ISI;/I;)* O | 01314
7% o2 | | 00| o1 H(Z;;/I;; O | 00116
PM-As | =811 55 | 02| 00| 51 Hg;,};; 0| 02082
=52 | 04 | 03| 00| 02 H(I(;;/I;; O | 00165
=53 | 03 | 03| 03| 03 Hég;/%)* O | 0.0336
PMBL | =8 gg | | 00 | 43 Hif’g_g’;;)*o 0.2335
=52 1 o5 | 06| 00| 07 H(;;/%; O | 0.0482
5 03 | 5| 00| o4 Hé;/%; O | 0.0301
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Table(8): The parameters of the transition dipole moments (TDM)
for spin-allowed So—Sn, oscillator strengths (f).

TD-DFT/B3LYP/ PCM/[6-31G (lanl2dz for Bi) in acetonitrile solution

acetonitrile So—Sh TDM [a.u] MO

dx dy dz Dip flaul]

PM-C =5 1 23| 00 | o1 | 55 H(%I;/I;; O | 04000
=82 1 91| 03 | 00 | 14 H(gg;/%; 0 | o122

—Ss 05 | -06 0.0 0.7 Hég;/%; 0 0.0778

PM-N =S5 1 18 | 00 | 00 | 35 H((;;/I;; O | 02250
=82 1 47| 03 | 00| 31 H((17—0>01/;)+0 3.1728

=% 1 o5 | 02 | 01| o4 H'(%Z/I;; O | 00362

PM-P =St o1 | 00 | 00| 48 H(%;/I;; O | 03002
=82 g4 | 02 | 00| 21 H(;;;/I;; O | o.1450

=% 1 92| 02| 00| 01 Hé;/%; O | 00114

PM-As =SEo oo | 02 | 00| 49 H(%;/I;; O | 02804
—82 0.4 0.2 0.0 0.2 H(g;;/%)* 0 0.0170

=8 | 03| 03 | 03] 03 Hé;/%; O | o321

PM-Bi =SEol 99 | 07 | 00 | 42 H'(%g;/%;o 0.2264
—82 0.5 0.6 00 | 06 H(g;/%)* 0 0.0442

=8 | 03| 05 | 00| 04 Hég;};; O | 00306
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3-3Triplet energy:

Triplet energy are regarded to be responsible for the efficiency of
photosensitizers in PDT. To
be interesting for PDT, the first excited state of the photosensitizer (S1, 1PS*)
should be triggered by light with an energy of between 1.55 eV (800 nm) and
1.77 eV (700 nm). This range is predicted to provide at the same time the
deepest penetration depth into biological tissue and enough triplet energy (T4,
3PS*) to produce singlet oxygen. Among
investigated structures the compound PM-bi have such properties as shown in
table (9).

Table(9): energy differencesAEy, s, AEg, _1,by DFT/B3LYP//6-31G

\(lanl2dz for Bi)for ground states and TD-DFT/B3LYP/ /6-31G
(lanl2dz for Bi)for excited states

PM PM-C PM-N PM-P PM-As PM-Bi
AEr s, 3 2,50 2.67 2,15 1,96
AEs, 1. 3,14 2,66 1,90 1,81 1,56

Conclusion

Theoretical calculations were performed for five compounds by using density
functional theory (DFT) and time-dependent density functional theory
(TDDFT )inisolated gas phase and solutions Acetonitrile, Ethanol, and DMSO
. through the polarizable continuum model (PCM).

The foregoing studies indicate that PM-Bi was best compound as
photosensitizers in pdt.

Future research should be aimed at synthesis of promising compounds such
PM-Bi,PM-AS,PM-P for photodynamic therapy and executing experiments to
verify the correctness of the theoretical results.
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