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Abstract

This work was undertaken to see how Ru II complexes can be suitable for photo-
dynamic therapy through theoretical prediction. For that, four Ru II complexes,

a-RuCly(Azpy),, Fac-Ru (Azpy)s+ , Mer-Ru (Azpy)z+ and Ru (Bipy)z+ were
used in unrestricted state by providing with no more energy than 2.68 eV.
The unrestricted state allows the complex molecule to display each of its elec-
trons in one orbital. All the calculations such as optimization, frequency and
TD-DFT calculations were performed at WB97XD/Lanl2dz level. It resulted
from this investigation that Ru II complexes are active for both mechanisms
suitable for photodynamic therapy in presence or absence of *O,. Moreover,
this reaction was assumed to take place only with Guanine DNA base as
demonstrated in literature. Therefore, Guanine is admitted as the base most
reacting with ruthenium complexes for photodynamic therapy. This work con-
firms our prediction regarding metallic complexes that are assumed to be
photosensitized in condition that an electron must be isolated to favor the ex-
citation. Nevertheless, Ru II complexes are found suitable for superficial thera-
py while Ru III must be active for deep therapy.

Keywords
TD-DFT, Ru(Il), Photo-Dynamic Therapy (PDT), (Un)restricted Model

1. Introduction

Since discovered as cytotoxic agents, Ru complexes are of great interest [1] [2]
[3]. Even if they differ from the nature of the ligand, most of them remain com-
petitive comparatively to other metallic complexes like cisplatin and its deriva-

tive molecules [4]. Then, in our previous article, we made a comparison regard-
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ing activity of Ru(II) and Ru(III) complexes irrespective of their ligands [5]. We
found that both group of complexes are cytotoxic. In addition, we could not
make any distinction between the charges of the central metal Ruthenium. How-
ever, concerning the photodynamic therapy (PDT) properties, they were ob-
tained assuredly by Ru(III) complexes. We found out furthermore that the inac-
tivity of Ru(II) complexes was certainly due to the couple paired of valence
electrons. Therefore, they had failed to display a triplet state. Besides, within the
present work that is a continuity of the previous one, we have selected four ru-
thenium IT complexes that we will excite first in a triplet state to permit the sepa-
ration of pair electrons and find out their cytotoxic effect as photodynamic thera-
peutic agent. It means that all calculations will be performed in unrestricted model.
These complexes are a-RuCl,(Azpy),, Fac-Ru (Azpy)j+ , Mer-Ru (Azpy)§+ and
Ru (Bipy)? indicated by Figure 1. All of them are active cytotoxically except
for Fac-Ru(Azpy)." .

The diagram of Jablonski highlights the principle of photodynamic therapy
[6]. It states that the molecule responsible for the therapy must be irradiated first.
Thus, this molecule is known as a photo-sensitizer (PS). Actually, the irradiation
triggers a transition in the PS from the state of singlet (S1) to triplet state (T1)
through intersystem crossing. Here, the triplet state is essentially responsible for

the therapy as long as it allows the formation of species reactive oxygen [7].

2. Methods

DFT and TD-DFT calculations were performed at WB97XD/Lanl2dz level thanks
to Gaussian 09 packages [8]. WB97XD is one of the widespread hybrid function-
al used for DFT calculations. Its advantage is that it is more accurate and dis-
plays better the symmetry of complex molecules [9] [10]. It means that the op-
timizations and the frequency calculations were performed with symmetry con-
straints. That process produces an accurate result close to reality. Lanl2dz is the
pseudo basis set suitable for heavy elements and it minimizes the relativity effect
[11] [12]. TD-DFT was calculated both at ground state and at first excited state
to investigate the absorption properties of the Ru II complexes. The energy of

the molecules was determined both in restricted and in unrestricted states.

3. Results and Discussion

3.1. Energy of Restricted and Unrestricted States

Both the restricted and unrestricted states can belong to fundamental state. The
difference between them stems from the spin of the complex. In the restricted
state known as close shell model, we have absolutely an even numbers of elec-
trons. The electrons are coupled with opposite spin thereby giving the complex a
singlet spin. In addition, every coupled electrons are in the same orbital. Whe-
reas the unrestricted state, it regards the open shell model. In this case, electrons
are unpaired, they are divided in spin up and spin down, and each electron is in

a separate orbital. The lowest spin in this case for the molecule is triplet. The
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Figure 1. Structure of Ru (II) complexes, a-RuCI2(Azpy)s, Ru(Bipy) , Fac and
Mer-Ru(Azpy)." .

unrestricted model can naturally be encountered especially when the molecule
has odd numbers of electrons in fundamental state and in the excited state [13].
Thus, it can be imposed for the even numbers electrons. Figure 2 displays both
models regarding an even electron numbers.

When we look Figure 2, we figure out that from close shell to the open shell,
energy of the molecule must increase and the molecule becomes unsteady.
Therefore, Table 1 shows the energy recorded from restricted and unrestricted
states of the four Ru II complexes.

Table 1 presents the difference of energy between close shell molecules
and open shell molecules. We can see that the difference of energy AFs;r
between both states is positive. This means that the open shell molecule is more
unstable and more reactive than the close shell molecule. Moreover,

Ru (Bipy)z+ requires the highest energy with 2.68 eV to dissociate electrons and
create two high occupied molecular orbitals (HOMO) with different energy. Be-
sides, a-RuCl(Azpy), requires the least energy to unpair electrons with 1.21 eV.
Always in Table 1, we present the difference energy between the highest HOMO
and its corresponding LUMO. In this case, the gap energy AFy,. (in eV) is the
lowest in the isomers Fac-Ru (Azpy);+ and Mer-Ru (Azpy)z+ with respec-
tively 4.64 eV and 4.81 eV thereby making them the most reactive complexes.
Furthermore, the total energy required for a molecule with close shell electrons
to be excited is the sum of both AEs,r and Ay, This energy shows that both
isomers Fac-Ru (Azpy)z+ and Mer-Ru (Azpy)z+ are the most active with re-
spectively 6.60 and 6.72 eV. Ru(Bipy)? presents the highest energy with 8.14
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eV. Henceforth, since the low value noticed between close shell and open shell
statute, all calculations will take place at unrestricted state. Figure 3 displays the
structure of the four Ru II complexes calculated at unrestricted state after opti-

mization.

3.2. Photophysical Properties of Complexes at Unrestricted State

Table 2 and Table 3 display the 20 first singlets and triplets excited states with
the unrestricted model at wb97xd/b3lyp level.

dbdd

g
=

T
bp b

Close shell model Open shell model

Figure 2. Close shell and open shell models known re-

spectively as restricted and unrestricted states.

¢

2+
3 b

Figure 3. Structures from left to right of a-RuCL(Azpy)>, FAC-Ru(Azpy)
MER-Ru (Azpy)z+ and Ru(Bipy)i+ calculated at unrestricted state at wb97xd/Lanl2dz

level.

Table 1. Energy of close and open shells models and energy of frontiers orbitals of unrestricted state of the Ru(II) complexes cal-

culated at WB97XD/Lanl2dz level.

Close shell Open shell .
Unrestricted state Total energy
Ru(II) complexes energy energy AEsst (en eV) .
required (eV)
Fso (en a.u.) Fr (en a.u.) Eiomo (en a.u.) Fiumo (en a.u.) AEust (en eV)
a-RuCL(Azpy): -1301.00 —1300.95 1.21 -0.31 -0.09 6.01 7.22
Fac-Ru(Azpy)!  -1859.08 ~1859.01 1.96 ~0.49 -0.32 4.64 6.60
Mer-Ru(Azpy).  -1859.08 ~1859.01 1.91 -0.49 -0.31 4.81 6.72
Ru(Bipy).’ -1579.03 -1578.93 2.68 -0.49 -0.29 5.46 8.14

Total energy required = AEsst + AEns1.
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Table 2. The 20 lowest singlet excitation energies (eV), wavelength (nm) and oscillation strength (f) of Ru II complexes under
unrestricted model calculated at WB97XD/Lanl2dz level.

Complexes S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20

E 1126 1182 1.622 1.647 1.703 1.884 1.959 1978 2.125 2505 2.512 2.679 2.879 2935 2943 3.051 3.139 3203 3.217 3.269
a-RuCL(Azpy), [J 1101.28 1048.99 764.4 752.72 727.9 657.91 633.01 626.7 5835 494.85 493.54 462.73 430.59 42247 42123 406.34 393.98 387.04 38544 379.25
f 0 0 0 0 0.007 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0
E 1798 1.798 1.801 2.528 2.55 2.550 2.587 2.587 2.637 2.637 2.639 2.655 2.694 2.694 2.738 2933 29613 2961 2985 3.088
Fac—Ru(Azpy)j’ [7 689.67 689.65 688.56 490.46 486.21 486.19 479.25 479.22 470.14 470.11 469.72 467.01 460.16 460.14 452.9 422.67 418.68 418.65 41536 401.46
f 0 0 0 0 0.008 0.008 0 0 0 0 0 0.0145 0 0 0 0 0 0 0.002  0.006
E 1722 1.822  1.923 2345 2410 2429 2472 2511 2592 2597 2628 2.639 2.660 2751 2777 2907 29102 2.947 2963  3.047
Mer-Ru(Azpy)i [7 719.92 680.6 644.68 528.63 514.5 510.38 501.63 493.67 478.36 477.36 471.69 469.81 466.18 450.76 446.45 426.51 426.03 420.66 418.46 406.88
f 0 0 0 0 0.006 0 0.003 0 0 0 0.008 0 0 0 0 0 0 0 0 0
E 279 2796 2.868 2916 3.038 3.038 3.148 3.148 3.172 3.173 3.235 3.302 3.332 3.332 3.362 3.436 3.4362 3458 3.459 3.461

Ru(Bipy): [7 44343 4434 43232 425.14 408.11 408.09 393.88 393.84 390.82 390.69 3833 37546 372.1 372.07 360.83 360.83 360.81 358.42 35842 358.24

f 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0.001 0.0012 0.146  0.146 0

Table 3. the 20 lowest triplet excitation energies (eV), wavelength (nm) and oscillation frequencies (f) of Ru II complexes under
unrestricted models calculated at WB97XD/Lanl2dz level.

Complexes T1 T2 T3 T4 T5 Té T7 T8 T9 Ti0 Ti11 T12 T13 T14 T15 T16 T17 T18 T19 T20

E -0.257 0.2 0.409  1.694 1753 2.085 2.193 2216 2266 2300 2412 2507 2.520 2.657 2.716 2.733 27661 2.821 2.900 3.068

a-RuCly(Azpy), [~ —4829.47 6328.88 3030.09 731.99 707.14 59477 565.3 559.45 547.2 539.02 513.98 494.48 491.96 466.59 456.43 453.66 44822 439.56 427.5 404.09
f -0.017  0.001 0 0.006 0 0.000 0.009 0.010 0.010 0.001 0.003 0.000 0.006 0.029 0.000 0.008 0.007 0.0001 0.006 0.001

E 0372 0487 0726 0762 0.894 1246 1.731 1.798 1.892 1.9 2.089 2256 2.408 2473 2521 2556 2581 2592 2673 2795

Fac-Ru(Azpy): [~ 333595 254431 1708.43 1626.57 1386.32 994.78 716.43 689.52 65536 652.54 608.1 549.61 514.91 501.33 491.88 485.06 480.46 478.32 463.79 443.52
£ 0.001 0 0 0.001  0.014 0.002 0.000 0.0003 0.003 0.001 0.002 0.002 0.005 0.005 0.019 0.005 0.000 0.003 0.000 0.002

E 0.0332 0.446  0.549 0.725 1.148 1480 1.679 1.767 1.853 1.916 2.129 2247 2416 2431 2517 2570 2.610 2.655 2.830 2.872

Mer-Ru(Azpy): [~ 3736.05 277851 2257.76 1709.81 1080.4 837.63 738.48 701.78 669.1 647.24 582.34 551.64 513.25 510.09 492.66 482.35 474.94 466.93 438.17 431.66
£ 0.000 0.000 0.002 0.000 0.008 0.003 0.000 0.005 0.001 0.000 0.000 0.003 0.027 0.001 0.003 0.000 0.000 0.001 0.000 0.002

E 0114 0.192 0405 0.430 0997 1.022 1212 1310 1.608 1.624 1.808 1.866 1.927 2.756 3.153 3.153 3.240 3.260 3.274 3.367

Ru(Bipy)z’ [~ 1083  6451.11 3060.16 2885.42 1243.84 1213.3 1022.63 946.08 771.07 763.53 685.75 664.45 643.25 449.79 393.25 393.16 382.68 380.26 378.68 368.22

£ 0.000 0.000 0.000 0.001 0.002 0.000 0.002 0.042 0.002 0.0005 0.011 0.001 0.002 0.117 0.000 0.000 0.024 0.004 0.001 0.000

Regarding Table 2 that shows up the singlet states of the complexes, we can
notice that a-RuClL,(Azpy), presents two bands at S5 and S9. The lowest energy
here is 1.703 eV. This energy corresponds to the wavelength at 727.9 nm and to
the transition t,; — 7" . The last band is observed for the excitation state S9.
The energy required for that band is 2.12 eV, which is known suitable for deep
phototherapies. Both isomers Fac-Ru (Azpy)s+ and Mer-Ru (Azpy)z+ present
their first singlet band at respectively 2.55 eV and 2.41 eV. However, these ener-
gies correspond respectively to wavelengths 486.21 and 514.6 nm showing that
the first isomer is qualified for deep therapy and the last one can be used for su-
perficial tumors [14] [15]. These bands correspond to the fifth excited state of
the molecules. Whereas Ru(Bipy)?, its first singlet excitation appears at S11
with 3.23 eV as energy required. The corresponding wavelength is 383.3 nm.
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Nevertheless, we can see many other bands at high energy and low wavelength.
Anyhow, this cation displays only transitions suitable for deep tumors [16]
[17].

Table 3 records all information of the 20 first triplets states for each complex
calculated at Wb97xd/lanl2dz level in the unrestricted model. We can see therefore
that all the complexes show significant wavelengths corresponding to oscillation
forces higher than 0.001. Thus, a-RuCL(Azpy), displays fourteen important wave-
lengths where the first is 6328.88 nm and the energy corresponding is 0.20 eV.
Regarding Fac-Ru (Azpy)?, its first triplet wavelength appears at 3335.95 nm
and the energy necessary for this excitation is 0.37 eV. In the case of
Mer-Ru (Azpy)? we can see that its first excitation wavelength is set at 2257.76
nm. The energy required for this transition is 0.55 eV. For the last molecule
Ru (Bipy)?, its first transition is shown at the wavelength 2885.42 nm and the
energy necessary is 0.43 eV. Contrary to the close shell state, we can see that the
molecules in unrestricted state display actually £t energy [5]. This witness their ab-
ilities to be therapeutically active. By comparison of their first energy of the triplet
state, we have: Bri(a-RuCly(Azpy),) < Bri( Fac-Ru (Azpy)z+ ) < En(Ru (Bipy)j+ ) <
Er( Mer-Ru(Azpy)z+ ). Besides, Figure 4 and Figure 5 show the spectra relative
to previous tables regarding the wavelengths of the complexes respectively at
singlet and triplet states.

0.16 m— 3-RUCI2(Azpy)2

0.14 m— FAC-RU(Azpy)32+

0.12 MER-Ru(Azpy)32+
0.1 = RU(Bipy)32+

0.08
0.06
0.04

0.02 TN

—

Oscillator strength

300 350 400 450 500 550 600 650 700 750 800 850 900
Wavelength, nm

Figure 4. Electronic spectra of Ru II complexes calculated at wb97xd/lanl2dz level in un-
restricted singlet state.

0.14 — 2RUCI2(AZpY)2
- 0.12] FAC-Ru(Azpy)32+
‘gn 0.1 — |ER-RU(AZDY)32+
g = Ru(Bipy)32+
% 0.08
2 0.06]
2 0.04
o)
0.02]

- LI L L L BN L R L L BN L L L L LN NN B |
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength, nm

Figure 5. Electronic spectra of Ru II complexes calculated at wb97xd/lanl2dz in unre-
stricted triplet state.
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We can see in Figure 4 that actually, only a-RuCl,(Azpy). presents a wave-
length higher than 700 nm that comprises the therapeutic window. We notice the

2+
3

same fact for Mer-Ru(Azpy),” which main wavelength is higher than 500 nm.
This means that only these complexes can probably be active for deep cancers.
Besides, the two other complexes such as Fac-Ru (Azpy)g+ and Ru(Bipy)z+
can be active for superficial tumors regarding their wavelength lower than 500
nm. In Figure 5, we can see that all complexes display electronic spectra mean-

ing that they can be active for phototherapy dynamic.

3.3. Vertical Electron Affinity VEA and Vertical lonization
Potential VIP

The photosensitizing process depends in the attitude of the photosensitizer to
give or to accept electrons. Therefore, VEA and VIP of the ruthenium complexes
have been predicted at unrestricted state and recorded at both ground and ex-
cited states in Table 4 and Table 5.

At ground state S, we can see in Table 4 that the energies necessary for ru-
thenium to receive electrons (VEAy) is negative for all the ruthenium complexes.
Besides, the most molecule able to accept electrons with the lowest energy are
both isomers Fac and Mer-Ru (Azpy)? and their energy is —0.350 eV. Whe-
reas the vertical ionization potential VIPg, its lowest energy is displayed by
a-RuCl,(Azpy), with 0.208 eV meaning that this complex is the most capable to
liberate electron. Regarding the excited state in Table 5, we can notice that all

2+
3

the energy regarding VAEr, is negative. Here, Mer-Ru(Azpy),” presents the
lowest energy necessary to accept electron. Whereas VIPry, its lowest energy is
still presented by Mer-Ru (Azpy)z+ with —0.086 eV.

Actually, photodynamic therapy can be performed only if PS can exchange
electron with DNA bases of the cancer cells. These DNA bases are Adenine, Cy-
tosine, Guanine, Thymine and Uracil. As explained in our previous article and
in literature, they are assumed to give electron to the PS. Therefore, Table 6 dis-
plays the VEA and VIP of the DNA that react with the photosensitizer PS [5] [18]

[19].

Table 4. Electronic energies of parent molecule (Ep, (in hartree)), anion radical (£, (in
hartree)), cation radical (£, (in hartree)), vertical electronic affinity (VEA, eV) and ver-
tical ionization potential (VIP, eV) of ruthenium complexes at unrestricted state calcu-
lated at Wb97xd/Lanl2dz level.

Complexes E E, E. *VEAso *VIPso
a-RuCL:(Azpy). —1300.951 -1301.076 -1300.743 -0.125 0.208
Fac-Ru(Azpy).  -1859.012 -1859.362 -1858.609 0350 0.403
Mer-Ru(Azpy):  -1859.014 -1859.364 -1858.606 —0.350 0.408

Ru(Bipy):’ ~1578.93 -1579.249 1578586 0319 0344

“VEAso = E; — Ep. "VIPso = E. — Ep.
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Table 5. Vertical electronic affinity (VEA eV), vertical ionization potential (VIP, eV)
both at ground and excited states and the lowest energy at excited state £r1 (eV) of ruthe-
nium complexes at unrestricted state at Wb97xd/Lanl2dz level.

Complexes VEAso VIPso En VAEm VIPm
a-RuCl(Azpy): -0.125 0.208 0.200 -0.325 0.008
Fac-Ru(Azpy).’ -0.350 0.403 0.372 -0.722 0.031
Mer-Ru(Azpy)’ -0.350 0.408 0.549 -0.899 -0.141

Ru(Bipy).’ -0.319 0.344 0.430 -0.749 -0.086

*VEAT = VEAsy — Eni. °VIP1 = VIPso — Eni.

Through Table 6, we realize that the DNA base that most needs least ioniza-
tion energy is Guanine with 0.297 eV. Besides, Uracyl is known to accept elec-
tron with the lowest energy through vertical electronic affinity.

Furthermore, it is admitted that photodynamic therapy takes place according

to two possible steps as mechanisms.

3.3.1. Mechanism I
The first mechanism is assumed to occur directly between the PS and the DNA
base either by exchange of electron or energy without oxygen molecule. The fol-

lowing equations show up all possibilities for PS to oxidize the DNA bases.

[Ru-K](T,)+B—[Ru-K] +B* (1)
[Ru-K](T,)+[Ru=K](S,) = [Ru-K] +[Ru—K]" )
[Ru-K](T,)+[Ru-K](T,) » [Ru-K] +[Ru-K]" 3)

[Ru-K]"+B—>[Ru-K](S,)+B~" (4)

Equation (1) shows that PS at an excited state T, can receive directly electron
from the DNA base that is known to be at a ground state So. This reaction is
characterized by the sum of VEAr, and VIPg, (base) so that their sum is negative.
In fact, the negative sum is at the stake of reaction thermodynamically feasible
[20]. Moreover, a cation PS can receive electron from the DNA base (Equation
(4)). The cation PS is actually produced through auto-ionization by combination
of two excited PS at T1 state (Equation (3)) or by reaction between the excited
PS and the PS at a fundamental state (Equation (2)). These reactions are respec-
tively expressed by the sum either VEA1, + VIPg or VIPr; + VEAg, for Equation
(2) and by the sum VEAr + VIPr, (Equation (3)). Table 7 shows the results
from these reactions.

Table 7 shows us that the reaction regarding Equation (1) of all the complexes
is possible insofar that the sum of VEA;(C) and VIP(G) is negative meaning
that the PS at excited and unrestricted state can actually receive electron from
the DNA base. Moreover, the reaction related to the auto-ionization to produce
radical cation of the PS is possible. In fact, all the sums are also negative. It

means that in unrestricted state, the ruthenium II complexes are active and can
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Table 6. Vertical electronic affinity (VEA, eV) and vertical ionization potential (VIP, eV) calculated on DNA and RNA bases at

wb97xd/Lanl2dz level.
E, E: E; VEAso VIPso
Adénine —467.069 —466.757 -467.030 0.039 0.312
Cytosine —394.734 -394.414 -394.704 0.031 0.320
Guanine —542.276 -541.979 —542.222 0.053 0.297
Uracile -414.618 —414.265 -414.600 0.018 0.353
Thymine —453.922 —453.586 —453.901 0.021 0.336

Table 7. Sum of the VEAT parameters of the complex and VIP parameters of the Guanine reflecting the interactions according to
Equation (1), Sum VEAT: + VIPso or VIPT: + VEAso both reflecting the auto ionization reaction and VIPti + VEAT,, all performed
at B3lyp/wb97xd level over the unrestricted complexes.

Complexes VEAso VIPso

VAEn VIPr1 VEAT(C) + VIP(G) VIPT1 + VEAso VEAT + VIPso VIP1: + VEAT

a-RuCl(Azpy). —0.125 0.208 0200 -0.325 0.008 -0.028 -0.117 -0.117 -0.317
Fac-Ru(Azpy).” -0.350 0.403 0372 -0.722 0.031 -0.425 -0.319 -0.319 -0.690
Mer-Ru(Azpy);" -0.350 0.408 0.549 -0.899 —0.141 -0.602 -0.491 -0.491 ~1.040
Ru(Bipy).  -0.319 0344 0430 -0.749 -0.086 -0.452 ~0.405 -0.405 -0.835

react with the Guanine weather directly or through auto-ionization for cation
production. Therefore, we can conclude that Ru II complexes at unrestricted

state are active as photosensitive molecules through mechanism I.

3.3.2. Mechanism II
Regarding the second mechanism, it is an indirect reaction between DNA and
the PS molecule. It requires a presence of oxygen molecule in a third state *O,. It

is characterized by the Equation (5).
[Ru-K](T,)+°0, > [Ru-K](S,)+'0, (5)

The oxygen molecule in the third state must be shifted in singlet that is as-
sumed to be active as destructor of the tumor cell. To obtain the singlet oxygen
molecule, the energy of triplet state of PS must be higher than the energy neces-
sary to change the state. According to literature, this energy required is estimated
to 1.06 eV [21] [22] [23]. Therefore, in Table 3 that displays the first twenty trip-
let states, we can see that T1 is not suitable for this reaction in any complex.
However, even though it is possible, only high transitions are admitted. For in-
stance, with a-RuCl,(Azpy),, T4 is suitable with 1.694 eV. With Fac-Ru (Azpy)s+ ,
T6 is the first transition necessary for 1.246 eV. Regarding Mer-Ru (Azpy)?,
T6 is the transition acceptable for energy 1.148 eV. Whereas Ru(Bipy);+ , the
first transition necessary is T7 with the energy 1.212 eV. Anyway,

Mer-Ru (Azpy);+ presents the lowest energy required to transform *O, at the
state ( 32§ ) in to 'O, with the state (IAg ).
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Table 8. Sum of VIPm: of Ru complex and AEA(O:) of oxygen in eV calculated at Wb97xd/
lanl2dz level.

Complexes VIPn AEA(O2) VIPm + AEA(O»)
a-RuCl(Azpy). 0.008 —-0.582
Fac-Ru(Azpy).’ 0.031 -0.559

" -0.59
Mer-Ru(Azpy), —0.141 -0.731
Ru(Bipy).' -0.086 -0.676

Furthermore, mechanism II can be also described by production of peroxide
radical anion O, with the triplet oxygen molecule *O,. This reaction takes
place between the triplet state of ruthenium complex and the triplet oxygen mo-

lecule. Equation 6 highlights this reaction.
[Ru-K](T,)+°0, > [Ru-K]" +0; (6)

Thermodynamically, this reaction means summation of VIPr, for the ruthe-
nium complex and the adiabatic electron affinity AEA(O,) of the oxygen. This
latter energy is given in vacuum as —0.59 eV [14] [20]. Table 8 shows the sum of
both VIPr; of PS and AEA(O»).

The result of the sum of VIPr; and AEA(O,) is negative for each complex, it
means the reaction is also thermodynamically possible. Therefore, we can retain
that Ru II complexes can generate the superoxide anion O . Moreover, they are
active as photosensitizer in photodynamic therapy through mechanism II pro-

vided they be in unrestricted state.

4. Conclusions

Ruthenium complexes at oxidation state II were investigated in this work as
photodynamic therapy photosensitizers at unrestricted state. This is a state
where electrons occupy lonely their orbitals. It required that the optimization
and frequency calculations be performed in that abovementioned state. In our
previous paper in which we compared state II and III of ruthenium complexes,
we discovered that Ru complexes with the state II are naturally in restricted state.
Therefore, it is very hard for them to liberate electron when they are excited to
yield triplet state. Thus, they are not active for PDT.

Here, the use of Ru II begins by dissociating first the pair electrons for open
shell model. Then excitation to a singlet and triplet is performed. The total energy
required was comprised between 6.60 and 8.14 eV. These two extreme energies
are respectively given by Fac-Ru (Azpy)z+ and Ru( Bipy)?. TDDFT calcula-
tion in singlet state shows henceforth that a-RuCl,(Azpy), and Mer-Ru (Azpy)?
can be active for deep cancer as they display therapeutic windows. Whereas the
two other complexes, they are assumed to neutralize superficial cancers. Besides,
there are all discovered to bind with Guanine DNA base.

Regarding phototherapy dynamic, Ru II complexes at unrestricted state are
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assumed to be active for both mechanisms either in presence or in absence of O,.
In addition, they do not require much energy to shift from restricted to open
shell state. This tremendous result is showing that Ru II complexes can of course
be used as Photosensitizer for photodynamic therapy providing that they be in
unrestricted model. Therefore, our upcoming work will consist of synthetizing
the Ru II complexes at unrestricted state and find out the difference with the re-

stricted state complexes.
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