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Abstract

Ground state geometries, natural bond orbital (NBO), analysis of frontier
molecular orbitals (FMOs), analysis and spectral (RMN and UV-Visible)
properties of five azopyridine ruthenium (II) complexes a-Cl, f-Cl, y-Cl, 5-Cl
and &Cl of RuCl,(Dazpy), have been theoretically studied by the Density
Functional Theory (DFT) and Time-Dependent Density Functional Theory
(TD-DFT) methods using two basis sets: Lanl2DZ and a generic basis set in
gas or in chloroform solvent. Dazpy stands for 4,6-dimethyl-phenylazopyridine.
Optimized geometry shows that, except B-Cl, all the other four isomers a-Cl,
y-Cl, &-Cl and &-Cl are C, symmetrical. Otherwise, a good agreement was
found between experimental and the calculated geometry and NMR data.
Moreover, Lanl2DZ effective core potential basis set provides good chemical
shifts and geometric properties. Furthermore, the prediction of the frontier
orbitals (Highest Occupied Molecular Orbital or HOMO and Lowest Unoc-
cupied Molecular Orbital or LUMO) shows that the most active isomer suita-
ble for electronic reactions is admitted to be J-Cl. Besides, the NBO analysis
indicates that the Ru-N is formed by the electron delocalization of lone pair
atomic orbital of N, and N, to Ru. Also, the strongest interactions between
LP(N) with LP*(Ru) and LP(CI) with LP*(Ru) stabilize the molecular struc-
ture. In addition, NBO shows that the five d orbitals of Ru in the complex are
organized so that there is no order of priority from one complex to another.
Therefore, the transition LP(Ru) > 7*(N, = N,) corresponding to Metal to Li-
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gand Charge Transfer (MLCT) is in reality no more than d > 7*. Besides,
TDDFT prediction in chloroform solvent reveals that all the five isomerics
complexes absorb in the visible region as well as efficient photosensitizers.
What’s more, 8-RuCl,(dazpy), can potentially act as the excellent sensitizer
with a large band of absorption in visible region and a small excited energy.
This study can help design and find out the ability or properties of the com-
plex to behave as sensitizer or potential cancer drugs.

Keywords

Azopyridine, DFT, NBO, Pseudo-Potential, Ru(II) Complexes

1. Introduction

Ruthenium (II) azopyridine complexes are attractive because of their electronic,
electron-transfer and energy-transfer properties [1] [2]. Azopyridine ligands ex-
hibit both an o-donor and a 7~acceptor character [3] that stabilize ruthenium in
the lower oxidation states (II-IV) in complexes [4] [5]. Also, they present a large
s-conjugated system that can mediate intermolecular electron or energy transfer
process. So, ruthenium (II) complexes with azopyridine ligands are found in
wide applications such in electrochemistry and in therapeutic chemistry. In
electrochemistry, they have been used as catalyst [6] [7] [8]. In medicinal field,
azopyridine compounds, such as the ruthenium (II) with 2-phenylazopyridine
(Azpy), RuCl,(Azpy), were discovered to show a remarkable high cytotoxicity
against a series of tumour-cell lines [9] [10]. Since their fascinating activity, me-
thylated Azpy derivatives have also been synthesized to improve the previous ac-
tivities [10] [11]. Therefore, the corresponding ruthenium complexes performed
were subsequently tested for their cytotoxicity [10]. Besides, in our previous
work, we theoretically investigated the effects of one time methylated Azpy on
the electronic structures and related properties [12] [13]. This time, we are in-
terested in studying by quantum methods, ruthenium complexes of twice me-
thylated azopyridine ligand, the 4,6-dimethyl-phenylazopyridine(Dazpy) [14]
[15] [16]. The structures of the ligands are shown in Figure 1. Thus, the differ-
ence between both ligands Dazpy and Azpy comes from two methyl group
(-CH;) on the fourth and sixth positions on the pyridine ring. Thanks to litera-
ture, these bidentate ligands can bind to ruthenium ion of the reactive RuCl,,
3H,0 by the lone electron pairs of their nitrogen atoms N, and N,, which leads
to the formation of a 5-membered stable ring of chelation in the same way as
Azpy performs [17]. Therefore, the complexation of ruthenium with an asym-
metric ligand actually leads to five different isomerics forms commonly named
a-RuCl,(Dazpy), (a-Cl), p-RuCl,(Dazpy), (5-Cl), y-RuCl,(Dazpy), (p-Cl),
J0-RuCl,(Dazpy), (6-Cl) and &-RuCl,(Dazpy), (&-Cl) as shown in Figure 2 [18]

[19] [20]. Obviously, the difference between the five molecules comes first
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Figure 1. The geometrical structure of 2-phenylazopyridine (Azpy) and 4,6-dimethyl-
phenylazopyridine (Dazpy). Dazpy Ligand was obtained from Azpy by substitution of
two hydrogen atoms on position 4 and 6 by methyl groups.
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Figure 2. Structures of the five common isomerics azopyridines complexes expected to
exist between ruthenium and any azopyridine ligand. Apart from S-Cl, they all present C,
symmetry. Here, a-Cl, f-Cl ande-Cl are the cis complexes insofar as their both Cl atoms
are in cis position. Thus, y-Cl and J-Cl represent both the transisomers.

from the position of the chloride atoms that divide them up into cis or trans
configurations and secondly from both azopyridine ligands. As yet for
RuCl,(Dazpy),, only a-Cl displays an experimental data since its structure is
confirmed by X-ray crystallography [16].

Currently, the methods of the quantum chemistry are accepted to be indis-
pensable tools to explain or to predict the properties of the compounds [21].
Particularly, the computations that apply the Density Functional Theory (DFT)
methods are more reported because of their better consideration of electrons
correlation energies and their great reduction of the computation expenses [2]
[22] [23]. Therefore, we aim in this work to optimize through DFT investigation,
the five a-Cl, B-Cl, y-Cl, J-Cl and &-Cl isomerics of RuCl,(Dazpy), complexes as

potential cancer drugs comparatively to RuCl,(Azpy), complexes.

DOI: 10.4236/cc.2018.63003

29 Computational Chemistry


https://doi.org/10.4236/cc.2018.63003

N. K. N'Guessan et al.

2. Method

All the calculations were performed with DFT method using Becke’s
three-parameter hybrid B3LYP [24]. The double-zeta pseudo-potential Lanl2DZ
[25] basis set is known to be an effective core potential (ECP) which is admitted
to display accurate results with transition metals. Besides, it is also suitable for all
atom of the periodic table. Before each calculation, the complexes were opti-
mized first with frequency analysis to know of the lack of eventual imaginary vi-
brational data. This method allows to perform calculations over the most stable
molecules in their ground states. All the calculations were performed thanks to
Gaussian 03 program package [26]. '"H NMR was calculated at B3LYP/Lanl2DZ.
Regarding ruthenium complexes, separate basis set were also considered where
ruthenium atom was treated at Lanl2DZ [16] [17] [18] and all the remaining
atoms were calculated at B3LYP/6 - 31 g(d). Following the geometric survey, an
analysis of the molecular wave function performed in terms of localized elec-
tron-pair bonding units using the NBO program is given [27] [28]. This analysis
is deemed very important to understand the various interactions involving each
component of the complex. In addition, the electronic absorption spectra re-
quire calculation of the allowed excitations and oscillator strengths. These calcu-
lations were carried out by using TDDFT with the same basis set and ex-
change-correlation functional in chloroform solution. In addition, the
non-equilibrium version of the polarisable continuum model (PCM) [29] [30]
was adopted for calculating the solvent effects. Chloroform was chosen as a sol-
vent because the isomer a-RuCl,(Dazpy), was originally synthesized and charac-
terized therein [16]. Hence, TDDFT was used to investigate the absorption
properties of all complexes.

3. Results and Discussions
3.1. Molecular Structure

3.1.1. The Geometric Structures

The optimized geometries in vacuum of isomeric complexes of RuCl,(Dazpy),
are shown in Figure 3. The main computed geometrical parameters e.g. bond
lengths and bond angles are listed in Table 1. The lone X-ray structure available
is that of a-RuCl,(Dazpy),. Therefore these experimental data are reported for
comparison. Through the optimized geometries, we notice that except 5-Cl that
presents an lack of symmetry strengthened by the existence of two data per iden-
tical bonds, the remaining isomers a-Cl, y-Cl, 6-Cl and &-Cl display one data in-
dicating their C, symmetry. Anyway, the experimental geometry of a-Cl is re-
produced satisfactorily [16]. For instance, the values of bond lengths Ru-N, are
comprised between 2.01 and 2.16 A. These values as well as those of bond angles
X-Ru-X (X = Cl or N) are in the same order regarding the comprehensive iso-
meric RuCl,(Azpy), complexes. This fact provides the DFT to be reliable and the
substitution of hydrogen atom by the methyl groups hasn’t any real effect on the

main bonds lengths or angles of the complexes [12]. Actually, the complex
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Table 1. Selected geometrical parameters calculated for isomers a-, -, &, y- and
J&-RuCl,(Dazpy), at B3LYP/Lanl2DZ and at B3LYP/Gen (Ru = lanl2DZ, C, Nand H=6 -
31 g) levels. Distances are reported in A and angles in °.

Ru-N, Ru-N,; Ru-Cl; Ru-Cl, Cl-Ru-Cl, Ny -Ru-N, N,-Ru-N,.

Lanl. 2.03 2.13 2.51 2.51 95.28 173.05 86.44
a-Cl gen 2.04 2.15 2.48 2.48 94.84 172.01 86.50
exp 2.09 2.00 2.41 2.41 82.34 172.41 98.30
2.01 2.10
Lanl. 2.50 2.47 89.40 104.66 101.22
. 2.03 2.16
C
'B- 2.03 2.13
gen 2.44 2.47 90.23 105.51 101.85
2.02 2.19
Lanl. 2.02 2.15 2.49- 2.49- 174.31 105.96 103.10
y-Cl
gen 2.03 2.18 2.46 2.46 174.07 106.93 104.34
Lanl. 2.06 2.13 2.49 2.54 180.00 170.49 160.36
&-Cl
gen 2.07 2.15 2.46 2.51 180.00 171.66 161.78
Lanl. 2.05 2.12 2.50 2.50 97.91 90.66 176.91
&Cl
gen 2.06 2.15 2.46 2.46 97.47 91.75 177.75

3

a-RuCl,(Dazpy),(a-Cl) B-RuCl,(Dazpy),(B-Cl) &-RuCl,(Dazpy), (s-Cl)

v-RuCl,(Dazpy), (y-Cl) 5-RuCl,(Dazpy), (5-Cl)

Figure 3. Optimized geometrical structures of isomers a-, B-, &, - and &-RuCl,(Dazpy),
at B3LYP/Lanl2DZ level in gas phase. (The green colored sphere corresponds to Ru; the
blue colored spheres represent N; the larger dark colored spheres known as C atoms; the
smaller white colored spheres stand for H).

RuCLL, displays an octahedral structure. However, the loss of this octahedral
shape that doesn’t hinder the C, symmetry in the case of the RuCl,(Azpy), iso-
mers must be due to Yann Teller’s effect [31].
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3.1.2. 'H NMR Calculation

All five isomerics azopyridine derivative complexes were theoretically characte-
rized by nuclear magnetic resonance (NMR). In the complexes, only the Dazpy
ligand owns all the hydrogen atoms. Therefore, for the purpose of NMR calcula-
tion, Figure 4 displays the structure of Dazpy ligand where H is well numbered.
Experimentally, all the three protons H, as well as the three protons H, are
identical. Also, the theoretical and experimental chemical shifts of the protons
(*H NMR) of all five isomers are resumed in Table 2. The prediction was per-
formed at B3LYP/Lanl2DZ level in vacuum and in chloroform solvent where
particularly the PCM method was used for calculation. From Table 2, the gotten
theoretically chemical displacements confirm the experimental results in the case
of a-Cl. The most shielded protons are assumed to be H, and H, of methyl subs-
tituent on the pyridine ring. In condensed phases, as well as chloroform solvent,
almost the same results are obtained. However, comparatively to gas phase re-

sults, they display small chemical shifts.

3.1.3. Natural Bond Orbital (NBO) Analysis

The Natural Bond Orbital (NBO) analysis was developed to study the met-
al-ligand interactions for all the five isomers RuCl,(Dazpy),. This analysis has
been performed on the optimized structures of the isomers in gas phase at
B3LYP/Lanl2DZ level. The NBO analysis of complexes RuCl,(Dazpy), provides
the detailed insight of the nature of electronic conjugation between the bonds
within molecule. The natural charges distribution of ruthenium atom, chloride
atoms, and ligand Dazpy in complexes are summarized in Table 3. At first
glance, we can see a real difference between both groups of isomer regarding the
charge of Ru. It is very important in the three cis isomers with nearly 0.59 while
we have 0.55 in trans isomers. Whereas the ligand’s charge, it is assumed to be
an important factor in the interactions between complexes and the DNA [12]
[13] [32]. This importance is rooted in the strength of its bonding by acquiring
the electrons from the DNA. Therefore, the ligand that presents the highest
charge will develop the best aptitude to bind to the DNA. The natural charge

Table 2. 'H NMR of the five isomers RuCl,(Dazpy), calculated at B3LYP/Lanl2DZ level
in gas and in chloroform.

Gas Chloroform Exp

Proton aCl p-Cl y-Cl 6Cl &Cl aCl pCl pC &Cl &Cl aCl
H, 3.77 2.44 291 234 258 3.60 247 296 233 259 2.64
Hg 7.68 7.58 7.54 7.48 7.27 8.16 795 790 7.85 7.64 7.02

H 2.33 2.49 2.51 2.53 2.29 2.56 2,64 266 2.66 245 255

4

H, 780 838 829 856 816 818 862 851 878 842 822
Home 820 788 858 872 941 818 791 852 866 938 6.82
Hpwe 754 756 747 785 7.97 7.89 778 7.68 806 8.16 7.12

7.69 7.75 7.61 8.04  8.09 8.09 800 785 829 831 730

-para
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Table 3. Atomic net charge of Ru, ligand azopyridine and Cl atoms in |¢|.

Isomers Ru Ligand (Q,) Cl
a-RuCl,(Dazpy), 0.588 0.466 -1.054
B-RuCl,(Dazpy), 0.588 0.432 ~1.020
y-RuCl,(Dazpy), 0.550 0.486 -1.036
&-RuCl,(Dazpy), 0.551 0.525 -1.076
&-RuCl,(Dazpy), 0.589 0.473 -1.062

Horth Hortho

H méta H méta

H

para

Figure 4. 4,6-dimethyl-[(E)-phenylazo]pyridine (Dazpy) for "H NMR prediction.

distribution for the five isomers RuCl,(Dazpy), is similar: the positive charges
are populated on Ru atoms and the ligand Dazpy. Whereas the negative charge is
populated on Cl atoms, since the Cl atoms are the lone responsible for the +II
nominal charge of Ru in the complex. Furthermore, the decreasing order of the
ligand’s charge within the complexes RuCl,(Dazpy), is following: Q. (4-Cl) >
Q.(y-Cl) > Qu(&Cl) > Qu(a-Cl) > Q. (B-Cl). This evolution sequence of the li-
gand charge Q of the isomers is identical to that of the RuCl,(Azpy), isomers
[33]. This sequence can be used to predict the order of the affinity link with the
DNA as follow: B(6-Cl) > B()-Cl) > B(&-Cl) > B(a-Cl) > B(S-Cl). It results from
this analysis that the isomer &-Cl displays the highest value of ligand’s charge al-
lowing the strong bonding to DNA. Hens, it is assumed to be the best elec-
tron-acceptor ligand. Besides, comparing to the ligand Azpy [33], we notice that
Dazpy improves the bonding of all isomers RuCLL, to the DNA by increasing
the ligand’s charge in the complex.

The natural bond orbital (NBO) method offers supplementary structural in-
formation. Table 4 in relation to Table 5 presents the NBOs involved in the
metal-ligand interactions for the five isomers RuCl,(Dazpy),. Particularly, NBOs
presented here regard only Ru-N bondings given that both Ru-Cl bondings are
known to be strong Lewis bondings, for they are at the origin of Ru’s nominal
charge +II [34]. Also, Ru-N bonds are made of the delocalization of electron
from a lone pair (LP) orbital of nitrogen atoms towards anti-Lewis lone pairs
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Table 4. Occupancy of natural orbitals (NBOs) and hybrids on Cl, N and Ru atoms involved in formation of Ru-Ligand in a-, f-,

&, y- and &-RuCl,(Dazpy), at B3LYP/Lanl2DZ level.

Donor Lewis-type*
NBO (Ru-N)

LP(N,)
LP(N,)
LP(N,,)
LP(Ru)
LP*(Ru)
LP*(Ru)
LP*(Ru)

LP(N,,)
LP(N,)
LP(N,)
LP(Ru)
LP*(Ru)
LP*(Ru)
LP*(Ru)

LP(N,,)
LP(N,)
LP(N,)
LP(Ru)
LP*(Ru)
LP*(Ru)
LP*(Ru)

LP(N,,)
LP(N,)
LP(N,)
LP(Ru)
LP*(Ru)
LP*(Ru)
LP*(Ru)

LP(N,,)
LP(N,)
LP(N,)
LP(Ru)
LP*(Ru)
LP*(Ru)
LP*(Ru)

Occupancy

1.93
1.65
1.68
1.51
0.91
0.81
0.27

1.67
1.65
1.93
1.65
0.93
0.85
0.27

1.69
1.65
1.93
1.62
0.92
0.83
0.27

1.68
1.68
1.93
1.56
0.9
0.79
0.26

1.67
1.68
1.93
1.62
0.87
0.84
0.27

Hybrid®

152

sp

2.69

Sp
FEXY
pd*®®
59

SdU.Ul

2.72

Sp

sp-

spt
duoo
q1oo

leO

d100
Pd99.99
d100

st.Ul

d100
sd99.99
d100

st.Ul

AO(c)*

a-RuCl,(Dazpy),
0.63(2s) + 0.46(2p,) — 0.62(2p,)
0.61(2s) + 0.45(2p,) + 0.65(2p,)
0.52(2s) +0.40(2p,) + 0.74(2p,)
-0.56(4d,:_,) +0.83(4d,)
0.98(4d,,) — 0.20(4d,,)
-0.47(4d,,) + 0.73(4d, ) + 48(4d,")
0.995(5s)
F-RuCl,(Dazpy),
0.52(2s) + 0.22(2p,) - 0.80(2p,) — 0.18(2p,)
0.61(2s) + 0.76(2p,) — 0.13(2p,) + 0.18(2p,)
0.62(2s) — 0.76(2p,) + 0.14(2p,) — 0.15(2p,)

0.23(4d,,) + 0.487(4d,,) + 0.36(4d,s_2) + 0.76(4d,)

0.49(4d,) - 0.86(4d,,)

0.13(4d,,) - 0.10(4d,,) — 0.91(4d, ) + 0.37(4d,.)

0.997(5s)
y-RuCl,(Dazpy),
0.52(2s) - 0.70(2p,) — 0.22(2p,) — 0.44(2p,)
0.61(2s) — 0.60(2p,) — 0.17(2p,) + 0.49(2p,)
0.63(2s) — 0.59(2p,) - 0.19(2p,) — 0.47(2p,)
0.47(4d,,) +0.73(4d,: _ ) + 0.50(4d,)
0.86(4d,,) — 0.27(d_2) — 0.42(4d )
0.83(4d,,) — 0.56(4d,,)
0.997(5s)
6-RuCl,(Dazpy),
0.52(2s) + 0.36(2p,) — 0.77(2p,)
0.62(2s) + 0.72(2p,) + 0.30(2p,)
0.63(2s) — 0.73(2p,) — 0.27(2p,)
0.46(4d,,) — 0.17(4d,,)
0.97(4d,) — 0.24(4d,:_,2)
0.23(4d,) +0.32(4d,,) + 0.92(4d,- ")
0.995(5s)
&RuCl,(Dazpy),
0.52(2s) - 0.51(2p,) + 0.25(2p,) + 0.63 (2p,)
0.61(2s) + 0.65(2p,) + 0.44(2p,)
0.63(2s) — 0.63(2p,) — 0.44(2p,)
0.38(4d,) — 0.82(4d,,) — 0.41(4d,:_,3)
0.49(4d,) — 0.19(4d,» ) — 0.85(4d,,)
0.99(4d,,) +0.13(4d,,)
0.998(5s)

AO(%)?

5(39.64%)p(60.36%)
$(37.43%)p(62.57%)
$(27.12%)p(72.88%)
p(0.07%)d(99.93%)
p(0.08%)d(99.92%)
5(0.46%)p(0.04%)d(99.49%)
$(99.09%)d(0.81%)

5(26.87%)p(73.13%)
5(36.96%)p(63.04%)
$(38.71%)p(61.21%)
p(0.05%)d(99.95%)
p(0.07%)+d(99.89%)
5(0.09%)p(0.03%)d(99.87%)
5(99.44%)d(0.43%)

$(26.81%)p(73.19%)
$(37.30%)p(62.70%)
$(39.74%)p(60.26%)
5(0.03%)d(99.97%)
5(0.31%)d(99.97%)
d(99.98%)
$(99.32%) d(.67%)

$(27.28%)p(72.72%)
$(38.14%)p(61.86%)
$(39.47%)p(60.53%)
p(0.02%)d(99.98%)
5(0.3%)d(99.7%)
$(0.26%)p(0.01%)d(99.73%)
$(99.05%)d(0.92%)

$(27.62%)p(72.38%)
$(37.10%)p(62.90%)
$(39.58%)p(60.42%)
$(0.09%)p(0.01%)d(99.90%)
p(0.02%)p(99.90%)
p(0.01%)p(99.99%)
$(99.68%)d(0.23%)
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Table 5. Second-order interaction energy (E,. kcal/mol) between donor and acceptor orbitals in RuCLL, complexes at
B3LYP/Lanl2DZ level. The three LP*(Ru) are numbered here 4, 5 and 6 to highlight their difference. In reference to Table 4, the
numbers are indicated in respect to decreasing occupancy.

Donor >acceptor E, E(j)-E(i) F(i.j) Donor — acceptor E, E()-E(i) F(ij)
a-RuCl,(Dazpy), F-RuCl,(Dazpy),
LP(N,) > LP*(Ru) 74.29 0.28 0.153 LP(N,) > LP,*(Ru) 95.57 0.28 0.172
LP(N,) > LP;*(Ru) 31.62 0.31 0.101 LP(N,) > LP;*(Ru) 16.01 0.3 0.071
LP(N,) > LP*(Ru) 21.07 0.67 0.109 LP(N,) > LP*_Ru 25.08 0.7 0.121
LP(N,,) > LP*(Ru) 77.03 0.24 0.138 LP(N,) > LP,*_Ru 50.36 0.21 0.11
LP(N,,) > LPs*(Ru) 25.54 0.6 0.112 LP(N,,) - LPs*(Ru) 42.94 0.23 0.103
LP(Ru) > 7*(N,-N,) 20.12 0.13 0.046 LP(N,,) > LPs*(Ru) 21.38 0.63 0.105
LP(Cl) > LP*(Ru) 89.59 0.08 0.091 LP; Ru ->7%(N;-N,) 16.68 0.14 0.046
LP(Cl) > LP,;*(Ru) 34.97 0.11 0.064 LP(Cl) > LP,*(Ru) 127.55 0.08 0.105
LP(Cl) > LP*(Ru) 3434 0.48 0.117 LP(Cl) > LP;*(Ru) 18.31 0.1 0.105
LP(Cl) > LP*(Ru) 35.31 0.5 0.122
y-RuCl,(Dazpy), J&-RuCly(Dazpy),
LP(N,) > LP,*(Ru) 82.43 0.28 0.157 LP(N,) > LP;*(Ru) 53.91 0.3 0.130
LP(N,) > LP;*(Ru) 18.52 0.28 0.077 LP(N,) > LP,*(Ru) 29.67 0.29 0.099
LP(N,) > LP*(Ru) 29.61 0.69 0.130 LP(N,) > LP*(Ru) 25.89 0.68 0.12
LP(N,,) > LP*(Ru) 65.86 0.21 0.123 LP(N,,) > LP;*(Ru) 73.17 0.24 0.134
LP(N,,) > LP,*(Ru) 14.74 0.21 0.060 LP(N,,) > LP,*(Ru) 3.41 0.22 0.029
LP(N,,) > LPs*(Ru) 23.49 0.62 0.108 LP(N,,) > LPs*(Ru) 25.75 0.61 0.113
LP(Ru) >7*(N,-N,) 12.77 0.14 0.038 LP,_Ru >7*(N,-N,) 18.28 0.14 0.045
LP(Cl) > LP*(Ru) 112.88 0.11 0.117 LP(CI) > LP*(Ru) 104.08 0.11 0.108
LP(Cl) > LP*(Ru) 25.61 0.51 0.106 LP(Cl) > LP;*(Ru) 10.75 0.12 0.036
LP(Cl) > LP,*(Ru) 24.46 0.5 0.102
&-RuCl,(Dazpy),
LP(N,) > LP*(Ru) 94.60 0.29 0.172 LP(Ru) >7*(N,-N,) 12.83 0.14 0.038
LP(N,) > LP¢*(Ru) 26.79 0.68 0.122 LP(CI) > LP*(Ru) 33.12 0.10 0.059
LP(N,,) > LP*(Ru) 24.68 0.23 0.078 LP(CI) > LPs*(Ru) 81.32 0.10 0.094
LP(N,,) > LP*(Ru) 64.71 0.23 0.127 LP(Cl) > LP*(Ru) 33.01 0.50 0.118
LP(N,,) > LP*(Ru) 19.58 0.62 0.10

orbital LP* of Ru. Indeed, the LP orbitals of the nitrogen atoms which popula-
tion are far less than 2 electrons are those actually involved in the formation of
Ru-N bondings. For instance, N, cannot link to Ru in so far that LP(N,) owns
1.93e that approximates 2e occupancies in all complexes. Thus, both N, and N,
are only the involved atoms regardless the nature of the isomer. This result high-
lights the bidentate state and the o-donor character of azopyridine ligand. Fur-

thermore, ruthenium atom owns six NBOs made of three donors (LP) and three
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acceptors (LP*). These orbitals are also made of linear combination of the six
valence orbitals known as 4d, 4d,,4d ,4d,. »4d,.5s which are common to all me-
tallic atoms of the fifth row of the periodic table and whereupon only the differ-
ence stems in the allotment of their valence electrons. Table 6 shows the elec-
tronic structure of the valence orbital of ruthenium when it is alone or within
the complex. It discloses that there is no degeneration of atomic orbitals for they
present different energy and electrons are shared differently over them. Apart
from p-RuCl,(Dazpy),, &-RuCl,(Dazpy), and RuCl;,3H,0 where t,, (d, d,, d,)
and e,(4e.,» d,;) orbitals are slightly ordered, the cis isomers don’t respect any
order. Thus, the five atomic orbitals of Ru are disorganized. It means that both
the presence of the Dazpy ligand and the nature of the isomer whatsoever modi-
fy Ru’s electronic structure. Otherwise, the five orbitals that are supposed to be
degenerated in metal, cease to have the same energy in presence of ligand and
there is no rule indicating the most stable of them from one isomer to another as
conventionally stated in literature. Anyhow, this changing of the state of Ru’s
structure that doesn’t affect the symmetry of the isomer can be attributed to the
Yahn Teller effect [31].

Regarding the five isomers in Table 4, only four of LP and LP*NBOs of Ru
whose populations of electrons are comprised between 1.57 and 0.27 are in-
volved in the octahedral Ru-Ligand formation. The three LP*NBO of the ruthe-
nium are the lone acceptors from the ligand with which Ru binds and the LP is
the electron donor. This latest orbital is assumed to be the responsible for the
MLCT transition. For more understanding, the meaningful donor-acceptor in-

teractions between NBOs in complexes investigated by second order perturbation

Table 6. Electronic structure of the valence orbital and their energy for the five isomers of RuCl,(Dazpy), complexes, the reactive
RuCl;,3H,0 and Ru atom.

Complexes Structure electronic of Ru valence electrons
Structure (4dyz)1.89 (4dxy) 1.68 (4d,)'¥ (4d,,)*% (4dy_ yf) 119 (55)°%
a-RuCl,(Dazpy), 7.35
Energy -0.221 -0.215 -0.202 -0.199 -0.187 0.208
Structure (4dxy) 1.94 (4d,,)'7 (4d,:)'* (4dyz)1.09 (4dg_ y2)0.99 (55)02
F-RuCl,y(Dazpy), 7.36
Energy -0.237 -0.224 -0.212 -0.204 -0.186 0.231
Structure (4d,e_ ) (4d,)'* (4d,,)"* (4d,)"” (4d,,)" (55)0%8
y-RuCl,(Dazpy), 7.37
Energy -0.227 -0.212 -0.206 -0.199 -0.188 0.237
Structure (4d,,)"* (4d,y)™™ (4d, )" (4d,)*® (4de_ )" (58)*%
6-RuCl,(Dazpy), 7.38
Energy -0.222 -0.217 -0.215 -0.181 -0.170 0.217
Structure (4d, 7y2)l.67 (4d,,)"® (4d,)'® (4dxy)1.10 (4dyz)1.31 (55)°%
&-RuCl,(Dazpy), 7.36
Energy -0.222 -0.213 -0.212 -0.193 -0.192 0.221
Structure (4d,)"” (4d,,)"” (4d,,)"* (4d )8 (4de_ )07 (5s)°%
RuCL,.3H,0 7.06
Energy -0.290 -0.288 -0.263 -0.249 -0.232 0.235
Structure (4d,,)’ (4d,,)? (4d,,)’ (4d,)*! (5s)04 (4de_ )’
Ru atom 8
Energy -0.200 -0.181 -0.180 —-0.148 -0.119 -0.100
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theory are listed in Table 5. The perturbation donor-acceptor analysis of the
NBO method offers the information about intermolecular interactions. The
highest values of the calculated energies point out the strongest interactions be-
tween LP(N) with LP*(Ru) and LP(CI) with LP*(Ru) that stabilize the molecular
structure. Besides, the high value of LP(N) > LP*(Ru) interaction emphasizes the
o-donation of the ligand Dazpy. We can also notice in Table 5 that the three
LP*(Ru) are involved almost together in the same interaction with whatever li-
gand through a sort of linear combination so that the perturbation energy from
both LP(N,,) and LP(N,) to LP*(Ru) are identical confirming the bidentate state
of the ligand Dazpy. Concerning the LP(Ru) > 7*(N,-N,) interaction, the less
value recorded comparing with LP(N) > LP*(Ru) shows the small re-
tro-donation but more significant. The ruthenium lone pair donor LP(Ru) is
composed of the orbital d of ruthenium while the 7*(N,-N,) are formed by p or-
bital of the nitrogen atoms within the ligand. Here, the interaction LP(Ru) >
m*(N;-N,) indicates the electron delocalization regarding the metal to ligand
charge transfer (MLCT). Owing to the particularity of Dazpy ligand to mix the

five atomic d orbitals, the transition therefore is assumed to be d > 7*.

3.2. Frontier Molecular Orbital Energies

The Frontier Molecular Orbitals (FMOs), in particular Highest Occupied Mole-
cular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) play
an important role in spectra and chemical reactions, as they govern many chem-
ical reactions [35]. The HOMO and LUMO orbitals distributions computed at
B3LYP/Lanl2DZ level for the isomerics complexes of RuCl,(Dazpy), are illu-
strated in Figure 5. In addition, the compositions of the FMOs have been calcu-
lated and presented in Table 7. It shows that the component of HOMO of the

five complexes is concentrated on the ruthenium atom and comes mainly from d

Table 7. Frontier molecular orbital HOMO (H) and LUMO (L) and the compositions of
the ground states of a-, -, y-, - and &RuCl,(Dazpy),, at the BBLYP/Lanl2DZ in gas.

Molecular Orbital Composition (%)

Isomers ————————————— Energy Main Bond type
index  orbital (eV) Ru Cl  Ligand
a-Cl 128 L -3.297 1 2 97 d(Ru) + p(Cl) + n(dazpy)
127 H —5.278 50 28 22 d(Ru) + p(Cl) + n(dazpy)
p-Cl 128 L -3.011 14 2 84 d(Ru) + p(Cl) + n(dazpy)
127 H —5.406 45 31 24 d(Ru) + p(Cl) + n(dazpy)
y-Cl 128 L -3.098 8 3 89 d(Ru) + p(Cl) + n(dazpy)
127 H -5293 55 24 21 d(Ru) + p(Cl) + n(dazpy)
&-Cl 128 L -3.234 2 3 96 d(Ru) + p(Cl) + n(dazpy)
127 H —5.162 62 24 13 d(Ru) + p(Cl) + n(dazpy)
&e-Cl 128 L —3.244 6 2 92 d(Ru) + p(Cl) + n(dazpy)
127 H —5.178 57 30 13 d(Ru) + p(Cl) + n(dazpy)
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Figure 5. Frontier molecular orbitals and associated electronic transitions for
RuCl,(Dazpy), calculated at BALYP/LanL2DZ in Gas phase.

orbitals of the metal. So, it may be characterized by d orbitals of the ruthenium.
Whereas for the LUMO, it comes mainly from p orbitals of C and N atoms of
the ligands. As result, the electronic transitions between both orbitals are as-
signed to singlet metal-to-ligand charge-transfer transitions ("MLCT) [36]. Thus,
their spectral characteristics are similar to that of the well known complex
RuCl,(Azpy), [12].

Since then, the HOMO-LUMO energy separation AE has been used as simple
indicator of kinetic stability and chemical reactivity. The reactivity of the com-
plexes is closely related to the energy gap between the HOMO and the LUMO of
the compounds [37] [38]. Then, the narrower the AE, the higher will be the reac-
tivity and the lower will then be the kinetic stability. Otherwise, a small value of
the gap indicates a great reactivity and a low kinetic stability. In reference to
that, the growing order of reactivity is f-Cl < y-Cl < a-Cl < &-Cl < 6-Cl. This
evolution sequence of reactivity shows that 6-RuCl,(Dazpy), isomer is the most
reactive while S-RuCl,(Dazpy), exhibits the highest kinetic stability. Besides,
comparing both ligands, we notice that Dazpy improves the reactivity of the
isomers a-Cl and &-Cl. Nevertheless, regarding the complexes reactivities, the
most reactive remains &-RuCl,(Azpy), [33].

The energy values of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), the gap energy between HOMO
and LUMO, the chemical potential and hardness were determined at the same
level and summarized in Table 8. The energy of LUMO plays an important role
in the process of binding the complex to DNA. Indeed, a low LUMO energy of
the complex promotes the intercalation [39] [40]. Because the low LUMO ener-
gy of the complex easily accepts electrons from the HOMO of the DNA base
pairs. Besides, Table 8 makes it possible to establish the decreasing order of the
energy of the LUMO as a-Cl < &Cl < J-Cl < y-Cl < S-Cl. This order indicates
the a-Cl isomer, because of the small value of its LUMO as the best candidate to
bind to the DNA. Again, comparing both ligands Azpy and Dazpy [33], we no-
tice that all isomers of Dazpy reduce the affinity of bonding to the DNA insofar
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Table 8. Frontier orbital energies and relatives characterizing the reactivity of azopyri-
dine ruthenium complexes in eV calculated at BALYP/LANL2DZ level.

a-Cl p-Cl y-Cl o-Cl &Cl
HOMO -5.278 —-5.406 -5.293 -5.162 -5.178
LUMO -3.297 -3.011 —-3.098 —3.243 -3.244
AE 1.981 2.395 2.195 1.919 1.934
u —4.288 —4.209 —4.196 —4.203 -4.211

n 0.990 1.198 1.098 0.960 0.967

as they increase the value of the energy of their LUMO orbital.

Moreover, the ability of a compound to accept electrons from an electron do-
nor is indicated by the chemical potential x. So, the comparison of the chemical
potential of the five RuCl,(Dazpy), isomers shows that a-RuCl,(Dazpy), isomer
is more electron acceptor since its chemical potential is the lowest. Furthermore,
the electron transfer ability can also be approximated by the chemical hardness.
Also, the analysis of the hardness values shows that the a-Cl isomer is the softest
compound because of its low chemical hardness and the S-Cl isomer is assumed
to be the hardest isomer. Therefore, we can conclude that the double methyla-
tion on pyridine rings increases the hardness.

The solubility of a compound is a determining criterion as for their efficiency
and their utility in the pharmacopeia. The solubility of the compounds in
aqueous solution can also be valued by the determination of the sharing coeffi-
cient log P. This size can be approximated by using the dipole moment. Indeed,
the dipole moment indicates the stability of a molecule in water. So, a strong di-
pole moment will trigger a weak solubility in the organic solvents and a strong
solubility in water [33]. Table 9 presents the computed dipole moment of the
five isomers RuCl,(Dazpy),. So, the decreasing order of the dipole moment is:
w(&-Cl) > w(B-Cl) > u(a-Cl) > u(y-Cl) > u(6-Cl). This trend of the dipole mo-
ment value reveals that the isomer 6-Cl is the most soluble compound in the or-
ganic solvents while the isomer &-Cl represents the most soluble in aqueous so-
lution. Consequently, the &-Cl isomer shall display the highest cytotoxicity. Fur-
thermore, the double methyl group on pyridine of Azpy ligand decreases the di-
pole moment in all isomers comparatively to the reference RuCl,(Azpy), [12]
[33] [41].

3.3. Electronic Absorption Spectra

In order to explore the electron transition between the energy levels, the lowest
singlet > singlet spin allowed excited states are to be considered. With the opti-
mized ground state geometries as the starting point, TD-DFT method at
B3LYP/Lanl2DZ level with PCM in chloroform solvent was developed to calcu-
late absorption spectra of the five isomerics complexes. This method can help

find out the ability for the complex to behave as sensitizer [42]. To understand
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Table 9. Dipole moment of the five isomers a-, -, &, y- et 5-RuCl,(Dazpy), calculated in
Debye.

u

isomers Hx Hy H, Hrotal
a-RuCl,(Dazpy), 0 0 -7.9187 7.9187
F-RuCl,(Dazpy), 1.6237 3.4162 8.2658 9.0901
y-RuCl,(Dazpy), 0 0 3.1755 3.1755
8-RuCl,(Dazpy), 0 0 1.4287 1.4287
&RuCl,(Dazpy), 0 0 -10.5219 10.5219

the transition behavior, the maximum absorption wavelengths (4,,,), excitation
energies (AE), the oscillator strengths (f), the frontier orbital’s composition and
the main transitions regarding the visible region are summarized in Table 10.
The simulated UV-visible spectrum of the comprehensive complexes of
RuCl,(Dazpy), in chloroform is shown in Figure 6. Therein, all five isomeric
complexes absorb in the visible region (400 - 800 nm) thereby stressing their ef-
ficient photosensitivity [43]. The general UV-visible spectra of RuCl,(Dazpy),
complexes described (Figure 6) exhibits two different bands of absorption. The
first band that is absorbed in UV region is attributed to ligand to ligand charge
transfer LLCT m > #*. This transition is centered mainly on azopyridine ligand
and the regarding wavelength for all complexes is lower than 500 nm. The
second band localized in the visible region at A > 500 nm is attributed to metal to
ligand charge transfer transition (MLCT) d - 7*, with d sub-shell belonging Ru
atom as abovementioned and 7* corresponds to orbital p from the ligand (Table
7). In fact, the HOMO of RuCl,(Dazpy), complexes is essentially made of metal
atomic orbitals. Regarding the LUMO orbital, it is exclusively made of azopyri-
dine atomic orbitals for all the studied complexes, which is consistent with
MLCT transition. The theoretical absorption spectrums of a-Cl, 5-Cl, &-Cl, y-Cl
and J-Cl isomers of RuCl,(Dazpy), present the MLCT transitions respectively, at
669.14 nm (f = 0.094), 587.495 nm (f = 0.143), 615.615 nm (f = 0.073), 567.878
nm (f = 0.216) and 722.944 nm (f = 0.139). In the case of a-Cl and J-Cl, the elec-
tron leaves from HOMO-1 orbital to LUMO orbital, while for S-Cl and &-Cl
isomers, the MLCT corresponds to the transition from HOMO-2 orbital to
LUMO+1 orbital. Concerning the »-Cl isomer, the MLCT transition corres-
ponds to the departure of electron from HOMO to LUMO+1. Furthermore, Ta-
ble 10 lists the calculated excited state lifetimes of all five RuCl,(Dazpy), iso-
mers. The excited state life time is one of the most important parameters to
study the efficiency or the charge transfer [44], for it tends to maintain for long
time the dyes in the cationic state that is more favorable to the charge transfer
[44] [45] [46]. In reality, the excited state lifetime of the dye can be evaluated via
the following equation: 7= 1.499/f¢’, where 7is the excited wave number of the

different electronic states (cm™) and £is the oscillator strength corresponding to
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Table 10. Absorption properties of isomers a-Cl, §-Cl, &Cl, y-Cl and J-Cl isomers of
RuCl,(Dazpy), comprising the excited energy, the maximum wavelength, oscillation fre-
quency f, the main transitions involved by the energy and the excited state lifetime.

composition of frontierorbit-
Isomers als AE(eV) A, (nm) f Main transition (ns)

HOMO LUMO

1.853 669.140 0.094 H-1 - L (55%) 71.39

a-Cl  Ru(57%) Dazpy(96%) 3771 447659 0058 H-3>L+1(56%) 51.74
3.079 402718 0.153 H-8 >L(56%) 1589

2110 587495  0.143 H-2— L+l (44%) 36.19
BCl Ru(55%) Dazpy(85%) 2817 440068  0.080 H-4—>L+1(53%) 3630

3.174 388460 0.064 H-6—>L+1(38%) 35.74
2.183 567.878 0.216 H — L+1 (57%) 22.39
y-Cl  Ru(52%) Dazpy (90%) 2.700  459.135 0.285 H-3 - L+1(69%) 11.09

3.362 368.783 0.151 H-4— L+1(44%) 13.50

1.715 722.944 0.139 H-1 - L (69%) 56.36

5Cl  Ru(67%) Dazpy (96%
u(67%)  Dazpy 96%) )53 419889 0262 H-6 L (50%)  10.09
2014 615615 0.073 H-2—L+1(58%) 77.82

&Cl  Ru(63%) Dazpy(92%) 643  469.142 0.110 H-3—>L(65%)  29.99
2941 421560 0238 H-6—>1L(64%) 1119

Absorbance

~.,
~..
—

T T
600 800
AMnm)

Figure 6. Simulated absorption spectra of both isomers a-Cl, 5-Cl, &-Cl, y-Cl and &-Cl of
RuCl,(Dazpy),, from TD-DFT calculations at the BALYP/Lanl2DZ level in chloroform.

T
400

the electronic state. Therefore, it turns out from Table 10 that &Cl shows the
highest excited state value. However, as AE indicates the energy required to ex-
cite the complex, J-Cl is assumed to be the best sensitizer since it not merely

displays the widest wavelengths (., = 722.9 nm) but also shows a relatively
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important excited state lifetime 56.36.10’ns.

4. Conclusion

In the present work, we have performed theoretical investigations on the prop-
erties of ruthenium complexes RuCl,(Dazpy), in ground and excited state. The
geometry optimization, IR, NMR and UV-visible spectra properties, natural
bond orbital (NBO) analysis and frontier molecular orbital analysis of five iso-
meric complexes of RuCl,(Dazpy), were investigated by using DFT and TD-DFT
methods at B3LYP level. The pseudopotential Lanl2DZ basis and generic basis
were used to perform the calculation. Afterwards B3LYP/Lanl2DZ was chosen
for all remaining calculations. The calculated geometry and NMR data were
compared with the experimental values of a-RuCl,(Dazpy), and a good agree-
ment was found. Besides, the NBO analysis indicates that the Ru-N are dative
bonds and are formed by the electron delocalization of lone pair atomic orbital
of N, and N, to the three anti lone pairs orbitals of Ru. Also, the strongest inte-
ractions between LP(N) with LP*(Ru) and LP(CI) with LP*(Ru) stabilize the
molecular structure. In addition, NBO also shows that the five d orbitals dege-
nerated in metal alone are completely separated, since they have different energy
in the complex. Moreover, we found out that there is no priority order when
sharing electrons between the five d orbitals. This must certainly be due to the
ligand Dazpy. Therefore, owing to the mixing of these d orbitals, the transition
LP(Ru) > 7*(N,-N,) corresponding to MLCT is assumed to be d > 7* confirm-
ing the ability for the azopyridine ruthenium complexes to be used as photo sen-
sitizer. Furthermore, the 6-RuCl,(Dazpy), isomer with small gap energy is ad-
mitted to be the best reactive and most cytotoxic ruthenium complex. Regarding
TDDFT prediction, it also reveals that J-RuCl,(Dazpy), is admitted to be an ex-
cellent sensitizer because of a large band of its absorption spectra in the visible

region and its small excited energy AE.
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