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Abstract: A series of three mononuclear ruthenium(ll) polypyridyl complexes of the type [Ru(A)2qpd]
(Cl104),.2H,0, where gpd = N, N1-(8,9-Quinoxalinediylidene)-1,10-phenanthroline-5,6-diamine and A = (phen =
1,10 Phenanthroline (1), bpy = bipyridyl (2), tbz= 2-(1H-Pyrrol-2-yl)-1H-indole (3), were synthesized and
characterized by several spectroscopic studies. The study focuses on DNA binding affinities, structural, nonlinear
optical (NLO) properties, and docking interactions (with ds DNA) by both experimental (Biophysical methods —
UV Absorption, Fluorescence, quenching, and viscosity) and computational (Density functional theory) methods.

The research shows that binding constant (Ky) values are in the order 1> 2 > 3 for the Ru (I1) polypyridyl complexes
1 to 3. The findings suggest that the phen and bpy complex has a stronger ability to bind with DNA than the
tbz ligand, highlighting the importance of the auxiliary ligand. For molecular geometry (Ground State) and
electronic characteristics using DFT calculations at B3LYP/LanL2DZ level. All complexes show an intense band
due to metal to ligand CT band, n —=* transition (HOMO to LUMO gap, Eg). The Eg gap of phen complex is
most minor (2.0865 eV) compared to the Intercalator (2.5327eV). Among the three complexes, the phen complex
has the most extended Intercalator length 15.8812 A, and paramount optical properties. Further molecular docking
predicted a DNA-binding preference for guanine, indicating a correlation with the experimental binding constant.

Keywords: Ru(ll)polypyridyl complexes; DNA binding; DFT calculations; Nonlinear optical (NLO).

1. Introduction

Ruthenium complexes find applications directly or
indirectly for a lot of problems related to anticancer
drugs '®°, materials science *“ polymers ©, and
nanoscience 3 (Scheme 1). This is due to its

versatile electron-transfer pathways %', Recent
literature shows that ruthenium compounds are used
in solar cells 67,
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Scheme 1. Applications of Ru Complexes

Ru (I1) can directly kill tumor cells due to excellent
photophysical and chemical properties and different
ligands.  Combining their  applicability as
nanomaterials demonstrates enhanced antitumor
efficacy. Several Ru(Il) compounds exhibit improved
antitumor activity owing to their water solubility 5%°,
Due to their unique photophysical, photochemical,
and electrochemical characteristics, transition metal
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complexes containing polypyridine have received
significant attention in recent years.

Studies about solar energy conversion, molecular
electronics, light emitting devices, etc., the
significance of metal complexes containing
polypyridine ligands, such as 1,10-phenanthroline
(phen) and 2,2 -bipyridyl (bpy), has been well
documented °. According to the frontier molecular
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orbital theory, the electronic characteristics of
chemical compounds are primarily affected by the
highest and lowest occupied molecular orbital
(HOMO and LUMO). Due to its advantageous redox
and optical properties, which can be easily modified
by changing substitutions on the periphery and/or the
element in the center of the bipyridine ring,
bipyridine-fullerene systems are one of the most
researched families of compounds among donor-
acceptor systems 2,

Systems linked by van der Waals (vdW) forces,
electrostatic interactions, stacking, metal-ligand
coordination systems, and systems linked by
hydrogen bonds have all been elegantly built and
characterized 2>?4. In recent years, more focus has
been placed on creating fullerene, porphyrin, and their
derivatives to enhance solar cell performance. In their
investigation of the development of photoactive
fullerene/porphyrin complexes, Guldi et al. examined
photo-induced charge transfer between C60 and
coordination porphyrin pentamers (RuTPP.CO)4.(3-
TPyP) and (RUTPP.CO)4.(4-TPyP) %,

One of the most promising options for electrical and
photonic  applications in sustainable energy
production, organic materials are the subject of
constant and ardent research. The theory is that
sunlight acts as the primary energetic source for a vast
network of intricately linked biological processes
necessary for the existence of life as we perceive it.
Consequently, it is a desirable method to acquire clean
energy to develop efficient and affordable devices that
can capture, transform, and store solar; these
technologies are only limited by human
ingenuity 227, To speed up forward electron transfer
and lessen charge recombination, beautifully
designed and evaluated enhanced model compounds
with finely calibrated electronic coupling between the
Donor—Acceptor (D-A) entities and well-adjusted D-
A molecule energies have been established.

Owing to solid DNA binding ability and
Optoelectronic properties, these complexes can be
explored as DNA probes and nonlinear optoelectronic
material, making them promising candidates for
future biochemical studies and possible applications.
In this paper, synthesis and characterization of three
novel Ru(ll) polypyridyl complexes. The ability of
complexes to bind to DNA is measured using a
combination of spectroscopic techniques, including
UV-visible, fluorescence, and viscosity
measurements. There have been molecular docking
studies, and the results are consistent with the results
of the experiments. The current research focuses on
determining quantum chemical parameters using DFT
to correlate the electronic structure with biological
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activity. Further development of new Ru (Il)
complexes of desired application and fine-tuning the
property of Ru (1) complexes. Thus, this kind of
study at the atomistic level of Polypyridyl complexes
of Ru (Il), moreover presents an insight of
physicochemical, biochemical, spectrochemical, and
materialistic details.

2. Experimental

2.1. Synthesis and Characterisation of
Intercalator ligand and its Ru(ll) Complexes

The precursor material was synthesized as per
literature - 1,10-phenanthroline-5,6-dione
(phendione) %8, cis-[Ru(A).Cl;]-2H,0, where A =
phen, bpy and thz 2°. A pictorial representation of the
complexes of Ru(ll) is given in Scheme 2.
Intercalator Ligand [N, N? —(8,9-
Quinoxalinediylidene)-[1,10] phenanthroline-5,6-
diamine)] was obtained by mixing phendione (0.525
gm, 2.5 mM) and Phenazine 2,3diamine (0.735 gm,
3.5 mM), Ammonium Acetate (3.88 gm, 50.0 mM),
and 15ml of Glacial acetic acid for 4 hours, cool to
room temperature and dilute with water. A yellow
precipitate is collected by adding ammonia followed
by washing with water, then recrystallized with
CsHsN.H20 and dried in vacuo.

Anal. Data for C,4H12Ng, Yield: 63.40%, Anal. Data:
Calcd (%) C, H, N-50.11, 2.78, 12.24; Found C, H, N
- 52.02, 3.05,11.23; | R Data (KBr, cm™): 3377.36
(v NH), 1118.71(v CN).ES-MS (m/z) Calcd: 384.39;
found: 385.56 [M+1].*H-NMR (DMSO-d6, 400
MHz), 8 (ppm):7.6-8(b,6H), 3.6(s, 4H), 2.92(t, 6H).

2.1.1. Synthesis of complexes (1-3) - Synthesis of
[Ru (phen)2 (qpd)](Cl04)2:2H20 complex(1)

A light purple solution was formed over 8 hours of
refluxing a mixture of gpd (0.192gm, 0.5 mM), Cis-
[Ru(phen),Cl,]2H,0 (0.206 gm,0.5 mM), and ethanol
(15 ml) at 120°C, under N atmosphere. Under
vigorous stirring, an equal amount of saturated
aqueous NaClOq solution was added. The mixture was
cooled and filtered to eliminate the unreacted
material. The red solid was dried under vacuum and
followed by collection and washing with a tiny
amount of water, ethanol, and diethy! ether.

Anal. Data for CagH2sNoRuU, Yield: 63.40%, Calcd
(%) C, H, N - 51.21, 3.98, 11.95; Found C, H. N -
51.10, 4.05, 12.01;IR (KBr, cm™): 3408 (v NH),
1083.99 (v CN), and 621(v Ru-N).ES-MS(m/z)
Calcd: 845.87; found: 846.75 [M+1].'H-NMR
(DMSO-d6, 400 MHz), & (ppm):7.5-8(b,6H), 3.4(s,
4H), 2.6(t,6H).
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Scheme 2. Synthetic scheme for gpd (Intercalator) and Ru (1) Complexes

2.1.2. Synthesis of [Ru(bpy)2(gpd)](ClO4)2:2H20
complex(2)

Under an atmosphere of N, 8 hours were spent for
refluxing a mixture of Cis- [Ru(bpy).Cl2]2H.0 (0.26
g, 0.5mM), gpd (0.192g, 0.5mM), and ethanol
(15ml)at 120°C. After obtaining the pale purple
solution, it cooled to room temperature, and an equal
amount of saturated aqueous NaClO. solution was

added. The brick-red material was collected and
treated with ethanol, diethyl ether, and small amounts
of water, then dried under a vacuum.

Anal. Data for CasH2sN1oRu (Yield: 65.60%) Calcd
(%) C, H, N - 52.34, 3.38, 11.30; Found: C, H, N -
51.98, 3.21, 11.25; IR (KBr, cm™): 3431(v NH),
1083.99 (v CN) and 621.08 (v Ru-N).ES-MS(m/z)
Calcd: 797.83; found: 797.93. 'H-NMR (DMSO-dg,
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400 MHz), & (ppm): & 8.89 (b, 6H), 7.78(d, 6H),
7.63(s, 4H), 7.60(d, 2H), 3.4(s, 6H), 2.8(t, 4H).

2.1.3. Synthesis of [Ru (tbz)2(gpd)](ClO4)2-2H20
complex(3)

A mixture of gpd (0.192g ,0.5 mM), Cis-
[Ru(thbzy,Cl,]2H0 (0.29,0.5 mM), and ethanol (15 ml)
was refluxed at 120°C and under N2 atmosphere for 8
hours, after vigorous stirring, an equal amount of
saturated aqueous NaClO, solution was added. The
mixture was cooled and filtered to eliminate the
unreacted material. Solid was collected and washed
with a tiny amount of water, ethanol, and diethyl
ether. The red solid was then dried under a vacuum.

Anal. Data for CasH26N12RUS; (Yield: 61.50%) Calcd
(%) C, H, N -53.11, 4.36, 11.53; Found C, H, N -
52.13, 4.21, 11.59; IR (KBr, cm™): 3421 (v NH),
1087.85 (v CN), and 621.08 (v RuN). ES-
MS(m/z) Calcd: 887.95; found: 888.94 [M+1].1H-
NMR (DMSO-ds, 400MHz),5(ppm):8.9(m,6H),7-
8(m,6H), 5.9(t,2H), 2.9(t,2H), 3.5(s, 4H).

2.2. DNA Binding studies — Experimental and
Computational

This section focuses on the methods used for the
determination of DNA binding affinities, structural,
nonlinear optical properties and docking interactions
(with ds DNA) for three mononuclear Ruthenium (I1)
polypyridyl complexes by experimental studies as
discussed in our protocols *°3! (Details of Biophysical
methods —UV Absorption, Fluorescence, quenching
and viscosity studies are provided in Supplementary
Data) and Computational methods (Density
functional theory).

2.2.1. Computational details - Geometric
optimizations

Ground state geometries and frontier molecular
orbital (FMOs) of Ruthenium (II) complexes have
been theoretically studied by the Density Functional
Theory (DFT) method using two basis sets: LanL2DZ
and a generic basis set in gas. DFT calculation is
applied to understand the change in structural or
geometrical parameters through calculations of bond
length, bond angle, and torsional angle of metal
complexes *?, besides the stability and reactivity of
Ru(Il) complexes are investigated *,

Gaussian09 package was used to perform the DFT
studies . Initially, the molecules were subjected to
optimization using the Semi-empirical PMg method in
the gas phase **. The HOMO — LUMO transitions
between the different orbitals were evaluated with
DFT using the B3LYP %637 combined with the
LanL2DZ * basis set for atoms C, H, N &Ru atom in
a vacuum for equilibrium geometry at the ground
state. The molecular geometry, the highest &lowest
occupied molecular orbital (HOMO, LUMO)
energies, and Mulliken atomic charges of the
molecules are determined from optimized geometry
(in Gas). Atomic charges of the ligand and Ru
complex are calculated by the Mulliken method *°.The
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Mulliken populace investigations, such as Atomic
charges, electric dipole moment, polarizability, and
first-order hyperpolarizability values were estimated.

The total energy, dipole moment, and energy of
frontier orbital (HOMO-LUMO) were all calculated
using DFT studies. The molecular properties, such as
the chemical potentials (P;), HOMO-LUMO gap (Ey),
absolute hardness(n), absolute electronegativity (x),
absolute softness (o), global electrophilicity (w),
global softness (S), and electronic charge, Nmax were
calculated according to the equations 1 — 8 4042,

Eg = ELUMO — EHOMO
M

_ EHOMO+ELUMO)

@) i

__ (ELUMO-EHOMO)

3) ’
.o
(4)
Pi=—y
(5)

1
S=—
2n

(6)

__Pi?

El

(7)

ANMax = 2
.

(8)

From the HOMO - LUMO energy gap (Eg) reactivity
of the complex can be accessed; the narrow gap
suggests high complex reactivity %2, The
Optoelectronic behavior is extensively studied due to
its immense uses in developing communications
technologies, optical interconnections, and signal
processing .

1
n

The finite perturbation method was applied for the
calculation of  polarizability (o) and
hyperpolarizability (B.) “. The magnitude of the mean
first hyperpolarizability tensor was calculated by
using X, y, and z components from Gaussian output.
The wide-ranging equations (Eq. 9 — 11) were used to
calculate the dipole moment (W), the polarizability
(o), and the first order hyper polarizability (B,) *°
from the X, y, and z components.

Hio= (K + Hy? + [1%)*

9

o, =1/3 (lex + ayy t+ azz)
(10)

Bo = [(Brooc * Pryy + Brzz)” + (Byyy * Byzz + Py)” + (Bzz
+ oo+ Bayy)
(11)



Mediterr.J.Chem., 2023, 13(3)

The value of the polarizabilities (o) and the hyper
polarizabilities are given in atomic units (au.), and are
converted to electronic units (e.s.u.) (for a: lau. =
0.1482 x 10-?*esu and for B: 1 au = 0.0086393 x 10%°
esu).

The DNA sequence (Receptor) [5'-D (AP CP GP AP
CP GP TP CP GP GP GT) 3']of PDB id: 423D
(https://www.rcsh.org/) and the 3D conformer of Ru
(1) complex (Ligand) are the inputs utilized for
docking using the Patch Dock tool “6. Polar hydrogen
was added to the receptor after the heteroatoms and
water were removed before uploading the DNA PDB
file and the metal complexes' 3D conformers with the
program parameter set to its default values. The
Docking server works on the criterion of shape
complementarity and scoring functions. The results
are a set of docked poses, which were further
evaluated on the basis of Atomic Contact energy
(ACE).

3. Results and Discussion

This section discusses the analysis of spectral
characterization and the structural, biological
chemical descriptors, and nonlinear optical properties
(Density functional theory study). Also, the
Biophysical methods — UV Absorption, Fluorescence,
viscosity, and docking interactions (with ds DNA) for
three  mononuclear ruthenium (1) polypyridyl
complexes.

3.1. Spectral characterization of complexes
Spectroscopic techniques such as FT-IR, UV, 'H
NMR, and elemental analysis were used for structural
evaluation of the Intercalator ligand and Ru
complexes (1-3). The complex formation is also
evident in the FTIR spectra of the three complexes.
Comparing the FTIR spectra of the ligand and
complexes revealed frequency changes. In the IR
spectra of the ligand (gpd), vibrations at v (NH) at
3377 cm™ and v(CN) at 1029 cm™ are shifted to
~3541 cm™ and ~1083 cm™! after the Ru complex is
formed, and also Ru—N band appeared at 621 cm™ 47,
(IR spectra of complexes (Figure S1 — S4) are given
in Supplementary Data).

The absorption spectra of the three complexes showed
MLCT bands at 462 nm, 457 nm, and 467 nm,
respectively, which were not present in the gpd ligand,
indicating the complex formation “¢. 'H NMR spectra
of the complexes showed peaks downfield as
compared to the ligand (gpd), indicating
complexation. The signals for phen appear at 7.6 to
8.5 ppm, for tbz in the range of 7.0 to 8.0 ppm, bpy in
the range of 7.5 to 8.9, the ligand gpd hydrogen’s
appeared at 6.0 to 8ppm (Aromatic) and ~2.6 and
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3.4ppm. (*H NMR spectra of complexes (Figure S5 —
S7) are given in supplementary Data).

3.2. Biophysical Studies - UV-Visible absorption,
Fluorescence, quenching, and viscosity studies
The interaction of metal complexes with DNA can be
studied using electronic absorption spectroscopy. The
redshift (hypochromic shift) in the MLCT (metal to
ligand charge transfer) band is connected to the
Metallo Intercalator—DNA binding. It is caused by
intercalation, including potent stacking interactions
between DNA base pairs and an aromatic
chromophore. The intensity of the interaction is
inversely correlated with the magnitude of the
hypochromic shift. Therefore, spectroscopic titrations
with varying concentrations of CT-DNA were
investigated to offer proof for the probability of
binding for each complex. Figure 1 displays the
complex’s distinctive spectral profile at various DNA
concentrations. The MLCT bands of complexes at 462
nm (1), 457nm (2), and 467nm (3) “°, exhibit a
hypochromic shift of around 12.01,14.01, 13.0%,
respectively, and bathochromic shift of approximately
10-30 nm as the DNA concentration increased.

The intrinsic binding constant K, measured in each
case by analyzing the variations in their absorbance
with increasing concentration of CT-DNA at MLCT
band helped further to clarify the power of the
complex binding to DNA. The K, values for
complexes 1 -3 are 8.0x 10%2.5 x 104 1.5 x 10*
respectively. The Ky values are higher than the parent
complex [Ru(phen)s]*3(Kp = 5.5 x 10° M), but lower
than DNA metallo intercalators like [Ru(dppz)
(bpy)2]*?, which has a K, > 108 M1, From the above
data, the order of binding strength of Ruthenium
complexes with CT-DNA is 1 > 2 > 3. This may be
due to the more planarity of phen ancillary ligand in
complex 1.

The dppz ligand possesses a large aromatic surface
area, intercalator length, and more, allowing extensive
intercalation in the DNA base pairs and an
accompanying increase in metal-to-ligand charge
transfer (MLCT). Based on most Ru polypyridine
complexes, the ligand binds strongly to the DNA
duplex via the intercalation mechanism. The Barton
group initially  discovered the ability of
[Ru(bpy)2dppz]?* to function as a non-radioactive
luminous DNA probe. At room temperature, this
combination exhibits no photoluminescence, but
when double-helix DNA is present, it exhibits intense
photoluminescence with an enhancement factor of
>10*% The DNA "light-switch" effect, which is a
phenomenon that has received a lot of interest, has
been extensively used to explore how metal
polypyridyl complexes interact with DNA %,
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Figure 1. Absorption spectra of complexes (1 to 3) in the presence (lower) and absence (top) of DNA in Tris—
HCI buffer. The 10 uL of stock complex concentration (0.001 M) is added in the cuvette, and DNA
(0.617 x 10—4 M) is added in the range of 0-120 pL. Changes upon increase of DNA concentration is
represented with the arrows, inserted a plot by taking [DNA]/(ea—ef) vs [DNA] gives intrinsic binding constant
(Kb). 1) [Ru(phen).qpd]*?, 2).[Ru(bpy)2apd]%,3). [Ru(tbz)qpd]

Luminescence investigations performed at a constant
metal complex concentration (5 mM) in Tris buffer
(pH 7.2) at room temperature can explain the precise
nature of binding for metal complex - DNA. The
degree to which the complex integrates into the
DNA's hydrophobic environment is correlated with

the fluorescence emission spectra for the free and
bound complexes 1 to 3. The excitation wavelength
for the three complexes considered at 452, 465, and
470, respectively, and the emission wavelengths of
complexes 1 to 3 are observed at 602, 604, and
614 nm. With the increase in DNA concentration in

the change in emission intensity. In the presence of the complex (1-3), the fluorescence intensity
various concentrations of CT-DNA, Figure 2 displays increases.
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Figure 2. Emission spectra of Ruthenium (1) complexes by addition of CT-DNAin Tris—HCI buffer. The arrow
shows the intensity variation by incremental addition of DNA. Inset: Scatchard plot of the complexes, from
which binding constant (Ky) calculated.1) [Ru(phen).qpd]*?, 2). [Ru(bpy)2qpd]*?, 3). [Ru(tbz).qpd]*?

The plot of r/Cs vs r on the basis of a modified
Scatchard equation, where r is the binding ratio
Cu/[DNA] and Cs is the concentration of free ligand,
determines the intrinsic binding constant from the

luminescence data. The binding constants (Ky) for
complexes 1 to 3 were 8.2x10* M, 4.9x10* Mand
3.5 x 10*M1, respectively, according to Scatchard
plots for the complexes built from luminescence
spectra.
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Figure 3. Quenching studies of the complex with [Fe(CN)e]™ in Tris-HCI in the absence (A) & and presence of
DNA (B).1) [Ru(phen)2qpd]*?, 2). [Ru(bpy).qpd]*?, 3). [Ru(thz)qpd]**

Compared to the intensity in the absence of CT-DNA,
the fluorescence intensities of complexes were
increased by 6.27, 5.52, and 4.83 times respectively
%2, The complex emission was modest due to the lack
of DNA, but adding DNA causes the emission
intensity to increase until capacity is attained
(concentrated emission strength), which is caused by
the complex being attached to DNA. The mobility of
the complex is constrained at the binding site due to
the intercalation into the DNA base pairs. The DNA
helix's hydrophobic environment restricts the

complex’s access to solvent molecules, which lowers
the stretching vibrations of relaxation.

Fluorescence quenching studies performed in the
presence of [Fe(CN)e]* as a quencher provide
additional information about the binding of
complexes to complexes to DNA. In the presence or
absence of DNA, all three complexes were quenched
with increasing amounts of [Fe(CN)g]™ as shown in
Figure 3, and the data were then analyzed using the
Stern-Volmer equation.

Table 1. Intrinsic Binding constant of Ru (I1) complexes with CT-DNA.

Complex Kb(M'l_) Kb _(I\/I_'l) Ks value Ksvvalue
(Absorption) (Emission) Without DNA With DNA
[Ru(phen)2(qpd)]*2 8.0 x10* 8.2 X 10* 20,280 354.24
[Ru(bpy)2(qpd)]*2 2.5 x 10* 4.9 X 10* 11,345 298.02
[Ru(tbz)2(qpd)] 2 1.5 X 10 3.5 X 10* 10,051 210.57

The complexes effectively quench due to quencher in
the absence of DNA. Still, there was little quenching
in the presence of DNA because the powerfully
negatively charged [Fe(CNe)]™* would be repelled by
the negatively charged DNA phosphate backbone
5354 which would prevent the quenching of the bound
complexes. Table 1 also includes the K, values in
addition to the Ky values. Complexes' DNA binding
affinities are consistent with the following findings,
according to quenching studies.

The lack of crystallographic data, indicative of the
DNA viscosity measurements to be considered as the

least obscure and crucial assessment of a DNA
binding model and giving a compelling indication of
the intercalative binding mode is viscosity 5. A
traditional intercalation model, in which base pairs are
removed to free up space for the binding ligand,
lengthens the DNA helix and raises DNA viscosity.
However, some non-classical intercalation of the
ligand may cause the DNA helix to bend or curl,
shortening its effective length. For instance, in the
right circumstances, the intercalation of a dye like
ethidium bromide (EtBr) roots an increase in the
length of the DNA as a whole.
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Figure 4. Viscosity Study of calf thymus DNA at room temperature in BPE buffer with increase in the
concentration of complex. [(1) [Ru(phen)2(gpd)]*?, (2) [Ru(bpy)2(gpd)]*?, (3) [Ru(tbz)2(gpd)]*?and ethidium
bromide (EtBr)

Figure 4 shows the difference in the viscosity between
DNA and EtBr because of the metal complexes.
Although the intercalating ligand is the same in each
molecule, the variations in the ancillary ligands are
what affect viscosity.

In accordance with the results of the absorbance
titration, the results further reveal that three Ru(ll)
complexes exhibit an intercalative binding
mechanism to CT-DNA. The complexes continue to
adhere to DNA like earlier techniques have
demonstrated. Viscosity order of the complexes
follows EtBr > [Ru(phen)(gpd)]*?>
[Ru(bpy)2(qpd)]*>> [Ru(tbz)2(gpd)]*2.This is because
of the difference in the auxiliary ligands attached to
the Ruthenium (I1) metal ion.

3.3. Computational Studies - DFT

The analytical and spectral studies depict the
octahedral coordination of Ru(ll) complexes, further
verified by their molecular modeling studies. The 3D-
optimized Ru complexes are presented in Figure S8.
The energy minimization was iteratively repeated to
find out the total energy, which is as follows: -
2486.7551(phen), -2319.2161 (bpy), 2462.7542 (thz)
a.u. respectively, indicating a more stable phen
complex. Further, conformational analysis of Ru (I1)

polypyridyl complexes viz bond length, bond angles,
torsion angles, and Intercalator lengths reveal vast
structural information like the bond strength,
distortions, etc.

The structural data (Ru - N bond length and Ru -
Intercalator length) of the Ru complex conformers are
shown in Table 2. Ru— N bond length (N of ancillary
ligand) in 2.1 + 0.01 A complex, whereas Ru — N (N
of Intercalator-qpd) is shorter. The Intercalator length
is short for the bpy and tbz complex indicating an
ineffective intercalation, whereas the phen complex is
expected to show an effective binding with DNA. The
bond angles in all the complexes were reasonably
close to an octahedral geometry of ~89.1 - 96.1°, but
strain-revealing optimized architectures are distorted
octahedrons. Additionally, the dihedral angles show
eccentricity in all the complexes. The dihedral angle
assessment reveals that complexes 2 and 3 are more
disordered from planarity. This led to the conclusion
that complexes have conformational differences. The
bond length values obtained from the 3D optimization
were in the range 2.1 + 0.01 A for the Ru(ll)
polypyridyl complexes with phen, bpy and tbz
ancillary ligands, which were similar to the previously
reported complexes 657,

Table 2. Bond and Intercalator lengths of the 3D conformers of Ru - gpd complexes.

Intercalator

Bond lengths(A)

Complex length (&)  M-N&  M-NZ& M-N  M-N&  M-Ns®  M-Nb
(Ruphenpd] 158812 210679 210546 | 210679 510543 210598 510504
Rubpyhapdl? | 158206 217735 217733 217646 517653 218157 pigig
Rubdapd] 158601 211265 211444 212226 510704 209697 50935

The bond lengths (b: N3, N4, N5, N6, are nitrogen polypyridyl (phen, bpy, tbz) bonded to Ru. a: N1 and N2,

N of gpd ligand bonded to Ru).
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The frontier molecular energy levels [HOMO potential electronic transitions. The Energy difference
(Highest Occupied Molecular Orbital) and LUMO between HOMO and LUMO orbital is called an
(Lowest Unoccupied Molecular Orbital)] for Metal energy gap and is also believed to be an important
Polypyridyl complexes furnish insight into the parameter to determine the stability of the structure.

Table 3. Data for HOMO, LUMO, IP, EA, and LUMO- HOMO gap (EQ).

Parameter (eV) qpd Complex 1 Complex 2 Complex 3
HOMO -6.2119 -9.5357 -9.5403 -9.5324
LUMO -3.6791 -7.4492 -6.9678 -71.5757

Eg. (LUMO-HOMO 25327 2.0865 2.5724 1.9567
lonization potential (1) 6.2119 9.5357 9.5403 9.5324
Electron affinity (A) 3.6791 7.4492 6.9678 7.5757

The HOMO and LUMO, LUMO-HOMO energy gap The energy gaps in complex 1 - 3 are found to be in
indicate the electrophilic-nucleophilic nature of the the range of 1.9567 eV to 2.5724 eV, whereas qpd

molecule and also the utmost vital measure of Ligand (2.5327 eV) shows less chemical activity than
chemical reactivity. The data of the LUMO - HOMO the corresponding Ru(ll) complexes. Among the
gap (EQ), ionization potential, and electron affinity of complexes, the thz complex is more reactive than the
ligand, gpd, and its complexes are given in Table 3. phen and bpy complexes. Figure 5 shows the 3D

Contour surfaces of the frontier molecular orbitals of
the Ligand, gpd, and Complexes.

Aad
A. .
.'ﬂ,‘.a
0.0,
LUMO -3.6791 7.4492 -9.6678 FRTET
Eg 2.5327 2.0865 2.5724 I 1.9567
HOMO .g.2119 -9.5357 -9.5403 -9.5324
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Figure 5. HOMO - LUMO energy gap of the complexes'1) [Ru(phen).qpd]*2, 2). [Ru(bpy)zqpd]*?, 3).
[Ru(tbz)2qpd]
The HOMO-LUMO energy display shows that The molecular parameters are calculated to predict the
complexes 1 & 3 are more susceptible to nucleophilic biological and chemical reactivity. Absolute hardness
attack than complexes 2. The 3D contour diagrams (n), a derivative of total energy and electronegativity
show that the LUMO of the complex is centralized was used to establish the principle of hard and soft
principally on or around Ru (Il) cation and ancillary acids and bases. Global Electrophilicity (o) is the
ligands (tbz). In contrast, the HOMO is restricted to measure of the extent of the electrophilicity of a
the Quinoxaline ring of the Intercalator, qpd. The molecule. The chemical potential (u) reflects the
frontier orbitals of complexes 1 and 2 are similar and global reactivity index, translated as a charge
confined chiefly on the Quinoxaline ring. The results transition from a higher chemical potential system to
display that the LUMO of transition metal ions tends a lower chemical potential system. Electronegativity
to lower the HOMO orbital of nitrogen atoms of the () represents the ability to draw electrons equal to the

Quinoxaline ring of the Ligand. negative of the chemical potential.
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Table 4 lists the characteristics of Biological and
Chemical reactivity parameters that were computed as
a product utilizing the energies of the frontier
molecular orbitals (LUMO, HOMO). According to
Parr et al. %, the amount of a molecule's
electrophilicity is measured by the “electrophilicity

Table 4. Biological and Chemical reactivity parameters.
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index,” which is an encouraging and sure measure of
overall reactivity, chemical hardness, and potential.
This novel reactivity index has been developed to
track energy stabilization when the system picks up an
extra electronic charge (N) from the surrounding
environment.

Parameters qpd
Absolute Hardness, (1)) 1.2663
Absolute Softness, (¢ ) 0.7896
Global Electrophilicity (), 9.6567
Chemical potential, (p) -4.9455
Absolute Electronegativity, (y) 4.9455
Global softness, S 0.6331
Additional Electronic charge, ANmax 3.9052

Complex 1 Complex 2 Complex 3
1.0432 1.2862 0.9783
0.9585 0.7774 1.0221

34.5656 26.4839 37.3954
-8.4924 -8.2540 -8.5540
8.4924 7.6962 8.5540
0.5216 0.6431 0.4891
8.1403 6.4171 8.7432

Most commonly, molecular orbital energy is used to
assess reactions and their active sites in conjugated
systems %°. The HOMO, LUMO, and energy gap play
asignificant role in determining their natural function.
The ionization potential and HOMO's energy are
intimately related due to its electron donation
tendency. Although the LUMO can pick up electrons,
electron affinity is highly correlated with LUMO
energy %%, A molecule with a small frontier orbital
gap with elevated chemical reactivity and low kinetic
stability is typically more susceptible to
polarization .

Mulliken charges are the outcome of the Mulliken
population analysis and offer a way to calculate partial
atomic charges using computational chemistry
methods, notably those that rely on the linear
combination of atomic orbitals molecular orbital
approach. One of the crucial elements directly related
to the vibrational properties of the molecule is the
Mulliken atomic charge. To comprehend the electrical
structure, this component affects several molecular
characteristics, including polarizability, dipole
moment, and electronic structure %54, The atomic
charges obtained by Mulliken analysis of Ru
complexes are shown in Table S1 and in Figure 6.

2
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Figure 6. Mulliken charge distribution per atom in QDPD ligand and its Ru Complexes. Qpd.-Ligand, 1.
[Ru(phen).gpd]*2. 2. [Ru(bpy)-qpd]*2 3. [Ru(tbz).qpd] *?

The charge distribution of [Ru(phen).qpd]?* complex
represented that the carbons attached with
electronegative atoms (sulfur and nitrogen) are
positively charged; meanwhile, these electronegative

atoms withdraw partial charges, making it positive,
whereas Cs bonded to Ns are partial negative may be
due to the “greater electropositive character of Ru(ll)
atom”,



Mediterr.J.Chem., 2023, 13(3)

S. Gudikandula et al.

273

Table 5. Selective Mulliken atomic charges distribution of qpd and [Ru(A)2qpd] complex, performed at B3LYP/

LanL2DZ basis set.

gpd A = phen bpy thz

- Ru - 0.909327 Ru - 1.464861 Ru - 0.952675

- N6-0.276738 N6 -0.543732 N6 -0.330042

- N5-0.276747 N5 -0.543723 N5 -0.249082

- N4-0.277444 N4 -0.542302 N4 -0.339893
N3 -0.277174 N3 -0.542287 N3 -0.267614

C3 -0.028050 C7 -0.091266 C7 -0.542287 C7-0.287698

C4 0.015953 C8 -0.091252 C8 0.333343 C80.039050

C5 0.018551 C9 0.565278 C9 0.331168 C90.078288

C6 -0.041547 C10-0.237886 C10-0.019137 C10-0.021071

N15 -0.129716
N16 -0.128998

N21 0.019212
N23 0.019213

N48 -0.118361
N50 -0.118362

N28 0.019342
N31 0.019092

The extraordinary negative charge on N(1), N(2),
N(3), N(4), N(5), and N(6) atoms are due to their
electron withdrawing nature. The N1 and N2 electron
withdrawing is more as indicated by highly negative
charge as shown in Table 5 and Table S1. Table 6
represents the dipole moment and hyperpolarizability.
The total molecular dipole moment of gpd is 4.4954D
which is ninety times bigger than the p of quinoxaline
= 0.51 D. The hyper polarizability is 3.2544 x 100
esu for gpd ligand and for a Ru - phen complex -

2.75942 x 10" esu, whereas for Ru — bpy and Ru -
tbz complex the polarizabilities are lower 2.4519 x 10
30 gsu and 2.0977 x 10-% esu respectively.

The development of nonlinear optical materials with
better  response is  significant.  Theoretical
understanding of factors that influence properties is
vital to developing materials with improved optical
properties 5.

Table 6. Calculated dipole moment (ot), polarizability (Jo|), first hyperpolarizability (Bo) using

B3LYP/LanL2DZ.
Parameter gpd Complexl
X 4.4949
Dipole moment (Debye) Y, 0.0083
uz 0.0677
Mtot 4.4954
AXX -158.3759
Ayy -153.6999
Azz -
Polarizability Ay |
Axz -0.1116
Ayz 0.4582
Oo 164.0440

Complex2 Complex3
15.3308 20.2956 -14.2755
0.0004 0.0006 -1.8257
-0.0001 0.0003 1.0613
15.3308 20.2956 14.4308
-15.3184 -23.1516 -31.2527
-234.7872 -233.7433 -255.3274
-274.7861 -263.0043 -280.1854
-0.0030 0.0009 13.8840
0.0020 0.0000 -2.6505
-4.9744 5.4546 7.6791
-174.9639 -173.2997 -188.9218
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Bxxx 496.7972

Byyy 0.4870
Bzzz -0.0829
Bxyy -113.3825
Bxxy -0.5511
Hyperpolarizibility Bxxz 2.3276
Bxzz -9.9759
Byzz 0.0328
Byyz 0.8900
Bxyz -4.3660
Bo 3.2544

The influence of the Ru(ll) complex binding with
DNA was investigated by docking studies using the
Patch Dock server. The distinct binding tendencies of
the Ru complexes are traced to the distinction in the
auxiliary ligand and intercalator length. An interactive
mode of binding is observed via docking studies and
agrees with the earlier experimental observations. The

Table 7. Binding interactions of the docked poses.

S.No. Metal Patch dock Area
Complexes score

1 Complex 1 5506 701.90

2 Complex 2 5556 709.10

3 Complex 3 5942 761.90

As observed in Table 7, the desolvation energy of the
phen complex is more incredible, and the
experimental data, Intrinsic binding constants, and
desolvation energies for the complexes are in the
order 1 > 2 > 3. A careful study of the interactions the
DNA poses with complexes reveals that all complexes
strongly prefer guanine and cytosine, whereas
complex 3 also binds with thymine.

Investigating the absorption, distribution,
metabolism, excretion, and toxicity of the so-called
ADMET properties of a compound is a crucial step in
the drug development process. Usually, toxicities are
investigated in animal experiments, which are time-
consuming and take animal lives. In silico toxicity,
predictions were carried out for the studied
complexes. A fast and inexpensive alternative to
animal experiments via ProTox-I1 is a virtual toxicity
lab via a web server for in silico toxicity prediction.
ProTox-1l predicts multiple toxicological endpoints
related to a chemical structure . Table S2 of
supplementary data shows this virtual toxicity server
data indicating that complex 1 with LD50 belongs to
class V and complex 2 and 3 class 1V, suggesting
toxicity.

ACE
(kcal/mol)

-669.31

-652.71

-650.94
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-1119.2753 -505.9919 1138.9431
0.0425 0.0058 38.4103
0.0021 0.0231 66.5923

542.0735 493.0239 -474.0130
-0.0478 -0.0013 -76.3589
-0.0045 0.0398 -108.2040
257.8134 296.7082 -302.8252
-0.0032 0.0359 -18.1080
-0.0034 -0.0296 -21.6206
-36.1428 43.2940 -67.1107

- 2.75942 2.451953 2.0977

metal-to-intercalator lengths of complexes are
15.8812, 15.8206, and 15.8691 A, respectively. It is
noteworthy to observe that the shorter length of the
Metal - intercalator, which in turn may enhance the
stability of the conformer as well as the DNA binding
affinity.

Bonding Interactions Distance (A)
UNKZ13:N - B:DG19:04' 3.14135
UNK23:N - A:DC9:02 3.26771
A:DC9:C1'- UNK23:N 3.49806
UNKS86:H - A:DG7:03' 2.42995
UNKA40:N - A:DC9:02 3.08644
UNKG50:N - B:DG19:04' 2.34605
A:DC9:C1'- UNK40:N 3.47158
UNK75:H - A:DG10:N3 2.94797
UNK21:N - B:DC21:04' 3.27401
UNK31:N - B:DT20:04' 2.41337

4. Conclusions

The Ru(Il) Polypyridyl complexes are characterized,
and their interaction with DNA is studied, indicating
that planarity of novel intercalator ligand plays a
crucial role in DNA binding. Complex 1 (K, = 8.0 x
10° M) binds to DNA more effectively than
complexes 2 and 3 (since complex 1 has Phen as an
ancillary ligand). The binding affinity is described in
order 1 > 2 > 3. The viscosity data indicate that the
Ru(Il) complexes bind to the DNA via interactive
mode. The results recommend that the tenacity of an
ancillary ligand ensues their distinctiveness for DNA
binding. The quencher effectively quenched the
complexes in the absence of DNA.

All complexes show an intense MLCT band due to
n —7 * transition from HOMO to LUMO molecular
orbital energy. The HOMO and LUMO gap for a phen
complex is 2.0865 eV compared to the Intercalator
(2.5327eV), indicating kinetic stability and its
nucleophilic level of sensitivity. Among the three
complexes, the phen complex has the longest
Intercalator length 15.8812 A, and also the best
optical properties (0. = -188.9218 x 10 **esu and p = -
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2.75942 x 10%%su) provide comprehension of the
NLO properties of Ru (1) complexes.

Further molecular docking investigations predicted an
octahedral geometry and a DNA binding preference
for guanine. The docking investigations also confirm
the binding constant information obtained using the
absorption and emission techniques. The possibility
of emerging the Ru(ll) - gpd complexes as a strong
DNA probe and NLO material, thereby providing
insight into the MLCT shifts and binding affinity upon
intercalation of the complex into DNA.
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The following substances were purchased from Merck: 1, 10-phenanthroline monohydrate (phen), 2, 2'-bipyridine
(bpy), 2-(1H-Pyrrol-2-yl)-1H-indole (tbz) CT-DNA (Calf thymus DNA) was bought from Aldrich, and stored at
20°C. All studies used 18.2 mX ultrapure Milli-Q water. All additional chemicals and solvents came from already-
established local sources. Before usage, all solvents underwent normal processes for purification [1]. A stock
solution of metal complexes was created by dissolving calculated amounts of metal complexes in DMSO and

adjusting the concentrations with the right buffer.

A PerkinElmer 1605 Fourier transform I.R. spectrometer was utilized to record the I.R. spectra on KBr discs.
Dimethyl-ds sulfoxide (DMSO-ds) was used as the solvent, and tetramethyl silane served as the internal standard
to record the *H NMR spectra on a Bruker 400-MHz spectrometer at room temperature. The UV-VISIBLE spectra
were captured with a Shimadzu UV-2600 spectrophotometer. The luminescence spectrum data were recorded
using a Spectrofluorometer (serial number of the Cary Eclipse instrument, MY 12400004) to assess the binding

constant.

Electronic absorption studies
DNA binding studies were conducted to study DNA-binding interactions. Double distilled water was used to
prepare each solution. In Tris buffer (5mM Tris-HCL, 50 mM NaCl, pH 7.1), investigations involving the
interaction of Ru(Il) complex with CT-DNA were carried out. After preparation, the stock solution of CT-DNA
was kept at 4° C in the dark and used within three days. Ru (I1) complex stock solutions in DMSO were prepared.
By treating a fixed concentration of complex (10uM) with increments (0-120uM) of the protein-free DNA stock
solution (0.617x107* M) [2], the absorption experiment for steps 1-3 in the buffer was carried out. Solutions were
given 5 min to incubate before recording the complex-DNA mixture’s absorption spectra. After each measurement,
UV-vis spectra were taken. After each addition of DNA solution, the intrinsic binding constant (K) is calculated
by using Equation (1) [3].
[DNAWa— &) = [DNAW &b — &) + 1Kp(ep—¢r) (8]

€4, &b, and ggrepresent the apparent absorption coefficient Agss/[cOmplex], the extinction coefficient for the complex
in its fully bound form, and the extinction coefficient for the free complex, respectively. [DNA] is the concentration
of DNA. The intrinsic binding constant is represented Ky, a graph plotted between [DNA]/ (ga- &) and [DNA]. Ky

is derived using the slope-to-intercept ratio.

Fluorescence Emission
They increased the DNA concentration until the complex concentration was fixed and made
measurements of the Ru(II) complexes’ emission intensities. The spectra were acquired between 540nm and
760nm. Equation 2 was used to calculate the binding constant [4].
C b = C{(F — Fo)/ (Fmax— Fo)] @

Where Fy is the intensity in the absence of DNA, F is the observed fluorescence emission intensity at a specific
DNA concentration, and Fmax is the intensity of the maximum complex bound to DNA. C; stands for the total
complex concentration.

Ci= Ky(1 —nr) (3)
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A graph between r/Cs versus r was used to derive the binding constant using the Scatchard equation 3, where r is
the Co/[DNA] ratio and Cs is the concentration of the free complex. The excitation wavelength for the fluorescence

titration investigations was fixed at 425 nm, and the spectra were acquired by altering the pH of the solutions.

Quenching studies

This luminescent experiment expanded guenching investigations with [Fe(CN)6]-4 to better understand how
these complexes bind to DNA. Fluorescence quenching studies with [Fe(CN)e]™ provide additional insight into the
complexes binding to DNA. To the 3mL of the complex, the quencher (0.01M) is added in Tris HCI buffer in the
presence of DNA, and the absence of DNA (1:20 and 1:200, i.e., in excess) was used to execute emission
guenching investigations at room temperature. Sterne VVolmer equation 4 was applied to determine the quenching
constant Ks,. Where Q is the concentration of the quencher, lp and | are the fluorescence intensities in the presence
and absence of the quencher, respectively, and Ky is a linear Sterne Volmer quenching constant that may be
calculated from the slope [5]

lo/I=1+Ksv [Q] (4)

Viscosity studies

Viscosity investigations were done by using an Ostwald viscometer, which was submerged in a thermostat
bath in order to maintain a consistent temperature of 30+0.1°C using BPE buffer (6 mM Na;HPO4, 2 mM NaHPOy4,
1Mm Na:EDTA, pH=7.0). To reduce the complexes brought on by DNA flexibility, the 200 base pair average
length CT-DNA samples were processed by sonication [6]. An average flow time was computed after each sample
was repeated three times, and the flow time was recorded using a digital stopwatch. The estimated information
was displayed as (11/n0)"® vs [Ru(II)/[DNA] concentration [7], where 1 is the viscosity of DNA in the presence of
the complex and mpis the viscosity of DNA alone. Viscosity values can be calculated from the observed ‘t” using
DNA-containing solutions' flow time corrected for the buffer's flow time alone (to)[8, 9].
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Figure S1. IR Spectra of Intercalator, Ligand gpd.

Figure S2. IR Spectra of [Ru(phen), qpd ]?*
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Figure S3. IR Spectra of [Ru(bpy)2 gpd ]?*

Figure S4. IR Spectra of [Ru(tbz), gqpd]?*
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Figure S7. *H NMR Spectra of [Ru(thz). gpd]?*

Figure S8. 3D model of the Ru — complexes.

(1) [Ru(phen)z(apd)]*2, (2) [Ru(bpy)2(apd)]*2, (3) [Ru(thz)z(qpd)]*]
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Table S2. Theoretical ADME and predicted LD50.

Property PHEN BPY TBZ
Mol. Wt 851.92 803.88 894.01
Number of hydrogen 39 39 41
bond acceptors

Number of hydrogen 6 6 8

bond donors

Number of atoms 93 89 91
Number of bonds 108 102 106
Molecular refractivity 260.98 250.61 276.34
Topological Polar Surface | 194.66 194.66 262.21
Area

octanol/water partition 4,12 7.31 8.55
coefficient(logP)

Predicted LD50 5000mg/kg 1000mg/kg 1000mg/kg




