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Synthesis, characterization, computational and
DNA interaction studies of mono- and dinuclear
Ru(II) complexes containing terpyridine and
p-cymene ligands†

Anwesha Mohanty and Srikanta Patra *

Herein, we present the development of three heteroleptic ruthenium complexes {two mononuclear

[(tpy)Ru(phpy)Cl]ClO4; [1], [(p-cym)Ru(phpy)Cl]ClO4; [2], and a dinuclear [(tpy)RuCl(m-phpy)Ru(p-cym)Cl](ClO4)2; [3]}

using terpyridine (tpy), p-cymene (p-cym) and semi-flexible phenanthroline-pyrazine-based (phpy) ligands. The

formation of 1–3 was confirmed by HRMS, and 1H and 13C NMR spectroscopy. Furthermore, 1H–1H correla-

tion spectroscopy was also done to support the possible assignment of the dinuclear 3. The redox and optical

properties of the complexes were studied using cyclic voltammetry and UV-Vis spectroscopy. The DNA

binding interaction study of the complexes was investigated utilizing the UV-Vis absorption titration and EB-

displacement assay employing calf-thymus DNA (ct-DNA). The complexes display binding constants (Kb) of

5.5 � 103 M�1, 5.7 � 103 M�1 and 8.2 � 103 M�1 and the Stern–Volmer constants (KSV) 2.7 � 105 M�1,

1.3 � 104 M�1, and 1.1 � 105 M�1 for 1, 2, and 3, respectively. The observed Kb and KSV values are found to be

governed by the rigidity, planarity and labile Cl� functionality present in the complexes. The results demon-

strate a moderately strong mixed mode of interaction between the complexes and CT-DNA and suggest their

potential to act as good anticancer agents.

1. Introduction

Ruthenium(II)-based complexes have been known in the litera-
ture for decades due to their appealing features like facile
synthetic procedure, interesting redox and photophysical
properties, exciting chemical1–4 and biological activity,5–9 and
applications in different fields of science and technology. The
properties can be conveniently fine-tuned by facile modifica-
tion of the ligand frameworks via the introduction of donors
and functionality making them suitable for desired applications.10,11

Among various ligands, terpyridyl and half-sandwiched
p-cymene (p-cym) are attractive for facile incorporation of
varying functionalities in their framework and ability to form
stable complexes. In both the half-sandwiched {(p-cym)RuCl}
and {(tpy)RuCl} frameworks, three coordination sites are occu-
pied by p-cym or tpy ligands offering a specific geometry. The
other two coordination sites can be occupied by a bidentate
ligand. The sixth coordination site is generally linked with a
labile Cl� group, which can be easily replaced by a desired
ligand (Fig. 1). Considering this, a plethora of mononuclear

complexes with {(p-cym)RuCl} and {(tpy)RuCl} frameworks have
been developed and studied. The {(p-cym)RuCl} based com-
plexes exhibited excellent catalytic activity for various impor-
tant organic transformations12–15 and agents for anticancer and
antibacterial activity.9,16,17 On the other hand, in addition to
their excellent biological activity,18–21 {(tpy)RuCl} based com-
plexes also display interesting optoelectronic properties1,20,22–24

and application in various areas like water splitting,25,26

sensing,27–29 light harvesting units,23,30 charge storage
devices,31–33 photosensitizers,4,24,34 etc. Although a great num-
ber of mononuclear complexes of {(p-cym)RuCl} and {(tpy)
RuCl} frameworks have been developed and studied, dinuclear
complexes having both the aforesaid frameworks, have not yet
been disclosed. It would be worthy to explore dinuclear ruthe-
nium complexes having different ancillary ligand frameworks
and study the effect of bridging ligand and its conjugation on
the electronic communication between the metal centres and
two labile chloride ligands of different environments. Recently,
our group has developed a semi-flexible phenanthroline-
pyrazine-based 2,3-di(pyridin-2-yl)pyrazino[2,3-f ][1,10] phenan-
throline (phpy) ligand which acts as an excellent bridging
ligand for homo- and heterodimetallic systems.35,36 Further-
more, because of its semi-flexible nature, the phpy ligand
can show N^Nphen-N^Npz or N^Nphen-N^N^Cpz binding
mode.35,36 Thus, it could be interesting to incorporate both

School of Basic Sciences, Indian Institute of Technology Bhubaneswar, Argul, Jatni,

Odisha-752050, India. E-mail: srikanta@iitbbs.ac.in

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5nj02167g

Received 22nd May 2025,
Accepted 26th June 2025

DOI: 10.1039/d5nj02167g

rsc.li/njc

NJC

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
3:

58
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-0611-4047
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nj02167g&domain=pdf&date_stamp=2025-07-08
https://doi.org/10.1039/d5nj02167g
https://doi.org/10.1039/d5nj02167g
https://rsc.li/njc
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj02167g
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ049037


16000 |  New J. Chem., 2025, 49, 15999–16007 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

{(p-cym)RuCl} and {(tpy)RuCl} units in a single molecular
framework through the phpy ligand and explore their proper-
ties (Fig. 1).

With this hypothesis, in the present contribution, we
report the synthesis of two mononuclear complexes [(tpy)-
RuCl(phpy)]ClO4 (1) and [(p-cym)RuCl(phpy)]ClO4 (2), and a
dinuclear complex [(p-cym)RuCl(m-phpy)RuCl(tpy)](ClO4)2 (3)
[p-cym = p-cymene, tpy = 2,20:60,200-terpyridine] and their elec-
trochemical, spectroscopic, computational and DNA binding
studies. The formation of the complexes and their character-
ization were carried out by various analytical techniques.
The interaction of the complexes with CT-DNA and the effect
of p-cymene and tpy ligands were investigated by UV-Vis and
fluorescence spectroscopic techniques.

2. Results and discussion
2.1. Synthesis and spectral aspects

The phpy ligand was prepared via the condensation reaction
between 5,6-diamino-1,10-phenanthroline with commercially
available 2,20-pyridil.35,36 Mononuclear 1 and 2 were obtained
by reacting phpy ligand and appropriate ratios of respective
precursors in refluxing ethanol under a dinitrogen environ-
ment (Scheme 1), followed by salt metathesis and repeated
precipitation/chromatographic separation (Experimental sec-
tion). The dinuclear 3 was prepared by reacting mononuclear
1 and dimeric [p-cym)RuCl(m-Cl)]2 precursor in a 2 : 1 ratio
under the aforesaid reaction conditions and purified by
repeated precipitation (Scheme 1).

The high-resolution positive ion ESI mass spectra of the
complexes (Fig. 2) display molecular ion peaks centred at
756.0961 (calcd 756.0965) for [1-ClO4]+ and 657.1086 (calcd
657.1107) for [2-ClO4]+. Interestingly, along with the molecular
ion peak at 1126.0202 (calcd 1126.0277) corresponding to
[3-ClO4]+, complex 3 also displays a base peak corresponding
to {[3-2ClO4]2+}/2 at 513.5376 (calcd 513.5396). The corres-
ponding simulated HRMS pattern of the complexes also nicely
fits with those of the experimentally observed spectra, which
supports their formation and the existence of the entire mole-
cular framework.

The 1H NMR spectra of 1, 2 and 3 in DMSO-d6 exhibit 25, 18
and 29 aromatic proton signals in the region 4.5–10.5 ppm,
confirming the presence of the phpy ligand, [(tpy)Ru] and
[(p-cym)Ru] fragments in the respective complexes (Fig. S1,
ESI†). Intense singlets at 0–2.0 ppm due to CH3 protons further
support the existence of the [(p-cym)Ru] fragment in the com-
plexes 2 and 3. The 13C NMR spectra of the complexes also
display the required number of carbon signals, which further
supports their formation (Fig. S2, ESI†).

Furthermore, the 1H–1H COSY spectral study of dinuclear 3
was carried out. The best possible correlation with the neigh-
bouring protons further supports its assignment (Fig. 3).

A DFT-based computational approach in the gas phase using
the B3LYP functional was undertaken to obtain the optimized
geometry and analyse the photophysical properties of the
complexes. The optimized geometry and SCF energy of the
ground state (S0) of the complexes (1+–32+) are shown in Fig. 4
and Fig. S3 (ESI†). The optimized bond parameters are depicted
in Tables S1–S3 (ESI†). From the optimized geometry, it is
observed that the HOMO of 1+ is mainly localized on the Ru
unit (55%) and chloride ligand (31%), whereas the LUMO
resides at the terpyridine unit (90%) (Fig. S4 and Table S4,
ESI†). However, for the half-sandwiched 2+, both the HOMO
(97%) and LUMO (93%) are localized on the phpy ligand
(Fig. S5 and Table S5, ESI†). Interestingly, for dinuclear 32+,
the HOMO is primarily localized on the Ru centre (53%) and
Cl� (33%) of [(tpy)RuCl] similar to HOMO of 1; however, the
LUMO resides majorly on the phpy ligand (75%) with slight
contribution of the Ru centre (13%) and p-cym ligand (9%) of
the[(p-cym)RuCl] unit (Fig. 4, and Table S6, ESI†). The HOMO–
LUMO energy gap is significantly higher (2.932 eV for 1+ and
3.461 eV for 2+) compared to the dinuclear 32+ 2.258 eV.

The electrochemical characteristics of the complexes were
investigated in acetonitrile using a glassy carbon working
electrode, Pt wire counter electrode, and Ag/AgCl reference
electrode (Fig. 5a). The mononuclear complexes exhibit one
quasi-reversible one-electron redox couple (E1/2 = 0.85 V) for 1
and an irreversible peak at 1.65 V for 2 corresponding to
RuII/RuIII oxidation processes.35,37–39 The dinuclear 3 exhibits

Scheme 1 Synthetic route for the preparation of 1–3.

Fig. 1 General representation of the synthesised Ru(II) complex.
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two quasi-reversible RuII/RuIII oxidative couples at E1/2 = 0.85 V
for the [(tpy)RuCl] side and 1.84 V corresponding to the
[(p-cym)RuCl] framework, which is consistent with the reported
literature values.37,40 An additional irreversible oxidative signal
is also observed at B2.01 V and 1.98 V for 2 and 3, respectively.
This could be due to the further oxidation of RuIII/RuIV of the
[(p-cym)RuCl] framework.35 Interestingly, a 0.19 V positive
shift of RuII/RuIII (p-cym) oxidation potential in dinuclear 3,

indicates good communication between the two ruthenium
centres through the phpy bridge. Additionally, ligand-based
reductions were also observed at the negative end of the cyclic
voltammogram, possibly attributed to the reduction of the
pyrazine-unit (B �0.78 V) and phenanthroline unit of phpy,
and terpyridine ligands at more �ve potential.35,36

The absorption spectra of the complexes were recorded in
acetonitrile solvent at room temperature (Fig. 5b and Table 1).

Fig. 2 Molecular structures of the complexes 1–3 and their corresponding HRMS spectra recorded in CH3OH. The inset shows the isotopic distribution
pattern of the molecular ion peaks.

Fig. 3 1H–1H COSY NMR spectrum of the complex 3 in (CD3)2SO.
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The mononuclear 1 and dinuclear 3 exhibit low energy bands with
lmax at 510 nm, which is the signature of ruthenium terpyridyl-based
complexes.40–42 The intensity of dinuclear 3 has significantly
dropped as compared to mononuclear 1 after incorporation of the
[(p-cym)RuCl] fragment in the molecular framework. This low-energy
band is absent for mononuclear 2. This observation suggests that
the aforesaid band could be Ru! p�tpy metal to ligand charge

transfer (MLCT) transition.41,42 The TDDFT results also agree with
the above assignment (Tables S7–S9, ESI†). In the high-energy
ultraviolet region (350 nm and 280 nm), all the complexes display
intense phpy or tpy-based ligand-to-ligand charge transfer (ILCT/
LLCT; p–p*) transitions, which is in line with the TDDFT analysis
(Tables S7–S9, ESI†). An additional high energy band is observed
at 315 nm for 1 and 3, which could be due to the intra ligand
ptpy ! p�phpy charge transfer transition or vice versa.28,38,40

The emission spectra of the complexes 1–3 were recorded in
phosphate buffer (PB, pH 7.4) at room temperature. It was observed
that complexes 1 and 3 are non-fluorescent upon excitation at
510 nm (Fig. S6, ESI†). However, complex 2 exhibits moderately
good emission behavior with emission maxima at 390 nm with
quantum yield of 0.0067 against standard [Ru(bpy)3]2+, upon
excitation at 360 nm (Fig. S6, ESI†). This type of emission behavior
was also observed with structurally similar complexes.43

2.2. Electronic absorption titration studies

Polypyridyl complexes of [(tpy)RuCl] and [(p-cym)RuCl] are
known for their interaction with biomolecules.6,19,27,38 To

understand the possible binding mode of the complexes with
CT-DNA, UV-Vis spectral studies have been conducted by
measuring the changes in absorption upon aliquot addition
of CT-DNA (0–100 mM) to a fixed amount of complexes
(34 mM).44 Usually, intercalation of the complexes with DNA
base pairs causes hypochromic along with/without blue/red
shifts, while non-intercalative/external electrostatic binding is
followed by hyperchromic shift.21,45

The magnitude of hypochromism gives an idea about the
strength of intercalative binding mode of interaction. UV-Vis

Fig. 4 DFT optimized geometry and pictorial representation of the Kohn–
Sham frontier orbitals of 32+ in the gas phase.

Fig. 5 (a) Cyclic voltammograms and (b) UV-Vis spectra of the complexes
1–3 recorded in CH3CN. The voltammograms were recorded against the
Ag/AgCl reference electrode and glassy carbon working electrode, and the
potentials were adjusted against Fc/Fc+.

Table 1 UV-Vis spectral data of the complexes 1–3 recorded in CH3CN

[Complex] e � 104 (M�1 cm�1) (lmax, nm)

[1] 1.16 (509), 1.55 (352), 5.09 (315), 5.07 (274)
[2] 1.48 (359), 4.48 (282)
[3] 0.38 (509), 0.42 (357), 1.28 (315), 1.73 (272)

Paper NJC

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
3:

58
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj02167g


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025 New J. Chem., 2025, 49, 15999–16007 |  16003

titration spectra for 1–3 with CT-DNA are depicted in Fig. 6. From the
absorption titration curves, it is clear that the band for 1 present at
492 nm exhibited hypochromism (e, 1.1� 104–7.3� 103 M�1 cm�1).
However, the band at 313 nm displayed hyperchromism with a
slight red shift of 7 nm. Similarly, gradual addition of CT-DNA
(10 mM) to a solution of 2 and 3 led to the low energy bands at
355 nm and 492 nm displaying hypochromism without any shift

(e, 1.4 � 104–9.2 � 103 M�1 cm�1 for 2 at 355 nm and e,
3.2 � 103–2.2 � 103 M�1 cm�1, 492 nm for 3). These observed
spectral changes might be due to the interaction of the complexes
with CT-DNA, leading to the formation of DNA–complex adduct via
intercalative, groove binding and/or electrostatic interactions.21,46

To investigate the magnitude of binding of metal complexes
towards CT-DNA, intrinsic binding constants (Kb) were

Fig. 6 UV-Vis titration (left) and EB displacement (right) assay of complexes 1–3 in a phosphate buffer (10 mM, pH 7.4). Absorption spectra were
recorded upon the addition of CT-DNA. Conditions: [complex] = 34 mM, [DNA] = 0–100 mM. Emission spectra (bottom) were recorded upon addition of
complexes to a solution of EB–CT-DNA adduct. Conditions: [DNA] = 20 mM, [complex] = 0–100 mM. The arrow shows the decrease in absorption/
emission intensity. The inset shows the binding isotherm.
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calculated using Bard’s equation based on the McGhee–von
Hippel (MvH) model.

DNA½ �
ea � efj j ¼

DNA½ �
eb � efj j þ

1

Kb

1

eb � efj j (1)

where [DNA] represents the concentration of DNA in base pairs,
ea is the apparent extinction coefficient enumerated as Aobs/
[complex], and ef and eb stands for molar extinction coefficient
for the complex in its free form and fully bound to CT-DNA. The
values of slope and intercept were evaluated by 1/(eb � ef) and
1/Kb (eb � ef) from the plot of [DNA]/(ea � ef) vs. [DNA].
The calculated Kb values are found to be 5.5 � 103 M�1 for 1,
5.7 � 103 M�1 for 2 and 8.2 � 103 M�1 for 3 indicating
moderately strong interaction of the complexes with CT-DNA
and are comparable to earlier reports.44

2.3. Ethidium bromide (EB) displacement studies

To get further insight into the interaction, nature of bonding,
binding affinities, and binding constant of CT-DNA with com-
plexes 1–3, ethidium bromide (EB) displacement studies have
also been conducted. EB is known to be a weak emitter;
however, it exhibits strong fluorescence when intercalated with
CT-DNA.6,10,44 The fluorescence intensity of the EB–CT-DNA
adduct decreases upon displacement by the test complexes.
The displacement of EB from the EB–CT-DNA adduct by com-
plexes 1–3 is shown in Fig. 6. It is seen from the figure that
increasing the concentration of the complexes causes a mod-
erate decrease in fluorescence intensity at 595 nm. This
indicates the interaction of the complexes with CT-DNA via
intercalation.44 The magnitude of interaction of the complexes
with CT-DNA has been assayed quantitatively by using the
Stern–Volmer equation (eqn (2)).

F0

F
¼ 1þ KSV Q½ � (2)

where F0 and F are the fluorescence intensity of the EB–CT-DNA
adduct before and after the addition of the complexes, KSV is
the Stern–Volmer constant, and [Q] is the concentration of the
desired complex added. The KSV values calculated from the
slope of plot F0/F vs. [Q] are 2.7 � 105 M�1, 1.3 � 104 M�1, and
1.1� 105 M�1 for 1, 2, and 3, respectively. The apparent binding
constant has also been evaluated by using the Scatchard
equation (eqn (3)).

Kapp = KEB[EB]/Q50% (3)

where Kapp is the apparent binding constant, KEB is the binding
constant of EB to CT DNA, and [Q]50% is the concentration of
complexes at 50% of the initial fluorescence intensity. The
apparent binding constants of complexes 1–3 are found to be
4.7 � 105 M�1, 6.3 � 104 M�1 and 1.9 � 105 M�1, respectively,
indicating that 1 and 3 replace EB more efficiently than 2,
thereby reflecting their better intercalating ability.

Terpyridine ligands are known to interact through intercala-
tion, whereas arene-ruthenium complexes are weak intercala-
tors but interact covalently with N7 of guanine bases in DNA via
substitution of the labile Cl unit.29 Given that UV-Vis

spectroscopy is sensitive to all modes of interaction between
metal complexes and CT-DNA, complex 1 having planar terpyr-
idyl and semi-flexible phenanthroline–pyrazine ligand frame-
works, is expected to interact predominantly via intercala-
tion.21,46 In the case of complex 2, the enhanced binding
affinity observed in UV-Vis titration, may be attributed to direct
coordination with DNA. Although complex 3 possesses planar
ligand motifs similar to those in 1, its ability to intercalate
appears to be hindered due to the coordination of the
[(p-cym)RuCl] fragment to the flexible site of the phpy moiety.
This spatial constraint likely impedes effective DNA intercala-
tion, which is reflected in its EB-displacement assay. However,
the presence of the {(p-cym)RuCl} framework enables complex 3
to exhibit other modes of binding, thereby enhancing the
overall binding efficiency, which is supported by the UV-Vis
titration study. Apart from the aforesaid, the shape of the
complexes and the adjustable features such as orientation of
labile chloride ligands at [(tpy)RuCl] and/or [(p-cym)RuCl] frag-
ments, presence of aromatic rings and their flexibility also have
a significant influence on the mode of interaction with the DNA
and observed binding constants.10,11,45

The binding constant values (Kb, KSV and Kapp) obtained
from both UV-Vis and fluorescence spectroscopy indicates a
moderately strong interaction of the complexes with CT-DNA
and can be envisioned to exhibit good anticancer activity.

3. Conclusion

The present study offers the synthesis of three new heteroleptic
Ru(II) complexes consisting of tpy, p-cym and semi-flexible phpy
ligands. All the complexes were well characterized via different
spectroscopic and analytical tools. The interaction of the com-
plexes with CT-DNA was assayed using UV-vis and fluorescence
spectroscopic techniques. The UV-Vis titration studies display
the increasing order of overall binding affinity of the complexes
as 1 o 2 o 3, whereas the EB-displacement assay shows the
order 2 o 3 o 1 due to better intercalating ability of 1 and 3.
Although the binding of the complexes is not as strong as
classical intercalator ethidium bromide, the observed binding
constants would be anticipated to show good biological activity.
We believe that the present study offers a valuable insight to the
community who are working on developing anticancer agents
using terpyridine and p-cymene based ligand frameworks.

4. Experimental
4.1. Materials

All chemicals and solvents were reagent grade and used without
further purification. Alumina gel (60–120 mesh) was employed
for chromatography. HPLC-grade solvents were utilized for
spectroscopic and electrochemical analyses. Highly pure water
was obtained through a Milli Q water purification system. All
the glasswares were thoroughly cleaned, rinsed with the
required amount of double distilled water, and then dried in
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a hot air oven. The metal complex syntheses were carried out
under a dinitrogen atmosphere using a standard Schleck line.

The [Ru(tpy)Cl3],47 [(p-cym)Ru(m-Cl)Cl]2
48 precursors and

pyrazine-based bridging ligand (phpy)36 were prepared as per
reported methods.

4.2. Physical measurements

The solution conductivity of the complexes in CH3CN (0.5 mM)
was measured using an OAKton PC 2700 Conductivity Bridge.
Electrospray ionization (ESI) mass spectra were recorded using
a Thermo Fisher Scientific Q Exactive Plus Orbitrap mass
spectrometer in CH3OH solvent. 1H and 13C NMR spectral data
were collected in (CD3)2SO solvent at 298 K on a Bruker Avance
III 400 spectrometer. UV-Vis spectra were obtained with a
Shimadzu UV-1800 spectrophotometer, maintaining a constant
concentration of all complexes at 10 mM. Fluorescence spectral
data were collected using a Horiba Jobin Yvon Fluorolog
spectrometer. Cyclic voltammetry measurements were per-
formed using a CHI 6205 instrument with a three-electrode
setup: Ag/AgCl as a reference electrode, glassy carbon as the
working electrode, and Pt wire as the counter electrode. A
supporting electrolyte of 0.1 M tetraethyl ammonium perchlo-
rate was utilised, and the complexes were dissolved at a
concentration of 0.5 mM in CH3CN at 298 K. All experiments
were conducted under an inert atmosphere. Ferrocene was
used as an internal standard, and potentials were adjusted
relative to the Ag/AgCl reference electrode (E1/2 of +0.197 V).36

4.3. Theoretical calculations

Geometry optimizations of the cationic complexes 1+, 2+, and
32+ were carried out using density functional theory (DFT) using
the Gaussian 16 software package, in the gas phase.49 The
ground-state geometries were further investigated by time-
dependent DFT (TD-DFT) employing the Becke three-
parameter hybrid exchange functional in conjunction with
the Lee–Yang–Parr correlation functional (B3LYP).50–52 Harmo-
nic vibrational frequency calculations were performed to con-
firm that all optimised structures corresponded to global
minima on the potential energy surface. The LANL2DZ effective
core potential basis set was applied to ruthenium atoms, while
the 6-31G(d) basis set was employed for all lighter atoms. A self-
consistent field (SCF) convergence criterion of 10�10 was used
throughout, along with Gaussian’s ultrafine pruned integration
grid for numerical computations. Molecular orbital (MO) ener-
gies and the percentage contributions from individual atomic
groups were analysed using the GaussSum 3.0 program.53

4.4. Synthetic procedures

The complexes 1–3 were synthesized by following the procedure
described below (Scheme 1).

4.1.1. Synthesis of [(tpy)Ru(phpy)Cl]ClO4 [1]. A 1 : 1 molar
ratio of [Ru(tpy)Cl3] precursor (50 mg, 0.1 mmol) and phpy
ligand (43 mg, 0.11 mmol) along with five equivalents of NEt3

was refluxed with stirring in 20 mL ethanol under a N2 atmo-
sphere for 18 h. During the course of the reaction, the initial
dark brown colour of the solution changed to dark orange.

Next, an excess of NaClO4 was added to the hot reaction
mixture. The stirring was continued for another hour. Then
the reaction mixture was dried under vacuum and approxi-
mately 5 mL distilled water was added to it and kept in a freezer
for 4 h. This was then filtered, and the precipitate was washed
with copious amounts of cold water and dried in air. The crude
product obtained was purified using a neutral alumina column
using dichloromethane and acetonitrile (4 : 1) as the eluent,
yielding pure 1. Yield: 42 mg (49%). Molar conductivity
(LM/O�1 cm2 mol�1) in CH3CN:63. HRMS [(+)-ESI): m/z
756.0961 (calculated molecular mass for 756.0965]. 1H NMR
(400 MHz, DMSO) d 10.45 (d, J = 6.5 Hz, 1H), 9.79 (d, J = 9.4 Hz,
1H), 9.22 (d, J = 9.1 Hz, 1H), 8.87 (d, J = 8.1 Hz, 2H), 8.71 (d, J =
8.1 Hz, 2H), 8.58 (dd, J = 8.2, 5.4 Hz, 1H), 8.37 (d, J = 4.3 Hz, 1H),
8.33 (t, J = 5.9 Hz, 2H), 8.28 (t, J = 8.1 Hz, 1H), 8.17 (d, J = 7.9 Hz,
1H), 8.10 (t, J = 7.7 Hz, 1H), 8.02 (d, J = 9.3 Hz, 1H), 7.96 (t, J =
8.0 Hz, 2H), 7.90 (d, J = 5.4 Hz, 1H), 7.63 (d, J = 5.2 Hz, 2H), 7.58
(dd, J = 8.1, 5.5 Hz, 1H), 7.47 (dd, J = 7.1, 5.3 Hz, 1H), 7.42 (dd,
J = 7.0, 5.3 Hz, 1H), 7.26 (t, J = 6.5 Hz, 2H). 13C NMR (101 MHz,
DMSO) d 158.85, 158.17, 156.82, 156.74, 154.50, 154.34, 153.27,
153.07, 152.95, 151.38, 149.43, 148.91, 148.86, 138.19, 137.71,
137.64, 137.56, 134.69, 132.39, 131.28, 129.37, 128.84, 127.76,
127.38, 126.72, 124.82, 124.73, 124.41, 124.33, 124.19, 123.24.

4.1.2. Synthesis of [(p-cym)Ru(phpy)Cl]ClO4 [2]. In a round-
bottomed flask, 50 mg (0.08 mmol) dimeric [(p-cym)Ru(m-
Cl)Cl]2 was taken in 20 mL ethanol. To this, 66 mg (0.2 mmol)
phpy ligand was added and refluxed with stirring for 12 h under
a dinitrogen environment. After completion, an excess of
NaClO4 was added to the hot solution and stirred for an
additional 1 h, which resulted in a brown coloured precipitate.
The reaction mixture was then kept in the freezer for 4 h. This
was filtered and the precipitate was then washed with cold
water and ethanol and dried in air. The pure 2 was obtained by
repeated precipitation using CH2Cl2/hexane. Yield: 90 mg
(73%). Molar conductivity (LM/O�1 cm2 mol�1) in CH3CN:45.
HRMS ((+)-ESI): m/z 657.1086 (calculated molecular mass for
657.0887). 1H NMR (400 MHz, DMSO) d 10.06 (d, J = 5.1 Hz, 1H),
9.72 (d, J = 8.2 Hz, 1H), 8.37 (d, J = 4.5 Hz, 1H), 8.34–8.31 (m,
1H), 8.26 (d, J = 7.8 Hz, 1H), 8.07 (t, J = 7.7 Hz, 1H), 7.46
(dd, J = 7.1, 5.3 Hz, 1H), 6.41 (d, J = 6.3 Hz, 1H), 6.18 (d, J = 6.3
Hz, 1H), 2.68 (dt, J = 10.3, 6.1 Hz, 1H), 2.22 (s, 1H), 0.97
(d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, DMSO) d 157.46,
156.11, 156.08, 153.15, 152.98, 152.94, 148.40, 147.08, 137.30,
136.65, 135.42, 128.55, 127.53, 124.46, 124.07, 104.64, 102.95,
86.04, 84.14, 30.50, 21.78, 18.32.

4.1.3. Synthesis of [(tpy)RuCl(l-phpy)Ru(p-cym)Cl](ClO4)2

[3]. A 2 : 1 molar ratio of mononuclear 1 (55 mg, 0.066 mmol)
and [(p-cym)Ru(m-Cl)Cl]2 precursor (20 mg, 0.033 mmol) in 20
mL ethanol was refluxed under a N2 atmosphere for 12 h. After
completion, to the hot solution an excess of NaClO4 was added
and stirred for an additional 1 h. The precipitate thus obtained
was then filtered and dried. The purple-coloured crude pro-
duct was then purified using repeated precipitation using
CH3OH/diethyl ether. Yield: 64 mg (79%). Molar conductivity
(LM/O�1 cm2 mol�1) in CH3CN: 105. HRMS ((+)-ESI): m/z
1126.0202 (calculated molecular mass for 1126.0277).
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1H NMR (400 MHz, DMSO) d 10.55 (d, J = 5.4 Hz, 1H), 9.82
(d, J = 9.1 Hz, 1H), 9.39 (d, J = 5.7 Hz, 1H), 9.35 (d, J = 5.5 Hz,
1H), 9.25 (d, J = 8.0 Hz, 1H), 8.91 (dd, J = 7.9, 5.8 Hz, 2H), 8.76
(t, J = 9.1 Hz, 2H), 8.68 (dd, J = 8.2, 5.4 Hz, 1H), 8.43 (t, J = 7.7 Hz,
1H), 8.33 (t, J = 8.1 Hz, 2H), 8.25 (d, J = 7.7 Hz, 1H), 8.13
(d, J = 7.1 Hz, 1H), 8.00 (t, J = 6.4 Hz, 3H), 7.92 (t, J = 6.7 Hz, 1H),
7.86 (t, J = 6.7 Hz, 1H), 7.80 (d, J = 5.3 Hz, 1H), 7.68 (dd, J = 8.1,
5.5 Hz, 1H), 7.56 (d, J = 5.2 Hz, 1H), 7.36 (t, J = 6.6 Hz, 1H), 7.29
(t, J = 6.5 Hz, 1H), 5.70 (dd, J = 17.2, 6.0 Hz, 2H), 4.95
(dd, J = 23.8, 6.0 Hz, 2H), 1.61 (s, 3H), 1.06 (dd, J = 11.9,
6.9 Hz, 6H). 13C NMR (101 MHz, DMSO) d 159.63, 158.83,
158.05, 156.83, 156.75, 155.30, 155.09, 153.27, 153.13, 152.96,
152.62, 151.94, 151.36, 150.97, 150.80, 150.74, 149.94, 149.48,
148.91, 148.86, 141.36, 141.22, 141.17, 139.67, 139.43, 137.81,
137.75, 134.91, 132.98, 131.91, 130.38, 130.31, 129.39, 129.29,
129.08, 128.84, 127.87, 127.78, 127.17, 127.02, 124.83, 124.75,
124.35, 124.30, 123.44, 123.37, 102.76, 102.24, 88.16, 88.05,
82.41, 30.46, 22.28, 17.66.
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J. Reedijk and V. Brabec, Biochemistry, 1995, 34,
12369–12378.

7 A. M. Pyle, J. P. Rehmann, R. Meshoyrer, N. J. Turro,
J. K. Barton and C. V. Kumar, J. Am. Chem. Soc., 1989, 111,
3051–3058.

8 A. E. Friedman, J. K. Barton, J. C. Chambron, J. P. Sauvage
and N. J. Turro, J. Am. Chem. Soc., 1990, 112, 4960–4962.

9 C. S. Allardyce and P. J. Dyson, Platinum Met. Rev., 2001, 45,
62–69.

10 Y. Lu, Z. Hou, M. Li, N. Wang, J. Wang, F. Ni, Y. Zhao,
B. Zhang and N. Xi, Dalton Trans., 2022, 51, 16224–16235.

11 Y. Lu, A. F. M. Motiur Rahman and Y. Jahng, Arch. Pharma-
cal Res., 2017, 40, 563–570.

12 M. Dutta, K. K. Bania and S. Pratihar, Chem. – Asian J., 2020,
15, 926–932.

13 R. Colaiezzi, C. Saviozzi, N. di Nicola, S. Zacchini,
G. Pampaloni, M. Crucianelli, F. Marchetti, A. Di Giuseppe
and L. Biancalana, Catal. Sci. Technol., 2023, 13, 2160–2183.

14 S. Yadav and R. Gupta, ACS Sustainable Chem. Eng., 2023, 11,
8533–8543.

15 C. Pettinari, F. Marchetti, A. Cerquetella, R. Pettinari,
M. Monari, T. C. O. Mac Leod, L. M. D. R. S. Martins and
A. J. L. Pombeiro, Organometallics, 2011, 30, 1616–1626.

16 C. G. Hartinger and P. J. Dyson, Chem. Soc. Rev., 2009, 38,
391–401.

17 S. K. Tripathy, R. K. Surada, R. K. Manne, S. M. Mobin,
M. K. Santra and S. Patra, Dalton Trans., 2013, 42, 14081–14091.

18 G. E. Giacomazzo, L. Conti, C. Fagorzi, M. Pagliai,
C. Andreini, A. Guerri, B. Perito, A. Mengoni, B. Valtancoli
and C. Giorgi, Inorg. Chem., 2023, 62, 7716–7727.

19 D. Ossipov, S. Gohil and J. Chattopadhyaya, J. Am. Chem. Soc.,
2002, 124, 13416–13433.
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