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PREFACE 

The research documented in the thesis titled “Multistimuli-Responsive Cyclometalated and 

Noncyclometalated Ru(II) and Os(II) Complexes Based on Stilbene-Appended Terpyridine 

Ligands Towards the Development of Molecular Switches” was conducted at the 

Department of Chemistry of Jadavpur University from 2020 to 2025. The thesis comprises 

six chapters.  

 

Chapter 1 provides a comprehensive review of the photophysical and electrochemical 

properties of cyclometalated and noncyclometalated Ru(II) and Os(II) polypyridine 

complexes, along with the stimuli-responsive photoisomerization behavior of stilbene- and 

azo-functionalized metal complexes. The chapter concludes by outlining the key research 

objectives and scope of this dissertation. 

 

Chapter 2 deals with the synthesis, structural characterization, photo-redox properties and 

the acid-base behavior of a series of luminescent cyclometalated Ru(II)-terpyridine 

complexes of the type [(py-bpy-Ph-X)Ru(tpy-PhCH3)]ClO4 (X= -CH3, -CH2Br, and -

CHO). The non-coordinated nitrogen atom in the outer coordination sphere allows fine 

modulation of the spectral properties by acid-base equilibria. Excess acid induces de-

coordination of the Ru-C bond which again restores upon treatment with base at elevated 

temperature. Thus, “on-off” and “off-on” emission switching is feasible upon treatment 

with acid, base and temperature in appropriate sequence. Computational investigations 

involving density functional theory (DFT) of the compounds were performed to gain 

insights on their electronic structures and for appropriate assignment of the spectral bands.  

 

Chapter 3 describes the synthesis and characterization of two NIR-emissive bimetallic 

cyclometalated Ru(II)-terpyridine complexes with compositions, [(ttpy)Ru(tpvpt')Ru 

(ttpy)](ClO4)3 and [(ttpy)Ru(t'pvpvpt')Ru(ttpy)](ClO4)2. Non-coordinated nitrogen atoms 

enable reversible modulation of photoredox properties via acid-base treatment, inducing 

de-coordination and re-coordination of Ru–C bonds. The complexes exhibit trans-cis 

photoisomerization under alternating visible and UV light irradiation. Interestingly, the 

isomerization process gets significantly accelerated in presence of acid. Thus, “on-off” and 

“off-on” emission switching in NIR region is attained via appropriate choice of stimuli. 



DFT and TD-DFT studies further elucidate the electronic structures and support spectral 

assignments, providing comprehensive insight into their photophysical behavior. 

 

Chapter 4 deals with the synthesis and characterization of a new series of bimetallic Ru(II)-

terpyridine complexes of general composition [XRu(tpvpvpt)RuX]4+ (X = ttpy, H2bip, 

Me2bip), followed by an in-depth examination of their photoredox behavior. The stilbene 

units undergo trans-trans to cis-cis isomerization upon visible-light irradiation, enabling 

substantial modulation of the photoredox properties. Notably, the rate of 

photoisomerization is significantly enhanced in the presence of chemical oxidants (CAN) 

and reductants (metallic Na). These complexes thus exhibit multistate switching via redox 

and light-induced reversible isomerization. The mode of isomerization was further 

elucidated by DFT calculations. 

 

Chapter 5 explores the design of multiply configurable molecular logic devices utilizing 

the multistep switching characteristics of a Ru(II) complex 

[(Me2bip)Ru(tpvpvpt)Ru(Me2bip)]4+. Distinct emission responses generated under 

different external stimuli are employed as optical outputs to realize diverse Boolean logic 

operations, including IMPLICATION, as well as more sophisticated systems such as 2-

input/2-output and 3-input/2-output combinational logic gates. Additionally, a Python-

based logic circuit model is devised to precisely predict the output responses under the 

influence of diverse inputs. 

 

Chapter 6 presents the synthesis and comprehensive characterization of two symmetric, 

luminescent bimetallic Ru(II) and Os(II) complexes with composition [(tpy-

PhCH2PPh3Br)2M2(tpvpvpt)]4+. The complexes incorporate a bis-terpyridine bridging 

ligand with two consecutive stilbene units, together with a tridentate capping ligand 

containing acidic methylene groups and phosphonium functionalities. The presence of 

acidic methylene protons imparts selective recognition of F- and OH- anions. Furthermore, 

the complexes undergo reversible trans-trans ⇌ trans-cis isomerization upon visible or UV 

light irradiation. These systems exhibit efficient and reversible “on-off” emission switching 

across the visible to NIR region in response to multiple external stimuli, including anions, 

oxidants, reductants, and light of specific wavelengths. Notably, such stimuli induce a 

significant enhancement in the rate of photoisomerization. 
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1.1. General Introduction 

Over recent decades, research efforts have significantly intensified in pivotal areas 

such as dye-sensitized solar cells (DSSCs), artificial photosynthesis, photocatalysis, 

optoelectronics, molecular-level machines, photoinduced DNA cleavage, sensors and 

photoswitching.1-15 A major objective in this field is the development of molecular systems 

capable of exhibiting distinct functionalities in response to external triggers, including 

light, acid, base, cations, anions, oxidants, reductants etc.16-25 Since light is one of the most 

sustainable and eco-friendly energy sources, there is a growing impetus to exploit its 

potential. This has fuelled the advancement of light-harvesting materials.22-25 Among these, 

polypyridine complexes of low-spin d6 transition metals, particularly Ru(II) and Os(II), 

have garnered significant attention owing to their exceptional thermal and photochemical 

stability, along with their versatile photo-redox behavior.26-34 Notably, the electronic and 

photophysical properties of these complexes can be fine-tuned through targeted ligand 

modifications or by applying external stimuli. The rational design of such molecular 

building blocks, incorporating tailored ligand frameworks, has enabled progress in diverse 

applications, including sensors, molecular photoswitches, solar cells, and 

pharmaceuticals.35-47 Ru(II) and Os(II) complexes are frequently designed using bidentate 

ligands, such as 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen) or tridentate ligands, 

notably 2,2':6',2''-terpyridine (tpy).26-34,48-53 Although tpy-based complexes often exhibit 

superior enantiomeric purity, their photophysical properties are generally less favorable 

compared to bpy analogs due to suboptimal energy level alignments. Therefore, precise 

ligand design strategies are essential to optimize the excited-state energies of tpy complexes 

and enhance their luminescence efficiency. 48-53 

 One of the most effective approaches for designing luminescent Ru(II)-tpy type 

complexes is to incorporate carbanionic centers in the ligand moiety (cyclometalating 

ligands).54-59 Cyclometalated complexes, formed by replacing one nitrogen donor in tpy 

ligands with anionic carbon centers, offer a powerful strategy for tuning frontier orbital 

energies.60-62 This substitution significantly modifies the electronic properties of the ligand, 

thereby enhancing the photoredox characteristics of the resulting bis-tridentate assemblies. 

While these complexes have gathered significant attention as sensitizers in DSSCs, their 

enhanced lipophilicity and improved cellular uptake, resulting from their reduced overall 

charge, make them promising candidates for photochemotherapeutic applications.63-64 
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 Molecules capable of transitioning between their ground and excited states play a 

pivotal role in the development of functional materials.18-24,64-69 The integration of a photo-

responsive moiety into the complex framework markedly enhances its light-driven 

properties, enabling the development of artificial photochemical molecular systems such 

as photoswitches, optical materials, and memory storage devices.64-69,70-75 The deliberate 

integration of azo, stilbene, diarylethene, and spiropyran moieties into ligand scaffolds 

effectively augments the electronic delocalization and photoreactivity of the resulting metal 

complexes.76-87 Despite the extensive exploration of photoswitching behavior in purely 

organic systems,88-99 their metal complex counterparts have received relatively less 

attention.78-80,100-103 Furthermore, the majority of these photoswitches exhibit only two-step 

switching, primarily governed by either trans-cis isomerization or electrocyclization, 

thereby limiting their application to binary encoding (0/1) in circuit-based systems.100-105 

However, the development of advanced functional materials demands multi-step 

photoswitching processes driven by multiple external stimuli, enabling greater control over 

molecular states and expanding their potential for complex data storage and multifunctional 

device applications.106-108 

 Molecular-level information processing has rapidly progressed since de Silva's 

groundbreaking demonstration of storing logical states at the molecular scale.109-112 In the 

past two decades, extensive research has led to the development of various molecular and 

supramolecular systems,113-120 enabling the realization of basic and complex logic gates, 

including AND, OR, XOR, and NOR, within molecular frameworks.121-127 Such molecular-

based computation holds promise for creating smaller, faster, and more efficient 

alternatives to traditional silicon-based devices. However, despite notable advancements, 

the field still lacks intelligent molecular systems capable of performing intricate logic 

operations in response to multiple stimuli, offering new opportunities for next-generation 

advanced molecular circuits. To this end, Ru(II) complexes incorporating polyheterocyclic 

ligands have demonstrated remarkable potential due to their fascinating photophysical and 

electrochemical characteristics, which can be finely tuned by interacting with a diverse 

range of external stimuli.25,28,128,129 

 In this dissertation, our target is to design luminescent homo- and heteroleptic 

Ru(II) and Os(II) terpyridine complexes incorporating cyclometalating and/or stilbene-

functionalized ligands. The inclusion of cyclometalating units is expected to significantly 

escalate the emission efficiency by increasing the ligand field strength and suppressing non-

radiative decay pathways. Simultaneously, the stilbene units, known for their propensity to 
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undergo trans-cis photoisomerization upon light irradiation, introduce photoresponsive 

characteristics to the complexes, rendering them promising candidates for molecular 

photoswitching applications. Beyond light-induced transformations, we will also explore 

the complexes' responsiveness to multiple external stimuli, enabling multi-step switching 

processes. This versatile switching behavior is highly desirable for the development of 

advanced functional materials with tuneable optical and electronic properties. Finally, 

leveraging the multi-step switching capability, we will investigate the potential of these 

complexes to perform intricate molecular decision-making operations, facilitating the 

construction of sequential and complex logic functions. 

 

1.2. Ru(II) and Os(II) Complexes with Polypyridine Ligands: Insights 

into Their Photophysical and Electrochemical Properties 

Ru(II) and Os(II) polypyridine complexes have garnered considerable attention 

owing to their widespread applications in advanced functional materials and molecular 

technologies.20-24 Polypyridine ligands, particularly bidentate systems such as 2,2′-

bipyridine (bpy) and 1,10-phenanthroline (phen), as well as tridentate chelating 

frameworks like terpyridine (tpy), are widely utilized in transition metal coordination 

chemistry. Among these, [Ru(bpy)3]
2+ and its derivatives have demonstrated exceptional 

photophysical properties, making them highly valuable for various applications. These 

complexes typically exhibit strong absorption across the UV-vis spectrum, which can be 

fine-tuned through strategic ligand modifications. Their photophysical behavior is 

characterized by prominent spin-allowed metal-to-ligand charge transfer (1MLCT) 

transitions in the visible region, arising from dπ(Ru)→π*(ligand) electronic transitions.28-

30 Os(II) complexes, on the other hand, feature an additional weak and broad absorption 

band at longer wavelengths, attributed to the spin-forbidden 1GS→3MLCT transition.130-135 

Additionally, high-energy absorption bands corresponding to intraligand charge transfer 

(ILCT) and π-π* transitions are observed, primarily originating from the polypyridine 

ligand framework.31,33,42,130-135 

Upon excitation at their lowest-energy absorption band, these complexes are 

promoted to the 1MLCT excited state. This state undergoes ultrafast intersystem crossing 

(ISC), populating either the triplet metal-centered (3MC) or triplet metal-to-ligand charge 

transfer (3MLCT) states, or both. The subsequent relaxation to the ground state occurs via 
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two competing pathways: radiative decay from the 3MLCT state or non-radiative 

deactivation through the 3MC state. Each deactivation pathway is characterized by distinct 

parameters, including the radiative rate constant (kr), excited-state lifetime (τ), and quantum 

yield (). The relative positioning of the 3MLCT and 3MC states plays a pivotal role in 

determining the luminescence efficiency of these metal complexes. A small energy gap 

between these states, typically observed with weak-field ligands, facilitates population of 

the non-emissive 3MC state, resulting in diminished luminescence. 

Ru(II) complexes incorporating bidentate ligands exhibit enhanced luminescence 

arising from the lowest-lying 3MLCT state, which remains well-separated from the non-

radiative 3MC state. For instance, Ru(bpy)3
2+ in acetonitrile demonstrates an excited-state 

lifetime of 860 ns and a quantum yield of 0.062.25,28,136 However, tris(bpy) complexes 

naturally exist as a mixture of Δ and Λ diastereomers, complicating their separation. In 

contrast, bis-terpyridine complexes, particularly those substituted at the 4'-position, adopt 

achiral rod-like structures. Despite this structural advantage, their luminescence is 

significantly weaker, and they exhibit extremely short excited-state lifetimes [τ=0.25 ns, 

for Ru(tpy)2
2+], primarily due to the acute bite angle of terpyridine ligands. These 

limitations have driven the development of Ru(II) complexes featuring bis-tridentate ligand 

frameworks designed to achieve extended excited-state lifetimes.50,137 Various synthetic 

strategies have been explored to enhance the energy gap between the emissive 3MLCT and 

non-emissive 3MC states. These approaches include incorporating electron-

donating/withdrawing substituents,57,138-142 introducing coplanar heteroaromatic 

systems,143-147 and integrating organic chromophores148 to stabilize the 3MLCT state and 

improve photophysical performance. The energy gap between the 3MLCT and 3MC states 

can also be widened by raising the energy of the 3MC state. This can be achieved through 

two primary approaches: (i) reducing the structural strain of the tridentate ligand, which 

enhances its ligand field strength, and (ii) increasing the ligand's electron-donating capacity 

by incorporating strongly donating functional groups, such as (hetero)aromatic N-, C-, or 

S.58,148,153 These modifications contribute to stabilizing the metal-centered state while 

simultaneously influencing the metal-ligand electronic interactions. Cyclometalated 

complexes are typically generated by substituting one nitrogen atom in the tpy framework 

with a carbanionic center, leading to significant alterations in the electronic properties of 

the ligand.54-59 The strong electron-donating nature of cyclometalating ligands elevates the 

energy of the non-radiative 3MC state, thereby widening the 3MLCT-3MC energy gap. 
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Consequently, bis-tridentate Ru(II) complexes incorporating these ligands exhibit 

enhanced photo-redox activity compared to Ru(tpy)2
2+. Furthermore, the introduction of 

spacer groups such as phenyl or stilbene units into the cyclometalating framework enhances 

the luminescence properties of these complexes by modulating their electronic properties. 

Osmium(II) polypyridyl complexes exhibit photophysical properties comparable to 

those of their ruthenium(II) analogues. However, the larger 5d orbitals of osmium lead to 

a red-shift in both absorption and emission spectra due to stronger spin-orbit coupling 

(SOC) effects. Despite these similarities, Os(II)-bpy type complexes typically display 

shorter luminescence lifetimes than their Ru(II) counterparts, as dictated by the energy gap 

law.30 In contrast, Os(II)-tpy derivatives exhibit significantly longer luminescence lifetimes 

(~50-500 ns) compared to Ru(II)-tpy complexes, even though their emissive 3MLCT state 

remains at a lower energy. Both Ru(II) and Os(II) polypyridyl complexes emit in the red to 

near-infrared (NIR) spectral region, with excited-state lifetimes ranging from nanoseconds 

to microseconds. A schematic state diagram (Figure 1.1) provides an overview of the 

photophysical behavior of Ru(II)- and Os(II)-bpy and tpy complexes, while Table 1.1 

summarizes key photophysical parameters of representative examples. 

 

 
Figure 1.1 

 

Table 1.1. Photophysical Properties of Ru(II) and Os(II) Complexes with bpy and tpy 

Motifs in MeCN at 298 K. 

 

 

 

 

Complex λmax
abs/nm 

(MLCT)  

λmax
em/nm 

(MLCT) 

τ/ns Ref. 

[Ru(bpy)3]2+ 454 620 800 25, 31 

[Ru(tpy)2]2+ 475 628 ˂ 5 25, 31 

[Os(bpy)3]2+ 480 715 19 29, 31 

[Os(tpy)2 ]2+ 477, 657 718 269 31, 33 
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Ru(II) and Os(II) polypyridyl complexes have demonstrated significant potential 

due to their well-defined electrochemical properties and exceptional redox stability in both 

ground and excited states. These complexes typically exhibit reversible oxidation peak(s) 

at positive potentials, while reversible and/or quasi-reversible peaks appear in the negative 

potential region due to reduction. Theoretical calculations reveal that the highest occupied 

molecular orbitals (HOMOs) are primarily localized on the metal centers, indicating 

oxidation from Ru(II)/Os(II)→Ru(III)/Os(III). In contrast, the lowest unoccupied 

molecular orbitals (LUMOs) are predominantly associated with the pyridine-based ligands, 

signifying ligand-centered reduction. Notably, Os(II) complexes undergo oxidation at 

lower potentials than their Ru(II) counterparts, a trend attributed to the greater stability of 

third-row transition metal ions in higher oxidation states. The electrochemical parameters 

of representative complexes are tabulated in Table 1.2. 

 

Table 1.2. Electrochemical Properties of Respresentative Ru(II) and Os(II) Complexes 

Based on bpy and tpy Ligands in MeCN at 298 K. 

 

 

 

 

 

 

1.3. Development of Logic Operations 

 Electronic devices have become indispensable in modern life, revolutionizing 

communication, data storage, and information processing. The operational framework of 

digital electronics is fundamentally based on Boolean algebra, which employs binary logic 

states-"On" (1) and "Off" (0), to process data. Logical operations involve one or more 

inputs and produce a single output, following predefined Boolean rules. The eight primary 

logic functions- OR, AND, XOR, NOR, NAND, XNOR, INHIBIT (INH), and 

IMPLICATION (IMP), serve as the foundation for more complex combinational circuits. 

These fundamental logic systems enable arithmetic operations and facilitate the design of 

advanced circuits, including half-adders and subtractors, keypad-lock mechanisms, set-

reset flip-flops, memory devices, multiplexers, demultiplexers, and encoder/decoder 

units.157-162 

Compounds Oxidation

E1/2(ox)/V 

Reduction 

E1/2(red)/V 

Ref. 

[Ru(bpy)3]
2+ 1.27 -1.31, -1.50, -1.77 154 

[Ru(tpy)2]
2+ 1.30 -1.29, -1.54 156 

[Os(bpy)3]
2+ 0.78 -1.30, -1.48, -1.78 155 

[Os(tpy)2 ]
2+ 0.97 -1.25, -1.57 156 
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While silicon-based technology remains the cornerstone of modern integrated 

circuits due to its efficiency, its miniaturization faces inherent physical limitations. In 

contrast, molecular computing offers an advantage by processing information at the 

nanometer scale, presenting a promising alternative. The concept of molecular logic gates, 

first proposed by A. P. de Silva in 1993, mimics traditional logic operations using 

molecular-level interactions.109 The development of stimuli-responsive molecules is crucial 

for advancing molecular computation. These molecules generate distinct output signals in 

response to external stimuli such as temperature, pH, light, ionic species, oxidants and 

reductants enabling the construction of binary logic functions at the molecular level. 

 

1.4. An Overview of Ruthenium(II) and Osmium(II) Complexes 

Featuring Polypyridine Ligands 

 Numerous review and research articles have already been published globally by 

various research groups on Ru(II) and Os(II) complexes based on polypyridine ligands 

featuring their synthesis, structural aspects and physicochemical properties . This 

dissertation mainly focuses on the synthesis and photo-redox properties of some Ru(II) and 

Os(II) complexes incorporating tridentate ligands. 

 1.4.1. A Concise Review of Photophysical and Electrochemical Properties 

Terpyridine-based Ru(II) and Os(II) complexes have garnered significant attention 

due to their structurally rigid, achiral linear frameworks, despite their relatively weak 

excited-state properties.22-24,31,33,35,143,146,147 To improve their photophysical and 

electrochemical performance, researchers have explored the incorporation of electron-

donating or withdrawing substituents to enhance charge delocalization within the ligand 

framework. 53-58,146-148 These modifications can lead to improved photo-redox behavior, 

making such complexes valuable for applications in light-harvesting systems and 

supramolecular assemblies.132-135 Furthermore, terpyridine-coordinated Ru(II) and Os(II) 

complexes have been investigated for their potential use in molecular devices, dye-

sensitized solar cells, optical sensing platforms, and biomedical applications.9-11,16-24,42,43 

This dissertation provides a comprehensive analysis of the physicochemical properties of 

various monomeric and dimeric ruthenium and osmium complexes, with a focus on their 

structure-property relationships. 

Abrahamsson et al. explored the impact of expanding the bite angle in tridentate 

metal ion coordination by incorporating 2,6-di(quinolin-8-yl)pyridine ligands, leading to 
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the synthesis of a series of bis-tridentate Ru(II) complexes (Figure 1.2).163 These complexes 

adopt a nearly ideal octahedral geometry and exhibit excited-state lifetimes on the 

microsecond timescale for the 3MLCT state at room temperature. Their study demonstrated 

that a wider bite angle results in a higher activation energy for non-radiative deactivation 

through the metal-centered (MC) state, distinguishing these complexes from other, less 

long-lived bis-tridentate Ru(II) systems, such as [Ru(tpy)2]
2+, which has a significantly 

shorter excited-state lifetime (τ = 0.25 ns at room temperature). Moreover, the suppression 

of direct non-radiative decay from the 3MLCT state was observed. Emission spectral 

analysis at 77 K reveals that the improved excited-state performance of these Ru(II) 

complexes cannot be mainly attributed to reduced geometric distortion in the excited state. 

Instead, the data indicate that diminished singlet-triplet mixing within the 3MLCT state 

leads to slower radiative and non-radiative decay processes. Consequently, the complexes 

display markedly prolonged excited-state lifetimes and higher emission quantum yields. 
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 Indelli and coworkers designed two Ru(II)-terpyridine complexes incorporating 

cyanide ligands as ancillary groups and conducted an in-depth investigation on their 

solvent-dependent photophysical properties (Figure 1.3).57 The introduction of cyanide 

ligands imparts pronounced solvatochromic behavior to these complexes, with their 
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luminescence characteristics being strongly influenced by the second-sphere donor-

acceptor (SSDA) interactions between the cyanide moiety and the surrounding solvent. A 

significant enhancement in excited-state lifetime, spanning two orders of magnitude, was 

observed for the tricyano complexes [Ru(tpy)(CN)3
-: τ = 48 ns in DMSO and 

Ru(ttpy)(CN)3
-: τ = 40 ns in CH3CN] compared to their bis-terpyridine counterparts 

[Ru(tpy)2
2+: τ = 250 ps in CH3CN; Ru(ttpy)2

2+: τ = 860 ps in CH3CN]. This substantial 

increase in excited-state lifetime is primarily attributed to the destabilization of the non-

radiative MC states, resulting from the substitution of weak-field terpyridine ligands with 

strong-field cyanide ligands, which effectively raises the energy of the MC state and 

suppresses non-radiative decay pathways. 
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Figure 1.3 

 

 Duati and colleagues explored an alternative approach to destabilizing the 3MC 

states by modulating the metal-based dσ antibonding orbital. Their study involved the 

synthesis of a series of Ru(II)-terpyridine complexes featuring triazole and tetrazole ligands 

(Figure 1.4).148 The photophysical and electrochemical properties of these complexes were 

systematically investigated, revealing a notable influence of ligand deprotonation on their 

excited-state dynamics. Upon deprotonation, the strong σ-donor characteristics of the 

negatively charged triazole and tetrazole ligands significantly increase the energy gap 

between the 3MLCT and 3MC states. This leads to an extended excited-state lifetime of up 

to 20-80 ns at RT. In contrast, protonation of the ligand framework diminishes its σ-donor 

ability, thereby reducing the 3MLCT-3MC energy separation. This facilitates non-radiative 

deactivation via 3MC state, resulting in a substantial decrease in both quantum yield and 
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excited-state lifetime. Furthermore, the electrochemical behavior of these complexes 

differs markedly from that of the parent [Ru(tpy)2]
2+ complex. Deprotonation induces a 

significant decrease in oxidation potential, aligning with spectroscopic observations and 

reflecting the enhanced electron-donating ability of the triazole and tetrazole ligands. 

Conversely, protonation of the azole ring leads to an increase in oxidation potential, further 

reinforcing the relationship between ligand electronic properties and redox behavior. 

 

N

N N

NN

N N

N

NN

Ru

N

N N

NN
N

N

N

NN

Ru

N

N
N

NN
N

N

N

NN

Ru

N

N N

NN

N N

N

NN

Ru

N

N N

N
NN

N

N N

N

NN

Ru

N

N
N

NN

N N

N

NN

Ru

 

Figure 1.4 

 

 Yu et al. reported the synthesis of two ruthenium-terpyridine complexes (Ru-1 and 

Ru-2) functionalized with visible light-absorbing BODIPY chromophores (Figure 1.5).164 

These complexes exhibit intense absorption in the visible region and exceptionally 

prolonged excited-state lifetimes. Ru-2 demonstrates a lifetime of 37.9 µs, whereas Ru-1 

exhibits an even longer lifetime of 356 µs which is nearly hundreds of times greater than 

typical Ru(II)-terpyridine complexes. The pronounced enhancement in excited-state 

properties is attributed to the efficient population of the BODIPY-localized 3IL 

(intraligand) state, which substantially increases the energy gap between the emissive state 

and the non-emissive 3MC state. This energy separation effectively suppresses non-

radiative deactivation, thereby extending the triplet-state lifetimes. These complexes were 

subsequently employed as triplet sensitizers for triplet-triplet annihilation upconversion 

(TTA-UC), leveraging their ultra-long-lived triplet states and strong absorption in the 

visible spectrum. Notably, Ru-1 exhibited an UC quantum yield approximately seven times 

higher than that of Ru-2, whereas Ru-3 did not display any detectable upconversion 

emission. 
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Aiming to expand the ligand bite angle and enhance the excited-state lifetime of 

3MLCT state in Ru(II) complexes coordinated with tridentate ligands, C. Turro and her 

research team recently synthesized two new Ru(II)-terpyridine complexes incorporating 

the qdppz ligand (qdppz= 2-(quinolin-8-yl)dipyrido[3,2-a:2′,3′-c]phenazine) (Figure 

1.6).165 Both complexes exhibit strong absorption in the visible region, with max ~490 nm. 

Complex 1 displays a relatively short luminescence lifetime (~9 ns), primarily due to the 

presence of the tpy unit, which facilitates rapid deactivation of the 3MLCT state by lowering 

the energy of the metal-centered 3LF state. In contrast, the incorporation of the qdppz ligand 

on both sides of the Ru(II) center in complex 2 significantly increases the ligand bite angle, 

resulting in a much longer excited-state lifetime of ~310 ns in MeOH at room temperature. 

Arrhenius analysis of the temperature-dependent emission data indicates that the observed 

difference in excited-state properties between the two complexes is not directly related to 

the energy gap between the 3MLCT and 3LF states. Instead, Franck-Condon analysis of the 

77 K emission spectra reveals that the extended lifetime of 2 is primarily due to greater 

distortion of the 3MLCT state relative to the ground state compared to 1. Although both 

complexes intercalate between DNA base pairs, only complex 2 exhibits photocleavage 

activity. This behavior is attributed to its ability to generate 1O2 upon irradiation, with a 

singlet oxygen quantum yield ΦΔ = 0.69. 
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Heinze and colleagues synthesized and comprehensively characterized two redox-

asymmetric, amide-bridged bis(terpyridine)ruthenium(II) complexes (3a and 3b) through 

the amide coupling of a carboxyl-functionalized ruthenium complex with an amine-

substituted counterpart (Figure 1.7).166 These dinuclear complexes exhibit significantly 

higher molar extinction coefficients than their mononuclear analogs. In case of 3b, the λmax 

of the 1MLCT band undergoes a bathochromic shift to ~522 nm, and the complex exhibits 

near-infrared (NIR) emission with an emission maximum at 750 nm. Both complexes 

display comparable emission quantum yields and excited-state lifetimes of ~20 ns. 

Electrochemical studies using cyclic voltammetry reveal two distinct oxidation potentials 

corresponding to the differently substituted ruthenium centers, with potential splitting of 

0.10 V and 0.23 V for 3a and 3b, respectively. Furthermore, oxidation of 3b with Ce(IV) 

ions results in the formation of a mixed-valence Ru(II)-Ru(III) system, which remains 

valence-localized, as confirmed by NIR spectroscopic measurements and theoretical 

analyses. 
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In another work, Kreitner et al. synthesized and thoroughly characterized a 

dinuclear dipeptide complex, [(EtOOC-tpy)Ru(tpy-NHCO-tpy)Ru(tpy-NHCOCH3)]
4+ 

(34+), designed to achieve a high degree of electronic similarity between the two Ru(II) 

centers, despite the inherent structural asymmetry introduced by the amide-bridged linker 

(Figure 1.8).167 Spectroscopic (UV-vis absorption and NMR) as well as electrochemical 

(cyclic voltammetry) studies confirmed the electronic equivalence of the metal sites. 

Photophysical investigations revealed that the complex exhibits dual emission at room 

temperature, originating from two distinct triplet excited states with differing energies and 

lifetimes. However, at 77 K, only a single emission band is observed. This temperature-

dependent behavior is attributed to the establishment of a dynamic thermal equilibrium 

between two resonance forms, [RuII(tpy-NHCO-tpy•⁻)RuIII] and [RuIII(tpy-NHCO-

tpy•⁻)RuII]. These resonance structures represent a unique excited-state mixed-valent 

RuII/RuIII system, in which the radical anion bridge (tpy-NHCO-tpy•⁻) facilitates electronic 

delocalization and mediates intramolecular charge transfer. 
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Harriman and the group reported two alkyne-bridged binuclear ruthenium(II)-

terpyridine complexes that exhibit significantly enhanced triplet excited-state lifetimes 

compared to the mononuclear parent complex, [Ru(tpy)2]
2+ (Figure 1.9).168 Specifically, 

the excited-state lifetimes of complexes 3a and 3b were measured to be 565 ns and 720 ns 

which are nearly 3000 times longer than that of [Ru(tpy)2]
2+, which exhibits a lifetime of 

only 0.56 ns. These extended lifetimes are accompanied by substantial red-shifts in 

emission maxima, observed at 722 nm for complex 3a and 735 nm for complex 3b, 

indicating a substantial lowering of the 3MLCT energy relative to the parent complex. This 

stabilization of the 3MLCT state also results in a shift of the reduction potential toward 

more positive values. The lowering of the 3MLCT energy disrupts the thermal equilibrium 

that typically exists between the emissive 3MLCT state and non-emissive metal-centered 
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(MC) or ligand-centered (LC) states in [Ru(tpy)2]
2+. As a consequence, non-radiative 

deactivation pathways are suppressed, and the complexes exhibit improved luminescent 

properties along with prolonged excited-state lifetimes. 
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 In a separate study, Ziessel and co-workers synthesized two heterobinuclear 

Ru(II)/Os(II) complexes incorporating identical alkyne-based bridging ligands (Figure 

1.10).169 Upon photoexcitation at 600 nm, both complexes display emission maxima at 746 

nm and 760 nm, closely resembling the emission profile of [Os(tpy)2]
2+, whereas the Ru(II)-

terpyridine moiety remains non-emissive even when excited directly at 440 nm. This 

observation strongly indicates efficient intramolecular triplet energy transfer from the 

Ru(II) center to the Os(II) center within these systems. The dynamics of this energy transfer 

process were further investigated using transient absorption spectroscopy and time-

resolved luminescence measurements conducted at both 295 K and 77 K. The results 

revealed that the rate constant for triplet energy transfer is higher in complex 5 compared 

to complex 6. The mechanistic pathway for this transfer is attributed to a through-bond 

electron exchange mechanism, wherein an electron and a positive hole are simultaneously 

exchanged. This electron-hole pair movement facilitates efficient triplet energy migration 

from the Ru(II) to the Os(II) site, underscoring the role of the conjugated spacer in 

mediating electronic communication between the metal centers. 
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 In a 2002 study, Housecroft and colleagues systematically explored the 

photophysical and electrochemical characteristics of multinuclear homo- and 

heterometallic Ru(II) and Os(II) terpyridine complexes, in which the metal centers are 

interconnected through bis(2,2':6',2''-terpyridin-4-yl)thiophene bridging ligands (Figure 

1.11).146 The UV-vis absorption spectra of the homometallic complexes revealed a 

progressive red shift of the MLCT bands accompanied by an increase in molar extinction 

coefficients as the nuclearity increased from mono- to bi- and trinuclear species. In contrast, 

the MLCT absorption profiles of the heterometallic complexes did not correspond to a 

simple combination of the individual monometallic components, indicating electronic 

interaction between the different metal centers. Photoluminescence studies further 

supported these observations that homometallic multinuclear complexes exhibited red-

shifted emission relative to their monometallic counterparts, while heterometallic Ru-Os 

systems showed emission features characteristic of Os(II) centers, with negligible 

contribution from Ru(II)-based luminescence. These findings suggest an efficient 

intramolecular energy transfer from the Ru(II) center(s) to the Os(II) center, a process likely 

mediated by the conjugated and electron-rich thiophenediyl spacer, which facilitates 

delocalization and electronic communication between the metal centers. 
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 Vogler and Brewer developed two distinct classes of bimetallic complexes with the 

compositions [(tpy)M(tpp)RuCl3](PF6) and [(tpy)M(tpp)Ru(tpp)](PF6)4 [M= RuII/OsII], 

and systematically examined their photoredox properties. In both series, the LUMO is 

predominantly localized on the tpp ligand (Figure 1.12).170 However, the HOMO 

distribution varies depending on the complex architecture. For [(tpy)M(tpp)RuCl3](PF6) 

series, the HOMO is primarily associated with the RuCl3 fragment, whereas in 

[(tpy)M(tpp)Ru(tpp)](PF6)4 complexes, it is localized on the metal center coordinated to 

both tpy and tpp ligands. Complexes of the type [(tpy)M(tpp)Ru(tpp)](PF6)4 are 

luminescent in solution and exhibit significantly red-shifted emission maxima relative to 

their monometallic counterparts. For example, the bimetallic complex 

[(tpy)Ru(tpp)Ru(tpp)](PF6)4 demonstrates an excited-state lifetime of ~100 ns, which is 

markedly longer than that of the mononuclear complex [Ru(tpy)(tpp)]2+. In contrast, the 

heterometallic complex [(tpy)Os(tpp)Ru(tpp)](PF6)4 exhibits exclusive Os-centered 

3MLCT emission at 820 nm, with no detectable emission attributable to the Ru center.  
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 Harriman and his research group synthesized two Ru(tpy) complexes featuring 

ethynyl-substituted aromatic linkers, as reported in their study (Figure 1.13).171 The 

complex RTPTR, incorporating a phenylene bridge, displays a red-shifted emission at 685 

nm and an extended excited-state lifetime (τ=110 ns) relative to the parent compound 

[Ru(tpy)2]
2+. Another complex RTNTR, in which the phenylene unit is replaced by a 

naphthalene moiety, exhibits a further red-shift in the emission maximum (max=702 nm) 

and a significantly prolonged excited-state lifetime (τ=475 ns). This enhancement in the 

excited state properties is attributed to increased π-electron delocalization in the triplet 

excited state, facilitated by the extended conjugation provided by the naphthalene bridge. 
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 Baitalik and group designed three bimetallic Ru(II) complexes with a bis-

terpyridine based phenyl-bisbenzimidazole bridge (Figure 1.14) and also thoroughly 

investigated their photoredox properties.172 They exhibit moderately intense luminescence 

with emission maxima spanning between 653 and 687 nm and possess significantly 

prolonged excited-state lifetimes (6.3-55.2 ns) when compared to the reference complex 

[Ru(tpy)2]
2+. The enhanced excited-state characteristics are attributed to efficient electronic 

coupling between the Ru(tpy) moieties and the conjugated phenyl-bis-benzimidazole 

bridge. This interaction results in a larger energy gap between the emissive 3MLCT state 

and the thermally accessible non-emissive 3MC state. Electrochemical studies revealed a 

single reversible oxidation wave for each complex without any detectable splitting, 

suggesting a concerted one-electron oxidation process involving both spatially separated 

Ru centers. Furthermore, the presence of acidic NH protons on the benzimidazole units 

imparts anion-responsive properties to the complexes. Notably, they exhibit high selectivity 

and sensitivity toward CN- ions in predominantly aqueous environments, with a low 

detection limit of ~1×108 M. 

In a separate study, Baitalik and coworkers reported the synthesis of three bimetallic 

Ru(II)-tpy complexes featuring a bis-terpyridine ligand incorporating a pyrenyl-bis-

phenylimidazole bridging unit (Figure 1.15).173 This extended π-conjugated bridge 

facilitates efficient electron delocalization across the molecular framework, resulting in 

markedly enhanced photoluminescence properties when compared to the non-emissive 

[Ru(tpy)2]
2+ complex. The complexes exhibit strong room-temperature emission with 

maxima ranging from 657 to 703 nm, and excited-state lifetimes spanning 5.8 to 67.0 ns. 
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Electrochemical data reveals a single reversible oxidation wave for all complexes, 

consistent with a simultaneous two-electron Ru(II)/Ru(III) oxidation process at the two 

metal centers. Notably, the electrochemical generation of mixed-valence RuIIRuII/RuIIRuIII 

species is accompanied by the appearance of intervalence charge transfer (IVCT) bands in 

the near-infrared (NIR) region. This observation signifies effective electronic coupling 

between the two ruthenium centers, despite the considerable spatial separation imposed by 

the extended bridging ligand. 
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Figure 1.14 

 

These bimetallic Ru(II) complexes were further explored for their anion sensing 

capabilities across various environments, including aqueous, organic, and solid-state 

media, due to their strong room-temperature luminescence and the presence of acidic NH 

groups (Figure 1.15).174 These protons enable selective anion recognition through hydrogen 

bonding or, in some cases, full proton transfer mechanisms. In DMSO, complexes 1 and 2 

exhibit a pronounced response toward fluoride ions (F⁻), with additional but weaker 

sensitivity to AcO-CN⁻ and H2PO4
-. In contrast, complex 3 demonstrates higher selectivity, 

effectively detecting F-, AcO-, CN-, and to a lesser extent, H2PO4
-. Remarkably, in aqueous 
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solutions, all three complexes show exceptional selectivity toward CN⁻, with detection 

limits reaching the nanomolar range (~10-8 M). Furthermore, in the solid state, the 

complexes, particularly complex 3, exhibit rapid and highly sensitive CN- detection, 

making them promising candidates for practical anion sensing applications. 
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 Bar and co-workers designed a series of luminescent, redox-active bimetallic Ru(II) 

complexes featuring an asymmetric bridging architecture composed of both bipyridine and 

terpyridine coordination environments connected through a phenyl-imidazole linker 

(Figure 1.16).175 These asymmetric dyads were specifically engineered to facilitate efficient 

intramolecular energy transfer between the two distinct Ru(II) centers. Photophysical 

investigations, including steady-state and excited-state luminescence experiments, revealed 

that energy transfer proceeds from the excited 3MLCT state of the [(bpy/phen)2RuII(dipy-

Hbzim-tpy or phen-Hbzim-tpy)] unit to the [(dipy-Hbzim-tpy)RuII(tpy-PhCH3 or 

H2pbbzim)] moiety across all four complexes at room temperature. Kinetic analyses further 

confirmed the efficiency of this process, with intramolecular energy transfer rate constants 

estimated to be in the range of 106 to 107 s-1. 
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1.5. Literature Review on Cyclometalated Ruthenium Terpyridine 

Complexes 

 Ruthenium polypyridyl complexes, renowned for their rich photophysical and 

redox properties in both ground and excited states, have attracted significant attention 

owing to their wide applicability as light-harvesting materials in dye-sensitized solar cells 

(DSSCs), optoelectronic devices, molecular machines, chemical sensors, and molecular 

switches.1,2,13-15,48 Extensive research efforts have been devoted by utilizing [Ru(bpy)3]
2+ 

and its derivatives, primarily due to their broad, tunable MLCT absorption and emission 

profiles within the visible region, combined with high quantum yields and long excited-

state lifetimes at ambient temperature.25,136 In comparison, the terpyridine type complexes 

like [Ru(tpy)2]
2+, exhibit a key advantage over [Ru(bpy)3]

2+, namely, higher isomeric purity 

during synthesis. However, their application is often constrained by intrinsically weak 

luminescence and short excited-state lifetimes.50,137 These limitations arise from a small 

energy gap between the emissive 3MLCT state and the thermally accessible non-emissive 

3MC state. To address these challenges, several strategies have been developed to increase 

the 3MLCT-3MC energy separation, thereby enhancing the luminescent properties and 

excited-state stability of the complexes. 
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One of the most effective approaches involves destabilizing the 3MC state through 

the introduction of strong σ-donor ligands such as N-, C-, or S based donors.58,148,153 Among 

these, cyclometalating ligands are especially advantageous, offering fine control over 

frontier orbital energies.59-61 In particular, substitution of a nitrogen atom within the tpy 

framework by a carbon atom significantly alters the electronic structure of the ligand 

without disturbing the overall coordination geometry of the complex, while simultaneously 

lowering the complex’s overall charge. This design strategy has enabled the development 

of ruthenium(II) complexes featuring N,C,N′- or C,N,N′-coordinating cyclometalated 

ligands that display efficient luminescence at room temperature.55,176,177 Notably, 

complexes bearing cyclometalating ligands that facilitate intraligand and π-π interactions 

show markedly enhanced emission.178 A substantial bathochromic shift in the MLCT 

absorption bands relative to the parent [Ru(tpy)2]
2+ complex (λmax= 474 nm) is observed, 

which can be attributed to the increased electron density at the metal center induced by the 

carbanionic ligands. Furthermore, these cyclometalated complexes often emit in the NIR 

region, due to the reduced energy gap between the 3MLCT state and the ground state.30 The 

introduction of cyclometalating ligands also dramatically influences the redox behavior of 

the complexes. A significant cathodic shift (~700 mV) of the RuII/RuIII oxidation potential 

is typically observed compared to [Ru(tpy)2]2+ [E1/2(ox)= 1.30 V], highlighting the strong 

σ-donating nature of the cyclometalated ligands.53 In addition, ligand-centered reductions 

are shifted to more negative potentials. Substantial progress has been accomplished in the 

design and study of cyclometalated ruthenium terpyridine complexes, with notable 

contributions from the research groups of Grätzel,179-182 van Koten,15,53,183 

Berlinguette,137,184,185 and others.54,167,186-189 Herein, we provide a concise overview of the 

photo-redox properties of these cyclometalated terpyridine type complexes of Ru(II). 

Sauvage and coworkers reported the synthesis of a cyclometalated ruthenium 

complex [Ru(tt)(phbp)]⁺, (tt= 4’-tolyl-2,2’:6’2”-terpyridine, phbp= 6-phenyl-2,2’-bi-

pyridine) (Figure 1.17).153 The complex exhibits a (N,N,N)(C,N,N) coordination 

environment and was thoroughly characterized by 1H NMR spectroscopy, UV-vis 

absorption, FAB-MS and elemental analysis. Its photo-redox properties were 

systematically compared with those of non-cyclometalated analogs, Ru(tt)2
2+ and 

Ru(terpy)2
2+ (terpy= 2,2’:6’,2”-terpyridine). Electrochemical measurements revealed a 

significantly reduced RuIII/II redox potential (E0 = 0.54 V vs. SCE in CH3CN) for 

[Ru(tt)(phbp)]+ compared to Ru(tt)2
2+ (E0 = 1.24 V vs. SCE in DMSO). This substantial 

cathodic shift is attributed to the strong σ-donating character of the cyclometalated phbp⁻ 
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ligand, which enhances electron density around the metal center relative to terpyridine-

based ligands. The increased electron density also induces a pronounced bathochromic shift 

in the metal-to-ligand charge transfer (MLCT) absorption band, observed at λmax= 523 nm 

for [Ru(tt)(phbp)]+, compared to its non-cyclometalated counterparts. Furthermore, the 

complex exhibits an emission maximum in the NIR region (λmax= 808 nm). This red shift 

in luminescence is a consequence of stabilization of the 3MLCT state and destabilization 

of the 3MC state due to the strong σ-donating nature of the phbp⁻ ligand. Additionally, the 

excited-state lifetime of [Ru(tt)(phbp)]+ was found to be 60 ns in acetonitrile at room 

temperature, which is significantly longer than those measured for Ru(tt)2
2+ and 

Ru(terpy)2
2+, indicating improved photostability and slower non-radiative decay pathways 

in the cyclometalated system. 
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The absorption and emission spectral properties of a series of mononuclear and 

binuclear Ru(II) and Os(II) complexes (Ru, Os, RuRu, OsOs and RuOs) featuring the 

terpyridine-type ligand ttp and cyclometalating ligands dpb- and tpbp2- were investigated 

by Barigelletti and co-workers (Figure 1.18).190 In the absorption spectra, all the complexes 

exhibit two bands in the longer wavelength region (503-513 nm and 537-550 nm), which 

are attributed to 1MLCT transitions involving the LUMO of either the ttp ligand or the 

cyclometalated moieties. Photoluminescence studies reveal that these complexes emit from 

their 3MLCT excited states, with emission maxima ranging from 784 to 824 nm. The 

mononuclear and dinuclear Ru(II) complexes (Ru and RuRu) display significantly higher 

emission quantum yields compared to Ru(ttp)2
2+ complex. In contrast, the Os(II)-based 

species, including Os, OsOs, and RuOs complexes, exhibit very weak emission relative to 
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Os(ttp)2
2+. For Ru and RuRu systems, the strong σ-donating character of the 

cyclometalated ligands destabilizes the non-emissive 3MC states, effectively raising their 

energy and thereby promoting stronger emissive behavior. However, this effect is not 

observed for Os(II)-containing complexes, as the inherent large energy separation between 

their 3MLCT and 3MC states already suppresses non-radiative deactivation, even in non-

cyclometalated systems. Electrochemical analyses show that all the studied complexes 

possess significantly lower oxidation and reduction potentials compared to Ru(ttp)2
2+ and 

Os(ttp)2
2+, a consequence of increased electron density across the metal-ligand framework 

due to the presence of cyclometalating ligands. Notably, in the heterodinuclear RuOs 

complex, an efficient energy transfer from the Ru→Os center is observed, characterized by 

a high value rate constant (ken= 2×109 s-1), demonstrating effective intramolecular 

communication between the two metal centers. 
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In a separate study, Barigelletti and co-workers synthesized a series of three 

dinuclear Ru(II)/Os(II) cyclometalated complexes, in which the two metal centers are 

connected by bridging ligands comprising two cyclometalating (dpb-) units linked through 

varying numbers of phenylene spacers (Figure 1.19).176 By altering the number of 

phenylene groups, the Ru(II)-Os(II) separation was systematically tuned over a range of 

~11 to 20 Å. Luminescence spectroscopy revealed that all complexes undergo efficient 
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photoinduced intramolecular energy transfer from the Ru→Os center. Interestingly, the rate 

constants associated with the energy transfer process were found to be largely insensitive 

to temperature variations but showed a strong dependence on the metal-metal separation 

within the molecular frameworks (ken= 2.6109 and <2.2107 s-1 for rMM= 11 and 20 Å, 

respectively). In systems employing non-cyclometalating bridging ligands, the energy 

transfer occurs very fast (k > 5× 1010 s-1), attributed to the involvement of MLCT excited 

states localized on the bridging ligand itself, which facilitates efficient electronic 

communication between the two metal centers. Conversely, in the cyclometalated 

complexes, the energy transfer rates were significantly slower. This reduced efficiency 

arises because the MLCT excited states are predominantly directed toward the terminal 

ligands, thus limiting direct electronic coupling through the bridge. 
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 Sauvage and his research group reported the synthesis and characterization of two 

cyclometalated Ru(II) complexes featuring mono- (complex 2) and di-substituted (complex 

1) phenanthroline ligands (Figure 1.20).191 Single-crystal X-ray diffraction studies revealed 

that the Ru-N bond adjacent to the tolyl group in the phenanthroline unit is longer in the 

disubstituted 1 than in the monosubstituted 2, indicating increased steric hindrance in 

complex 1. This steric congestion in 1 causes one of the tolyl groups to orient toward the 

central pyridine ring of the ttpy ligand, bringing the two into close proximity. This 

geometry facilitates an intramolecular donor-acceptor interaction between the electron-rich 

tolyl group (donor) and the electron-deficient central pyridine ring (acceptor). Such an 

interaction is absent in 2 due to reduced steric crowding. As a consequence of these 

structural differences, the two complexes exhibit distinct photophysical behavior. Complex 

1 exhibits luminescence quantum yield of 0.02 along with a relatively long excited-state 

lifetime of 95 ns compared to the standard Ru(tpy)2
2+ complex. In contrast, complex 2 is 



Chapter 1 

25 
 

practically non-luminescent, emphasizing the role of steric and electronic interactions in 

modulating excited-state properties. 
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 Constable et al. reported an example of pH-responsive, reversible cyclometalation 

at a Ru(II) center involving the ligand Htbp [Htbp= 6-(2-thienyl)-2,2’-bipyridine] (Figure 

1.21).58 The cyclometalated complex [Ru(tbp)(tpy)][PF6], in which the ligand is 

coordinated via a Ru-C bond, undergoes protonation at the carbanionic center when treated 

with dilute HCl or refluxed in glacial acetic acid. This protonation induces cleavage of the 

Ru-C bond, leading to the formation of the corresponding non-cyclometalated species 

[Ru(Htbp)(tpy)][PF6], which exhibits an orange coloration. In the resulting complex, the 

thienyl moiety binds to Ru(II) through S atom, rather than through a direct Ru-C bond. 

Interestingly, a similar transformation is observed upon photoirradiation of the 

cyclometalated complex, wherein complete conversion to the non-cyclometalated species 

[Ru(Htbp)(tpy)][PF6] occurs. Conversely, treatment of the protonated complex with 

aqueous NaOH regenerates the cyclometalated complex [Ru(tbp)(tpy)][PF6] in quantitative 

yield, with the solution turning purple upon deprotonation and reformation of the Ru-C 

bond. This system thus represents the first documented case of a fully reversible 

cyclometalation process, modulated by acid-base chemistry and light. 

 

N

S

N

N

N

N

Ru N

S

N

N

N

N

Ru

dilute HCl/ 

MeCO2H, reflux/ 

h

aqueous NaOH

[Ru(tbp)(tpy)][PF6] [Ru(Htbp)(tpy)][PF6]  

Figure 1.21 



Chapter 1 

26 
 

 Koten and co-workers reported the development of two novel cyclometalated Ru(II) 

complexes of composition [Ru(C^N^N)(N^N^N)] (complexes 3 and 4), marking their first 

application as sensitizers in dye-sensitized solar cells (DSSCs) (Figure 1.22).183 Their 

performance was evaluated in comparison with a non-cyclometalated analogue (complex 

2) and a standard reference dye (complex 1). All three sensitizers (2-4) were functionalized 

with carboxylic acid groups to facilitate covalent anchoring onto nanocrystalline TiO2 solar 

cells. Among the cyclometalated derivatives, complex 4 exhibited superior photovoltaic 

performance relative to complex 3, attributed to the presence of an additional -COOH 

anchoring group that enhances surface binding and electronic communication with the TiO2 

nanoparticles. UV-vis absorption spectroscopy revealed a significant red shift in MLCT 

bands of the cyclometalated complexes 3 and 4 (max= 523 and 552 nm, respectively), 

compared to complex 2 (max= 487 nm). This red-shift, along with broader absorption 

profiles in the visible region, renders the cyclometalated complexes more effective in 

harvesting solar energy. Photocurrent action spectra obtained through Incident Photon-to-

Current Efficiency (IPCE) measurements further confirmed the enhanced sensitizing 

ability of the cyclometalated complexes. Complex 4 showed the highest IPCE response 

among the series, consistent with its dual anchoring groups and extended absorption range. 

These findings demonstrate that cyclometalated Ru(II) complexes, particularly complex 4, 

hold significant promise as efficient sensitizers in DSSC applications due to their favorable 

photophysical and anchoring properties. 
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Wadman et al. synthesized a series of Ru(II) complexes comprising either two tpy 

ligands or a combination of one tpy and one cyclometalating ligand with either an N,C,N′ 

or C,N,N′ coordination motif (Figure 1.23).53 The electronic and photophysical properties 

of these complexes were systematically investigated. Single-crystal X-ray diffraction 

analysis revealed that cyclometallation does not significantly disrupt the overall octahedral 

geometry of the Ru(II) center. However, notable changes in bond lengths were observed, 

particularly, elongation of the Ru-N bond trans to the carbanionic donor site, indicating 

increased trans influence due to cyclometalation. Electronic absorption spectroscopy  
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showed that the MLCT bands in the visible region are red-shifted in the cyclometalated 

complexes compared to their non-cyclometalated counterparts. In the N,C,N′-

cyclometalated systems, the lowest-energy MLCT transition is primarily from the metal 

center to the tpy ligand. Conversely, in C,N,N′-cyclometalated complexes, the red-shifted 

MLCT transitions involve both the tpy and cyclometalating ligands, suggesting a more 

delocalized excited state. Photoluminescence studies at room temperature demonstrated 

that the emission characteristics are largely unaffected by the coordination mode of the 

cyclometalating ligand. In all cases, the emission arises from the 3MLCT state primarily 

associated with the tpy ligand. An exception was noted for the C,N,N′-cyclometalated 

complex bearing an ester-substituted ligand, where the emission is predominantly localized 

on the cyclometalating unit. Electrochemical characterization via cyclic voltammetry 

revealed that cyclometalation induces a significant cathodic shift in both the metal-centered 

oxidation and ligand-centered reduction potentials. This shift is attributed to the strong σ-

donating nature of the carbanionic ligand, which increases electron density around the 

Ru(II) center and stabilizes the reduced forms of the ligands. 
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 Berlinguette and his research group reported the synthesis and characterization of a 

series of Ru(II) complexes incorporating substituted terpyridine ligands in conjunction with 

a tridentate C,N,C-coordinating mesoionic carbene ligand (Figure 1.24).137 These 

complexes exhibit exceptionally long-lived excited states, with lifetimes reaching up to 7.9 

s. The extended excited-state lifetime is attributed to the unique electronic properties of 

the C,N,C- ligand, which acts as a strong σ-donor and a weak π-acceptor. This electronic 

configuration effectively increases the energy gap between the 3MLCT state and 3MC state 

while maintaining a high 3MLCT energy. Moreover, the introduction of EWGs or EDGs 

on the ligand framework further modulates the energy separation between the 3MLCT and 

3MC states, enabling fine-tuning of the excited-state dynamics. Notably, the excited-state 

lifetimes of these mesoionic carbene-based complexes are almost four orders of magnitude 

greater than that of Ru(terpy)2
2+ complex. 
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Berlinguette and coworkers also systematically designed a series of substituted 

tridentate polypyridyl and cyclometalated Ru(II) complexes of composition [Ru-(tpy-

R1)(tpy-R2)](PF6)2 and [Ru(tpy-R2)(dpb-R1)]PF6 respectively, for their probable 

application as light-harvesting materials (Figure 1.25).184 For [Ru-(tpy-R1)(tpy-R2)](PF6)2 

series, the introduction of the substituents at the 4’-position of one or both tpy ligands 

influences the MLCT absorption band. In the cyclometalated analogs, the reduced 

symmetry around the metal center leads to the broadening of the lowest energy MLCT 

band, while an additional set of transitions in the higher energy domain arises from the 

excited state involving the cyclometalated ligands. Thus, a substantially broad MLCT 

absorption band appears for the cyclometalated complexes, which is more red-shifted 

compared to that for the non-cyclometalated series. Further structural modifications 

through various groups at the 4’-position of both tpy and dpb ligands enabled fine-tuning 
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of both the photophysical and redox properties of the complexes. TD-DFT calculations 

were also conducted to support the spectroscopic data.  
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 Wang et al. synthesized three cyclometalated diruthenium(II) complexes featuring 

a central tbibp bridging ligand and varied terminal ligands (Figure 1.26).192 These 

complexes were systematically investigated to measure the extent of electronic 

communication between the two Ru centers. Electrochemical measurements and IVCT 

spectroscopy revealed that the complexes with identical or similar capping ligands exhibit 

stronger Ru-Ru coupling through the tbibp scaffold, compared to previously studied 

systems incorporating the 3,3′,5,5′-tetrakis(N-methylbenzimidazol-2-yl)biphenyl (Me-

tbibp) bridge. However, this coupling remains weaker than that observed in analogs 

incorporating the classical 3,3′,5,5′-tetrakis(pyrid-2-yl)biphenyl (tpbp) ligand. The CNS 

analyses introduced by Creutz, Newton, and Sutin, based on a hole superexchange 

mechanism, align with the experimentally observed coupling trends. DFT calculations 

provided insight into the spin density distribution in the singly oxidized diruthenium 

complexes bearing the H-tbibp bridge. TDDFT simulations were also employed to 

reproduce the observed IVCT bands, offering theoretical validation of the electronic 

transitions involved. 

Kreitner and Heinze synthesized and characterized a series of weakly emissive 

mononuclear cyclometalated Ru(II) complexes of the type [Ru(dpb-R)(tpy)]+ (1⁺–4⁺), 

where electron-donating substituents were introduced on the dpb ligand (Figure 1.27).193 

Temperature-dependent luminescence studies indicated that excited-state quenching occurs 

via a low-lying triplet ligand-to-ligand charge transfer (3LL′CT) state in addition to the 3MC 

state. This deactivation pathway was experimentally confirmed for complexes 1⁺ and 3⁺, 

and further supported by DFT calculations. Variation in the substituents modulated the 
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energy gap between the 3MLCT and 3LL′CT states, while the 3MLCT-3MC energy barrier 

remained largely unaffected. A dinuclear complex, [(tpy)Ru(dpb-NHCO-dpb)Ru(tpy)]2+ 

(62+), incorporating a bis-cyclometalating bridge, was also synthesized. Its mixed-valent 

cation (63+) exhibits a strong IVCT band at 1165 nm, and in solution, 62+ displays dual 

emission from two distinct 3MLCT states localized on the two remote Ru(tpy) centers. 
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1.6. A Concise Overview on Photoisomerization Behavior of Platinum 

Metal Complexes  

 Molecular systems capable of reversibly modulating their physicochemical 

properties in response to external stimuli are of considerable interest for applications in 

optical switches, molecular memory, and data storage technologies.194-199 Recent research 

in high-density molecular data storage has focused on devices that incorporate not only 

simple bistable switches but also molecular units capable of performing logic operations.34-

46 Among various stimuli, light stands out as an environmentally benign and spatially 

controllable energy source, making photoresponsive molecular units particularly promising 

for optical data storage materials.1-14  

 While organic molecules have been extensively utilized in the design of molecular 

photoswitches,88-99 the investigation of photoisomerization processes in metal complexes 

remains comparatively underexplored. Several research groups like Iha, Yam, Lees, 

Nishihara, Gray and others have studied the photoresponsive behavior of transition metal 

complexes (such as those of Re, Co, Rh, Ir, Fe, and Zn) incorporating photoactive moieties 

like azobenzene, stilbene, spirooxazine, and diarylethene.100-103,78-81,200-206 Although azo-

functionalized bipyridine and terpyridine metal complexes have been widely examined for 

their photoisomerization properties, investigations involving stilbene-conjugated metal 

complexes are limited and remain relatively undocumented.100-103,78-81,200-206 The present 

dissertation seeks to address this knowledge gap by systematically exploring the 

photoisomerization behavior of Ru(II) and Os(II) terpyridine complexes bearing stilbene-

derived units. To the best of our knowledge, no other groups have specifically focused on 

the isomerization dynamics of terpyridine systems conjugated with stilbene functionalities. 

In this context, we provide an overview of the relevant photophysical and 

photoisomerization characteristics observed in platinum metal complexes that incorporate 

either azo or stilbene groups within their coordination frameworks. 

 Yam and colleagues developed and characterized a series of rhenium(I) tricarbonyl 

diimine surfactant complexes incorporating azo and stilbene photoactive units, highlighting 

their reversible photoisomerization behavior. These Re(I) complexes, featuring low-energy 

MLCT states, were employed as effective sensitizers for light-induced isomerization 

(Figure 1.28).201 The azo-functionalized complexes demonstrated reversible trans-cis 

photoisomerization upon alternate irradiation with 365 nm and 450 nm light. However, the 

presence of an alkoxy group on the phenylazopyridine moiety inhibited isomerization, 
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likely due to steric hindrance. The stilbene-containing analogs also exhibited wavelength-

dependent reversible isomerization, typically induced by 365 nm and either 254 or 480 nm 

light, though with notably reduced quantum yields relative to their corresponding free 

ligands. 
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 Nishihara and co-workers conducted comprehensive studies on the trans–cis 

photoisomerization behavior of azobenzene-functionalized mono- and dinuclear Ru(II) and 

Rh(III) complexes derived from terpyridine ligands (Figure 1.29).80 While both the mono- 

(tpy-AB) and bis-terpyridine (tpy-AB-tpy) ligands exhibited reversible isomerization under 

UV (366 nm) and visible (450 nm) light, the dinuclear Ru(II) complex showed no 

photoresponse, and the mononuclear analog demonstrated 20% isomerization. This limited 

efficiency was attributed to energy transfer from the azo group to the Ru(II) center. Rh(III) 

complexes, although non-emissive, underwent slow thermal cis-to-trans isomerization and 

exhibited enhanced switching behavior in the presence of photosensitizers like 

benzophenone. Solvent and counter-ion effects were also noted, with bulkier ions 

facilitating isomerization by reducing ion-pairing and increasing rotational freedom. The 

findings underscore the importance of metal center identity and ligand environment in 

tuning photoisomerization efficiency. 
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 Nishihara and the group also investigated azo-functionalized Pt(II)-terpyridine 

complexes, which exhibited superior emissive properties compared to their Ru and Rh 

analogs (Figure 1.30).78 These complexes showed reversible trans-cis photoisomerization 

and emission switching, as characterized by IR, 1H NMR, absorption and emission 

spectroscopy. Time-resolved emission and transient absorption studies revealed that the 

quantum yield of isomerization decreased with increasing solvent polarity (MeCN > DMF 

> DMSO > PC). Under visible light (λ > 430 nm) or thermal stimulus, the complexes 

reverted from cis to trans. Notably, only the cis isomers were emissive (~480 nm and ~600 

nm), due to reduced π-conjugation that suppresses non-radiative decay and photoinduced 

electron transfer. The emission lifetimes spanned from 2 ns to 40 s, enabling efficient off-

on emission switching driven by photoisomerization. 
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 Sakamoto et al. developed a Pt(II) complex containing two azobenzene units, one 

appended to a dithiolato ligand and the other to a bipyridine moiety, which demonstrated 

light-driven, reversible tristable switching behavior (Figure 1.31).207 The complex 
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exhibited a prominent visible-region absorption attributed to a mixed metal/ligand-to-

ligand charge transfer (MMLL′CT) transition. Selective photoisomerization was achieved 

by varying the irradiation wavelength. Exposure to 405 nm light induced 44% 

isomerization of the azobenzene unit on the dithiolato ligand and only 9% isomerization on 

the bipyridine-bound azobenzene, yielding a cis-trans isomer. Conversely, 365 nm 

irradiation resulted in 22% isomerization at the dithiolato site and 45% at the bipyridine 

site, producing the trans-cis isomer. Notably, upon excitation at the MMLL′CT band with 

578 nm light, both mixed isomers efficiently reverted back to the original trans-trans 

configuration. This tunable, wavelength-dependent isomerization demonstrates the 

complex's potential for multistate optical switching. 
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 Yam and collaborators developed a diverse array of Re(I)-diimine complexes 

incorporating photoresponsive motifs such as azo, ethenyl, and ethyl groups (Figure 

1.32).200 Their work involved a comprehensive investigation of the photophysical behavior 

and photoisomerization dynamics of these systems. Upon UV irradiation (λ> 350 nm) in 

DCM solution, the complexes underwent trans-to-cis isomerization across the double bond. 

This structural transformation was accompanied by a substantial enhancement in emission 

properties, including a red shift of ~50 nm in the emission maximum and an increase in 

emission quantum yield by nearly 40-fold. The observed photoluminescence enhancement 

in the cis isomer is attributed to the suppression of nonradiative deactivation pathways, 

specifically the inhibition of energy transfer from the photoexcited 3MLCT state to the azo 

or ethyl moiety. 
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 Lees and co-workers explored the photophysical characteristics and 

photoisomerization behavior of tetranuclear rhenium(I) tricarbonyl diimine complexes 

incorporating stilbene-based tetrapyridyl linkers (Figure 1.33).208 The tetranuclear 

complexes exhibited efficient photoisomerization upon 405 nm irradiation, attributed to 

direct excitation of the ligand-centered excited state. The process resulted in a 

photostationary mixture of trans-trans-trans-trans, trans-trans-trans-cis, and trans-trans-cis-

cis isomers, with photoisomerization quantum yields ranging from 0.19 to 0.65. Due to 

significant steric hindrance, complete conversion to the all-cis configuration was not 

achieved. Reverse isomerization could be induced thermally in the dark or photochemically 

under 254 nm light, though both pathways proceeded with relatively slow kinetics. 
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 Wenger et al. conducted a detailed study on the photoinduced trans-to-cis 

isomerization of Re(diimine)(CO)3(dpe) complexes, where dpe denotes 1,2-di(4-

pyridyl)ethylene (Figure 1.34).203 Upon irradiation at 350 nm in DCM, efficient 

photoisomerization was observed with a quantum yield of 0.2, yielding a photostationary 

state composed of ~70% cis and 30% trans isomers. The cis→trans reverse process was 

achieved by exposure to 250 nm light. Notably, the trans isomers were non-emissive, 

whereas the cis isomers displayed distinct yellow luminescence, enabling their potential 

application in photo-switchable luminescent systems. 
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 Moore and co-workers synthesized a series of rhenium(I) polypyridyl complexes in 

which fac-[Re(bpy)(CO)3] fragments were connected to amine or azacrown ether moieties 

via a styrylpyridine linker (Figure 1.35).209 Photoisomerization of the stilbene-like unit was 

only observed upon protonation of the amine or azacrown groups, with effective 

isomerization occurring under irradiation at 400-430 nm. The process was proposed to 

proceed predominantly via a stilbene-centered 3LLCT state. Intramolecular energy transfer 

from the MLCT state to the stilbene triplet state was found to significantly influence the 

isomerization rate. In their free forms, the complexes exhibited very weak emission, while 

their acidified forms showed moderately enhanced luminescence, suggesting the presence 

of non-radiative deactivation pathways accessible through 3MLCT-to-stilbene energy 

transfer. Notably, photoisomerization led to a pronounced increase in emission intensity, 

highlighting the potential of these systems for dual-mode emission switching controlled by 

both protonation and light stimuli. 



Chapter 1 

37 
 

(bpy)ReI(CO)3(trans-LH+) (bpy.-)ReII(CO)3(trans-LH+)

energy 
transfer

(bpy)ReI(CO)3
3(trans-LH+)(bpy)ReI(CO)3(cis-LH+)

h

N

O O

O

O

L =

NN

Re CO

COOC

R

1 R= NEt2

+

R=

R

h

trans-cis
isomerization

2

 

Figure 1.35 

 

 Iha and colleagues conducted a comprehensive investigation into the 

photoisomerization behavior of a series of stilbene-functionalized Re(I) carbonyl 

complexes. These included compounds of the general formula fac-[Re(CO)3(dmcb)(trans-

stpyR)]+, where dmcb=4,4'-dimethoxycarbonyl-2,2'-bipyridine and trans-stpyR= trans-4-

styrylpyridine or trans-4-(4-cyano)styrylpyridine, as well as related systems of the form 

fac-[Re(CO)3(NN)(trans-stpyCN)]+, with NN representing either 2,2′-bipyridine or 4,4′-

dimethyl-2,2′-bipyridine (Figure 1.36).204,205 The photophysical and photoisomerization 

properties of these complexes were systematically studied using a combination of 

spectroscopic techniques, including UV-vis absorption, steady-state emission, and 1H 

NMR spectroscopy. These complexes demonstrated efficient trans-cis photoisomerization 

with high quantum yields ranging from 0.37 to 0.64 under irradiation at various 

wavelengths across the UV and visible spectrum (313, 334, 365, 404, and 436 nm). The 

reverse cis→trans isomerization was also effectively achieved under 255 nm light 

irradiation. Mechanistic analysis suggested a significant role for the 3ILstpyCN excited state 

in governing the observed photochemical behavior. 
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 Freixa and co-workers synthesized a series of tris-cyclometalated iridium(III) 

complexes including up to three azobenzene moieties integrated into the coordination 

framework via 2-phenylpyridyl-type ligands (Figure 1.37).210 They conducted an in-depth 

investigation of the photochromic and photoisomerization properties of these systems, 

systematically evaluating how structural parameters such as the number of azobenzene 

units, their substitution patterns, coordination geometries, and spatial proximity to the 

Ir(III) center influence the photoresponsive behavior.  
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Figure 1.37 

 

 Baitalik and co-workers investigated the photoisomerization behavior of a series of 

terpyridine-based ligands functionalized with stilbene units and various covalently linked 

aliphatic electron-donating or -withdrawing substituents as well as polyaromatic moieties. 

Their study extended to a range of metal complexes incorporating these ligands, including 

Ru(II), Os(II), Fe(II), and Zn(II) centers, in both homoleptic and heteroleptic coordination 

environments (Figure 1.38).124,138,139,144,211-215 The ligand frameworks, as well as their 

corresponding metal complexes, exhibited reversible trans-cis photoisomerization upon 

alternating exposure to UV and visible light. In some cases, thermal reversion from the cis 

to trans configuration was also observed. Notably, heteroleptic complexes containing 

benzimidazole functionalities were shown to undergo deprotonation under basic conditions 

or elevated pH, leading to significant modulation of their ground- and excited-state 

electronic properties. Deprotonation not only enhanced the photoisomerization rate but also 

introduced proton-coupled redox behavior, highlighting the potential of these systems for 

multifunctional photo- and pH-responsive applications. Introduction of polyaromatic 

moieties also affect the overall electronic nature and photophysics of the complexes. The 

effect of the polyaromatic groups on the photoisomerization kinetics and quantum yield 

was also thoroughly investigated.  
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1.7. A Concise Review on Logic Gates 

 Over the past few decades, computers have become indispensable tools across 

diverse fields, enabling advanced calculations, data processing, and seamless 

communication.108-120 The concept of performing computation and information processing 

at the molecular level was first introduced by De Silva in 1993, marking a significant shift 

toward the development of ultra-miniaturized computing systems beyond the limitations of 

conventional silicon-based technologies. At the core of digital computation lie logic gates 

which are fundamental units that execute binary arithmetic and logical operations. 

Translating this principle to the molecular scale has led to the emergence of molecular logic 

gates, which mimic the behavior of traditional logic gates but function within nanoscale 

environments. These molecular systems can be integrated into more complex architectures, 

enabling computational operations on a scale that traditional semiconductor technologies 

cannot achieve. Binary logic, which operates on two discrete states (typically denoted as 
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"0" and "1"), supports these systems. The following section presents a concise overview of 

selected molecular logic gate systems reported in the literature. 

 Li and coworkers reported an Ir(III)-based chemosensor capable of mimicking 

molecular logic gate functions, specifically AND and INHIBIT operations, in the presence 

of Hg2+ and histidine (Figure 1.39).216 In its free form, the complex exhibits negligible 

luminescence. Upon addition of histidine, a slight enhancement in emission is observed, 

while the simultaneous presence of both Hg2+ and histidine induces a pronounced 

luminescent response. This selective behavior allows the system to function as a two-input 

logic device, demonstrating AND gate and INHIBIT gate characteristics under specific 

input conditions. 
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Figure 1.39 

 

 Biancardo et al. demonstrated a Ru(II)-based molecular system capable of 

performing two-input NOR logic gate operations (Figure 1.40).217 In this design, an applied 

electric field and Cu²⁺ ions serve as the two independent inputs. The emission intensity at 

668 nm is significantly quenched upon the application of either input, resulting in an "OFF" 

luminescent state. Only in the absence of both stimuli the system retains its luminescence, 

representing the "ON" state. This binary output behavior effectively replicates the logical 

function of a NOR gate. 
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 Awasthi and his group developed an Os(II)-bipyridine complex incorporating an 

imidazole-carboxylate ligand capable of performing combinational logic functions (Figure 

1.41).218 The complex exhibits a distinct brown color under ambient conditions, which 

fades upon exposure to Cu2+ ions. Interestingly, the original coloration is restored upon 

subsequent addition of water. Using Cu2+ and H2O as the two chemical inputs, absorption 

changes at 509 nm and 293 nm were monitored as optical outputs. The response at 509 nm 

was consistent with the logic behavior of an INHIBIT gate, while the spectral change at 

293 nm enabled the construction of an IMPLICATION gate. This system thus exemplifies 

a multi-output molecular logic device based on optical signaling. 

 

N

N

N

N

N

N
C

O

O

HN
N

Os

 

Figure 1.41 

 

 Zhong and co-workers synthesized a diruthenium complex featuring a redox-active 

amine-bridge and elucidated its structure using single-crystal X-ray diffraction (Figure 

1.42).219 The complex exhibits distinct NIR absorption signatures corresponding to three 

discrete redox states. These well-defined optical responses, along with high output contrast 

and prolonged state retention, render the system a promising candidate for molecular 

memory applications, including flip-flop, flip-flap-flop, and ternary memory devices. In 

the flip-flop memory model, two electrical inputs and two NIR outputs were employed to 

simulate binary data storage. Furthermore, the multi-level logic capabilities of the complex 

were demonstrated through the implementation of flip-flap-flop and ternary memory 

functions, utilizing three electrochemical stimuli as inputs and three NIR absorption signals 

as optical outputs, each representing a distinct redox state. 

Schmittel et al. developed two linear phenanthroline-based ligands, one containing 

two binding sites (2) and the other three (3), designed to function as molecular logic gates 

through protonation-dependent luminescence responses (Figure 1.43).220 Using protons 

(H+) as input signals and emission intensity as the output, ligand 2 demonstrated behavior  
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consistent with an XNOR logic gate. Specifically, the free and doubly protonated forms of 

2 exhibited strong fluorescence, while the singly protonated form was non-emissive, 

fulfilling the criteria for XNOR logic. In contrast, ligand 3 exhibited more complex 

emission behavior: its strong fluorescence at 414 nm diminished for singly and doubly 

protonated forms, while a new emission peak at 526 nm appeared for the fully protonated 

form. These distinct emission profiles enabled ligand 3 to perform integrated logic 

functions resembling a multiport AND-NOR-OR logic gate.  

Baitalik and the group recently introduced a multifunctional molecular system 

incorporating a terpyridine-stilbene conjugate, designed to perform diverse logic operations 

based on its tunable optical properties (Figure 1.44).124 The terpyridine moiety serves as a 

coordination site for various cations, while the stilbene unit exhibits photoresponsive 

behavior under irradiation with specific wavelengths of light. This responsiveness enables 

modulation of the system’s optical outputs upon exposure to different cationic or photonic 

stimuli. By treating metal ions and light wavelengths as discrete input signals and 

monitoring the corresponding optical responses as outputs, the system successfully 
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simulates multiple Boolean logic operations, including INHIBIT, IMPLICATION, OR, 

NOR, NAND, and their combinational variants. Furthermore, the platform was extended 

to demonstrate sequential logic applications, such as molecular keypad locks and memory 

functions, wherein the correct order of inputs governs the output signal, allowing for secure 

data encoding and logic-controlled optical switching. 
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Figure 1.44 

 

 The group further developed multifunctional molecular logic devices using a 

terpyridine-based receptor featuring anthraquinone and imidazole units (Figure 1.45).221 In 

this system, the terpyridine moiety functions as a recognition site for metal cations, while 

the imidazole unit selectively interacts with anionic species. The distinct absorption and 

emission responses caused by specific combinations of ionic inputs enabled the system to 

emulate advanced logic operations, including half-subtractor circuits, molecular keypad 

locks, and memory devices. Moreover, to transcend traditional binary logic, a fuzzy logic 

framework was employed to interpret the receptor’s luminescence responses in a 

continuous manner, thereby facilitating the realization of an infinite-valued logic system 

with enhanced computational versatility. 
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Mardanya et al. reported the synthesis and structural characterization of a 

bifunctional molecular receptor comprising a pyridyl-imidazole framework tethered to the 

1,6-positions of a pyrene core (Figure 1.46).68 Single-crystal X-ray diffraction confirmed 

its molecular structure. The receptor exhibits dual recognition capabilities: the imidazole 

NH group serves as a selective binding site for anions, while the bipyridyl core coordinates 
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with transition metal cations. Spectroscopic investigations revealed distinct optical 

responses upon interaction with F- ions and divalent metal ions such as Zn2+ and Cd2+. By 

analyzing these responses, the system was shown to emulate Boolean logic gate functions, 

including INHIBIT, OR, and XOR, when specific combinations of Zn2+ and F- or Cd2+ and 

F- were applied as input signals. 
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1.8. Research Objectives and Scope of the Present Study 

 Extensive research in the field of molecular devices highlights the strategic design 

of functional molecular assemblies capable of responding to external stimuli such as light, 

temperature, pH, and specific chemical agents. Both organic chromophores and transition 

metal complexes have been widely explored for such applications. Among them, Ru(II) 

and Os(II) polypyridine complexes have attracted significant interest due to their well-

defined photophysical, photochemical, and electrochemical properties, making them 

promising candidates for the development of stimuli-responsive molecular systems. 

 The coordination chemistry of Ru(II) and Os(II) complexes is predominantly 

centered around bidentate ligands such as 2,2'-bipyridine and 1,10-phenanthroline, owing 

to their favorable electronic properties in both ground and excited states. However, the use 

of bidentate chelators in octahedral complexes often leads to the formation of multiple 

geometric isomers, complicating purification and characterization. To overcome this 

limitation, tridentate ligands, particularly those based on the terpyridine scaffold, have been 

employed, as they promote the formation of structurally well-defined, achiral linear 

complexes. Despite these advantages, the major constraint of Ru(II) terpyridine complexes 

lies in their usually poor excited-state properties at ambient temperature, typically 

exhibiting weak or non-existent luminescence and very short excited-state lifetimes. As a 

result, the rational design of Ru(II) terpyridine systems with improved photophysical 

properties remains a significant and ongoing challenge in the field of coordination 

chemistry. 
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 To this end, the prime objective of this dissertation is to design and synthesize 

Ru(II) terpyridine-based complexes exhibiting enhanced ground- and excited-state 

properties, with a view toward their application as functional components in photochemical 

molecular devices. Particular emphasis is placed on improving their luminescence 

efficiency and excited-state lifetimes at room temperature. One promising strategy to 

enhance RT luminescence in Ru(II)-terpyridine complexes involves the incorporation of 

strong σ-donating cyclometalating ligands. These ligands establish a more rigid and 

geometrically idealized octahedral coordination sphere around the Ru(II) center. This 

structural reinforcement minimizes non-radiative decay pathways and contributes to 

improved excited-state properties, including increased luminescence efficiency and 

prolonged excited-state lifetimes. Additionally, Os(II) analogues of these terpyridine 

ligands will also be explored, with the goal of extending their absorption and emission 

profiles into the near-infrared region. This spectral tuning is especially relevant for 

applications in biological environments, where deeper tissue penetration and minimal 

photodamage are critical. 

 Another major objective of this work is to develop coordination complexes capable 

of reversible modulation of their physicochemical properties in response to external stimuli, 

enhancing their utility in designing molecular devices. Stimuli-responsive systems are 

increasingly important in applications such as sensing, switching, and information storage. 

Compared to purely organic molecules, coordination complexes offer superior tunability in 

structure, photophysics, and electrochemistry. Among various stimuli, light is particularly 

attractive for enabling precise, non-invasive control of molecular transformations. Most of 

the reported photoswitches operate through a single reaction pathway such as trans-cis 

isomerization or electrocyclization and show bistable behavior suitable for binary logic 

functions. However, moving beyond binary switching requires systems capable of multiple 

independently addressable transformations. Such multi-state switches offer expanded 

functionality, including multi-site addressing, higher information density, and complex 

logic operations. This versatility is further enhanced by materials that respond to multiple 

stimuli e.g., light, pH, redox, temperature, or chemical species providing greater control, 

flexibility, and reversibility. Although the photoisomerization of stilbene- and azo-

functionalized metal complexes is well documented, multi-stimuli responsive multi-state 

photoswitching in platinum metal complexes including stilbene-appended terpyridine 

ligands are relatively sparse in the literature. 
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 To achieve our goals, we have first synthesized a series of cyclometalating ligands, 

py-bpy-Ph-X (X= -CH3, -CH2Br, -CHO) to increase the 3MLCT-3MC energy gap and 

enhance the photophysical properties of Ru(II)-terpyridine type complexes (Scheme 1.1). 

The cyclometalating ligand py-bpy-Ph-CH3 is obtained as a minor product during the 

synthesis of tpy-PhCH3 ligand from the reaction of 2-acetyl-pyridine, p-tolualdehyde, 

acetamide and ammonium acetate. The other two ligands are also synthesized upon 

appropriate derivatization of py-bpy-Ph-CH3 (Scheme 1.2). The detailed synthetic 

procedure will be discussed in Chapter 2.  
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 We have also designed a bis-terpyridine bridging ligand, tpvpvpt, incorporating two 

consecutive stilbene units between two terpyridine motifs to modulate the 3MLCT-3MC 

energy gap (Scheme 1.3). The ligand is prepared by mixing tpyPhCH2PPh3Br and 

terephthalaldehyde in 2:1 molar ratio in DCM at 0-5 oC under inert atmosphere (Scheme 

1.4).  
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 We have also adopted a synthetic strategy to design Ru(II)-terpyridine complexes 

with enriched ground and excited state properties by preparing an asymmetric (tpvpt') and 

a symmetric bridging ligand (t'pvpvpt') by integrating stilbene moieties with 

cyclometalating and/or non-cyclometalating terpyridine units (Scheme 1.5). The synthetic 

scheme for the ligands is delineated in Scheme 1.6. 
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The formation of structurally diverse monomeric and dimeric Ru(II) and Os(II) 

complexes employing these ligands in conjunction with various tridentate co-ligands is 

depicted in Schemes 1.7-1.10. The incorporation of cyclometalating ligands with strong σ-

donating ability, along with stilbene-based units featuring extended π-conjugation, 

significantly influences the electronic configuration of the complexes, particularly in their 

excited states. These electronic modifications are associated with enhanced 
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photoluminescence at room temperature. Furthermore, systematic variation of the capping 

ligands enables precise modulation of the photophysical and electrochemical properties of 

the resulting complexes. 
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 Following the synthesis of the ligands and their corresponding metal complexes, 

complete characterization will be carried out using standard analytical techniques such as 

elemental analysis, ESI-MS or HRMS, and NMR spectroscopy. The optical properties of 

these complexes, including their absorption and emission spectral behavior, will be 

systematically investigated. Excited-state lifetimes will be determined using time-

correlated single-photon counting (TCSPC), while redox characteristics will be examined 

through cyclic voltammetry. To gain deeper insight into their electronic structures and to 

rationalize the experimentally observed optical transitions, density functional theory (DFT) 

and time-dependent DFT (TD-DFT) calculations will be employed. In addition, the stimuli-

responsive behavior of these systems will be explored, with particular attention to 
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photoinduced trans-cis isomerization about the C=C double bond. Complexes with one 

phenylene-vinylene unit are expected to undergo reversible trans-cis isomerization upon 

irradiation with light. In contrast, complexes bearing two phenylene-vinylene units may 

exhibit more complex switching behavior, transitioning between trans-trans, trans-cis, and 

cis-cis geometries under light exposure (Schemes 1.11-1.13). The reverse isomerization 

processes will be triggered using light of a different wavelength. Importantly, the rate and 

efficiency of photoisomerization can be modulated by introducing oxidants, reductants, 

cations, anions, acid, base and light of different wavelengths, thereby enabling precise 

control over photoswitching behavior and facilitating the design of efficient multi-state and 

multi-stimuli responsive molecular switches. This multi-state photoswitching behavior 

exhibited by these complexes offers significant potential for implementation in advanced 

molecular logic operations. By monitoring distinct spectral changes generated in response 

to sequential external stimuli, the feasibility of simulating complex Boolean logic functions 

will be systematically investigated (Scheme 1.14). Furthermore, leveraging the 

computational power and versatility of Python, a novel logic circuit model will be 

developed. This model will be designed to process a range of input combinations and 

reliably execute decision-making protocols, effectively emulating the behavior of 

conventional digital logic circuits at the molecular level. 
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 The detailed implementation of the various research objectives, along with 

corresponding experimental and computational investigations, is presented in Chapters 2-

6. 

 Chapter 2 details the synthesis and characterization of a series of luminescent 

Ru(II)-terpyridine complexes incorporating both cyclometalating and non-cyclometalating 

motifs derived from two isomeric forms of methylphenyl-substituted terpyridine (tpy-

PhCH3). These complexes exhibit NIR emission at RT, along with prolonged excited-state 

lifetimes. The presence of a non-coordinated nitrogen atom in the outer coordination sphere 

enables fine-tuning of the photophysical properties through acid-base interactions. Excess 

acid induces cleavage of the Ru-C bond, while subsequent treatment with base at elevated 

temperatures reinstates coordination. This reversible transformation facilitates switchable 

"on-off-on" emission, governed by the sequential application of acid, base and temperature. 

DFT and TD-DFT calculations are also employed to assign key spectral transitions and to 

elucidate structural changes underlying the observed switching phenomena. 

 Chapter 3 deals with the synthesis and characterization of two NIR emissive 

bimetallic cyclometalated Ru(II)-terpyridine complexes featuring phenylene-vinylene 

linkers within the bridging framework. Non-coordinated nitrogen atoms in the outer 

coordination sphere enable reversible modulation of photoredox properties through acid-

base treatment, with de-coordination and re-coordination of Ru-C bonds triggered by 

sequential exposure to acid, base, and heat. Upon alternating exposure to visible and UV 

light, the complexes undergo trans to cis or trans-trans to trans-cis isomerization. 

Furthermore, the impact of acidic conditions on isomerization kinetics is systematically 

investigated. Quantitative analysis reveals a significant enhancement in the rate of 

photoisomerization in the presence of acid compared to neutral conditions. DFT and TD-

DFT calculations are also carried out to get deeper insights into the electronic structure and 

the spectral band assignments. 

 In chapter 4, the synthesis, characterization and detailed investigation on the photo-

redox properties of a new array of dimeric Ru(II) complexes derived from phenylene-

vinylene-substituted terpyridyl ligand are presented. Owing to the presence of olefinic 

double bonds in the bridge, the photoisomerization behavior of these complexes is also 

explored. The complexes exhibit reversible trans-trans to cis-cis isomerization in presence 

of visible or UV light. Notably, the rate of photoisomerization can be significantly 

accelerated through the introduction of chemical oxidants or reductants, demonstrating the 

ability of the complexes to operate as multi-state molecular switches. 
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 Chapter 5 focuses on the development of multiply-configurable molecular logic 

devices based on the multi-step stimuli-responsive switching behavior of a selected Ru(II) 

complex from the previously described series. By harnessing the distinct emission 

responses elicited under various external stimuli as optical outputs, a range of advanced 

Boolean logic operations are demonstrated. These include IMPLICATION logic, as well 

as more complex architectures such as 2-input 2-output and 3-input 2-output combinational 

logic gates. Furthermore, a logic circuit model is implemented using Python, enabling 

automated interpretation of input conditions and accurate output generation.  

 The detailed synthetic procedure and characterization of two symmetric, 

luminescent bimetallic Ru(II) and Os(II) complexes with a bis-terpyridine bridging ligand 

containing two consecutive phenylene-vinylene units, along with a tridentate capping 

ligand bearing acidic methylene groups and phosphonium functionalities are presented in 

Chapter 6. Owing to the presence of acidic methylene protons, the complexes exhibit 

selective responses to F- and OH- anions. Additionally, they undergo light-induced 

reversible trans-trans to trans-cis isomerization upon exposure to visible or UV light. The 

systems display efficient, reversible “on-off” emission switching across the visible to NIR 

range in response to multiple external stimuli, including specific anions, oxidants, 

reductants and light of distinct wavelengths. Interestingly, such stimuli induce a significant 

enhancement in the rate of photoisomerization. 
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2.1. Introduction 

Ru(II) complexes derived from polypyridyl ligands are frequently used as model 

systems for their fruitful utilizations in diverse field of applications such as 

photosensitizers, functional constituents in molecular-level machines, optoelectronics, dye 

sensitized solar cells (DSSCs) and sensors.1-8 Both the ground and excited state behavior 

of the complex arrays could be regulated upon judicious choice of the chelating ligands.9-

11 Consequently, wide varieties of ligands have been rationally designed to fine tune the 

structural features and electronic aspects of the resulting Ru(II) complexes.10-14 

[Ru(bpy)3]
2+ (bpy =2,2′-bipyridine) and its derivatives have shown remarkable utility to 

this end because of their good redox stability in both the ground and excited states, a broad 

and tunable metal-to-ligand charge-transfer (MLCT) band in the visible domain and 

enhanced excited-state lifetime (τ = 860 ns) for [Ru(bpy)3](PF6)2 in MeCN) and quantum 

yields (Φ = 0.062).15,16 This sort of emission characteristics primarily originates from 

lowest-lying 3MLCT states that are energetically well-separated from the deactivating 

triplet metal-centered (3MC) excited states. The related bis(tridentate) complex, 

[Ru(tpy)2]
2+ (tpy = 2,2':6',2''-terpyridine), possess many similar properties to that of 

[Ru(bpy)3]
2+ but the acute bite angle of the terpyridines allow the 3MC states to be thermally 

accessible which in turn drastically affect their emission characteristics together with the 

lifetimes (e.g., τ = 0.25 ns for [Ru(tpy)2](PF6)2).
17,18 This observation is very frustrating as 

the inherent C2 symmetry in [Ru(tpy)2]
2+ can afford isomer-free functionalization of the 

complexes upon substitution at the 4-position of the tpy ligand so that vectorial transport 

of either electron or energy could be feasible.18,19 

These observations motivate us to design Ru(II) complexes with bis-tridentate 

skeletons having long-lived excited-states and we already synthesized a wide variety of 

luminescent Ru(II)-bis tridentate complexes with long excited state lifetimes during last 

few years.20-27   Several methodologies have been adopted to enhance the energy barrier 

between emissive 3MLCT and quenching 3MC states through proper derivatization of the 

tpy moiety by electron-withdrawing/donating species,28-33 coplanar aromatic motifs23,26,34-

36 or organic chromophores having the energy of 3LC level comparable to those of the 

3MLCT states.11 Computational investigations based on density functional theory (DFT) 

suggest that for the prototypical polypyridyl-based complexes, the highest occupied 

molecular orbitals (HOMOs) lie mostly on the Ru d orbitals, while ligand part constitutes 

the lowest unoccupied molecular orbitals (LUMOs).37,38 Additionally, due to their large 



Chapter 2 

76 
 

energy gap between HOMO and LUMO the subsequent absorption spectral profile leaves 

out an intrinsic part of the solar spectrum in the red region.  

Another effective approach for the design of emissive Ru(II)-terpyridines is to 

destabilize the 3MC level and enhance the donating capacity of the ligand through the use 

of carbanionic aromatic units (cyclometalating ligands).31,39-43 The prototypical N-N-N 

coordination of the terpyridine ligands to the metal ion can be replaced with N-N-C/N-C-

N type binding patterns to form cyclometalated complexes wherein carbon atoms replace 

one or more nitrogen donors for the betterment of the photo-redox characteristics of the 

resulting bis-tridentate arrays.44-47   This protocol has permitted the accomplishment of Ru 

complexes in DSSCs towards achieving high conversion efficiency and enhanced chemical 

properties as demonstrated by the research groups of Gratzel,48-51   van Koten,52-55   

Berlinguette,56-59   and others.60-67 The incorporation of Ru-C yields lower RuII/III potentials 

and considerably red-shifted absorption and emission bands relative to the [Ru(tpy)2]
2+ 

derivatives. Apart from their major interest in DSSCs, and near-infrared electrochromism, 

the cyclometalated Ru(II) complexes are believed to be potential candidates in 

photochemotherapy because of their increased lipophilicity and cellular uptake arising out 

of their lower charges.68,69    

4'-(p-Methylphenyl)-2,2':6',2''-terpyridine ligand (tpy-PhCH3) has been extensively 

employed by several research groups for the synthesis of linear achiral rod-like 

architectures with several transition metal ions.18,70-73 During the synthesis of the 

aforementioned ligand, a positional isomer, viz. 6'-tolyl-2,2':4''-terpyridine, is also obtained 

as the minor product. Although the said isomeric form of tpy-PhCH3 was previously 

reported,74 there is no report till date, wherein the isomeric minor product was utilized for 

the synthesis of cyclometalated Ru(II) complexes via NNC coordination mode. To this end, 

with the goal of developing a new strategy to prepare luminescent Ru(II) complexes, we 

designed herein a new set of heteroleptic bis-tridentate complexes of the type, [(py-bpy-

Ph-X)Ru(tpy-PhCH3)]ClO4 (X= CH3, CH2Br, and CHO) incorporating both non-

cyclometalated tpy-PhCH3 (NNN) and cyclometalated py-bpy-Ph-X (NNC) coordination 

motifs by using the two isomeric forms of tpy-PhCH3 (Chart 2.1). To fine tune the 

photophysical and electrochemical properties, we substituted the -CH3 group by -CH2Br, 

and -CHO motifs.  The electronic asymmetry around the central Ru(II) center together with 

higher field strength induced by cyclometalating ligand inhibits non-radiative decay 

channels by increasing the energy gap between the 3MLCT and 3MC states which in turn 

brings about a new class of luminescent complexes with relatively longer excited-state 
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lifetimes.31,39,41,42 To the best of our knowledge, no documentation of luminescent 

cyclometalated complexes using 6'-tolyl-2,2':4''-terpyridine and Ru(II) is available in the 

literature. The absorption spectral window for the cyclometalated complexes increases 

substantially towards red-region with respect to their analogous [Ru(tpy)2]
2+ type 

complexes and also emit in the NIR domain. The outer coordination sphere of the 

complexes also possesses non-coordinated nitrogen atom in the cyclometalated site and 

taking advantage of which fine modulation of the spectral properties could be feasible by 

acid-base equilibria. Thus, the present work reports the synthesis, structural 

characterization and thorough investigation of acid/base-induced modification of the 

photophysical characteristics of the complexes. In addition to experimental demonstration, 

computational investigations of the complexes have been performed by density functional 

theory (DFT) and time-dependent (TD-DFT) to elucidate both the electronic structure as 

well as appropriate band assignment of the complexes. 

 

 

Chart 2.1. Molecular structures of the complexes (1-3) under present investigation. 

 

2.2. Experimental Section 

2.2.1. Materials. Reagent grade chemicals were purchased from Merck. Solvents 

and other chemicals were purchased from local vendors.  4'-(p-Methylphenyl)-2,2':6',2''-

terpyridine (tpy-PhCH3) was synthesized according to the literature procedures.75 [Ru(tpy-

PhCH3)Cl3] was prepared by the reaction of RuCl3.3H2O with tpy-PhCH3 in 1:1 molar ratio 

in refluxing ethanol. 

2.2.2. Synthesis of the Ligands. The synthetic procedures of 6'-tolyl-2,2':4''-

terpyridine {py-bpy-Ph-CH3 (L1)}, 6'-bromomethylphenyl-2,2':4''-terpyridine {py-bpy-

Ph-CH2Br (L2)} and 6'-formyl-2,2':4''-terpyridine {py-bpy-Ph-CHO (L3)} ligands are 

provided below.  
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6'-Tolyl-2,2':4',2''-terpyridine (L1). A mixture of 2-acetyl-pyridine (12.5 g, 0.10 

mol), p-tolualdehyde (6.2 g, 0.05 mol), acetamide (92.0 g, 1.6 mol), and ammonium acetate 

(59.0 g, 0.76 mol) was stirred under reflux for 2 h. The reaction mixture was cooled to 

120˚C; then a solution of NaOH (10 g) in water (100 mL) was added, and refluxing was 

continued for a further 2 h. At room temperature, the black, rubber-like solid that formed 

was filtered off and washed with water and then with ethanol. The raw product was then 

recrystallized from ethanol. The needles thus obtained (6.0 g) were dissolved in an ethanol-

dichloromethane mixture (1:1, 200 mL), and upon addition of an ethanolic solution of 

ferrous perchlorate (2.72 g in 50 mL) a violet crystalline compound was deposited. The 

filtrate was collected and dried in rotary evaporator. The solid compound was purified 

through column chromatography by eluting with a mixture of ethyl acetate and petroleum 

ether (1:9, v/v). The solution was again dried in rotary evaporator. Finally, the solid 

compound was recrystallized from methanol. Yield: 0.5 g (3%). Anal. Calcd for C22H17N3: 

C, 81.70; H, 5.29; N, 12.99. Found: C, 81.75; H, 5.26; N, 12.97. 1H NMR (400 MHz, 

DMSO-d6): /ppm 9.04 (s, 1H, 1H3′′), 8.80 (d, 1H, J=4 Hz, 1H3), 8.75 (d, 1H, J=4 Hz, 1H3′), 

8.61 (d, 1H, J=8 Hz, 1H6′), 8.56 (s, 1H, 1H3′′′), 8.31 (d, 1H, J=8 Hz, 1H6), 8.23 (d, 2H, J=8 

Hz, 2H7), 8.02-7.98 (m, 2H, 1H4+1H4′), 7.53-7.48 (m, 2H, 1H5+1H5′), 7.35 (d, 2H, J=8 Hz, 

2H8), 2.38 (s, 3H, -CH3). Electrospray ionization mass spectrometry (ESI-MS) (positive, 

MeCN) m/z: 324.12 (100%) [L1+H]+ 

 6'-Bromomethylphenyl-2,2':4',2''-terpyridine (L2). A mixture of 6'-tolyl-

2,2':4',2'' terpyridine (L1) (1.00 g, 3.09 mmol), N-bromosuccinamide (0.56 g, 3.09 mmol), 

and benzoyl peroxide (0.025 g, 0.10 mmol) in CCl4 (20 mL) was heated at reflux for 5 h 

under N2 protection and then cooled down to room temperature. The solid that formed was 

filtered and washed with CCl4 (20 mL). The filtrate along with the washings was rotary 

evaporated, and the solid residue obtained was recrystallized from ethanol-acetone (3:1, 

v/v) mixture. The resulting solid was collected and washed with cold ethanol. Yield: 0.52 

g (42%). Anal. Calcd for C22H16N3Br: C, 65.68; H, 4.01; N, 10.44; Br, 19.86. Found: C, 

65.64; H, 4.03; N, 10.47. 1H NMR (400 MHz, DMSO-d6): /ppm 9.04 (s, 1H, 1H3′′), 8.82 

(d, 2H, J=4 Hz, 1H3+1H3′), 8.73 (d, 1H, J=8 Hz, 1H6′), 8.66 (s, 1H, 1H3′′′), 8.40-8.35 (m, 

3H, 2H7+1H6), 8.09-8.04 (m, 2H, 1H4+1H4′),7.70-7.63 (m, 3H, 2H8+1H5), 7.58-7.55 (t, 1H, 

J=12 Hz, 1H5′), 4.82 (s, 2H, -CH2Br). Electrospray ionization mass spectrometry (ESI-MS) 

(positive, MeCN) m/z: 403.34 (30%) [L2+H]+, 322.10 (100%) [L2-Br]+. 
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 6'-Formyl-2,2':4',2''-terpyridine (L3). A mixture of 6'-Tolyl-2,2':4',2''-

terpyridine (L1) (1.00 g, 3.09 mmol), N-bromosuccinamide (1.23 g, 6.18 mmol), and 

benzoyl peroxide (0.049 g, 0.20 mmol) in CCl4 (20 mL) was heated at reflux for 24 h under 

N2 protection. After removal of CCl4, the residue obtained was recrystallized by dissolving 

it in 50 mL of an ethanol-acetone (3:1) mixture. The solid was collected and washed with 

cold ethanol. This obtained product is 6'-Dibromomethylphenyl-2,2':4',2''-terpyridine. A 

suspension of 6'-dibromomethylphenyl-2,2':4',2''-terpyridine (0.45 g, 0.93 mmol) and 

CaCO3 (1.00 g, 10 mmol) in a mixture of 1,4-dioxane-water (4:1, 50 mL) was heated at 

reflux for 30 h. The resulting mixture was then filtered. The filtrate was extracted with 

CH2Cl2 (250 mL). The extracts were combined and washed successively with a 0.1 M 

aqueous EDTA solution (50 mL), 0.1 M aqueous HCl (50 mL), and then with water (250 

mL) and kept over anhydrous sodium sulfate. The resulting solution was dried on a rotary 

evaporator. The product was recrystallized from DCM-hexane mixture and finally washed 

with hexane. Yield: 0.25 g (80%). Anal. Calcd for C22H15N3O: C, 78.32; H, 4.48; N, 12.45; 

O, 4.74. Found: C, 78.35; H, 4.52; N, 12.47.  1H NMR (400 MHz, DMSO-d6): /ppm 10.13 

(s, 1H, -CHO), 9.16 (s, 1H, 1H3′′), 8.82 (d, 1H, J=4 Hz, 1H3), 8.77 (d, 1H, J=4 Hz, 1H3′), 

8.75 (s, 1H, 1H3′′′), 8.65 (d, 1H, J=8 Hz, 1H6′), 8.60 (d, 2H, J=8 Hz, 2H7), 8.40 (d, 1H, J=8 

Hz, 1H6), 8.11 (d, 2H, J=8 Hz, 2H8), 8.04 (t, 2H, J=12 Hz, 1H4+1H4′), 7.57-7.52 (m, 2H, 

1H5+1H5′). Electrospray ionization mass spectrometry (ESI-MS) (positive, MeCN) m/z: 

338.08 (100%) [L3+H]+. 

2.2.3. Synthesis of the Metal Complexes. The metal complexes were prepared by 

adopting a common synthetic protocol described below. 

[(py-(bpy-Ph-CH3))Ru(tpy-PhCH3)](ClO4)·H2O (1). A mixture of Ru(tpy-

PhCH3)Cl3 (75 mg, 0.14 mmol) and AgBF4 (92 mg, 0.47 mmol) in 30 mL of Me2CO was 

refluxed with continuous stirring for 2h. After cooling down to room temperature, the 

precipitated AgCl was removed by filtration. 30 mL of 1-butanol was then added to the 

filtrate and residual Me2CO was removed by rotary evaporation. To the resulting solution 

was added finely powdered L1 (49 mg, 0.15 mmol) and the mixture was refluxed under 

basic condition for 6h with continuous stirring. After cooling, the solution was poured into 

aqueous solution of NaClO4·H2O (1.5 g in 5 mL of water) when a violet-colored precipitate 

appeared. The compound was filtered and purified by silica gel column chromatography 

using MeCN as the eluent. Upon rotary evaporation of the eluent to a small volume (∼10 

mL), a microcrystalline complex was formed, which was filtered and recrystallized from 



Chapter 2 

80 
 

MeCN-MeOH (1:5, v/v) mixture. Yield: 79 mg (62%). Anal. Calcd for C44H35N6RuClO5: 

C, 61.14; H, 4.08; N, 9.72. Found: C, 61.11; H, 4.05; N, 9.75. 1H NMR (400 MHz, DMSO-

d6): /ppm 9.24 (s, 2H, 2H3′), 9.22 (s, 1H, 1H3′′), 8.95 (s, 1H, 1H3′′′), 8.92-8.87 (m, 4H, 

2H6+1H12+1H12′), 8.61 (d, 1H, J=8 Hz, 1H9′), 8.28 (d, 2H, J=8 Hz, 2H7), 8.12 (t, 1H, J=7.5 

Hz, 1H11′), 7.95-7.90 (m, 2H, 1H10′+1H14), 7.83 (t, 2H, J=7.5 Hz, 2H4), 7.56 (t, 1H, J=7 Hz, 

1H11), 7.48 (d, 3H, J=8 Hz, 2H3+1H9), 7.39 (d, 2H, J=5.5 Hz, 2H8), 7.15-7.11 (m, 3H, 

2H5+H10), 6.52 (d, 1H, J=8Hz, 1H15), 5.49 (s, 1H, 1H13), 2.43 (s, 3H, -bpy-PhCH3), 1.73 

(s, 3H, -tpy-PhCH3). Electrospray ionization mass spectrometry (ESI-MS) (positive, 

MeCN) m/z=374.02 (100%) [(HPy-(bpy-Ph-CH3))Ru(tpy-PhCH3)]
2+ and m/z=746.84 

(55%) [(Py-(bpy-Ph-CH3))Ru(tpy-PhCH3)]
+.   

[(py-(bpy-Ph-CH2Br))Ru(tpy-PhCH3)](ClO4)·2H2O (2). Yield: 83 mg (60%). 

Anal. Calcd for C44H36N6RuBrClO6: C, 54.98; H, 3.77; N, 8.74. Found: C, 54.95; H, 3.79; 

N, 8.71. 1H NMR (400 MHz, DMSO-d6): /ppm 9.45 (s, 1H, 1H3′′), 9.30 (s, 2H, 2H3′), 9.03 

(s, 1H, 1H3′′′), 8.99-8.92 (m, 4H, 2H6+1H12+1H12′), 8.68 (d, 1H, J=8 Hz, 1H9′), 8.32 (d, 2H, 

J=8 Hz, 2H7), 8.16 (t, 1H, J=8 Hz, 1H11′), 8.02 (d, 1H, 1H14), 7.99 (t, 1H, J=7.5 Hz, 1H10′), 

7.88 (t, 2H, J= 7.5 Hz, 2H4), 7.61 (t, 1H, J=6 Hz, 1H11), 7.57 (d, 1H, J=5.5 Hz, 1H9), 7.52 

(d, 2H, J= 8 Hz, 2H3), 7.43 (d, 2H, J= 5.5 Hz, 2H8), 7.20-7.15 (m, 3H, 2H5+1H10), 6.63 (d, 

1H, J=8 Hz, 1H15), 5.73 (s, 1H, 1H13), 3.95 (s, 2H, -CH2Br), 2.47 (s, 3H, -CH3). ESI-MS 

(positive, MeCN) m/z=413.47 (100%) [(HPy-(bpy-PhCH2Br))Ru(tpy-PhCH3)]
2+ and 

m/z=825.74 (55%) [(Py-(bpy-Ph-CH2Br))Ru(tpy-PhCH3)]
+.   

[(py-(bpy-Ph-CHO))Ru(tpy-PhCH3)](ClO4)·H2O (3). Yield: 83 mg (66%). Anal. 

Calcd for C44H33N6RuClO5: C, 61.29; H, 3.86; N, 9.75. Found: C, 61.41; H, 3.78; N, 9.72.  

1H NMR (400 MHz, DMSO-d6): /ppm 9.47 (s, 1H, -CHO), 9.41 (s, 1H, 2H3′′), 9.33 (s, 

2H, 2H3′), 9.22 (s, 1H, 1H3′′′), 8.98 (d, 3H, J= 8 Hz, 2H6+1H12), 8.94 (d,1H, J= 4.5 Hz, 

1H12′), 8.71 (d, 1H, J= 8 Hz, 1H9′), 8.35-8.29 (m, 3H, 2H7+1H14), 8.18 (t, 1H, J=7.5 Hz, 

1H11′), 8.01 (t, 1H, J= 7.5 Hz, 1H10′), 7.88 (t, 2H, J= 8 Hz, 2H4), 7.63 (t, 1H, J=6.5 Hz, 

1H11), 7.58 (d, 1H, J=5 Hz, 1H9), 7.53 (d, 2H, J= 8 Hz, 2H3), 7.43 (d, 2H, J= 5.5 Hz, 2H8), 

7.27 (d, 1H, J= 7.5 Hz, 1H15), 7.23 (t, 1H, J= 6.5 Hz, 1H10), 7.15 (t, 2H, J= 6.5 Hz, 2H5), 

6.34 (s, 1H, 1H13), 2.48 (s, 3H, -CH3). ESI-MS (positive, MeCN) m/z=381.01 (100%) 

[(HPy-(bpy-Ph-CHO))Ru(tpy-PhCH3)]
2+ and m/z=760.83 (19%) [(Py-(bpy-Ph-

CHO))Ru(tpy-PhCH3)]
+. 

Caution! Perchlorate salts of the metal complexes are potentially explosive and 

therefore should be handled in small quantities with care. 
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2.2.4. Physical Measurements. Elemental analyses of the compounds were 

performed with a Vario-Micro V2.0.11 elemental (CHNSO) analyzer. NMR spectra were 

collected on a Bruker 400 MHz spectrometer in DMSO-d6 and CD3CN. High resolution 

mass spectrometry was performed on a Waters Xevo G2 QTOF mass spectrometer. The 

UV-vis absorption spectra were recorded with a Shimadzu UV 1800 spectrophotometer. 

Steady state luminescence spectra were obtained by a Horiba Fluoromax-4 

spectrofluorometer. Luminescence quantum yields were determined by using literature 

method taking [Ru(bpy)3]
2+ as the standard. Luminescence lifetime measurements were 

carried out by using time-correlated single photon counting set up from Horiba Jobin-Yvon. 

The luminescence decay data were collected on a Hamamatsu MCP photomultiplier 

(R3809) and were analyzed by using IBH DAS6 software.  

Experimental uncertainties are as follows:  absorption maxima, ±2 nm; molar 

absorption coefficients, 10%; emission maxima, ±5 nm; excited-state lifetimes, 10%; 

luminescence quantum yields, 20%. 

Electrochemical measurements were carried out in deaerated acetonitrile with a 

BAS epsilon electrochemistry system and a three-electrode set up consisting of a Pt (for 

oxidation) or glassy carbon (for reduction) working electrode, Pt auxiliary electrode, and 

Ag/AgCl as reference electrode. The cyclic voltammetric (CV) and square wave 

voltammetric (SWV) measurements are carried out at 25 °C in MeCN solution of the 

complexes (~110-3 M) and the concentration of the supporting electrolyte, 

tetraethylammonium perchlorate (TEAP), is maintained at 0.1 M. Freshly distilled 

acetonitrile is used as solvent and the electrodes are cleaned thoroughly after each 

individual scan. Additionally, nitrogen was thoroughly purged into the complex solutions 

after every scan to maintain an inert atmosphere. The scan rate is 100 mV/s for CV and 20 

mV/s for SWV. The potentials measured are compensated for the iR drop in the cell. All of 

the potentials reported in this study are referenced against the Ag/AgCl electrode, which 

under the given experimental conditions give a value of 0.36 V for the 

ferrocene/ferrocenium couple.  

2.2.5. Computational Methods. All calculations were performed with the 

Gaussian 09 program76 employing the DFT method with Becke’s three-parameter hybrid 

functional and LeeYang-Parr’s gradient corrected correlation functional B3LYP level of 

theory.77,78 6-31G(d) basis set was employed for the C, H, N, Br and O while SDD basis 

set was used for Ru atom.79 Geometries were fully optimized using the criteria of the 
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respective programs. TD-DFT80-83 calculations of the singlet-singlet excitations were 

performed in acetonitrile simulated by the CPCM model84 by using the so-called non-

equilibrium approach, which has been designed for the study of the absorption process.85,86 

We also performed the UKS calculations directly on the triplet state of the complexes to 

calculate singlet-triplet energy gap. Orbital analysis was completed with Gauss View87 and 

Gauss sum 2.2.88 

2.2.6. X-ray Crystal Structure Determination. Crystals suitable for structure 

determination were obtained by diffusing toluene to a solution of 1 in MeCN-DCM (1:4, 

v/v). X-ray diffraction data for the crystal of 1 mounted on a glass fiber and coated with 

perfluoropolyether oil was collected on a Bruker-AXS SMART APEX II diffractometer at 

296 K equipped with CCD detector using graphite-monochromated MoKα radiation (λ 

=0.71073 Å). The crystallographic data were processed with SAINT and absorption 

corrections were made with SADABS.89 The structure was solved by direct methods using 

SHELXT90 program and refined by full matrix least-squares method based on F 2 by using 

SHELXL program through Olex-2.91 The non hydrogen atoms were refined anisotropically, 

while the hydrogen atoms were placed with fixed thermal parameters at idealized positions. 

In the structure of 1, one free methanol molecule remains in the crystal packing which was 

highly disordered and the structure was finally solved by removing the disordered methanol 

molecule by running the program SQUEEZE.92 The electron density map also showed the 

presence of some unassignable peaks, which were removed by running the program 

SQUEEZE. The crystallographic figure has been generated using Mercury 2022.3.0 

software.93  

2.2.7. Photolysis of the Complexes. Photolysis of all the three complexes were 

carried out in photocatalytic reactor (Model No: 66901) designed by Newport corporation, 

USA. A 1-cm light path length quartz cell was used for the photolysis measurements. The 

concentration of the complexes was maintained in the range of 5 × 10-6 M - 1 × 10-5 M, and 

the solution was thoroughly degassed with N2 before photoirradiation and stirred 

magnetically during photolysis. Light of specific wavelengths were isolated using band 

pass filters -- 280, 330 and 500 nm. The rate constant of the Ru-C bond cleavage was 

evaluated from the absorbance titration data using equation (1).94 

ln{(A0 -Af)/(At-Af)}= kct       (1) 

where A0, At, and Af is the absorbance of the free receptor, after time t, and at the 

conclusion of the reaction. kc is the rate constant of photolysis and t is the required time for 

the completion of the photolysis process. Both kc and Af were estimated by nonlinear least-
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square method. The intensity of the light source was ~0.11 W. Quantum yields (φ) of the 

photolysis process were obtained by using the equation,95 

ν = (φI0/V)(1-10-Abs) 

where v is the rate of the photolysis, I0 is the photon flux at the front of the cell, V is 

the volume of the solution, and Abs is the initial absorbance at the irradiation wavelength.  

2.3. Results and Discussion 

 2.3.1. Synthesis and Characterization. The 6'-tolyl-2,2':4''-terpyridine ligand and 

its derivatives were synthesized according to the procedure already stated above in the 

experimental section. The solvated precursor, ([(tpy-PhCH3)Ru(Me2CO)3]
3+ obtained upon 

treating (tpy-PhCH3)RuCl3 with AgBF4 in acetone, is refluxed with respective ligand in 

presence of base for the synthesis of the desired products. The products are purified by 

chromatographic and recrystallization techniques and characterized via NMR and mass 

spectrometry along with elemental (C, H, and N) analyses. Details of synthesis and 

characterization data are already provided in the previous experimental Section. Solid state 

structure of 1 is also obtained by single-crystal X-ray diffraction.   

 2.3.2. NMR Spectra. 1H NMR spectra of 1-3 are delineated in Figure 2.1. For 

complex 1, two different types of -CH3 protons appear as two individual singlet (not shown 

in Figure 2.1). Due to the presence of a carbanionic center, the -CH3 group associated with 

the cyclometalating ligand resonates towards the up-field region (1.73 ppm) than that of 

the non-cyclometalating ligand (2.43 ppm). Singlets corresponding to H3', H3'' and H3''' 

protons appear at the down-field region of 8.95-9.45 ppm due to the complexation with RuII 

ion. For 3, the aldehydic proton appears at ~9.5 ppm. The H13 proton adjacent to the 

carbanionic center moves to the remarkably up-field region of 5.50-6.34 ppm and thus 

confirms the formation of cyclometalated complexes. For 2, the -CH2Br protons appear as 

a singlet at 3.95 ppm (not shown in Figure 2.1). 

2.3.3. Mass Spectra. ESI mass spectra of 1-3 inclusive of their simulated isotopic 

distributions are portrayed in Figure 2.2. Two intense peaks are observed for all complexes. 

The most abundant peak with its m/z value ranging between 374.02 and 413.47, separated 

by 0.5 Da, corresponds to the di-positive cations, [(Hpy-bpy-Ph-X)Ru(tpy-PhCH3)]
2+, 

while the less intense peak with its m/z spanning within the range of 746.84-826.04, 

separated by 1 Da, indicates the presence of mono-positive cations, [(py-bpy-Ph-X)Ru(tpy-

PhCH3)(ClO4)]
+. Good correlation is observed between the experimental and calculated 

isotopic patterns for all the complexes. 



Chapter 2 

84 
 

 

 

Figure 2.1. Proton NMR spectra of 1-3 in DMSO-d6. 

 

 

 

Figure 2.2. Experimental and simulated ESI (positive) mass spectra of 1-3 in MeCN. 

 

2.3.4. Structural Description of 1. Single crystal X-ray structure of 1 is depicted 

in Figure 2.3 which displays distorted octahedral geometry around the RuII center. 1 

crystallizes in triclinic mode with P-1 space group. Selected bond distances and bond angles 

are provided in Table 2.1. The central Ru-N bond length is considerably shorter compared 

to the terminal Ru-N bond lengths probably owing to efficient overlap between t2g orbital 
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of RuII and π* orbitals of the central pyridyl moiety of tpy-PhCH3. The comparatively larger 

terminal Ru-N distances in the non-cyclometalating ligand arise mostly because of the 

strained cisoid conformation in the metal complex. The peripheral Ru1-N5 bond {2.168(3) 

Å} gets elongated in the cyclometalated ligand. Additionally, because of the stronger  

donating ability of the carbanionic center, the Ru1-C23 bond is slightly shorter than that of 

the Ru1-N5 bond. The chelate bite angles lie within the range of 75.71°(10)-110.73°(10) 

whereas the trans angles span between 155.55°(11) and 173.42°(10). Ru-N distances vary 

within 1.950(2)-2.168(3) Å. (CCDC reference number: 2254384 for 1). 

 

 

Figure 2.3. ORTEP view of 1+ showing 50% probability ellipsoid plots. 

Table 2.1. Crystallographic Data for 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 1 

Formula C44H33ClN6O4Ru 
 

fw 846.28 

T (K) 296 K 

Cryst. Syst. Triclinic 

Space group P-1 

a (Ǻ) 10.2661(4) 

b (Ǻ) 14.3192(5) 

c (Ǻ) 14.6891(5) 

α (deg) 99.102(2) 

β (deg) 97.063(2) 

γ (deg) 100.061(2) 

V (Ǻ3) 2074.02(13) 

Dc(g cm-3) 1.355 

Z 2 

μ (mm-1) 0.491 

F(000) 864.0 

θ range (deg) 2.27-25.74 

Data/restraints/params 9461/0/507 

GOF on F2 1.061 

R1 [I > 2σ(I)]a, 0.0473 

wR2 (all data)b 0.1413 

Δρmax/Δρmin (e Ǻ) 0.980/ -0.685 

aR1(F) = [ ∑ || F0 | - |FC || / ∑ | F0 ], bwR2 (F2) 

= [∑ w(F02 - FC2)2 / ∑ w(F02)2]1/2 
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2.3.5. Theoretical Investigations. Theoretical calculations on both the ground and 

excited state of the complexes are carried out in MeCN utilizing B3LYP functional along 

with 6-31G(d) and SDD basis set. Ground state optimized structures of 1-3 are presented 

in Figure 2.4 and the corresponding metrical parameters for 1 are tabulated in Table 2.2. 

The values obtained from single crystal X-ray structure are in good correlation with the 

theoretical parameters. The frontier MOs and their compositions are provided in Figures 

2.5-2.7 and Tables 2.3 and 2.4. The HOMOs are mainly situated on RuII, while the LUMOs 

are situated on the terpyridine units of both cyclometalated and non-cyclometalated ligands. 

The HOMO-LUMO energy gap lies in the range of 2.98-3.02 eV. The electron density 

distribution across the complex backbone has been displayed in their electrostatic surface 

potential (ESP) plots (Figure 2.8). Green color implies the electron-rich portion, whereas 

the blue color indicates the electron-deficient region. ESP plots indicate that the non-

coordinated pyridine nitrogen in the outer sphere of the complexes as well as the 

carbanionic center on the cyclometalating part is the electron-rich region. 

 

 
 

 

Figure 2.4.  Ground state optimized geometries of the free (left panel), mono-protonated 

(middle panel), and de-coordinated forms (right panel) of 1-3 in acetonitrile.  
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Table 2.2. Selected Experimental and Calculated Bond Distances (Å) and Angles (deg) for 

1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic drawings of the selective frontier molecular orbitals of 1 in 

acetonitrile. 

 

 1 

Exptl. Soln. 

(singlet) 

Soln. 

(triplet) 

Ru1-N1 1.950(2) 1.979 2.003 

Ru1-N2 2.060(2) 2.097 2.106 

Ru1-N3 2.064(2) 2.098 2.106 

Ru1-N4 2.017(2) 2.044 2.046 

Ru1-N5 2.168(3) 2.210 2.315 

Ru1-C23 2.045(3) 2.050 2.018 

 

N1-Ru1-C23 93.67(11) 98.5 102.1 

N1-Ru1-N4 173.42(10) 178.3 177.1 

C23-Ru1-N4 79.94(11) 79.8 80.7 

N1-Ru1-N3 78.81(9) 78.6 78.3 

C23-Ru1-N3 93.58(10) 91.8 91.1 

N4-Ru1-N3 99.87(10) 101.4 101.8 

N1-Ru1-N5 110.73(10) 105.8 101.8 

C23-Ru1-N5 155.55(11) 155.7 156.1 

N4-Ru1-N5 75.71(10) 75.8 75.4 

N3-Ru1-N5 92.74(10) 92.9 93.8 

N1-Ru1-N2 78.95(9) 78.6 78.4 

C23-Ru1-N2 92.03(10) 91.7 91.1 

N4-Ru1-N2 102.71(9) 101.3 101.6 

N3-Ru1-N2 157.35(10) 157.2 156.6 

N5-Ru1-N2 91.16(10) 93.0 93.6 

HOMO HOMO-1 HOMO-2

HOMO-3 HOMO-4 HOMO-5

LUMO+1LUMO

LUMO+4LUMO+3 LUMO+5

LUMO+2
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Figure 2.6. Schematic drawings of the selective frontier molecular orbitals of 2 in 

acetonitrile. 

 

   

 

Figure 2.7. Schematic drawings of the selective frontier molecular orbitals of 3 in 

acetonitrile. 
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Table 2.3.  Selected MOs along with their Energies and Compositions in the Ground State 

for 1 in MeCN. 

 

Table 2.4.  Selected MOs along with their Energies and Compositions in the Ground State 

of 2 in MeCN. 

 

 

 

 

Figure 2.8. ESP plots of 1-3 in their free (left panel), mono-protonated (middle panel), and 

de-coordinated (right panel) forms in MeCN. 

 

 

MO 

1 

Energy/eV % Compositions 

Free Mono-protonated De-coordinated 

Free Mono- protonated De-coordinated Tolu Tpy Ru Mpt Tolu Tpy Ru mpt Tolu Tpy Ru mpt MeCN 

LUMO+5 -1.27 -1.55 -1.78 0.00 6.36 1.64 91.93 14.83 78.45 1.83 4.89 2.43 78.51 1.35 17.16 0.54 

LUMO+4 -1.27 -2.04 -2.28 1.23 64.20 0.78 33.79 7.32 88.73 1.32 2.63 2.09 96.41 0.71 0.71 0.07 

LUMO+3 -1.70 -2.23 -2.56 13.07 84.19 1.75 0.98 0.58 4.47 1.97 92.97 0.02 2.21 1.61 96.01 0.15 

LUMO+2 -2.13 -2.35 -2.72 0.61 2.80 2.33 94.26 0.85 3.07 12.23 83.84 0.25 89.61 1.99 7.92 0.22 

LUMO+1 -2.21 -2.38 -2.84 1.26 79.85 7.20 11.69 0.50 92.28 3.39 3.82 0.06 6.96 5.32 87.52 0.14 

LUMO -2.23 -3.05 -3.38 1.04 10.73 12.97 75.25 1.07 93.18 5.00 0.75 0.83 95.11 3.33 0.66 0.07 

HOMO -5.21 -5.39 -6.27 25.28 8.75 55.28 10.67 25.47 8.38 55.48 10.66 0.42 5.78 74.79 14.80 4.21 

HOMO-1 -5.24 -5.43 -6.36 5.80 5.16 59.82 29.22 6.14 5.32 60.40 28.14 0.36 1.80 57.99 35.96 3.88 

HOMO-2 -5.53 -5.78 -6.44 4.40 18.53 69.70 7.37 6.42 17.40 68.76 7.41 1.92 12.58 74.99 9.40 1.10 

HOMO-3 -6.22 -6.44 -7.00 58.25 29.12 9.09 3.53 62.04 25.41 8.93 3.62 0.54 0.65 18.95 77.79 2.07 

HOMO-4 -6.69 -6.75 -7.24 1.36 0.81 3.32 94.50 1.26 0.79 4.03 93.91 3.77 1.45 0.13 94.55 0.09 

HOMO-5 -6.75 -6.89 -7.25 61.19 5.95 7.25 25.60 54.04 2.08 6.69 37.19 66.04 23.82 1.47 7.23 1.44 

 

 

MO 

2 

Energy/eV % Compositions 

Free Mono-protonated Decoordinated 

Free Mono- protonated De-coordinated PhCH2Br Tpy Ru Mpt PhCH2Br Tpy Ru mpt PhCH2Br Tpy Ru Mpt MeCN 

LUMO+5 -1.29 -1.73 -1.86 0.00 0.40 1.71 97.93 26.28 71.07 1.43 1.23 28.38 63.69 1.14 6.21 0.58 

LUMO+4 -1.32 -2.14 -2.32 8.65 73.36 0.33 17.65 18.77 68.52 2.12 10.59 6.65 91.45 0.86 0.96 0.07 

LUMO+3 -1.88 -2.27 -2.57 29.98 64.95 1.95 3.11 3.12 10.11 1.63 85.13 0.05 2.21 1.57 96.02 0.15 

LUMO+2 -2.16 -2.39 -2.72 1.70 2.15 1.77 94.38 0.82 1.83 11.85 85.49 0.25 87.80 2.16 9.56 0.22 

LUMO+1 -2.26 -2.42 -2.85 1.42 14.06 12.42 72.10 0.90 93.34 3.06 2.69 0.12 8.95 5.11 85.68 0.13 

LUMO -2.27 -3.09 -3.39 2.99 75.77 7.92 13.32 1.50 92.27 5.41 0.81 1.06 94.79 3.37 0.71 0.07 

HOMO -5.29 -5.49 -6.28 7.91 5.56 59.98 26.54 22.61 7.68 58.48 11.22 0.57 5.69 74.61 14.98 4.13 

HOMO-1 -5.30 -5.50 -6.38 19.88 7.64 58.73 13.74 5.74 5.30 60.76 28.20 0.25 1.90 57.41 36.62 3.82 

HOMO-2 -5.58 -5.85 -6.46 3.37 19.12 70.10 7.41 4.70 18.21 69.59 7.50 2.16 12.44 74.72 9.48 1.20 

HOMO-3 -6.40 -6.63 -7.01 55.96 33.93 6.60 3.51 61.42 28.58 6.17 3.83 0.61 0.68 19.66 76.94 2.11 

HOMO-4 -6.71 -6.77 -7.20 1.14 0.75 3.62 94.48 1.11 0.77 4.41 93.70 76.66 19.91 1.70 0.61 1.12 

HOMO-5 -6.86 -6.99 -7.24 43.26 5.27 2.91 48.56 30.66 1.21 1.91 66.22 0.03 0.01 0.06 99.88 0.00 

-0.118e0 to +0.118e0

-0.120e0 to +0.120e0

-0.122e0 to +0.122e0

-0.290e0 to +0.290e0

-0.294e0 to +0.294e0

-0.298e0 to +0.298e0

-0.368e0 to +0.368e0

-0.368e0 to +0.368e0

-0.371e0 to +0.371e0

Free Mono-protonated De-coordinated

1

2

3



Chapter 2 

88 
 

 2.3.6. Absorption Spectra. The absorption spectra of the complexes are acquired 

in MeCN (Figure 2.9) and related spectral data are furnished in Table 2.5. The assignments 

of the bands are made possible upon comparing the spectra of the related complexes and 

by TD-DFT calculations. The spectral parameters and the assignment of bands for a 

representative complex 1 are shown in Table 2.6. A reasonably good correlation is noticed 

between the experimental observation and theoretical calculations. It appears that the 

lowest energy bands are mainly due to the transitions from Ru(II)→tpy-PhCH3 and 

Ru(II)→tpy unit of cyclometalating ligand. The next higher energy broad bands are the 

admixture of MLCT, LLCT and -* transitions, while the intense bands in the UV occur 

due to mixed LLCT and -* transitions. Electron density difference map (EDDM) and 

natural transition orbital (NTO) analysis further confirm that the band at lowest energy is 

of MLCT character (Figures 2.10-2.12). Interestingly, the large bathochromic shift of 

MLCT band of the complexes is observed compared to parent [Ru(tpy)2]
2+ (λmax=474 

nm)17,18 and [Ru(tpy-PhCH3)2]
2+ (λmax=490 nm)70 complexes due to higher electron density 

at the metal center induced by the carbanionic cyclometalating ligands. The observed 

bathochromic shift is also reproduced by TD-DFT calculations. 

 

 

Figure 2.9. Overlay of the experimental (blue) and theoretical (magenta) absorption spectra 

of 1-3 in MeCN. 
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Table 2.5. Photophysical Data of 1-3. 

 

Table 2.6.  Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 1 in 

MeCN. 

Comp

ounds 

 

 

Absorption 

max/ nm (, M-1cm-1) 

Luminescence 

max / 

nm 

 

 

Φ 

 
1  

M
eC

N
 (

2
9

8
 K

) 

 

524(21200), 402(br)(12900), 

349(sh)(19800), 302(sh) 

(41700), 281(58800), 236(43200) 

818 

 
1= 0.8 ns (38%) 

2= 6.6 ns (62%) 

1.5×10-4 

2 526(18400), 402(br)(9900), 

319(sh)(35000), 286(55300), 

240(41000) 

714 1= 0.9 ns (32%) 

2= 8.6 ns (68%) 

3.9×10-4 

3 528(17200), 440(br)(4000), 

378(sh)(10000), 345(sh)(23000), 

323(sh)(33000), 304(sh)(37000), 

286(47200), 239(27400) 

794 1= 0.3 ns (18%) 

2= 9.9 ns (82%) 

2.4×10-4 

1 

E
tO

H
-M

eO
H

 

(7
7

 K
) 

- 798 1= 0.8 s (22%) 

2= 3.8 s (78%) 

2.5×10-2 

2 - 700 1= 2.6 s (34%) 

2= 8.6 s (66%) 

4.8×10-2 

3 - 773 1= 1.1 s (44%) 

2= 3.1 s (56%) 

3.7×10-2 

λexpt/ 

nm 

λcal/ 

nm 

Oscillator 

strength(f) 

Excited 

state 

Key transitions Character 

Free  

570 541 0.04 S4 H-1→L (37%), H→L+2 (49%) MLCT 

524 522 0.06 S6 H-1→L+2 (93%) MLCT 

490 0.41 S7 H-2→L+1 (27%), H-1→L (28%), H→L+2 (35%) 

402 418 0.06 S11 H-2→L+1 (12%), H-2→L+3 (15%), H→L+3 (57%) MLCT, LLCT 

390 0.21 S12 H-2→L+3 (72%) MLCT, LLCT 

349 359 0.12 S19 H-3→L+1 (77%) LLCT 

315 329 0.24 S26 H-1→L+7 (68%), H→L+8 (13%) LLCT, -*, 

MLCT 

302 300 0.30 S40 H-3→L+3 (25%), H-2→L+8 (45%), H-2→L+9 (14%) -*, LLCT 
298 0.26 S43 H-6→L (61%), H-4→L+2 (16%) 

281 282 0.20 S52 H-8→L+1 (44%) -*, LLCT 

277 0.35 S55 H-6→L+2 (60%), H-3→L+4 (14%) 

Mono-protonated  

568 548 0.30 S4 H-2→L (67%), H-1→L+2 (13%), H→L+1 (13%) MLCT 

528 510 0.20 S7 H-2→L (15%), H→L+1 (53%), H→L+3 (19%) MLCT 

363 368 0.08 S19 H-1→L+6 (66%), H→L+6 (24%) MLCT, LLCT 

356 0.08 S25 H→L+7 (82%) 

315 310 0.15 S44 H-9→L (37%), H-3→L+4 (46%) -*, LLCT 
300 0.31 S49 H-7→L+2 (20%), H-6→L+2 (57%) 

286 278 0.29 S60 H-7→L+3 (11%), H-6→L+3 (14%), H-1→L+13 (11%), 

H-1→L+21 (20%) 
-*,  LLCT 

267 0.29 S72 H-11→L (16%), H-7→L+4 (11%), H-6→L+4 (25%), H-

3→L+7 (26%) 

240 243 0.20 S98 H-10→L+3 (34%), H-5→L+6 (11%), H-4→L+7 (40%) -* 

De-coordinated  

481 486 0.33 S4 H-2→L (87%) MLCT 

331 340 0.22 S22 H-3→L+1 (89%) MLCT, -* 

305 302 0.33 S40 H-7→L+1 (29%), H-2→L+6 (43%), HOMO→L+6 (15%) LLCT, -* 

282 272 0.49 S61 H-10→LUMO (21%), H-8→L+2 (49%), H-5→L+4 

(13%) 
-*, LLCT 
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Figure 2.10. Difference in electron density upon excitation from the ground S0 state to the 

lowest energy singlet excited state of complexes 1-3. Cyan and violet color shows regions 

of decreasing and increasing electron density, respectively.  

 

 

Figure 2.11. NTOs illustrating the nature of optically active singlet excited states in the 

absorption bands at 522 nm (S6) and 490 nm (S7) for a representative complex 1. The 

occupied (holes) and unoccupied (electrons) NTO pairs that contribute more than 20% to 

each excited state are only represented. All transitions are of purely 1MLCT character. 
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Decoordinated

1

2

3



     Chapter 2 

91 
 

 

 

Figure 2.12. NTOs illustrating the nature of optically active singlet excited states in the 

absorption bands at 513 nm (S6) and 484 nm (S9) for 3. The occupied (holes) and 

unoccupied (electrons) NTO pairs that contribute more than 20% to each excited state are 

only represented. All transitions are of purely 1MLCT character. 

 

2.3.7. Luminescence Spectra. Steady-state emission spectra and the lifetime of 

complexes are collected in MeCN at RT (Figure 2.13) as well as in EtOH-MeOH (4:1, v/v) 

glass at 77 K (Figure 2.14, Table 2.5). Upon excitation at the 1MLCT maximum, a broad 

emission band is observed in the NIR domain (714-818 nm in MeCN) at RT. The close 

resemblance of the excitation and absorption spectra indicate that the observed emission is 

due to radiative deactivation of the complexes and not because of any impurity (Figure 

2.15, for 1). In order to understand the emission characteristics, UKS calculations are 

executed on the triplet state of 1-3 and the comparison data is provided in Table 2.7. 

Reasonably good correlation suggests that the observed emission in the complexes arise 

because of radiative deactivation of their triplet MLCT states. In case of ruthenium-

terpyridine type complexes (such as [Ru(tpy)2]
2+), the metal center experiences a weak 

ligand field because of the distorted octahedral geometry. Consequently, the excited-state 

deactivation occurs from the equilibrated state of radiating 3MLCT and non-radiating 3MC 

states yielding either non-emissive or very weakly emissive complexes. Due to stronger σ-

donating ability of the cyclometalating ligand, the luminescent 3MLCT levels move to low 

energy and the 3MC levels shift to high energy, thereby making the complexes luminescent 

at RT by increasing the 3MLCT-3MC energy gap. Besides, as suggested by the "energy gap 
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law",96 a decrease in energy-gap between the luminescent 3MLCT level and the ground 

state occurs due to which the emission maximum is substantially red-shifted towards the 

NIR region.  

 

Figure 2.13. (a) Photoluminescence spectra (λex=525 nm) and (b) excited-state decays 

(λex=505 nm) of 1-3 in MeCN at RT. Inset to figure b shows the lifetime values. 

 

Figure 2.14. (a) Emission spectra and (b) emission decays of 1-3 in EtOH-MeOH (4:1, v/v) 

glass at 77 K. Inset to figure b shows the lifetime values. 

 

All three complexes display biexponential decay in MeCN at RT. The first-

component lifetimes vary within the domain of 0.3-0.9 ns, while the second long-lived 

component ranges between 6.6 and 9.9 ns. The initial short-lived component is probably 

due to 3MLCT level, whereas the second relatively long-lived component probably appears 

from the equilibrated triplet state of substituted cyclometalated fragment (3LLCT) and 

3MLCT, although no direct proof of the hypothesis could be provided. The observed values 

are about two orders of magnitudes greater than that of parent [Ru(tpy)2]
2+ (0.25 ns) and 

[Ru(tpy-PhCH3)2]
2+ (0.95 ns) complexes. At 77 K, a hypsochromic shift (λmax= 700-798 

nm) of the emission maxima occurs with enormous increase in Φ and τ (Figure 2.14 and 

Table 2.5). Zero-zero spectroscopic energy (E00) measured from their emission maxima at 

77 K varies between 1.55 and 1.77 eV. 

40 60 80

10

100

1000

Time/s

C
o

u
n

ts
(l

o
g

)

                 

/s    


/s

 1     0.8      3.8

 2     2.6      8.6

 3     1.1      3.1

(b)

600 700 800 900
0.0

0.3

0.6

0.9

N
o

rm
a
li

z
e

d
 P

.L
. 

(I
n

t 
a
.u

.)

/nm

 1

 2

 3

(a)

640 720 800 880
0.0

0.3

0.6

0.9

N
o

rm
a
li
z
e

d
 P

.L
. 
In

t.
(a

.u
.)

/nm

 1

 2

 3

(a)

10 20 30 40

10

100

1000

C
o

u
n

ts
(l

o
g

)

Time/ns

                          

/ns   


/ns

 Prompt

 1              0.8     6.6

 2              0.9     8.6

 3              0.3     9.9

(b)



     Chapter 2 

93 
 

 

 

Figure 2.15. Overlay of the absorption and excitation {(a) λem= 780 nm, (b) λem= 818 nm, 

and (c) λem= 830 nm} spectrum of 1 in MeCN. 

 

Table 2.7. Emission Maxima of 1-3 in MeCN according to UKS Calculations and 

Associated Experimental Values. 

 

 

 

 

 

 

2.3.8. Redox Properties. The redox properties of 1-3 are investigated in acetonitrile 

through cyclic voltammetry (CV). The voltammograms are portrayed in Figure 2.16 and 

corresponding electrochemical data are given in Table 2.8. The anodic region of the CV 

shows a reversible wave corresponding to one-electron oxidation of the RuII center, while 

the cathodic region consists of two successive reversible and/or quasi-reversible peaks 

resulting from reduction of the coordinated polypyridine ligands. An enormous cathodic- 

shift (~700 mV) of the RuII/RuIII potential is observed due to strong σ-donating character  

Compounds Free  Mono-protonated  De-coordinated  

 λexp/nm λcal/nm λexp/nm λcal/nm λexp/nm λcal/nm 

1 818 750 780 1048 701 737 

2 714 730 700 949 700 740 

3 794 720 745 1033 705 744 
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Figure 2.16. Cyclic voltammograms of 1-3 in acetonitrile at a scan rate of 100 mV/s 

showing both oxidation and reduction processes using Ag/AgCl as the reference electrode. 

 

of the anionic ligands as compared to their tpy analogues ([Ru(tpy)2]
2+, E1/2(ox)=1.30 V). 

The presence of the cyclometalating ligand also shifts the ligand-centered reductions to 

more negative potential domain. We also performed DFT calculations to support our 

assignments of the redox couples of the complexes. Spin density computed on both the 

oxidized and reduced form (by one electron) indicates that in their oxidized form the density 

mostly resides on the RuII center, while upon reduction it is predominantly confined to the 

terpyridine unit (Figure 2.17).  

 

Table 2.8. Electrochemical Dataa for Complexes 1-3 in MeCN. 

 

 

 

 

 

aAll the potentials are referenced against Ag/AgCl electrode with E1/2=0.36 V for Fc/Fc+ couple.  bReversible electron 

transfer process with a Pt working electrode. cE1/2 values for the reduction processes obtained with glassy carbon 

electrode 

Compounds Oxidationb E1/2(ox)/V Reductionc 

E1/2(red)/V 

1 0.59 -1.69, -1.36 

2 0.55 -1.74, -1.49 

3 0.62 -1.73, -1.50 

[Ru(tpy)2]2+ 1.30 -1.24 

[Ru(tpy-PhCH3)2]2+ 1.25 -1.24 

3

2

1
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Figure 2.17. Spin density plots of 1-3 in MeCN. Left panel indicates one-electron oxidized 

forms while one-electron reduced forms are shown in right panel.  

 

 2.3.9. Acid-Induced Modulation of the Photophysical and Redox Properties of 

the Complexes. We have already pointed out that the outer coordination sphere of the 

complexes possesses non-coordinated nitrogen atom in the cyclometalated site and taking 

advantage of which modulation of the spectral properties could be feasible by acid-base 

equilibria. In this regard, we have performed the absorption and emission spectral titrations 

of the complexes in MeCN upon cumulative addition of HClO4 and the spectral profiles 

are portrayed in Figures 2.18-2.20. Two-step changes are noticed in their spectral profiles. 

The presence of clear isosbestic points in each step indicates that two species are in 

equilibrium. In the first step, the MLCT band undergoes a substantial red-shift (within 33-

44 nm) depending on the substituents. The spectral characteristics of all three complexes is 

similar in the first step although the amount of acid required for saturation is different, viz. 

2, 4 and 8 equiv for complex 1, 2 and 3, respectively. For 1, protonation of only the non-

coordinated N is feasible, whereas in case of 2 and 3, apart from N-H protonation, 

abstraction of Br- from -CH2Br moiety and protonation of the oxygen atom of -CHO group 

in the cyclometalated part is also a distinct possibility. Upon continued addition of 1M of 

HClO4, the absorbance of the bands at ~568 and ~360 nm is gradually reduced in the 

second-step with concomitant evolution and intensification of strong peak at ~480 nm. The 

saturation occurs upon addition of 8, 16 and 32 equiv of HClO4 for complex 1, 2 and 3, 

respectively. This large hypsochromic shift of the MLCT band (~85 nm) is also reproduced 

in their visual color change from deep violet to reddish yellow (inset of Figure 2.18). 

one electron oxidized

1

2

3

one electron reduced
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Figure 2.18. Two-step changes in absorption (a and b) and emission (c and d) spectral 

profiles of 1 on incremental addition of H+ in MeCN. The insets to figure a and b show the 

alteration of absorbance with the equivalent of H+ and visual color change while the insets 

to figure c and d display the variation of luminescence intensity as a function of H+. 

 

 
 

Figure 2.19. Two-step changes in absorption (a and b) and luminescence (c and d) spectral 

profiles of 2 upon incremental addition of H+ in MeCN. The insets to figures show the 

change of absorbance and luminescence intensity as a function of the equivalent of H+. 

300 450 600 750
0.0

0.3

0.6

0.9

0 1 2 3 4
0.15

0.20

0.25

0.30

A
b

s
5
6
6
 n

m

Equiv of H
+A

b
s
.

/nm

(a)

660 720 780 840 900
0

2x10
4

4x10
4

6x10
4

0 1 2 3 4

2x10
4

4x10
4

6x10
4

Equiv of H
+

P
.L

. 
In

t
7
1
4
 n

m

P
.L

. 
In

t.
(a

.u
.)

/nm

(c)

640 720 800 880
0

3x10
4

6x10
4

9x10
4

1x10
5

3 6 9 12 15
0

4x10
4

8x10
4

1x10
5

Equiv of H
+

P
.L

. 
In

t
7
0
2
 n

m

/nm

P
.L

.I
n

t.
(a

.u
.)

(d)

300 450 600 750
0.0

0.3

0.6

0.9

3 6 9 12 15

0.08

0.16

0.24

0.32

A
b

s
5
6
6
 n

m

Equiv of H
+

/nm

A
b

s
.

(b)

300 450 600 750
0.0

0.3

0.6

0.9

0.0 0.5 1.0 1.5 2.0
0.20

0.24

0.28

0.32

0.36

A
b

s 5
6

8
 n

m

Equiv of H
+

A
b

s
.

/nm

600 700 800 900
0

6x10
4

1x10
5

2x10
5

2 4 6 8

0

6x10
4

1x10
5

2x10
5

P
.L

. 
In

t
7
0
1
 n

m

Equiv of H
+

P
.L

.I
n

t.
(a

.u
.)

/nm
300 450 600 750

0.0

0.3

0.6

0.9

2 4 6 8
0.0

0.1

0.2

0.3

0.4

Equiv of H
+

A
b

s 5
6

8
 n

m

A
b

s
.

/nm

750 800 850 900 950
0

9x10
3

2x10
4

3x10
4

4x10
4

0.0 0.6 1.2 1.8

1x10
4

2x10
4

3x10
4

P
.L

. I
n
t

81
8 

n
m

Equiv of H
+

P
.L

. 
In

t.
(a

.u
.)

/nm

(a)

(b)

(c)

(d)



     Chapter 2 

97 
 

The emission titration profiles indicate gradual decrease in emission intensity for 

all three complexes in the first step with substantial blue-shift of emission maximum (up to 

the extent of ~50 nm). In the second step, a new emission peak is evolved at ~700 nm and 

intensified substantially upon step-by-step addition of acid (Figures 2.18-2.20). Lifetimes 

acquired upon increased addition of HClO4 also reveals two reversed trends as shown in 

Figures 2.21 and 2.22. In line with steady state spectra, lifetime values gradually decrease 

in the first step, while the values systematically increase (up to 23.5-26.9 ns) in the second 

step. 

 

Figure 2.20. Two-step changes in absorption (a and b) and emission (c and d) spectral 

profiles of 3 on incremental addition of H+ in MeCN. The insets to figures show the change 

of absorbance and luminescence intensity as a function of the equivalent of H+. 

 

Figure 2.21. First (a) and second (b) step changes in luminescence decays of 1 upon 

incremental addition of H+ ion in acetonitrile. The insets to figure a and b show the 

corresponding lifetime values.  
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Figure 2.22. First (a) and second (b) step changes in luminescence decays of 3 upon 

incremental addition of H+ ion in acetonitrile. The insets to figure a and b show the 

corresponding lifetime values. 

 

We have also measured the Ru(II/III) oxidation potential of all three complexes via 

cyclic (CV) and square-wave (SWV) voltammetry before and after the addition of acid and 

the results are displayed in Figure 2.23 and Table 2.9. In presence of acid, the Ru(II/III) 

potential increases in all three complexes and the extent of increase varies within the range 
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bond cleavage).  

We are interested to understand the reason for the aforementioned changes in the 
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Figure 2.23. CVs and SWVs of 1-3 in MeCN. The black color represents the free form, 

while the red color corresponds to the de-coordinated forms of the complexes. 

 

Table 2.9. Oxidation Potentials of Complexes 1-3 in their Free and De-coordinated Forms 

in MeCN. 
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outcome of the NMR titration suggests that up to the addition of 2 equiv of acid, protonation 

of the non-coordinated pyridine ring in the cyclometalated site of the complex occurs which 

is evidenced by the down-field shifts of proton resonances of the said pyridine ring. We 
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surmise that continued addition of acid leads to the protonation of carbanionic site of Ru-

C bond and eventually Ru-C bond gets cleaved.  The final spectrum clearly suggests the 

existence of the structure wherein the central RuII center is coordinated via a tridentate 

(NNN)- as well as bidentate (NN)- fashion as shown on the right-hand side inset of Figure 

2.24.  

 

 

Figure 2.24. 1H NMR spectral profile of 1 with incremental addition of H+ (up to 8.0 equiv) 

in CD3CN. 
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Figure 2.25. ESI (positive) mass spectrum for de-coordinated ([Ru(N^N^N)(N^N-

ph)(S)]2+) forms of 1-3 in acetonitrile showing both observed and simulated isotopic 

distribution patterns. 

 

In order to prove our hypothesis, we again performed DFT and TD-DFT 

calculations on both the mono-protonated as well as the de-coordinated forms of the 

complexes. Interestingly, the calculated spectra correlate well with the experimental 

observations for the respective species (Figure 2.26). MOs associated with the lowest 

energy spin-allowed transition in the free-, mono-protonated and de-coordinated states of 

1 are shown in Figure 2.27-2.29. In comparison to their free forms, upon N-H protonation, 

the LUMOs of the complexes are stabilized to a greater extent than the HOMOs due to 

which the lowest-energy band gets shifted towards the higher wavelength region. On the 

other hand, after de-coordination, the HOMOs get more stabilized than the LUMOs in 

comparison to their previously mono-protonated forms. The HOMO-LUMO energy gap 

lies in the range of 2.34-2.42 eV for the mono-protonated forms, while within the domain 

of 2.89-2.91 eV for the de-coordinated forms. Hence, a large hypsochromic shift is 

observed in their absorption spectral profiles upon de-coordination in all cases. We have 
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also performed ESP and EDDM calculations for both the mono-protonated and the de-

coordinated forms and they correlate well with the experimental observations (Figures 2.8 

and 2.10). 

 

Figure 2.26. Overlay of the experimental and theoretical absorption spectra of the mono-

protonated (left panel) and de-coordinated (right panel) forms of 1-3 in acetonitrile. 

 

Figure 2.27. Dominant transitions involved in the lowest-energy absorption band in free (left 

panel), mono-protonated (middle panel) and de-coordinated (right panel) forms of a 

representative complex 1 in MeCN. 
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UKS calculations are also performed on the mono-protonated and the de-

coordinated forms of the complexes to take into account the observed emission spectral 

behaviors of the complexes in presence of acid (Table 2.7). The correlation between the 

experimental and theoretical emission maxima for the free and the de-coordinated 

complexes is quite reasonable. 

DFT calculations also support the shift of the Ru(II/III) oxidation potential to higher 

values upon cleavage of Ru-C bond. It is observed that the energy of HOMO decreases in 

the de- coordinated form compared to the coordinated analogue. As a result, the Ru(II/III) 

oxidation that involves transfer of electron from HOMO to LUMO becomes more difficult 

in the de-coordinated forms.  

 

 

Figure 2.28. Schematic drawings of the selective frontier molecular orbitals of the mono-

protonated form of 1 in acetonitrile. 

 

 

Figure 2.29. Schematic drawings of the selective frontier molecular orbitals of the de-

coordinated form of 1 in acetonitrile. 
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We are curious to elucidate whether protonation to the pyridine group of the side 

chain is a necessary condition for Ru-C bond cleavage, or whether protonation to the phenyl 

group can directly cleave the Ru-C bond as observed in similar Ru(N^N^C) type 

cyclometalated complexes without a pyridine side chain.43 We are also interested to explore 

the possibility of photo-induced cleavage of Ru-C bond in the complexes.  In order to 

address the issues, two sets of experiment were performed. Initially, the acetonitrile 

solutions of the complexes are irradiated with light of 500 nm wavelength in absence of 

acid and the progress of reaction was monitored via absorption and emission spectroscopy. 

Even after irradiation up to ~8 h, almost no change in the spectral profiles of the complexes 

is noticed.  In the second set of experiment, we take the acid-treated solutions of the 

complexes up to their first saturation point and then treated with the said light source. A 

systematic change in both the absorption and emission spectral profiles was observed which 

is in-line with the changes that were observed during the Ru-C bond cleavage in presence 

of acid (Figure 2.30). 

 

Figure 2.30. UV-vis absorption (upper panel) and emission (lower panel) spectral changes 

of 1-3 in acetonitrile upon irradiation with visible light. Excitation wavelength for recording 

the emission is 530 nm.   
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of more than 16 h. Close inspection reveals that the spectrum obtained after photolysis is 

very similar to the final spectrum (particularly for 1 and 2) of the second-step change in 

presence acid only (without light). The outcomes of the above experiments indicate that the 

photo-induced cleavage of Ru-C bond is feasible only in presence of acid.  
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We have also calculated the rate as well as the quantum yield for the photo-induced 

Ru-C cleavage process of the complexes and the corresponding data and figures are 

provided in Table 2.10 and Figure 2.31. Both the rate and quantum yield of bond cleavage 

follows the order 1>2>3. The observed trend is probably due to dissimilar electronic 

environment in the complex backbone that is imparted by different substituents. The 

electron-withdrawing (-R) effect of the meta-directing CHO group probably increases the 

Ru-C bond strength, thereby making it difficult to cleave. On the other hand, for 1 and 2, 

the inductive effect of -CH3 and -CH2Br has a small impact on the Ru-C bond and hence 

assist in the Ru-C cleavage. Thus, the electronic nature of the substituents also plays a key 

role in the Ru-C bond cleavage process. This disparity is also noticed in the equivalents of 

acid required for the Ru-C cleavage in the complexes (in absence of light). 

Table 2.10. Quantum Yield and Rate Constants for the Photo-induced Ru-C Bond 

Cleavage of 1-3. 

 

 

 

 

 

We also tried to revert back to the original cyclometalated form of the complexes 

upon treating with UV light sources in the de-coordinated forms of the complexes in 

presence of base. But even after continuous exposure for a long period of time we are 

unable to restore the Ru-C bond. Thus, reversible transformation of de-coordinated to the 

cyclometalated forms are not feasible upon light irradiation.    

We also kept the MeCN solutions of the complexes under fluorescent light but no 

significant changes are observed in their absorption and emission spectra. On the other 

hand, treatment of the acidulated solution of the complexes (up to the level of first 

saturation) with light or with additional amount of acid can only bring about the Ru-C bond 

cleavage in the complexes. Thus, it appears that protonation of appended pyridyl group 

assists the cleavage and probably is a prerequisite for Ru-C bond cleavage.  

2.3.10. Molecular Switching. In the previous section, we have witnessed 

substantial modulation of the absorption and emission spectral properties of all three Ru(II) 

complexes in presence of acid. The changes are ascribed due to initial protonation of a 

pyridine motif in their outer coordination sphere followed by cleavage of Ru-C bond and  

Compounds Quantum yield 

(Ф×103) 

Rate constant 

(kiso×104/s-1) 

1 7.5 1.2 

2 5.4 0.6 

3 1.8 0.2 



Chapter 2 

106 
 

 

Figure 2.31. Linear plot of log {(A0-Af)/(At-Af)} vs. time for 1-3 gives the value of rate 

constant of photolysis process. 

 

thereby altering the coordination mode of the resulting complexes. We are interested to 

check whether the overall process is reversible and the initial state of the complexes could 

be restored in presence of base. In order to check the reversibility, we take the acid-treated 

solutions of the complexes and to it was gradually added a standard solution of base and 

the process was monitored via absorption and emission spectroscopic techniques (Figures 

2.32 and 2.33). Initially, we take the acidic solution of the complexes when they reached to 

their first saturation level. Upon cumulative addition of OH-, the successive absorption 
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upon addition of 4.0 equiv of base. Thereafter, we take the acid-treated solution when they 

reached their second level of saturation that is when the de-coordination of the Ru-C bond 

has taken place. Upon gradual addition of OH-, almost no-change in the spectral profiles is 

noticed. At this stage, we gradually increased the temperature and upon reaching to ~70˚C, 

the complex restored to its initial cyclometalated form. In the emission side, for the first-

step process, the emission intensity gradually increases upon treatment with OH- and 

eventually reverts back to its initial state. In the second step, treatment of the acid-saturated 
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Figure 2.32. Absorption (a) and luminescence (b) spectral profiles obtained upon 

incremental addition of OH- (4 equiv) to the first acid-saturated solution of 1 in MeCN. 

 

Figure 2.33. Absorption (a) and luminescence (b) spectral profiles of 1 in its free, de-

coordinated and re-coordinated forms. 

 

form accompanied with quenching of emission. The color of the solution also changes from 

reddish-yellow to its original deep violet form. So, the above observations conclude that 

after de-coordination in presence of acid, Ru(II) is re-coordinated in presence of excess 

base and temperature (Scheme 2.1). Thus, reversible breaking and making of 

cyclometalated Ru-C bond is possible upon sequential utilization of acid, base and 

temperature. In essence, "on-off" emission switching occurs in presence of acid/base, while 

"off-on" switching is feasible upon treatment with acid, base and heat in appropriate order.  

 

Scheme 2.1. Acid-base equilibria operating among the three forms of the complexes.  
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2.4. Conclusions 

With regard to our sustained interest in developing luminescent Ru(II)-tpy type 

complexes, we fabricated herein a new array of bis-tridentate Ru(II) complexes by 

incorporating 4'-(p-methylphenyl)-2,2':6',2''-terpyridine (tpy-PhCH3) and its positional 

isomer, 6'-tolyl-2,2':4''-terpyridine (py-bpy-Ph-X). The substituent X has been varied (CH3, 

CH2Br and CHO) to fine tune the photo-redox behaviour in the resulting complexes. 6'-

tolyl-2,2':4''-terpyridine and its two derivatives act as cyclometalating ligands in presence 

of base. Interestingly, the carbanionic site in the cyclometalating ligands has an immense 

effect on the photophysical and electrochemical properties of the resulting complexes. 

Increased electron density on Ru(II) center leads to a substantial bathochromic shift of the 

MLCT absorption and emission maxima compared to their non-cyclometalated 

counterparts (such as [Ru(tpy)2]
2+). All the complexes display emission in the NIR region 

with long-lived excited-states. 

Taking advantage of non-coordinated nitrogen atom in their outer coordination 

sphere, reversible modulation of absorption and emission spectral properties of the 

complexes have been achieved upon successive treating with acid and base. Additionally, 

de-coordination of Ru-C bond by acid followed by its re-coordination upon heating the 

solution of the complexes under basic condition is feasible. In essence, “on-off” and “off-

on” emission switching is achieved upon sequential addition of acid and base as well as by 

increasing temperature. Interestingly, Ru-C bond cleavage is made possible upon treating 

the acidified solution of the complexes with visible light source, although reverse 

cyclometallation is not feasible upon irradiating with UV light sources in presence of base. 

Finally, detailed computational investigations by DFT and TD-DFT have been performed 

to assign the experimental spectral bands as well as to understand structural changes 

associated with the switching behaviors of the complexes. Thus, present cyclometalated 

Ru(II) complexes could be useful building blocks for fabrication of potential molecular 

switches. 
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3.1. Introduction 

Design of molecular species capable of displaying near-infrared (NIR) 

phosphorescence has emerged as promising as well as challenging area of research because 

of their potential applications in diverse fields, viz. solar energy conversion, NIR light-

emitting diodes, telecommunications, lasers, optical sensors and switches, night-vision-

readable displays, and biological imaging.1-12 It is noteworthy to mention that ~50% of the 

solar energy reaching the Earth is composed of NIR radiation. As this is invisible to the 

human eye and insignificantly interferes with biological tissues, NIR light is particularly 

advantageous for biological recognition and sensing.8-12 Organic molecules have been 

extensively utilized for designing NIR emissive materials.13-16 Despite offering the 

advantage of tunable structures, these organic chromophores often face several challenges 

such as susceptibility to photo-bleaching and a limited Stokes shifts.6 To overcome this 

lacuna, transition metal complexes have emerged as a promising alternative for the design 

of NIR emissive materials.17-22 Coordination of appropriate transition metal ions with 

suitable organic ligands offers rigid molecular architectures with well-defined geometries 

and desirable properties.23-25 The physicochemical properties of the resulting metal-ligand 

assembly could further be modulated under the influence of suitable external stimuli.26-28 

Among diverse stimuli, light is particularly useful and advantageous as it offers exceptional 

control over spatial and temporal parameters, enabling precise system manipulation. 

Additionally, light is a clean and environmentally benign energy source, supporting 

sustainable technology development and stimulating green applications.29-30 Molecular 

species that are capable to reversibly alter characteristic signal(s) (such as emission) among 

two or more distinct states upon exposure to specific wavelength(s) of light are of particular 

interest for the fabrication of potential photochemical molecular switches.31-34 Hence, 

judicious incorporation of light-responsive motifs onto the molecular architecture allows 

precise modulation of their functionalities.35-36   

Ru(II) complexes derived from polyheterocyclic ligands are found to be promising 

building blocks for the fabrication of effective molecular photoswitches because of their 

fascinating as well as tuneable photophysical properties.37-40 In order to develop effective 

photo-molecular switches, the photoisomerization behavior of several Ru(II)-polypyridine 

complexes comprising of azo- and stilbene-motifs have already been extensively 

investigated.41-54 Among them, systems based on terpyridine-type coordination motifs in 

combination with stilbene unit are relatively sparse compared to those of the bipyridine-
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type coordinating units in combination with either stilbene or azo-units.42-45,49 Our group 

has recently developed different types of emissive Ru(II)-terpyridine complexes appended 

with one or more stilbene units and thoroughly investigated their photo-isomerization 

behaviors.55-58 However, most of the reported systems emit in the visible region (~610-700 

nm).43-48,55-58  Our target in this work is to design Ru(II)-terpyridine complexes capable of 

displaying emission in the NIR domain. A promising strategy for designing NIR-emissive 

Ru(II)-terpyridine complexes involves incorporation of carbanionic heteroaromatic units, 

particularly cyclometalating ligands, into the molecular framework, wherein the prototype 

N-N-N chelating unit of terpyridine is replaced by N-N-C or N-C-N coordinating motifs.59-

71 In Ru-tpy type complexes, the Ru center experiences weak ligand field, because of the 

distortion arising out of unfavorable bite angle imposed by terpyridine units. Consequently, 

most of the Ru(tpy)2-type complexes are either non-emissive or weakly emissive at RT 

because of excited-state equilibrium between the radiative 3MLCT state and the non-

radiative 3MC state.72-73 Judicious incorporation of cyclometalating ligands with strong σ-

donating properties often shifts the luminescent 3MLCT state to lower energies and the 

3MC state to higher energies, thereby expanding the energy gap between these states.74-76 

This expanded 3MLCT-3MC energy gap stabilizes the luminescent 3MLCT state and the 

resulting complexes become emissive at RT. Besides, according to the "energy gap law", 

reducing the energy gap between the emissive 3MLCT state and the ground state brings 

about a significant red-shift of the emission maximum, pushing it into the NIR region.77 

Aligned with our objective of designing NIR emissive molecular photoswitches, we 

herein synthesized and thoroughly characterized two bimetallic Ru(II) complexes of 

compositions [(ttpy)Ru(tpvpt')Ru(ttpy)](ClO4)3 and [(ttpy)Ru(t'pvpvpt')Ru(ttpy)](ClO4)2 

(Chart 3.1). These complexes have been specifically designed by integrating 

cyclometalated coordinating motif(s) as well as phenylene-vinylene bridge onto their 

molecular architectures. The 4'-(p-Methylphenyl)-2,2':6',2''-terpyridine ligand (ttpy) has 

been widely utilized by different researchers for synthesizing achiral and rod-like 

architectures with various d-block metals. Notably, during the course of synthesis of ttpy, 

a positional isomer, namely 6'-tolyl-2,2':4''-terpyridine, is also produced as a minor product. 

We previously reported a series of Ru(II) monomers using this isomer as the 

cyclometalating ligand.78 The present investigation aims to design two distinct bridging 

ligands, one asymmetric and the other one symmetric, to modulate the photo-redox 

properties in general and room temperature emission characteristics in particular, for the 

resulting complexes. The asymmetric ligand contains a single phenylene-vinylene unit  
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Chart 3.1. Molecular architectures of the complexes investigated in this study. 

 

between two different terminal terpyridine-type motifs, featuring non-cyclometalated N-N-

N- and cyclometalated N-N-C-chelating units (tpvpt'). On the other hand, the symmetric 

bridging ligand comprises of two consecutive phenylene-vinylene units attached to two 

terminal cyclometalated N-N-C-coordination units (t'pvpvpt'). The integration of strong σ-

donating cyclometalating unit(s) along with phenylene-vinylene motifs in the bridging 

ligands widens the absorption spectral window across the entire visible domain and 

emission spectral window into NIR region. Moreover, the phenylene-vinylene units 

demonstrate reversible trans⇌cis photoisomerization with remarkable alteration in the 

absorption and emission spectral behaviors of the complexes. To the best of our knowledge, 

such NIR emissive cyclometalated Ru(II) complexes conjugated with photoisomerizable 

phenylene-vinylene units were not previously documented in the literature. 

This work reports combined experimental and theoretical investigation of the 

photo-redox properties of the two Ru(II) dimers. These complexes feature non-coordinated 

nitrogen atom(s) at the cyclometalated sites in their outer coordination sphere, enabling 

scope for further modulation of their spectral characteristics through acid-base equilibria. 

Moreover, we have thoroughly investigated the photoisomerization behavior of these 

complexes in both of their free-form as well as in presence of acid to systematically regulate 

their rate of isomerization. One of the most intriguing aspects of this study is the substantial 

enhancement in the rate and quantum yield of photoisomerization in the presence of acid. 

Moreover, efficient "on-off" and "off-on" emission switching could be feasible via 

appropriate choice of external stimuli like acid, base, temperature or light of particular 

wavelengths. The ''on-off'' photo-switching properties of complexes involving heavier 

transition metals such as Re, Rh, Ir, Pt and Ru particularly those appended with azobenzene, 
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diarylethene, and stilbene moieties, have been extensively investigated by several research 

groups, including Yam, Phillips, Nishihara, Iha, Bozec, to name a few.43,45,48,79-83 Table 3.1 

provides representative examples of metal complexes that exhibit ''on-off'' photo-switching 

induced by either reversible trans-cis isomerization or electrocyclization. Most of the 

reported systems comprise either bpy- or tpy-type chelating units connected with 

isomerizable motif(s). Our group recently reported photoisomerization behaviors of a new 

array of Ru(II) complexes utilizing stilbene-appended terpyridine ligands, which display 

efficient ''on-off'' emission switching.49,56-58,84 However, reports based on cyclometalated 

complexes of transition metals derived from stilbene-appended terpyridine ligands have not 

so far been reported in the literature. Recently, the group of Yam and Freixa demonstrated 

the photo-switching behavior of cyclometalated Pt(II) and Ir(III) complexes bearing 

dithienylethene and azobenzene units, respectively.60,85 In contrary to the most of the 

reported systems, we demonstrated herein efficient and multi-stage "on-off" and "off-on" 

emission switching of two stilbene-appended Ru(II) dimers incorporating both 

cyclometalated and non-cyclometalated units. 

 

Table 3.1. Representative Metal Complexes Exhibiting ‘On-Off’ Photo-Switching. 
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3.2. Experimental Section 

 3.2.1. Materials. Both the phenylene-vinylene-substituted terpyridyl bridging 

ligands (tpvpt' and t'pvpvpt') as well as [Ru(ttpy)Cl3] precursor is synthesized by following 

our reported literature procedures.86-90 

 3.2.2. Synthesis of the Ligands. The adopted synthetic procedures for the ligands 

are described below. 

 2-(4-(4-(4-(4,6-di(pyridine-2-yl)pyridine-2-yl)styryl)phenyl)-6-(pyridine-2-yl) 

pyridine-2-yl)pyridine (tpvpt'). A mixture of [6'-(Triphenylphosphoniummethylphenyl)-

2,2':4',2''-terpyridine]Bromide (332 mg, 0.5 mmol) and 4'-(p-Formylphenyl)-2,2':6',2''-

terpyridine (tpy-PhCHO) (169 mg, 0.5 mmol) was thoroughly dissolved in dry 

dichloromethane and was cooled to 0-5 °C under nitrogen protection. To the mixture, t-

BuOK (0.12 g, 1.0 mmol) was added slowly and the resulting mixture was stirred 
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magnetically for ~12 h. The volume of the resulting solution was reduced and upon addition 

of methanol to it, a solid compound deposited. The crude compound was washed with 

water, dried in air and purified by silica gel column chromatography using 10:1 (v/v) 

CHCl3-MeOH mixture. The compound was finally purified by recrystallization from 

CHCl3-MeOH (1:2, v/v) mixture. Yield: 167 mg (52%). Anal. Calcd for C44H30N6: C, 

82.22; H, 4.70; N, 13.07. Found: C, 82.24; H, 4.66; N, 13.05. 1H NMR (400 MHz, CDCl3): 

/ppm 8.93 (s, 1H, 1H3a), 8.80 (s, 1H, 1H3b), 8.76 (s, 2H, 2H3′′), 8.74-8.67 (m, 5H, 

2H3+2H3′+1H9), 8.57 (d, 1H, J=16 Hz, 1H10), 8.33 (d, 1H, J=8 Hz, 1H6′), 8.23 (d, 2H, J=8 

Hz, 2H7), 8.07 (t, 2H, J=8 Hz, 2H6), 7.98 (d, 1H, J=8 Hz, 1H6′), 7.89 (t, 4H, J=8 Hz, 

2H4+2H4′), 7.85 (d, 2H, J=8 Hz, 2H8), 7.74-7.71 (m, 2H, 2H11), 7.50-7.47 (m, 2H, 2H12), 

7.42-7.34 (m, 4H, 2H5+2H5′). Electrospray ionization mass spectrometry (ESI-MS) 

(positive, MeOH) m/z: 643.43 (52%) [tpvpt'+H]+, 322.23 (100%) [tpvpt'+2H]2+. 

 2-(6-(4-(4-(4-(4,6-di(pyridine-2-yl)pyridine-2-yl)styryl)styryl)phenyl)-4-

(pyridine-2-yl)pyridine-2-yl)pyridine (t'pvpvpt'). A mixture of [6'-

(Triphenylphosphonium methylphenyl)-2,2':4',2''-terpyridine]Bromide (664 mg, 1.0 

mmol) and terephthaldehyde (67 mg, 0.5 mmol) was dissolved in dry dichloromethane and 

was cooled to 0-5 °C under nitrogen protection. To the mixture, t-BuOK (0.24 g, 2.0 mmol) 

was added slowly and the resulting mixture was stirred magnetically for ~12 h. The volume 

of the resulting solution was reduced by rotary evaporation and methanol was added to it 

for precipitation. The crude compound was washed with water, dried in air and purified by 

silica gel column chromatography using 10:1 (v/v) CHCl3-MeOH mixture. The compound 

was finally purified by recrystallization from CHCl3-MeOH (1:2, v/v) mixture. Yield: 179 

mg (48%). Anal. Calcd for C52H36N6: C, 83.85; H, 4.87; N, 11.28. Found: C, 83.82; H, 

4.90; N, 11.24. 1H NMR (400 MHz, CDCl3): /ppm 8.93 (s, 2H, 2H3′), 8.83 (d, 2H, J=8 

Hz, 2H3), 8.77-8.72 (m, 6H, 2H3+4H6), 8.52 (s, 2H, 2H3′′), 8.32 (d, 4H, J=8 Hz, 4H7), 8.08 

(d, 2H, J=8 Hz, 2H4),7.96 (d, 2H, J=20 Hz, 2H9), 7.90 (t, 2H, J=8 Hz, 2H4), 7.84 (d, 2H, 

J=20 Hz, 2H10), 7.71 (d, 4H, J=8 Hz, 4H8), 7.60 (s, 4H, 4H11), 7.42-7.37 (m, 4H, 4H5). 

Electrospray ionization mass spectrometry (ESI-MS) (positive, MeOH) m/z: 745.39 (9%) 

[t'pvpvpt'+H]+, 373.20 (100%) [t'pvpvpt'+2H]2+, 249.14 (6%) [t'pvpvpt'+3H]3+. 

 3.2.3. Synthesis of the Metal Complexes. The Ru(II)complexes are prepared by 

adopting a common synthetic protocol as described below. 

 [(ttpy)Ru(tpvpt')Ru(ttpy)](ClO4)3
.2H2O (1). A mixture of Ru(ttpy)Cl3 (0.17 g, 

0.32 mmol) and AgBF4 (196 mg, 0.47 mmol) in 30 mL of Me2CO was refluxed with 
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continuous stirring for 2h. After cooling down to room temperature, the precipitated AgCl 

was removed by filtration. 30 mL of 1-butanol was then added to the filtrate and residual 

Me2CO was removed by rotary evaporation. To the resulting solution was added finely 

powdered tpvpt' ligand (96 mg, 0.15 mmol) and the mixture was refluxed under basic 

condition (NaOH) for 12 h with continuous stirring. After cooling, the solution was poured 

into aqueous solution of NaClO4·H2O (1.5 g in 5 mL of water) when a reddish-purple 

colored precipitate appeared. The compound was filtered and purified by silica gel column 

chromatography using MeCN as the eluent. Upon rotary evaporation of the eluent to a small 

volume (∼10 mL), a microcrystalline complex was formed, which was filtered and 

recrystallized from MeCN-MeOH (1:5, v/v) mixture. Yield: 161 mg (60%). Anal. Calcd 

for C88H67N12Ru2O2Cl3O14: C, 58.04; H, 3.71; N, 9.23. Found: C, 58.08; H, 3.69; N, 9.25. 

1H NMR (400 MHz, CD3CN) δ/ppm 9.13 (s, 1H, 1H3b), 9.02 (d, J = 8.1 Hz, 6H, 

2H3a+2H3d+2H3e), 8.96 (s, 1H, 1H3c), 8.73-8.61 (m, 8H, 2H6+2H6’+2H6’’+1H12+1H12’), 

8.47 (d, J = 7.9 Hz, 1H, 1H9’), 8.21 (d, J = 8.1 Hz, 2H, 2H7’), 8.16-8.13 (m, 5H, 

2H7+2H8+1H10), 8.09 (d, J = 8.1 Hz, 1H, 1H11’), 7.96 (t, J = 8.0 Hz, 5H, 2H4’+2H4’’+1H14), 

7.85 (t, J = 8.0 Hz, 2H, 2H4), 7.71 (d, J = 8.4 Hz, 2H, 2H8’), 7.62-7.56 (m, 8H, 

2H3+1H9+1H10’+1H18+1H19+1H20+1H21), 7.45 (t, J = 6.1 Hz, 4H, 2H3’+2H3’’), 7.22-7.10 

(m, 8H, 2H5+2H5’+2H5’’+1H11+1H15), 6.95 (d, 1H, J=15.0 Hz, 1H16), 6.87 (d, 1H, J=15.0 

Hz, 1H17), 6.13 (s, 1H, 1H13), 2.39 (s, 3H, -CH3), 2.21 (s, 3H, -CH3). 
13C NMR (400 MHz, 

CD3CN): /ppm 184.34, 163.51, 158.27, 158.24, 157.30, 156.58, 155.45, 155.38, 154.36, 

153.97, 153.44, 152.44, 150.83, 150.75, 150.27, 148.36, 147.52, 147.12, 145.04, 141.23, 

141.07, 139.66, 139.61, 138.03, 137.75, 137.44, 136.89, 135.43, 135.22, 134.81, 133.91, 

133.60, 130.73, 130.31, 130.22, 128.02, 127.68, 127.46, 127.42, 127.38, 127.26, 126.05, 

124.82, 124.51, 123.38, 123.12, 121.50, 121.38, 121.15, 119.96, 119.87, 116.58, 115.47, 

20.43. Electrospray ionization mass spectrometry (ESI-MS) (positive, MeCN) m/z=497.13 

(100%) [(ttpy)Ru(tpvpt')Ru(ttpy)]3+, m/z=373.10 (35%) [(ttpy)Ru(tpvpt'H)Ru(ttpy)]4+. 

  [(ttpy)Ru(t'pvpvpt')Ru(ttpy)](ClO4)2.3H2O (2). Yield: 169 mg (63%). Anal. 

Calcd for C96H74N12Ru2Cl2O11: C, 62.50; H, 4.04; N, 9.11. Found: C, 62.45; H, 4.08; N, 

9.13. 1H NMR (400 MHz, CD3CN) δ/ppm 9.09 (s, 2H, 2H3b), 8.94 (s, 4H, 4H3a), 8.89 (s, 

2H, 2H3c), 8.67-8.58 (m, 8H, 4H6+2H12+2H12’), 8.43 (d, J = 8.0 Hz, 2H, 2H9’), 8.15-8.09 

(m, 6H, 4H7+2H11’), 8.01-7.89 (m, 4H, 2H14+2H10), 7.79 (t, J = 7.8 Hz, 4H, 4H4), 7.59-

7.51 (m, 12H, 4H3+4H8+2H9+2H10’), 7.17 (s, 4H, 4H18), 7.15-6.99 (m, 8H, 

4H5+2H11+2H15), 6.68 (d, 2H, J=16.0 Hz, 2H16), 6.63 (d, 2H, J=16.0 Hz, 2H17), 5.97 (s, 
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2H, 2H13), 2.55 (s, 6H, -CH3). 
13C NMR (400 MHz, CD3CN): /ppm 184.08, 163.52, 

157.24, 156.56, 154.25, 153.95, 153.38, 150.82, 150.67, 150.24, 146.45, 144.98, 141.09, 

139.57, 137.68, 137.39, 137.20, 136.61, 135.18, 134.71, 132.99, 130.17, 128.37, 128.11, 

127.21, 126.53, 126.02, 125.97, 124.72, 124.46, 123.34, 123.05, 121.43, 119.82, 116.41, 

115.30, 20.45. Electrospray ionization mass spectrometry (ESI-MS) (positive, MeCN) 

m/z=796.25 (100%) [(ttpy)Ru(t'pvpvpt')Ru (ttpy)]2+, m/z=531.17 (65%) 

[(ttpy)Ru(Ht'pvpvpt')Ru(ttpy)]3+ and m/z=398.62 (41%) [(ttpy)Ru(Ht'pvpvpt'H)Ru 

(ttpy)]4+.  

Caution! Perchlorate salts of the metal complexes are potentially explosive and therefore 

should be handled in small quantities with care. 

3.2.4. Instruments and Physical Methods. The details of different equipment used 

and experimental process to measure absorption and luminescence spectral behavior as well 

as computational studies using DFT and TD-DFT methods have already been discussed in 

chapter 2. 

3.2.5. Determination of Trans-Cis Photoisomerization Quantum Yields. A 1 cm 

light path length quartz cell was used for the photoisomerization measurements. The 

concentration of the complexes was maintained in the range of 2×10-6 M- 4×10-6 M, and 

the solution was thoroughly degassed with N2 before photoirradiation and stirred 

magnetically during trans-to-cis isomerization. Isomerization studies were carried out in 

photocatalytic reactor (Model No: 66901) designed by Newport corporation, USA. Light 

of specific wavelengths were isolated using band pass filters of 280 and 500 nm. The rate 

constant of the isomerization process was evaluated from the absorbance titration data 

using equation (1).91 

ln{(A0 -Af)/(At-Af)}= kisot       (1) 

where A0, At, and Af is the absorbance of the free receptor, after time t, and at the 

conclusion of the reaction. Kiso is the rate constant of isomerization and t is the required 

time for the completion of the isomerization process. Both kiso and Af were estimated by 

nonlinear least-square method. The intensity of the light source was ~0.11 W. Quantum 

yields (φ) of the isomerization process were obtained by using the following equation,92 

ν = (φI0/V)(1-10-Abs) 

where v is the rate of the trans-to-cis isomerization, I0 is the photon flux at the front 

of the cell, V is the volume of the solution, and Abs is the initial absorbance at the 

irradiation wavelength.  
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3.3. Results and Discussion 

3.3.1. Synthesis and Characterization. The metal complexes were prepared 

according to a method previously described by our group.86 Subsequent purification of the 

final products was achieved through column chromatography followed by recrystallization 

technique. The compounds were appropriately characterized using elemental analysis (C, 

H, and N), 1H, {1H-1H} COSY, 13C NMR and ESI mass spectrometry. 

 3.3.2. NMR Spectra. The 1H and {1H-1H} COSY NMR spectra of complex 1 and 

2 are presented in Figures 3.1 and 3.2. Tentative assignment of all the proton resonances in 

the complexes was made with the help of their {1H-1H} COSY NMR spectra, relative areas 

of peaks, usual chemical shifts and coupling constants of the protons. Due to asymmetric 

nature of complex 1, the H3a, H3b, H3c, H3d and H3e protons mostly appear as singlet in the 

downfield region of 9.12-8.97 ppm. The olefinic protons (H16 and H17) appearing as two 

closely situated doublets having the coupling constant (J) of 16 Hz, lie in the range of 7.02-

6.87 ppm. The coupling constant clearly suggests that the complex adopts trans 

configuration. The H13 proton adjacent to the cyclometalating carbon is observed as a 

singlet in the most up-field region at 6.13 ppm. In contrast, complex 2, being symmetrical, 

exhibits fewer proton signals compared to 1. The sharp singlets for H3a, H3b and H3c protons 

again lie in the most downfield region of 9.08-8.88 ppm. The olefinic protons (H16 and H17) 

get more up-field shifted compared to 1, probably due to the two adjacent cyclometalating  

 

 

Figure 3.1. 1H NMR spectra of 1 and 2 in CD3CN. 
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Figure 3.2. {1H-1H} COSY NMR spectrum of 1 (a) and 2 (b) in CD3CN. 

 

units. Their J value of 16 Hz again indicates that complex 2 exists in the trans-trans (t-t) 

orientation. The H13 protons next to the carbanionic centers appear as a singlet at 5.97 ppm. 

In order to locate the carbanionic center in the complexes, we also acquired their 13C NMR 

spectra in CD3CN (Figure 3.3). Both complexes display a characteristic signal in the most 

down-field region {at δ=184.34 ppm (1) and δ=184.03 ppm (2)}, which clearly indicates 

the presence of Ru-C bond within the complex framework. 

 

 

Figure 3.3. 13C NMR spectrum of 1 (a) and 2 (b) in CD3CN. 
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(b)
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3.3.3. Mass Spectra. The ESI mass spectra of 1 and 2 in MeCN along with the 

simulation of the peaks are portrayed in Figure 3.4. The correlation among the experimental 

and simulated spectra is found to be good in all cases.  Complex 1 displays two peaks, while 

three peaks are observed for 2 in the positive m/z region. For 1, the most abundant peak at 

m/z=497.13, separated by 0.33 Da, corresponds to the tri-positive cation, [(ttpy)Ru 

(tpvpt')Ru(ttpy)]3+. Another peak at m/z=373.10 corresponds to tetra-positive cation, 

[(ttpy)Ru(tpvpt'H)Ru (ttpy)]4+, as the separation among consecutive isotopic lines is found 

to be 0.25 Da. The most abundant peak for 2 that appears at m/z=796.25 indicates the 

presence of a di-positive cation, [(ttpy)Ru(t'pvpvpt')Ru(ttpy)]2+. Another intense peak at 

m/z=531.17 with a separation of 0.33 Da among the consecutive isotopic lines, corresponds 

to a tri-positive cation, [(ttpy)Ru(Ht'pvpvpt')Ru(ttpy)]3+. The weak peak at m/z=398.62 

corresponds to tetra-positive cation, [(ttpy)Ru(Ht'pvpvpt'H)Ru(ttpy)]4+. 

 

Figure 3.4. ESI-MS (positive) spectra of 1 and 2 in MeCN, with insets displaying the 

observed and simulated isotopic distribution patterns of the complex cations. 

 

 

 3.3.4. Theoretical Calculations. Computational studies for both complexes were 

performed using density functional theory (DFT) and time-dependent (TD)-DFT. The 

ground state optimized geometries are displayed in Figure 3.5. The frontier molecular 

orbitals and their compositions are illustrated in Figures 3.6 and 3.7 and detailed in Table 

3.2. The HOMOs are primarily localized on the ruthenium centers and, to a lesser extent, 

on the cyclometalated (N-N-C) site. The LUMOs are predominantly localized across the 

terpyridine- and phenylene-vinylene units. TD-DFT calculations are employed for accurate 

assignment of the experimental absorption spectral bands, while Unrestricted Kohn-Sham 

(UKS) calculations are executed directly on the triplet state of the complexes to get insight 

about their luminescence spectral behavior. 
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Figure 3.5.  Ground state optimized geometries of 1 and 2 in acetonitrile. 

 

 

 

 

Figure 3.6. Schematic drawings of the selective frontier molecular orbitals of 1 in 

acetonitrile. 
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Figure 3.7. Schematic drawings of the selective frontier molecular orbitals of 2 in 

acetonitrile. 

 

Table 3.2.  Selected MOs along with their Energies and Compositions in the Ground State 

for 1 in MeCN. 

 

 

 

 

  

1 

Energy/eV % Compositions 

trans cis trans cis 

Ru mpt N,N,N-tpy N,N,C-tpy pvp Ru mpt N,N,N-tpy N,N,C-tpy pvp 

LUMO+5 -2.30 -2.30 11.91 63.05 0.92 21.44 2.68 13.36 81.91 0.08 3.55 1.09 

LUMO+4 -2.31 -2.30 8.58 21.78 2.74 60.94 5.96 7.14 1.92 1.39 84.72 4.83 

LUMO+3 -2.43 -2.44 3.11 53.76 42.82 0.00 0.30 3.11 54.69 41.91 0.00 0.29 

LUMO+2 -2.51 -2.52 0.01 44.68 54.94 0.00 0.36 0.02 43.78 55.84 0.00 0.36 

LUMO+1 -2.67 -2.68 7.86 90.60 1.51 0.00 0.02 7.84 90.02 2.04 0.00 0.09 

LUMO -2.74 -2.73 7.70 1.52 74.57 1.64 14.57 7.82 2.13 78.01 0.80 2.13 

HOMO -5.29 -5.29 50.22 9.65 0.35 9.93 29.84 53.26 12.67 0.02 8.84 12.67 

HOMO-1 -5.32 -5.33 60.20 29.00 0.00 5.15 5.65 59.73 25.94 0.00 6.17 25.94 

HOMO-2 -5.58 -5.60 59.63 6.80 0.83 14.13 18.61 65.71 7.13 0.27 16.91 7.13 

HOMO-3 -5.78 -5.87 31.64 4.51 4.45 10.00 49.39 26.23 4.05 5.82 7.61 4.05 

HOMO-4 -6.10 -6.10 60.46 32.81 6.73 0.00 0.00 60.51 32.70 6.78 0.00 32.70 

HOMO-5 -6.15 -6.16 69.92 15.13 14.93 0.00 0.02 69.84 15.11 14.91 0.02 15.11 

HOMO HOMO-1 HOMO-2

HOMO-3 HOMO-4 HOMO-5

LUMO LUMO+1 LUMO+2

LUMO+3 LUMO+4 LUMO+5
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3.3.5. Absorption Spectra. The absorption spectra of 1 and 2 are acquired in MeCN 

at RT and the spectral details are presented in Table 3.3. The bands are assigned with the 

help of TD-DFT computations. Relevant spectral data along with the band assignments of 

2 are tabulated in Table 3.4. Overlay of calculated and experimental spectra are displayed 

in Figure 3.8, bearing good correlation among themselves. The lowest energy broad band 

in the wavelength range of 450-700 nm for both the complexes is predominantly due to 

Ru→(N-N-N) charge transfer (MLCT) together with a small contribution of Ru→(N-N-C) 

charge transfer (MLCT) transitions.75 The MLCT band that appeared at 527 nm for 2 is 

relatively broader and also more red-shifted compared to 1, probably due to the presence 

of two carbanionic centers which induces more electron density around Ru(II). The next 

higher energy band ranging between 350 and 450 nm is also due to Ru→(N-N-C) charge 

transfer, along with a finite contribution of ILCT state, primarily localized on the π-

conjugated bridging cyclometalating ligands, which is believed to be situated in close 

proximity of the Ru→(N-N-C) MLCT state.93 As the π-conjugation in the bridging ligand 

in complex 2 is much greater than that of 1, the ILCT contribution is expected to be higher 

in case of 2, which is also reflected in enhanced absorptivity () value for the said band 

(within 350-450 nm domain) in the latter one.94 The UV region bands at ~285 nm emerge 

as a result of mixed ILCT and π-π* transitions. 

 

Table 3.3. Photophysical Data of 1 and 2. 

 

aMolar extinction coefficient (). bLifetime (). cEmission quantum yield (Φ). 
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1=1.4 ns (35%), 

2=9.1 ns (65%) 

6.5×10-4 

2 527(br)(34570), 

386(br)(128900), 322(94000), 

285(143160) 

852 1=2.0 ns (36%), 

2=10.3 ns (64%) 
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7.2×10-2 

2 - 695 1=5.7 µs (43%), 

2=41.2 µs (57%) 

8.3×10-2 
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Table 3.4. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 2 in 

MeCN. 

 

 

 

 

Figure 3.8. Experimental (royal blue) and calculated (orange) absorption spectra of 1 and 

2 in MeCN. 
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 3.3.6. Emission Spectra. The emission spectra and excited-state decays of the 

complexes are recorded in MeCN at RT as well as in EtOH-MeOH (4:1, v/v) glass at 77 K 

(Figure 3.9). The corresponding parameters are tabulated in Table 3.3. The complexes 

exhibit a broad emission in the NIR region ranging from 700 to 980 nm at RT. We have 

also performed UKS calculations on the triplet state of both complexes and reasonably good 

correlation between the experimental and calculated values of emission maxima indicates 

that the observed emission arises due to the radiative deactivation of 3MLCT state (Table 

3.5). The close proximity of radiative 3MLCT and non-radiative 3MC states is mostly 

responsible of either non-emissive or very weak emission characteristics in majority of 

ruthenium terpyridine type complexes.72-73,95 Owing to the presence of stronger σ-donating 

cyclometalating units, the radiating 3MLCT state shifts to the lower energy region, while 

the non-radiating 3MC state moves to the higher energy level, thereby augmenting the 

energy gap between them, which in turn enhances the luminescence characteristics of the 

present complexes.68 Thus, the broad band with its maximum at ~820 nm for 1 and at ~850 

nm for 2 is predominantly due to 3MLCT(Ru→N-N-N) unit, although equilibration with 

3MLCT(Ru→N-N-C) state could not be ruled out. Both the complexes demonstrate bi-  

 

 

 

Figure 3.9. Steady-state emission spectra and excited-state decay profiles of 1 and 2 in 

MeCN (a and b, respectively) and in EtOH-MeOH (4:1, v/v) glass at 77 K (c and d, 

respectively). Insets to figure b and d show the corresponding lifetime values. 
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exponential decay at RT as displayed in Figure 3.9. The RT lifetime of the complexes is 

found to be 9.1 ns for 1 and 10.3 ns for 2. At 77 K, the emission maxima of the complexes  

get considerably blue-shifted along with substantial increase in the lifetimes (39.0 µs for 1 

and 41.2 µs for 2), which is typical of 3MLCT emitters. To our surprise, we observed bi-

exponential decay for both complexes at 77 K. We do not know the actual reason for this 

type of behavior at 77 K. We surmise that the observed bi-exponential decay for both the 

complexes is probably due to the involvement of two types of 3MLCT states, arising out of 

Ru→(N-N-N) and Ru→(N-N-C) charge transfer transitions, although no direct proof of the 

hypothesis could be provided. The zero-zero spectroscopic energy values (E00) of the 

complexes, determined from their 77 K emission maxima, are found to be 1.89 eV and 1.76 

eV for 1 and 2, respectively.  

 

Table 3.5. Emission Maxima of 1 and 2 in MeCN according to UKS Calculations and 

Associated Experimental Values. 

1 2 

trans cis trans-trans trans-cis 

λexpt/nm λ cal/nm λ expt/nm λ cal/nm λexpt/nm λ cal/nm λ expt/nm λ cal/nm 

818 838 657 836 852 841 698 741 

  

 

3.3.7. Redox Properties. We explored the redox properties of the complexes in 

MeCN via cyclic voltammetry and associated voltammograms and data are presented in 

Figure 3.10 and Table 3.6. Complex 1 displays two successive reversible peaks at 0.62 and 

1.31 V in the positive potential window probably due to RuII/RuIII oxidation at the 

cyclometalated and non-cyclometalated site, respectively. Similarly, in the negative  

 
 

Figure 3.10. CVs of 1 and 2 in MeCN at a scan rate of 100 mV/s using Ag/AgCl as the 

reference electrode. 

1 2
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potential region, two peaks are observed at -1.17 and -1.62 V due to reduction of two 

different types of terpyridine units in the complex backbone. Complex 2, on the other hand,  

exhibits a single reversible peak at 0.46 V due to simultaneous oxidation of two distant RuII 

moieties (Ru-Ru distance: 18.8 Å, estimated from the DFT optimized geometry). The 

dramatic reduction in RuII/RuIII potential in 2 is due to accumulation of negative charge on 

the metal center induced by two cyclometalated units. Complex 2 also displays two 

reversible and/or quasi-reversible peaks at -1.22 and -1.74 V due to the reduction of the 

terpyridine units in the complex. DFT calculations are also conducted to substantiate the 

assignments of the redox couples. It is evident that spin density is predominantly localized 

on the RuII center in the oxidized state, while on the terpyridine units of non-cyclometalated 

parts, and to a lesser extent on the cyclometalated region, in their reduced forms (Figure 

3.11). 

 

Table 3.6. Electrochemical Dataa for 1 and 2 in MeCN. 

 

 

 

aAll the potentials are referenced against Ag/AgCl electrode with E1/2=0.36 V for Fc/Fc+ couple. bReversible 

electron transfer process with a Pt working electrode. cE(red) values for the reduction processes obtained 

with glassy carbon electrode 

 

 

 

 

 

Figure 3.11. Spin density plots of 1 and 2 in MeCN. Left panel indicates two-electron 

oxidized forms while two-electron reduced forms are shown in right panel.  

Compounds Oxidationb 

E1/2(ox)/V 

Reductionc 

E(red)/V 

1 0.62, 1.31 -1.17, -1.62 

2 0.46 -1.22, -1.74 

Two electron oxidized Two electron reduced

1

2
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 3.3.8. Acid-Induced Changes in the Photo-Redox Behavior of the Complexes. 

We are now interested to explore the acid-base behavior of the complexes by exploiting the 

non-coordinated nitrogen atoms in their secondary coordination sphere. For this purpose, 

we have first treated the acetonitrile solution of the complexes with HClO4 and monitored 

the changes via absorption and emission spectroscopy (Figures 3.12 and 3.13). Both the 

complexes display two-step changes accompanied with isosbestic points in each step.  For 

complex 1, upon addition of 2 equiv of acid, a small hump arises at ~567 nm region, 

keeping the MLCT band intensity at 497 nm almost unchanged. In case of 2, the MLCT 

band moves about 40 nm to the red region and it appears as a broad band ranging between 

495 and 600 nm with its peak maximum at ~566 nm. The spectral characteristics as well as 

the amount of acid required to reach the first saturation are different, viz. 2 and 4 equiv for 

complex 1 and 2, respectively. For 1, only one non-coordinated N is free to accept a proton, 

while the number is two for 2. In the first step, the solution color remains almost unchanged 

for both the cases. Upon continued addition of acid, the said absorption band (at ~567 nm) 

was observed to be substantially reduced in intensity and at the same time, a small but finite  

 

 
 

Figure 3.12. Stepwise changes in absorption (a and c) and emission (b and d) spectral 

profiles of 1 upon successive addition of H+ in MeCN. The insets to figure a and c show 

the alteration of absorbance with the equivalent of H+ and visual color change while the 

insets to figure b and d display the variation of luminescence intensity as a function of H+. 
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Figure 3.13. Stepwise changes in absorption (a and c) and emission (b and d) spectral 

profiles of 2 upon successive addition of H+ in MeCN. The insets to figure a and c show 

the alteration of absorbance with the equivalent of H+ and visual color change while the 

insets to figure b and d display the variation of luminescence intensity as a function of H+. 

 

increase in absorbance in the wavelength domain of 450-480 nm takes place for 1. In case 

of 2, upon continued addition of acid, the broad band at ~566 nm gets reduced gradually 

and an upsurge of a new band is observed at 480 nm. It is to be noted that the extent of 

change is more marked in 2 than that in 1 as the former one possesses two Ru-C bonds. The 

required amount of acid to reach the second saturation also differs, viz. 6 equiv for 1 and 

12 equiv for 2. The color of the solution also changes from reddish-purple to reddish-orange 

for 1, while the purple color of 2 is changed to yellowish-orange upon acid saturation. 

In the emission side, the intensity of the band for both complexes gets almost fully-

quenched together with a blue-shift of ~50 nm in the first step. On the other hand, evolution 

of a new band at ~680 nm for 1 and at ~770 nm for 2, followed by their substantial 

intensification takes place upon continued addition of acid. In line with the steady state 

spectra, the lifetime of the complexes decreases in the first step (9.1→4.6 ns for 1 and 

10.3→6.1 ns for 2), while significantly increases in the second step (4.6→23.5 ns for 1 and 

6.1→ 25.7 ns for 2) (Figure 3.14).  
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Figure 3.14. First (a and c) and second (b and d) step changes in luminescence decays of 2 

upon incremental addition of H+ ion in acetonitrile. The insets to the figures show the 

corresponding lifetime values.  

 

We also acquired the CVs of both complexes in acid-saturated condition and 

overlaid the same with those in absence of acid (Table 3.7 and Figure 3.15). We have 

already observed that 1 shows two reversible couples with the E1/2 values of 0.62 V and 

1.31 V, while complex 2 displays a single oxidation peak at E1/2=0.46 V. The acid-saturated 

solution of 1 is found to exhibit two closely associated reversible couples having their E1/2 

of 1.26 V and 1.35 V. Complex 2, on the other hand, displays a single reversible couple 

with E1/2 of 1.34 V. 

 

Table 3.7. Oxidation Potentials of 1 and 2 in their Free and De-coordinated Forms in 

MeCN. 
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Figure 3.15. CVs of free- and acid-saturated forms of 1 and 2 in MeCN at a scan rate of 

100 mV/s using Ag/AgCl as the reference electrode. 

 

 To investigate the reasons behind the observed changes in the absorption, emission 

and electrochemical behavior in presence of acid, we conducted 1H NMR titrations of the 

complexes upon gradual addition of deuterated trifluoroacetic acid (TFA-d) in CD3CN 

(Figures 3.16 and 3.17). With incremental addition of acid up to 2-6 equiv, the signal 

intensity of H13-H15 protons gradually decreases with concomitant appearance of two new 

and unresolved doublets in the region of ~7.15-7.80 ppm, probably corresponding to H13' 

and H15' protons (insets of Figures 3.16 and 3.17). Additionally, a new peak emerges at 

δ=12.65 ppm (for 1) and 13.00 ppm (for 2), likely due to protonation of the non-coordinated 

pyridine units within the cyclometalated site of the complexes. This sort of protonation 

leads to decrease in electron density of the aforementioned pyridine moieties, which in turn 

results in a significant down-field shift of H9'-H12' proton resonances. The olefinic protons 

(H16 and H17) also undergo a down-field shift in presence of acid. Further addition of acid 

(up to 6-12 equiv) leads to disappearance of H13-H15 proton signals, while the signal 

intensities of H13' and H15' protons get gradually enhanced, better resolved and slightly up-

field shifted. Furthermore, H3a, H3b, H3d, H3e protons (for 1) and H3a, H3b protons (for 2) get 

slightly up-field shifted, whereas H3c protons for both complexes experience substantial up-

field shift from ~8.88 to ~8.64 ppm. It is to be noted that the protons closer to the non-

cyclometalating units experience only a small chemical shift upon acid-treatment. We also 

acquired the 13C NMR spectrum of a representative complex (1) in presence of acid, 

particularly to locate the signal of the carbon atom coordinated to Ru(II) center (Figure 

3.18). The original complex displays a signal in the most down-field region of δ=184.34 

ppm, which clearly indicates the presence of Ru-C bond within the complex framework.  
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Figure 3.16. 1H NMR spectral changes of 1 upon gradual addition of H+ (up to 6.0 equiv) 

in CD3CN. 

 

But in the acid saturated form, the said signal is not visible, indicating the cleavage of Ru-

C bond. Small but finite change in the chemical shift of the remaining carbon atoms is also 

noticed upon cleavage. Thus, the outcomes of both 1H and 13C NMR experiments indicate 

that initial addition of acid up to 2-6 equiv induces protonation of the pyridine rings within 

the cyclometalated unit which is evidenced by observed downfield-shift of the protons 

associated with the said pyridine rings. It is further hypothesized that subsequent acid 

addition results in protonation at the carbanionic center of the Ru-C bond and ultimately 

cleavage of the same. Upon careful consideration of the final NMR spectrum, it appears 

that significant structural transformation takes place in each complex. The N-N-C-Ru 

coordination motif(s) in each complex has been converted into N-N-Ru type motif as 

depicted in Figures 3.16 and 3.17.   
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Figure 3.17. 1H NMR spectral profile of 2 with incremental addition of H+ (up to 12.0 

equiv) in CD3CN. 

 

 

 

Figure 3.18. 13C NMR spectrum of acid-saturated form of 1 in CD3CN. 
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 To substantiate our hypothesis of initial protonation followed by de-coordination in 

presence excess acid, DFT and TD-DFT calculations are also executed on the protonated 

and de-coordinated forms of the complexes. The optimized geometries of both the forms 

are presented in Figure 3.19. The frontier molecular orbitals along with their compositions 

for a representative complex 2 are presented in Figures 3.20 and 3.21 and Table 3.8. 

Additionally, the absorption spectral parameters and band assignments for 2 are 

summarized in Table 3.9. Notably, the computed spectra show reasonably good correlation 

with the respective experimental spectra, as illustrated in Figure 3.22. The molecular 

orbitals that are involved in the lowest-energy transition for free-, protonated-, and de-

coordinated forms are depicted in Figure 3.23. On protonation, the LUMOs experience 

greater stabilization relative to the HOMOs, resulting in red-shift of the said 1MLCT band. 

Conversely, upon de-coordination, the HOMOs undergo greater stabilization than LUMOs 

relative to their protonated counterparts. The HOMO-LUMO energy barrier in the 

protonated forms is observed within the range of 2.21-2.37 eV, while for the de-coordinated 

forms, it shifts to a higher energy domain of 2.43-2.64 eV. Consequently, upon de-

coordination, a hypsochromic shift is observed in the absorption spectra for both 

complexes. The extent of shift is found to be more prominent for 2, due to the presence of 

two cyclometalating units, in contrast to 1 possessing only one cyclometalating unit.  

 

 

Figure 3.19. Ground state optimized geometries of protonated (left panel) and de-

coordinated (right panel) forms of 1 and 2 in acetonitrile. 
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Figure 3.20. Schematic drawings of the selective frontier molecular orbitals of the 

protonated form of 2 in acetonitrile. 

 

 

 

Figure 3.21. Schematic drawings of the selective frontier molecular orbitals of the de-

coordinated form of 2 in acetonitrile. 
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Table 3.8.  Selected MOs along with their Energies and Compositions in the Ground State 

for Protonated and De-coordinated Forms of 2 in MeCN. 

 

 

Table 3.9. Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 

Protonated and De-coordinated Forms of 2 in MeCN. 

 

 

 

 
  

2 

Energy/eV % Compositions 

Protonated De-coordinated Protonated De-coordinated 

Ru mpt N,N,C-tpy pvp Ru mpt N,N,C-tpy pvp MeCN 

LUMO+5 -2.41 -2.82 11.87 83.03 3.50 1.60 1.85 8.30 87.57 2.12 0.01 

LUMO+4 -2.41 -2.96 11.96 83.70 2.91 1.42 0.92 7.80 49.21 42.04 0.02 

LUMO+3 -2.43 -3.06 3.13 3.05 92.87 0.95 13.12 80.31 5.85 0.67 0.02 

LUMO+2 -2. 44 -3.08 1.52 7.05 72.01 19.42 11.92 74.52 8.63 4.88 0.01 

LUMO+1 -3.10 -3.37 5.12 0.77 92.49 1.60 4.22 0.88 92.27 2.57 0.03 

LUMO -3.11 -3.41 5.47 0.82 90.82 2.88 4.53 0.90 87.62 6.90 0.04 

HOMO -5.32 -5.84 16.02 2.72 10.45 70.79 3.14 0.38 7.78 88.68 0.00 

HOMO-1 -5.48 -6.48 56.12 10.98 8.43 24.46 56.32 10.42 17.25 15.99 0.02 

HOMO-2 -5.50 -6.57 60.63 28.29 5.26 5.81 61.76 18.75 14.50 4.96 0.02 

HOMO-3 -5.50 -6.61 60.60 28.16 5.29 5.95 40.71 50.37 8.32 0.58 0.00 

HOMO-4 -5.58 -6.61 49.95 9.66 2.83 3.76 48.31 45.05 5.31 1.31 0.00 

HOMO-5 -5.84 -6.63 67.32 7.29 17.01 8.38 72.98 14.18 10.47 2.25 0.10 

λexpt

/nm 

λcal/

nm 

Excited 

state 

Oscillator 

strength(f) 

Key transitions Character 

2 (Protonated) 

567 619 S5 0.20 H-4→L (27%), H-1→L+1 (13%), H→L (51%) MLCT, ILCT 

538 S13 0.27 H-6→L (23%), H-5→L+1 (18%), H-4→L (17%) 

506 S22 0.50 H-5→L+1 (10%), H-1→L+3 (20%), H-1→L+7 

(10%), H→L+2 (19%) 

490 S25 1.85 H→L+2 (24%), H→L+6 (51%) 

388 

472 S29 0.26 H-6→L (11%), H-5→L+1 (12%), H-4→L+2 

(24%), H→L+2 (18%) 

MLCT, ILCT 

445 S39 0.27 H-6→L+2 (17%), H-5→L+3 (13%), H-1→L+3 

(13%) 

394 S65 0.22 H-1→L+9 (30%), H→L+10 (41%) 

365 S79 0.09 H-3→L+13 (20%), H-2→L+14 (40%) 

317 318 S142 0.11 H-11→L+5 (13%), H-10→L+5 (21%), H-

8→L+7 (11%), H-8→L+8 (11%) 
ILCT, π-π* 

285 298 S182 0.50 H-17→L+5 (20%), H-16→L+4 (18%), H-

16→L+5 (11%) 

π-π* 

2 (De-coordinated) 

482 568 S2 0.04 H→L+1 (92%) MLCT, ILCT 

   

499 

S7 0.53 H-6→L (14%), H-5→L+1 (12%), H→L+4 (22%) 

   

464 

S16 0.35 H-3→L+1 (29%), H-2→L (10%) 

380 400 S34 0.13 H-6→L+4 (10%), H-4→L+2 (14%) MLCT, ILCT 

367 S59 0.09 H-6→L+7 (30%) 

312 334 S92 0.09 H-13→L+3 (36%), H-10→L+3 (15%) ILCT, π-π* 

327 S107 0.09 H-13→L+3 (19%), H→L+17 (59%) 

283 293 S178 0.14 H-6→L+16 (22%) π-π*, ILCT 



  Chapter 3 

147 
 

 

 

Figure 3.22. Overlay of the experimental and theoretical absorption spectra of the 

protonated (left panel) and de-coordinated (right panel) forms of 1 and 2 in acetonitrile. 

 

 

 

Figure 3.23. Dominant transitions involved in the lowest-energy absorption band in free (left 

panel), protonated (middle panel) and de-coordinated (right panel) forms of 2 in MeCN. 
  

 

In earlier sections, we have witnessed substantial modulation in the absorption, 

emission and electrochemical properties of the complexes in presence of acid. Furthermore, 

the acid-dependent 1H NMR titration experiments clearly indicate initial protonation of the 

pyridine rings associated with the cyclometalated site followed by Ru-C bond cleavage in 

presence of excess acid in the second step. Hence, the observed first-step change in the 

absorption and emission spectral behavior of the complexes is also ascribed to protonation 

HOMO

HOMO-1

HOMO-4

LUMO

LUMO+5

HOMO-4

HOMO

HOMO-5

LUMO

LUMO+1

LUMO+6

HOMO

HOMO-5

LUMO+1

LUMO+4

F
r
e
e

D
e
-c

o
o
rd

in
a
te

d

P
ro

to
n

a
te

d

5x10
4

1x10
5

 

 
/

M
-1
 c

m
-1

 Exp

 Theo

1

300 400 500 600 700
0

1x10
5

2x10
5

3x10
5

 

/nm

 Exp

 Theo

2

2x10
4

4x10
4

6x10
4

8x10
4

1x10
5

 

 

 Exp

 Theo

/
M

-1
 c

m
-1

1

300 400 500 600 700
0

5x10
4

1x10
5

2x10
5

 Exp

 Theo

/nm

2

De-coordinatedProtonated



Chapter 3 

148 
 

of their non-coordinated nitrogen atom(s). In practice, a small but finite increase in 

absorption intensity together with a red-shift of the lowest energy MLCT band takes place 

in the first step. By contrast, diminution of the said MLCT bands takes place in the second 

step due to Ru-C bond cleavage under the influence of excess acid.  

We have already discussed that the emission maximum at ~820 and ~850 nm for 

complex 1 and 2, respectively, arises due to radiative deactivation of 3MLCTRu→(N-N-N) state 

as the N-N-N tpy unit is thought to be better π-accepting in nature under proton-free 

condition. Upon addition of acid up to their first saturation, the N-N-C unit becomes more 

π-accepting relative to N-N-N tpy motif and the electron density will now flow from Ru(II) 

towards the protonated cyclometalated unit which in turn is probably responsible for 

emission quenching at ~820 nm for 1 and ~850 nm for 2. Further addition of acid finally 

leads to Ru-C bond cleavage, leading to the formation of Ru(bidentate N-N)(tpy)(CH3CN) 

type motifs. As the protonated pyridine unit is attached to the bipyridine-type moiety, the 

charge transfer probably takes place from Ru center to the said bpy-type unit, leading to 

the generation of a new band in the higher energy region. As the Ru(bpy) type moiety is 

usually more emissive relative to its Ru(tpy) counterpart, the enhanced emission at ~680 

and ~770 nm for complex 1 and 2, respectively, is probably due to radiative deactivation 

of 3MLCTRu→(N-N) state for both the complexes under high proton concentration. 

In cyclic voltammetry, we obtained the E1/2 of 0.62 V (for the cyclometalated unit) 

and 1.31 V (for non-cyclometalated) for 1, while for complex 2, we found a single peak 

with E1/2 of 0.46 V. The acid-saturated solution of 1 is found to exhibit two closely 

associated reversible couples having their E1/2 of 1.26 V and 1.35 V. Complex 2, on the 

other hand, displays only one reversible couple with its E1/2 of 1.34 V.  Thus, E1/2 value 

associated with cyclometalated units gets substantially enhanced upon acid saturation and 

the final potential becomes closer to that of [Ru(tpy)(bpy)(CH3CN)]2+ (E1/2=1.29 V) as 

observed by Petersen's group.96 Therefore, acid-induced Ru-C bond cleavage leads to 

change in coordination environment from Ru(tridentate N-N-C)(tpy) to Ru(bidentate N-

N)(tpy)(CH3CN) motifs in both complexes. Thus, the observed shift in E1/2 values 

(particularly for the cyclometalated parts) towards more positive potential domain 

unambiguously indicates the Ru-C bond cleavage upon acid treatment. It is quite logical 

that carbanionic center that is connected to Ru(II)-center is expected to be electron rich 

compared to the coordinated nitrogen atoms. Thus, the carbanionic center is prone to accept 

proton and eventually gets de-coordinated in presence of excess acid.71,97,98  
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 We are now interested to check whether the overall process is reversible and re-

coordination of Ru-C bond is possible or not in presence of base (NaOH). Absorption and 

emission spectroscopy were employed for this purpose (Figures 3.24 and 3.25). Initially, 

the complexes were treated with acid up to their first saturation point. Gradual addition of 

OH- to the acidulated solutions results in a gradual shift of the absorption spectra back 

toward their original states and complete restoration is achieved upon addition of 2-4 equiv 

of base. Next, we took the acidulated solutions of the complexes after reaching a second 

saturation level, where the cleavage of Ru-C bond occurs. At this stage, the addition of OH- 

caused minimal spectral changes. However, upon heating the solutions up to ~70 °C, the 

complexes reverted back to their original cyclometalated form. The solution colors also 

found to revert back to their initial state. The first-step process showed a gradual increase 

in emission intensity upon OH- treatment, eventually returning to the initial state. In the 

subsequent step, the acid-saturated solution restored to their original cyclometalated form 

together with emission quenching upon treatment with base and heat. These observations 

indicate that after acid-induced de-coordination, Ru(II) can be re-coordinated under the 

influence of base and temperature (Scheme 3.1). This demonstrates that the cyclometalated 

Ru-C bond can undergo reversible breaking and forming through sequential application of 

acid, base, and heat. Thus, "on-off" emission switching occurs with acid/base treatment, 

while "off-on" switching is achievable with the correct sequence of acid, base, and thermal 

treatment. 

 

 

Figure 3.24. Absorption (a and c) and luminescence (b and d) spectral profiles obtained 

upon incremental addition of OH- (2-4 equiv) to the first acid-saturated solution of 1 and 2 

in MeCN. 
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Figure 3.25. Absorption (a and c) and luminescence (b and d) spectral profiles of 1 and 2 

in their de-coordinated and re-coordinated forms. 

 

 

 

Scheme 3.1. The structural changes among the three forms of the complexes under the 

influence of acid, base and temperature. 
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proceeds through a single step change for both complexes. Upon light irradiation, the 

lowest energy MLCT absorption bands (within 450-700 nm range) get reduced in intensity 

together with slight blue-shift. The next higher energy band within the spectral domain of 

350-450 nm, which are believed to be admixture of both MLCT and ILCT transitions, are 

also reduced enormously. Thus, both MLCT and ILCT bands get reduced during the course 

of light irradiation, while the UV region bands get intensified. The successive absorption 

spectrum is found to pass through several well-resolved isosbestic points. It is of interest to 

note that reduction in intensity of the band within the spectral domain of 350-450 nm is 

almost four times greater compared to that of the lowest energy band within the range of 

450-700 nm in both cases. The presence of distinct isosbestic points suggest the existence 

of two species in equilibrium, with the initial trans (t) form converting to cis (c) form for 

1, while for 2, the trans-trans (t-t) form is transformed to either trans-cis (t-c) or cis-cis (c-

c) form under photo-irradiation. The time required to reach the photo-stationary state is 

almost 3-5 h for the complexes. 

 

Figure 3.26. Absorption (a and c) and emission (b and d) spectral change of 1 and 2 in 

MeCN upon treatment with light of =500 nm. Inset to figure b and d shows the decay 

profiles of the complexes before and after photolysis along with their lifetime values. 
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band within the spectral range of 600-800 nm. Actually, the emission enhancement is quite 

remarkable for both complexes and the emission maximum is found to be at ~655 nm for 

1 and at ~700 nm for 2 at saturation.  During trans-cis isomerization, the linear structure of 

the complexes gets distorted and consequently the π-delocalization across the complex 

backbone gets hampered. With the help of literature reports, we believed that the 

isomerization process most probably occurs through the intermediacy of 3ILCT state which 

is again in close proximity of the 3MLCT(Ru→N-N-C) state.46-48 As the energy of 3MLCT(Ru→N-

N-C) state is higher than that of 3MLCT(Ru→N-N-N) state, the emission maximum gets blue-

shifted in both complexes. Additionally, as the excited state localization shifts from 

3MLCT(Ru→N-N-N) to the 3MLCT(Ru→N-N-C) state, the emission intensity at ~820 nm (for 1) 

and at ~850 nm (for 2) gradually decreases with concomitant increase of the band at ~655 

nm for 1 and at ~700 nm for 2. Therefore, the highly intense emission band at ~655 nm for 

1 and at ~700 nm for 2 is probably due to the radiative deactivation of either 3MLCT(Ru→N-

N-C) state or from the equilibrated excited states of 3MLCT(Ru→N-N-C) and 3ILCT. 

 For understanding the mode of isomerization, we acquired the 1H NMR spectra of 

the photolyzed solutions of both complexes in CD3CN and compared with their respective 

un-photolyzed forms (Figures 3.27 and 3.28). After photolysis, the spectra reveal an overall 

up-field shift of most of the proton resonances in both cases, although to a small extent. 

Significant reduction in intensity of the olefinic proton signals (H16 and H17 with J=16 Hz) 

together with evolution of two new doublets corresponding to H16
i and H17

i protons in the 

range of 6.00-6.50 ppm possessing J value of ~12 Hz is noticed. The signals due to the 

protons (H13-H15 and H18-H20), adjacent to the olefinic double bonds, also show a 

substantial decrease in intensity upon photo-irradiation. Additionally, new unresolved 

proton signals appear in the range of ~5.90-8.00 ppm, likely corresponding to the H13
i-H15

i 

and H18
i-H20

i protons. In complex 1, a slight reduction in peak intensity of H9'-H12' protons 

is also observed, along with the appearance of new peaks corresponding to H9'
i-H12'

i 

protons. The comparison of the 1H NMR spectra of the initial and photolyzed forms of the 

complexes, together with significant reduction in J value of the olefinic H16
i and H17

i 

protons, suggests that isomerization is taking place in both cases. However, complete 

conversion from trans to cis (for 1) or from t-t to c-c (for 2) does not occur, even after 

prolonged light irradiation. It is therefore plausible that both trans and cis forms in 1, and 

t-t, t-c, as well as c-c forms in 2 coexist, irrespective of their relative abundance, in the 

photostationary state. 
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Figure 3.27. 1H NMR spectrum of 1 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 8 h.    

     

 

 

Figure 3.28. 1H NMR spectrum of 2 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 10 h. 
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To validate our experimental findings, we conducted theoretical calculations on the 

cis form of 1, as well as the t-c and c-c isomers of 2. The optimized geometries of all the 

forms are presented in Figures 3.29 and 3.30. The frontier molecular orbitals of 2 are 

presented in Figures 3.31 and 3.32. Additionally, the absorption spectral parameters and 

band assignments are summarized in Table 3.4. Interestingly, the experimental absorption 

spectra of 1 after photoisomerization exhibit a remarkable resemblance with the calculated 

spectra of cis form as shown in Figure 3.33a. On the other hand, Figure 3.33b depicts the 

overlay of the experimental absorption spectra after photoisomerization and the calculated 

spectra of both t-c and c-c forms of 2. This overlay demonstrates a strong correlation 

between the experimental and theoretical spectra of the t-c form. We have also performed 

UKS calculation on the T1 state of the cis form of 1 as well as the t-c form of 2 in their 

triplet optimized geometries. The comparison of the theoretical and experimental emission 

maxima is tabulated in Table 3.5 which indicates that the correlation is reasonably good for 

2, but differs quite substantially for 1. 

 

 

Figure 3.29.  Ground state optimized geometry of cis form of 1 acetonitrile. 

 

 

 

 

Figure 3.30. Ground state optimized geometries of trans-cis and cis-cis forms of 2 in 

acetonitrile. 
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Figure 3.31. Schematic drawings of the selective frontier molecular orbitals of the trans-

cis form of 2 in acetonitrile. 

 

 

Figure 3.32. Schematic drawings of the selective frontier molecular orbitals of the cis-cis 

form of 2 in acetonitrile. 
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Figure 3.33. Overlay of the experimental and theoretical absorption spectra of 1 (a) and 2 

(b) in MeCN. 
 

 

 The conversion yield (trans→cis or t-t→t-c) of the complexes was quantified by 

calculating the percentage based on the ratio of the 1H NMR signal integrals corresponding 

to the H16 and H17 protons of the respective pair of isomers at their photostationary states. 

It is observed that the conversion efficiency is ~73-77% for both the complexes. The rate 

constants (kiso) and quantum yields (Φt→Φc/Φtt→Φtc) associated with the 

photoisomerization process were also determined using absorption titration profiles. 

Relevant data are summarized in Table 3.10 and graphically presented in Figure 3.34. The 

rate constant values range from 1.5×10-4 to 2.3×10-4 s-1, while Φt→Φc and Φtt→Φtc are 

1.2×10-2 and 5.4×10-3, respectively. Notably, the rate constant for 1 is higher than that for 

2, likely due to the bulkier size of 2 compared to 1. 

To inspect the reversibility of the isomerization process, the photolyzed complexes 

were again subjected to UV light (270 nm), and the progress of the transformation was 

monitored using absorption and emission spectroscopy (Figure 3.35). A critical analysis of 

the spectral bands reveals that the predominant cis (for 1) or t-c (for 2) forms of the 

complexes almost revert back to their initial trans or t-t form. However, the reverse process 

is much slower (6-7 h) compared to the forward one. Thus, "on-off" and "off-on" emission 

switching is feasible upon alternate exposure to UV and visible light. The rate constant 

(kiso) and quantum yield (Φc→Φt/Φtc→Φtt) values for the reverse processes are also 

estimated and presented in Table 3.10 and Figure 3.36. The kiso values vary from 7.2-

9.4×10-5 s-1 and Φc→Φt/Φtc→Φtt ranges from 2.6-6.3×10-3. 
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Table 3.10. Quantum Yield (Ф) and Rate Constants (kiso) of Photoisomerization of 1 and 2 

in MeCN. 

 

 

 

 

Figure 3.34. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the MeCN solution of 1 and 2 with 500 nm light. These plots give the 

values of rate constant of forward photo-isomerization for the complexes. 

 

 

Figure 3.35. UV-vis absorption (a and c) and emission (b and d) spectral changes upon 

irradiating the photolyzed MeCN solution of 1 and 2 with 270 nm light. Insets show the 

irradiation time. 
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Figure 3.36. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the photolyzed solution in MeCN with 270 nm light for 1 and 2. These 

plots give the values of rate constant of reverse photo-isomerization for the complexes. 

 

 We are now interested to explore the effect of acid on the photoisomerization 

behavior of the complexes. To achieve this, we conducted two sets of experiments. Initially, 

the MeCN solution of the complexes is treated with acid up to their first saturation, wherein 

the non-coordinated N atoms in the outer coordination sphere of the complexes get 

protonated as already shown in Figures 3.12 and 3.13. The acidulated solution is then 

subjected to light irradiation (ex=500 nm) and the progress of the reaction is monitored 

spectroscopically (Figures 3.37 and 3.38). Upon light irradiation, substantial reduction in 

band intensity at ~567 nm as well as at ~370 nm together with slight increase in the 

absorbance in the UV region (220-330 nm) is noticed for complex 1 in a single step. The 

observed change indicates that Ru-C bond cleavage and trans→cis isomerization processes 

take place simultaneously. In case of emission spectra, a new band at ~665 nm is evolved 

and gets intensified quite substantially together with a slight blue-shift of the emission  

 
 

Figure 3.37. Absorption (a) and emission (b) spectral changes of acidulated MeCN 

solutions of 1 upon irradiating with visible light (500 nm). Insets to figure a show the 

irradiation time and the color change observed in naked eye upon irradiating with visible 

light. Inset to figure b shows the decay profile before and after photolysis along with the 

lifetime values. 
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maximum. This substantial increase in emission intensity is probably due to cumulative 

effect induced by bidentate (NN)-type motif brought about by Ru-C bond cleavage, and 

trans-cis isomerization. Interestingly, the time required to reach the photo-stationary state 

is only 30 min for 1 in contrast to 180 min for its non-acidulated counterpart. The process 

is also accompanied with a visual color change from reddish-purple to reddish-orange.  

Complex 2, on the other hand, exhibits two-step changes upon light irradiation on 

its acid-treated solution up to first saturation (Figure 3.38). In the absorption spectra, the 

band at ~570 nm gets totally quenched together with a small rise in intensity at ~480 nm in 

the first step. Additionally, the highly intense band at ~390 nm gets reduced to some extent, 

while a moderate increase in intensity of the band at ~315 nm is observed. The color change 

for the solution is also observed from purple to yellowish-orange during light irradiation. 

These observations clearly indicate that upon light irradiation on the acidulated solution of 

2, both Ru-C bond cleavage and photoisomerization take place simultaneously. However, 

we surmise that the contribution of photocleavage is predominant over the isomerization 

process in the first step. In the second step, the absorption band at 480 nm gets slightly 

reduced and a remarkable decrease in the band intensity at ~390 nm is noticed, while the 

band at 243 nm is gradually increased. Therefore, light irradiation on the acidulated solution 

 

 

Figure 3.38. Two-step changes in absorption (a and c) and emission (b and d) spectral 

changes of acidulated MeCN solutions of 2 upon irradiating with visible light (500 nm). 

Insets to figure a show the irradiation time and visual change. Inset to figure d shows the 

decay profile and lifetime before and after photolysis. 
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of 2 leads to the photoisomerization of its de-coordinated form in the second step. 

Interestingly, the spectral saturation for this acid-treated photoisomerization process occurs 

within 60 min for 2, which is significantly shorter than the time required (300 min) to reach 

the photo-stationary state in the absence of acid. In the emission side, a broad band spanning 

in the domain of 650-850 nm, is generated in the first step. Eventually, this broad band 

splits into two closely situated bands with their maxima at ~710 and 795 nm. The intensity 

of these two emission bands continues to increase considerably upon light irradiation, 

although the increase at 795 nm (probably due to Ru-C bond cleavage) is slightly greater 

than that at 710 nm (probably due to photoisomerization). Continued photo-irradiation 

leads to further enhancement in the intensity of the said two bands in the second step, 

although the extent of increase in intensity of the band at ~710 nm is more relative to that 

at ~795 nm. Eventually, the band at 795 nm gets overlapped with the highly intense peak 

at 710 nm and it looks like a hump. Essentially, a highly intense and broad band is observed 

at saturation in the second step of light irradiation. The outcomes of the TCSPC 

measurements indicate that the lifetime of acid-treated solutions of the complexes also 

increases substantially upon light irradiation (4.6 ns→41.0 ns for 1 and 6.1 ns→54.2 ns for 

2) compared with their non-acidulated counterpart (insets of Figure 3.37b and Figure 

3.38d). 

The rate constants (kiso) and quantum yield of photoisomerization for the acid-

treated solutions of the complexes were also evaluated (Table 3.10 and Figure 3.39). The 

rate constant values vary from 8.5×10-4 to 1.4×10-3 s-1, while the quantum yields are 3.6×10-

2 and 5.4×10-2. The observed values clearly indicate that the photoisomerization process of 

the acid-treated complexes is much faster than that in absence of acid. Upon acid treatment, 

the N atoms in the outer coordination sphere get protonated, thereby increasing the overall  

 
 

Figure 3.39. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the acid-treated solution in MeCN with 500 nm light for 1 and 2.  
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charge of the complexes. The increased charge, in turn, reduces the electron density across 

the C=C bond, thereby imparting more single-bond character. Consequently, light 

irradiation makes rotation across the phenylene-vinylene motifs more feasible in the 

protonated forms of the complexes, which is also evident from the rate constant values of 

the isomerization processes (Table 3.10). 

 

3.4. Conclusions 

With regard to our objective of designing NIR-emissive molecular photoswitches, 

we report herein the synthesis and thorough characterization of two Ru(II)-terpyridine 

dimers having cyclometalated as well as phenylene-vinylene units integrated in the 

bridging ligands and investigated their photophysical and electrochemical properties in 

presence of various external stimuli such as acid, base, heat and light. For fine tuning of the 

photophysical and electrochemical properties, we have synthesized one symmetric and one 

asymmetric bridging ligand. The presence of strong -donating cyclometalating units 

increases the electron density around Ru(II) centers, which in turn causes a significant red-

shift in absorption and emission maxima compared to the parent complex [Ru(tpy)2]
2+. 

Interestingly, both the complexes emit in the NIR domain (820-850 nm) at RT. Due to the 

presence of non-coordinated nitrogen atom(s) at the cyclometalated sites in the outer 

coordination sphere, substantial alteration of the spectral and redox properties of the 

complexes is feasible through acid-base equilibria. Besides, de-coordination of Ru-C bonds 

in presence of excess acid and re-coordination of the same in presence of base and heat are 

also made possible. On the other hand, the phenylene-vinylene units in the bridging ligands 

promote trans→cis/trans-trans→trans-cis isomerization upon irradiation with visible 

light. The reverse cis→trans or trans-cis→trans-trans isomerization is also achieved by 

irradiating the photolyzed complexes with UV light, although the process is slower than 

the forward one. Thus, “on-off” and “off-on” emission switching in NIR region is attained 

via appropriate and sequential choice of external stimuli, viz. acid, base, temperature and 

light of particular wavelengths. Another important aspect of the present study is the 

significant enhancement of the rate and quantum yield of photoisomerization in presence 

of acid. In essence, these smart NIR-emissive molecular photoswitches could act as 

potential building blocks in the field of bioimaging, drug delivery and photoswitchable 

molecular devices in the NIR region. 
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4.1. Introduction 

Molecular photoswitches have recently garnered significant attention owing to their 

potential applications in diverse fields of research.1-5 These switches have remarkable 

ability to reversibly change their characteristic signal(s) among two or more distinct states, 

when exposed to light of specific wavelength(s). Incorporation of this sort of light-

responsive units also promotes fine tuning in the properties and functions of the resulting 

devices.6-9 Light is especially well-suited for this purpose as it offers exceptional 

spatiotemporal precision and represents a clean and environment-friendly energy source 

that aligns with the principles of sustainable technologies and applications.10,11 Over the 

past few decades, the most extensively explored photoswitches include azobenzene,12-16 

diarylethene,17-20 stilbene,21,22 and spiropyran23 motifs. Majority of these photoswitches 

typically involve just a single reaction coordinate, such as trans-cis isomerization or 

electrocyclization.24-27 These two-stage photoswitch systems have claimed considerable 

interest due to their remarkable 'on/off' control capabilities as well as their capability to 

symbolize binary digits (0/1) for encoding circuit information.28 Expansion beyond binary 

systems necessitates the use of photoswitches capable of undergoing controlled changes 

across multiple potential reaction pathways.29-33 These versatile switches could empower 

the creation of advanced materials upon implementing multi-addressable units, enhanced 

information storage, and intricate logic circuits.30,34,35 The efficacy of these photoswitches 

critically depends on their rate of isomerization. Slow photoisomerization is unsuitable for 

meeting the need for a quick response. Additionally, extended exposure to high-intensity 

radiation could bleach the photo-responsive molecules. Therefore, inducing fast 

photoswitching is one of the major prerequisites for majority of applications such as optical 

switches,36-38 drug delivery,39 information storage,40,41 to ensure a rapid response to the light 

signal. Thus, rational design of fast and single-component photoswitch with the ability to 

selectively manipulate numerous metastable intermediates across a multi-step process often 

offers numerous benefits over the multi-component complicated systems. 

Photoisomerization of the conventional photoswitches often requires UV light for 

activation which in turn could lead to degradation of the materials and also limit their 

applications in biological systems. In order to overcome the shortcomings associated with 

UV light, several strategies have been adopted to shift the excitation wavelengths 

bathochromically to the visible region.42-45  
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To this end, suitable heteroaromatic moieties incorporating multiple chromophoric 

units might be designed which could also act as potential ligands for metal ion 

complexation.46-51 The spectral window could be further augmented upon incorporation of 

appropriate transition metals into the photoisomerizable ligands.52-54 Transition metal 

complexes have received great attention of the researchers in recent decades for fabrication 

of photo-switching molecular devices, sensors, and memory storage systems because of 

their versatile structures and very rich as well as tuneable photophysical and redox 

properties.55-59 Among various transition metals, Ru(II) complexes based on  polypyridine-

type ligands stand out as highly advantageous.60-66 This is primarily because they feature 

broad and adjustable absorption and long-lived emission band (MLCT) encompassing a 

wider domain of the visible region and also exhibit very rich redox properties.60,67,68 In this 

context, both bipyridine- and terpyridine-type chelating units offer the means to create a 

wide array of Ru(II) complexes. Terpyridines, in particular, exhibit greater effectiveness 

than bipyridines due to their ability to generate isomer-free rod-like structures when 

substituted at the 4' position.69-71 Additionally, these structures are capable of transferring 

energy and/or electron quite efficiently in a predetermined direction. However, it is worth-

noting that Ru(II) terpyridines are often poorly emissive at room temperature because of 

the close proximity of 3MLCT and 3MC states.72,73 To address the limitation, various 

synthetic strategies could be employed. These strategies include incorporation of electron-

donating or withdrawing groups,74-80 planar polyaromatic moieties,81-85 or organic 

chromophores.86 These groups can finely adjust the electronic coupling between the ligand-

centered (3π-π*/3LC) and 3MLCT states. Another approach involves destabilizing the non-

emissive 3MC state by utilizing cyclometalated ligands.87-90 In essence, the luminescence 

of Ru(II) terpyridine complexes can be significantly enhanced either by extending 

conjugation in the complex structure or by reducing non-radiative pathways.  

 With regard to our aim of designing highly luminescent, fast and multi-state 

photoswitchable functional materials, we designed a new series of Ru(II) dimers of 

composition, [XRu(tpvpvpt)RuX]4+ where X= ttpy, H2bip and Me2bip. Although one of the 

complexes (X= ttpy) is previously reported by Schmehl’s group,91 there is no report till 

date on photoisomerization studies of this type of Ru(II) complexes. The bridging bis-

terpyridine ligand is synthesized by incorporating two consecutive phenylene-vinylene 

units in between two terminal terpyridine motifs. The bimetallic Ru(II) complexes are 

prepared by capping with three different type of tridentate terpyridine-type chelatig units 

coordinated to Ru(II) as presented in Chart 4.1. The phenylene-vinylene units boost the RT  
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Chart 4.1. Chemical Structures of the complexes. 

 

emission characteristics of the complexes via π-electron delocalization throughout the 

complex backbone, as well as undergo reversible photoisomerization. We previously 

reported the photoisomerization behavior of various monometallic  (both homo- as well as 

heteroleptic) transition metal complexes containing coupled terpyridine-phenylene-

vinylene conjugate.74,75,82,92,93 However, the photoisomerization studies of bimetallic 

Ru(II)-terpyridine complexes having two phenylene-vinylene units in the ligand side are 

not precedented in the literature. The present work presents synthesis, characterization and 

thorough investigation on the photo-redox as well as photoisomerization behaviors of a 

new array of Ru(II)-dimers. Three different type of capping units are used here for 

systematic tuning of the photophysical characteristics and the rate of the 

photoisomerization process. One of the most interesting aspects of the present study is 

remarkable improvement of rate and quantum yield of photo-isomerization via chemical 

oxidation as well as reduction  of the complexes. To the best of our knowledge, no report 

is available in the literature exhibiting this type of multi-state photo-switching accompanied 

with remarkable augmentation of rate and quantum yield of photoisomerization. Finally, 

we have also performed theoretical investigations of the complexes in both of their trans 
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and cis isomers by executing DFT and TD-DFT studies to get a clear picture of their 

electronic environment and also for appropriate assignment of absorption and emission 

spectral bands.  

4.2. Experimental Section  

 4.2.1. Materials. The bridging phenylene-vinylene-substituted terpyridyl ligand 

(tpvpvpt) as well as the Ru(II)-precursors that are employed here as capping units are 

synthesized and characterized by following our reported literatures.94-97  

 4.2.2. Synthesis of the Metal Complexes. The Ru(II) complexes are prepared by 

adopting a common synthetic protocol as described below. 

 [(ttpy)Ru(tpvpvpt)Ru(ttpy)](PF6)4.2H2O(1). A mixture of tpvpvpt (0.10 g, 0.13 

mmol) and (ttpy)RuCl3 (0.15 g, 0.3 mmol) in 25 mL of ethylene glycol was heated at 180ºC 

with stirring for 12 h under N2 atmosphere when a red solution was formed. After cooling, 

the solution was poured to NH4PF6 (1.5 g in 5 mL of water) and stirred for few minutes, 

when a red colored precipitate appeared. The compound was filtered and purified by silica 

gel column chromatography using MeCN as the eluent. Upon rotary evaporation of the 

eluent to a small volume (~10 mL), a micro crystalline complex was formed which was 

filtered and recrystallized from MeCN-MeOH (1:5, v/v) mixture. Yield: 0.18g (64%). Anal. 

Calcd for C96H74N12Ru2O2P4F24: C, 52.14; H, 3.17; N, 7.64. Found: C, 52.18; H, 3.19; N, 

7.61. 1H NMR (400 MHz, DMSO-d6): /ppm 9.50 (s, 4H, 4H3'''), 9.44 (s, 4H, 4H3′′), 9.10 

(t, 8H, J=7.6 Hz, 4H6+4H6′), 8.52 (d, 4H, J=6.4 Hz, 4H8), 8.45 (d, 4H, J=6.4 Hz, 4H7), 

8.10-8.04 (m, 12H, 4H8'+4H4+4H4'), 7.82 (s, 4H, 4H11), 7.61-7.56 (m, 16H, 

4H7′+4H3+4H3'+2H9+2H10), 7.32-7.29 (m, 8H, 4H5+4H5'), 2.52 (s, 6H, -CH3).  
13C NMR 

(400 MHz, DMSO-d6): /ppm 158.57, 155.60, 155.43, 155.39, 152.71, 147.40, 146.71, 

140.86, 139.72, 138.50, 137.21, 135.36, 133.61, 130.49, 128.51, 128.23, 128.01, 127.92, 

127.79, 127.75, 125.30, 121.21, 118.56, 21.46. HRMS (positive, MeCN) m/z=398.5346 

(100%) [(ttpy)Ru(tpvpvpt)Ru(ttpy)]4+. 

[(H2bip)Ru(tpvpvpt)Ru(H2bip)](PF6)4.3H2O(2). Yield: 0.17 g (62%). Anal. 

Calcd for C90H68N16Ru2O3P4F24:C, 49.08; H, 3.15; N, 10.12. Found: C, 49.05; H, 3.11; 

N,10.17. 1H NMR (400 MHz, DMSO-d6): /ppm 15.07 (s, 4H, -NH), 9.62 (s, 4H, 4H3'), 

9.04 (d, 4H, J=8.5 Hz, 4H6), 8.81-8.78 (m, 4H, 2H12+2H7), 8.67-8.62 (m, 6H, 4H13+2H7), 

8.08 (d, 4H, J=8.5 Hz, 4H8), 7.97 (t, 4H, J=7.0 Hz, 4H4), 7.84 (s, 4H, 4H11), 7.68-7.64 (m, 

6H, 4H3+2H9), 7.60 (d, 2H, J=16.0 Hz, 2H10), 7.50 (d, 4H, J=6.0 Hz, 4H14), 7.29-7.24 (m, 

8H, 4H15+4H5), 7.04 (t, 4H, J=7.8 Hz, 4H16), 6.10 (d, 4H, J=8.0 Hz, 4H17). 
13C NMR (400 
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MHz, DMSO-d6): /ppm 167.39, 158.62, 157.19, 153.37, 152.84, 152.61, 149.06, 141.40, 

139.87, 137.79, 136.99, 135.20, 134.65, 132.16, 131.96, 130.51, 128.71, 127.79, 124.45, 

122.86, 120.39, 114.76. HRMS (positive, MeCN) m/z=392.5233 (100%) 

[(H2bip)Ru(tpvpvpt)Ru(H2bip)]4+ and m/z=522.6983 (12%) 

[(H2bip)Ru(tpvpvpt)Ru(Hbip)]3+. 

[(Me2bip)Ru(tpvpvpt)Ru(Me2bip)](PF6)4.3H2O(3). Yield: 0.19 g (68%). Anal. 

Calcd for C94H76N16Ru2O3P4F24: C, 49.93; H, 3.37; N, 9.95. Found: C, 49.96; H, 3.39; N, 

9.92. 1H NMR (400 MHz, DMSO-d6): /ppm 9.60 (s, 4H, 4H3'), 8.99 (d, 4H, J=8.0Hz, 

4H6), 8.63 (t, 2H, J=10.5 Hz, 2H12), 8.65-8.50 (m, 6H, 4H13+2H7), 8.08 (d, 2H, J=8.0 Hz, 

2H7), 7.95 (d, 4H, J=8.0 Hz, 4H8), 7.84 (s, 4H, 4H11), 7.72 (t, 4H, J=7.5 Hz, 4H4), 7.64 (d, 

2H, J=16.0 Hz, 2H9), 7.59 (d, 2H, J=15.5 Hz, 2H10), 7.50-7.45 (m, 8H, 4H14+4H3), 7.32 (t, 

4H, J=7.5 Hz, 4H5), 7.27 (t, 4H, J=6.5 Hz, 4H15), 7.05 (t, 4H, J=7.8 Hz, 4H16), 6.03 (d, 4H, 

J=8.0 Hz, 4H17), 4.50 (s, 12H, -NMe). 13C NMR (400 MHz, DMSO-d6): /ppm 158.40, 

156.94, 153.72, 152.05, 149.49, 146.72, 139.93, 137.90, 135.80, 128.76, 128.26, 128.21, 

127.81, 127.75, 127.30, 125.89, 125.57, 124.81, 124.48, 120.60, 114.75, 113.34, 33.34. 

HRMS (positive, MeCN) m/z=406.5436 (100%) [(Me2bip)Ru(tpvpvpt)Ru(Me2bip)]4+. 

 4.2.3. Instruments and Physical Methods. The details of different equipment used 

and experimental process to measure absorption and luminescence spectral behavior, 

computational studies using DFT and TD-DFT methods as well as trans-cis 

photoisomerization quantum yields have been discussed in chapters 2 and 3.  

Complex 2 and 3 (3.0×10-6 M in MeCN) were oxidized by ceric ammonium nitrate 

(CAN). The stock solution of CAN (0.1 M) was prepared in aqueous medium in slightly 

acidic (HNO3) condition and stored in dark. The stock solution of CAN was diluted to 

1.0×10-2 M and the spectroscopic titrations were carried out by incremental addition of 

CAN solution in a 2.5 mL MeCN solution of 2 and 3. Similarly, complex 3 was reduced by 

metallic sodium. The stock solution of metallic Na (0.1 M) was prepared in MeCN and 

stored in dark. The stock solution of metallic Na was also diluted to 1.0×10-2 M and the 

spectroscopic titrations were carried out by incremental addition of the said Na solution in 

a 2.5 mL MeCN solution of 3. 

 

4.3. Results and Discussion  

 4.3.1. Synthesis and Characterization. The binuclear complexes are synthesized 

by refluxing the mixture of tpvpvpt and respective Ru(II) precursors in 1:2 molar ratio in 
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ethylene glycol under N2 protection. The metal complexes are purified using column 

chromatography and recrystallization techniques and characterized by elemental analysis 

as well as by 1H NMR, 13C NMR and high-resolution mass spectrometry (HRMS), the 

details of which are already presented in the section 4.2.  

 4.3.2. NMR Spectra. 1H-NMR and 13C-NMR spectroscopy are employed to 

confirm the structure of the complexes in their solution state (Figures 4.1 and 4.2). The 

symmetrical environment around the Ru(II) centers in all complexes is evident in their 

relatively straightforward spectral patterns in 1H NMR. In case of 1, H3'' and H3''' protons 

resonate in the most downfield region. For compound 2, the -NH protons exhibit a singlet 

peak at ~15.00 ppm. The protons associated with the olefinic double bond (H9 and H10) that 

appeared within the spectral domain of 7.60-7.80 ppm, are in a trans-trans (t-t) orientation, 

as indicated by the value of the coupling constant of ~16 Hz. H11 protons for all three 

complexes are found in the range of 7.82-7.84 ppm as singlet. Additionally, the -CH3 

protons in compound 1 are observed as a singlet at around 2.52 ppm, while in case of 3, the 

-NMe protons display a sharp singlet at 4.50 ppm (not shown in Figure 4.1). 

 

 

 

Figure 4.1. 1H NMR spectra of 1-3 in DMSO-d6. 
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Figure 4.2. 13C NMR spectra of 1-3 in DMSO-d6. 

 

 4.3.3. Mass Spectra. The high-resolution mass spectra (HRMS) of 1-3 in MeCN is 

presented in Figure 4.3. Correspondence among the experimental and simulated isotopic 

pattern is pretty good. An abundant peak is observed within the m/z values of 392.5233-

406.5436. The separation of 0.25 mass unit among the successive isotopic lines corresponds 

to the tetra-positive cations in all cases. For 2, an additional peak is observed, which is less 

abundant and attributes to the tri-positive cation. 

1

2

3
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Figure 4.3. HRMS (positive) spectra of the complexes 1-3 in MeCN. Insets show observed 

and simulated isotopic distribution patterns of the complex cation of 1 [(ttpy)Ru(tpvpvpt) 

Ru(ttpy)]4+ (m/z=398.5346) (z=4), 2 [(H2bip)Ru(tpvpvpt)Ru(H2bip)]4+ (m/z=392.5233) 

(z=4) and [(H2bip)Ru(tpvpvpt)Ru(Hbip)]3+ (m/z=522.6983) (z=3) and 3 

[(Me2bip)Ru(tpvpvpt)Ru (Me2bip)]4+ (m/z=406.5436) (z=4).  

 

  

4.3.4. Theoretical Studies. The computational investigations are performed on the 

t-t conformations of 1-3 by using B3LYP functional in MeCN. The optimized geometries 

are shown in Figure 4.4. The frontier molecular orbitals along with their compositions of 1 

are shown in Figure 4.5 and Table 4.1. The HOMOs primarily reside on the Ru centers and 

to some extent on tpy and styrylbenzene units, while the LUMOs are predominantly on 

both the tpy and styrylbenzene units. For all the complexes, the energy difference between 

HOMO and LUMO is almost similar (from 2.72 to 2.80 eV). 
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Figure 4.4. Ground state optimized structures of 1-3 in their t-t (left panel), t-c (middle 

panel) and c-c (right panel) forms. 

 

 

 

 

Figure 4.5. Schematic drawings of the selective frontier molecular orbitals of 1 (t-t) in 

acetonitrile. 
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Table 4.1.  Selected MOs along with their Energies and Compositions in the Ground State 

for 1 in MeCN. 

 

 

4.3.5. Absorption Spectral Characteristics. The absorption spectra of 1-3 are 

recorded in both MeCN and DMSO (Figures 4.6 and 4.7) and the corresponding data are 

presented in Table 4.2. The spectral nature is almost similar for all three complexes. For 

the correct assignment of the bands, we also executed DFT and TD-DFT calculations on 

the t-t conformations of 1-3 in MeCN using CPCM model. The spectral parameters and  

 

 

Figure 4.6. Experimental (magenta) and calculated (deep cyan) absorption spectra of 1-3 

in MeCN. 
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band assignments for 1 are depicted in Table 4.3. The theoretical and experimental overlaid 

spectra show that there is a fairly good correlation between them (Figure 4.6). The lowest 

energy absorption band emerges due to combined Ru(II)→tpy and styrylbenzene→tpy 

transitions, thus possesses both MLCT and ILCT characters. The band in the region of 382-

395 nm is quite broad in nature and originates mainly because of ILCT and π-π* transitions 

together with a small contribution of MLCT. The highest energy absorption band in the UV 

region is predominantly due to the π-π* transition. 
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Figure 4.7. Absorption spectral profiles of 1-3 in DMSO at RT. 

 

Table 4.2. Absorption and Emission Spectral Data of 1-3. 

 
Comp

ounds 

 Absorption 

max/ nm 

(,M-1cm-1) 

Luminescence 

max/nm /ns Φ 

 

1 

M
eC

N
(2

9
8

K
) 497(110200), 392(br)(84100), 

330(sh)(100500), 310 (146600), 282(119200) 

690 

 
1=13.8 (10%), 

2=282.4 (90%) 

0.9×10-3 

2 498(87000), 382(br)(106100), 348(139700), 

332(sh)(126000), 314(139700), 282(94800) 

676 1=15.2 (33%), 

2=64.4 (67%) 

2.8×10-3 

3 498(76600), 395(br)(61700), 354(140000), 

338(sh)(119500), 313(133500), 282(96900) 

677 1=24.5 (38%), 

2=60.3 (62%) 

7.2×10-3 

1 

D
M

S
O

 (
2

9
8

K
) 502(151700), 400(br)(90200), 312 

(215900) 

706 1=52.5 (8%), 

2=410.5 (92%) 

1.4×10-3 

2 504(125100), 388(br)(111100), 347(172700), 

330(sh)(171700), 316(176100) 

694 1=67.5 (27%), 

2=207.0 (73%) 

7.3×10-3 

3 504(114100), 402(br)(80500), 354(181400), 

336(sh)(173500), 316(186600) 

689 1=80.6 (33%), 

2=225.7 (67%) 

10.0×10-3 

1 

E
tO

H
-M

eO
H

 (
4

:1
) 

(7
7

K
) 

- 677 23.8 µs 0.14 

2 - 668 12.6 µs 0.28 

3 - 666 11.4 µs 0.42 
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Table 4.3.  Selected UV-vis Energy Transitions at the TD-DFT/B3LYP Level of 1 in 

MeCN. 

 

 

4.3.6. Emission Spectral Characteristics. The emission spectra and excited state 

lifetime of all three complexes are acquired in MeCN and DMSO at RT (Figure 4.8). The 

spectra at 77 K are recorded in EtOH-MeOH (4:1, v/v) glass (Figure 4.9). Related data are 

provided in Table 4.2.  The emission maximum lies between 676 and 690 nm in MeCN. 

Bathochromic shift of the emission maximum together with enhancement of the emission 

quantum yield (Φ) are observed on passing from MeCN to DMSO. It is known that Ru(tpy)2 

type complexes are weakly emissive in nature due to small energy gap between the radiative 

3MLCT and the non-radiative 3MC states. To enhance the emission characteristics of such 

complexes, the non-radiative deactivation channel through the 3MC state has to be reduced 

by increasing the energy gap between 3MLCT and 3MC state. Alternatively, the energy of 

the triplet ligand-centered states, viz. 3ILCT and/or 3π-π* in the resulting complexes could 

be lowered down below the 3MLCT. By incorporating extended conjugation in bridging 

ligand, the energy of the triplet ligand-centered states (3ILCT and/or 3π-π*) of the 

complexes could be lowered down below the 3MLCT state so that the observed emission 

λexpt/nm λcal/nm Excited 

state 

Oscillator 

strength(f) 

Key transitions Character 

1 (t-t) 

497 525 S1 2.65 H→L (89%) MLCT, ILCT 

392 421 S25 0.73 H-5→L+4 (40%), H-4→L+5 (40%) MLCT, 

ILCT, π-π* 408 S29 1.01 H→L+8 (88%) 

310 305 S123 0.46 H-17→L (15%), H-16→L+1 (13%), H-

15→L (19%) 

ILCT, π-π*  

282 278 S198 1.24 H-14→L+7 (21%), H-13→L+6 (21%) π-π* 

1 (t-c) 

492 508 S1 1.32 H→L (85%) MLCT, ILCT 

483 S8 0.40 H→L+1 (71%) 

354 420 S25 0.23 H-5→L+4 (88%) MLCT, ILCT 

397 S31 0.82 H→L+8 (90%) 

330 345 S61 0.40 H-1→L+8 (26%), H→L+9 (49%) ILCT, π-π* 

309 305 S121 0.29 H-16→L (26%), H-16→L+1 (23%),  

H-5→L+9 (14%) 

π-π*, ILCT 

304 S123 0.35 H-17→L (18%), H-15→L (17%), H-

15→L+1 (10%), H-4→L+9 (11%), H-

4→L+14 (18%) 

1 (c-c) 

492 490 S3 0.63 H-4→L (12%), H→L (58%) MLCT 

354 378 S41 0.41 H-6→L (13%), H→L+8 (78%) MLCT, ILCT 

330 341 S62 0.37 H-1→L+8 (32%), H→L+9 (54%) ILCT, π-π* 

309 302 S127 0.46 H-16→L+2 (15%), H-9→L+7 (11%), 

 H-8→L+6 (14%) 

π-π*, ILCT 
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could be either due to radiative deactivation of the equilibrated triplet states of 3MLCT and 

3ILCT and/or 3π-π* state or from pure 3ILCT and/or 3π-π* state. The broad and overlapping 

emission band, especially for complex 1, suggests the observed emission is probably due 

to the deactivation of the said equilibrated excited states (3MLCT and 3ILCT and/or 3π-π*). 

 

 

 

Figure 4.8. Steady-state emission spectra (λex=490 nm) and excited-state decay profiles 

(λex=490 nm) of 1-3 in MeCN (a and b, respectively) and in DMSO (c and d, respectively) 

at RT. Inset to figure b and d shows the corresponding lifetime values. 

 

Figure 4.9. (a) Emission spectra (λex=490 nm) and (b) emission decays (λex=490 nm) of 1-

3 in EtOH-MeOH (4:1, v/v) glass at 77 K. Inset to figure b shows the lifetime values. 
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For understanding the deactivation dynamics, UKS calculations are carried out on 

the triplet states of the t-t orientation of the complexes. Comparison of the experimental 

and calculated data is tabulated in Table 4.4. A fairly strong correspondence indicates the 

probable occurrence of radiative deactivation of respective triplet MLCT states. All the 

complexes exhibit bi-exponential decay at RT (Figure 4.8). The RT emission lifetime of 

the complexes lies within 60.3-282.4 ns in MeCN, while substantially elevated in DMSO 

(207.0-410.5 ns). It is probable that the initial short component accounts for deactivation 

of the 3MLCT state, whereas the long-lived component arises from the equilibrated triplet 

state of 3MLCT and 3ILCT and/or 3π-π* state of styrylbenzene units. A hypsochromic shift 

of emission maximum (~10 nm) and a huge increase in lifetime values (11.4-23.8 µs) are 

noticed at 77 K (Figure 4.9). Zero-zero spectroscopic energy (E00) of the complexes, 

acquired from their 77 K emission maxima, are found to vary between 1.83 and 1.86 eV. 

 

Table 4.4. Emission Maxima of 1-3 in MeCN according to UKS Calculations and 

Associated Experimental Values. 

 

We also have a keen interest in exploring the dynamics of excited state deactivation 

in complexes 1-3. To investigate this, we conducted both steady-state and time-resolved 

emission spectral studies upon varying the temperature (Figures 4.10 and 4.11, for 3). 

Notably, we observed a gradual decrease in quantum yield as well as lifetime values with 

systematic increase in temperature. This phenomenon can be attributed to narrowing the 

energy gap between the radiative 3MLCT and non-radiative 3MC states, ultimately leading 

to a higher population of the 3MC state at elevated temperatures. Consequently, the non- 

radiative deactivation pathway becomes increasingly favourable. We employed a non-

linear regression analysis (equation 1) for the temperature-dependent lifetime plot. 

[τ(T)]-1 = [k1+ k2 exp(-ΔE2/RT])]/[1+ exp[(-ΔE2/RT)]                  (1) 

where k1 is the temperature-independent rate constant which is obtained by the sum of both 

radiative (kr) and non-radiative (knr) rate constants at 77 K. The value of k1 ranges from 

7.9×104 to 3.6×106 s-1. The rate constant for approaching 3MC state from 3MLCT state is 

represented by k2, which is temperature-dependent and ΔE2 is the activation energy 

 Before Photolysis After Photolysis After Photolysis 

 λexpt/nm λcal(t-t)/nm λexpt/nm λcal(t-c)/nm λexpt/nm λcal(c-c)/nm 

1 690 720 662 768 662 612 

2 677 731 676 641 676 758 

3 677 660 677 653 677 659 



  Chapter 4 

186 
 

associated with this process. k2 and ΔE2 values are in the range of 2.6×1011-1.0×1012 s-1 and 

3015±77-4354±12 cm-1, respectively. ΔE2 value increases enormously for all the three 

complexes compared to that of [Ru(tpy)2]
2+ (ΔE2=1500 cm-1) and [Ru(ttpy)2]

2+ (ΔE2=1800 

cm-1). This huge escalation in ΔE2 is probably due to the extended π-delocalization in the 

excited state of the complex backbone. 
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Figure 4.10. Change in steady-state emission (λex = 490 nm) spectra for 3 upon variation 

of temperature in MeCN. 

 

 

Figure 4.11. Temperature-dependent decay profiles together with the values of lifetime of 

3 (a) in MeCN.  Nonlinear fitting of temperature-dependent lifetime data via equation 1 for 

3 (b) to acquire the values of the different parameters as presented in the inset of figure b.  

 

4.3.7. Electrochemical Properties. We investigated the electrochemical 

characteristics of the complexes in MeCN (2.0×10-4 M) using cyclic voltammetry (CV) and 

relevant plots are illustrated in Figure 4.12, while the data are summarized in Table 4.5. In 

the positive potential domain, a single reversible oxidation peak (ranging between 1.11 V 

and 1.34 V) corresponding to simultaneous oxidation of two Ru(II) centers 

(RuIIRuII/RuIIIRuIII) is observed.98 In contrast, two successive reversible and/or quasi-

reversible peaks are noticed between -1.15 and -1.47 V in negative potential which could 
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be attributed to the reduction of the terpyridine units.  Theoretical calculations were also 

conducted to support these findings. The spin density plots presented in Figure 4.13 reveal 

that the electron density is predominantly localized on the Ru centers in the oxidized (RuIII-

RuIII) forms. Conversely, in the reduced forms, the electron density is primarily confined 

to the terpyridine units. 

 

 

Figure 4.12. CVs of 1-3 in MeCN at a scan rate of 100 mV/s showing both oxidation and 

reduction processes using Ag/AgCl as the reference electrode. 

 

Table 4.5. Electrochemical Dataa for Complexes 1-3 in MeCN before and after Photolysis. 

 

 

 
 
 
 
 

 

aAll the potentials are referenced against Ag/AgCl electrode with E1/2=0.36 V for Fc/Fc+ couple.  
bReversible electron transfer process with a Pt working electrode. cE(red) values for the reduction 

processes obtained with glassy carbon electrode. 

Compounds OxidationbE1/2(ox)/V Reductionc 

E(red)/V 

1(t-t) 1.34 -1.47, -1.22 

2(t-t) 1.11 -1.40, -1.18 

3(t-t) 1.12 -1.38, -1.15 

1(c-c) 1.36, 1.16 -1.67, -1.34, -1.22 

2(c-c) 1.13, 1.02 -1.60, -1.28, -1.18 

3(c-c) 1.17, 0.94 -1.56, -1.23, -1.14 

3

2

1
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Figure 4.13. Spin density plots of 1-3 in MeCN. Left panel indicates the oxidized forms 

(RuIII-RuIII) while the reduced forms are shown in right panel.  

 

 4.3.8. Photoisomerization Studies. Phenylene-vinylene-like compounds usually 

take part in trans-cis isomerization upon exposure to light. In our study, we conducted the 

photoisomerization of all three complexes in MeCN under visible light irradiation. The 

isomerization process is continuously monitored by recording absorption and emission 

spectra, with corresponding profiles presented in Figure 4.14. This process involves a 

single-step transformation in all cases, requiring a time span of 290-530 min, depending on 

the nature of terminal tridentate ligand, to reach the photo-stationary state. Upon exposure 

to light, we observed a gradual reduction in both the MLCT and ILCT bands, along with 

an increase in intensity of the band in the UV region (at ~290 nm). Notably, the decrease 

in the ILCT band was more pronounced than that of the MLCT band. The presence of a 

clear isosbestic point in the UV region indicates the presence of two species in equilibrium, 

with the initial trans-trans (t-t) form converting to either trans-cis (t-c) or cis-cis (c-c) forms 

during photo-irradiation. In the emission spectra, we observed a gradual rise in emission 

intensity with a slight blue-shift for complex 1, while for 2 and 3, the intensity of the 

emission band substantially increased with no shift in their emission maxima. We also 

recorded the emission decays of the photolyzed solutions of the complexes (insets of Figure 

4.14). In contrast to the steady-state spectra, the lifetime of complexes decreases to small 

extent and the magnitude of decrease is found to be almost similar for all three complexes. 

1

2

3

Oxidized forms Reduced forms
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Figure 4.14. Absorption (a, c, e) and emission (ex =490 nm) (b, d, f) spectral change of 1 

(a, b), 2 (c, d), and 3 (e, f) in MeCN (4.0×10-6 M) upon treatment with light of =500 nm. 

Inset to figure b, d and f shows the decay profiles of the complexes before and after 

photolysis along with their lifetime values. 

 

We also acquired the CVs of the photolyzed solutions of the complexes (2.0×10-4 M) 

and associated voltammograms and data are presented in Figure 4.15 and Table 4.5. It is of 

interest to note that the single reversible peak due to simultaneous oxidation of two remote 

Ru(II) centers in the t-t form splits into two closely situated reversible peaks after 

photolysis. In the negative potential window, we also obtained three successive reversible 

reduction waves compared with two in their respective t-t forms. One probable reason of 

splitting of the redox waves could be due to the closeness of two Ru(II) centres in their 

isomerized forms (t-c or c-c). To this end, we checked the distance between the two Ru(II) 

centres from the optimized structures. The inter-metallic distance varies between 28.58 and 

28.63 Å in the t-t, within 21.10-21.35 Å in t-c, while between 20.68 and 21.19 Å in the c-c 

forms, depending upon the terminal tridentate ligand. Thus, through space intermetallic 

distance is drastically reduced upon isomerization which in turn is probably responsible for 

splitting of the Ru(II/III) oxidation as well as the ligand-centered reduction waves. 
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Figure 4.15. CVs of the photolyzed solutions of 1-3 in MeCN at a scan rate of 100 mV/s 

showing both oxidation and reduction processes using Ag/AgCl as the reference electrode. 

 

 To elucidate the mode of isomerization process, we conducted 1H NMR 

spectroscopy on the initial and photolyzed solutions of all three complexes in CD3CN. The 

spectra of 2 and 3 are presented in Figures 4.16 and 4.17. The spectra after photolysis 

exhibit an overall up-field shift of most of the proton resonances in all three cases, albeit to 

a small extent. The intensity of the olefinic proton signals (H9 and H10) with a coupling 

constant (J) of ~16 Hz gets significantly decreased with concomitant emergence of two 

new doublets (H9' and H10') in the range of ~6.20-7.20 ppm possessing the J value of ~12 

Hz. The H7, H8, and H11 protons adjacent to the olefinic double bond also experienced a 

substantial reduction in signal intensity upon photo-irradiation. Additionally, we observed 

some new unresolved proton signals in the region of ~7.25-8.25 ppm, which are attributed 

to the presence of H7', H8', and H11' protons. Upon analyzing the 1H NMR spectra of the 

initial and photolyzed form of complexes as well as by taking into consideration of 

substantial decrease in the J value of the olefinic H9' and H10' protons, it is inferred that the 

isomerization is definitely taking place in all cases but complete conversion from the t-t to 

c-c forms does not take place even after prolonged light irradiation. In principle, co-

existence of all the three forms (t-t, t-c and c-c), irrespective of their percentage 

contribution, is a finite possibility in the photostationary state. 

1
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Figure 4.16. 1H NMR spectrum of 2 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 16 h. 

  

 

Figure 4.17. 1H NMR spectrum of 3 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 24 h. 

 

 In order to check the dominancy of the isomer among t-c and c-c in the 

photostationary state, we conducted DFT and TD-DFT computations on both forms of the 

complexes. The optimized geometries of t-c and c-c forms are shown in Figure 4.4. The 

optimized energies of all the three forms of the complexes are provided in Table 4.6. The 

frontier molecular orbitals along with their compositions are shown in Figures 4.18 and 

4.19 (for 1) and Table 4.1. The absorption spectral parameters and band assignment for 1 
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are depicted in Table 4.3. Interestingly, the experimental absorption spectra after 

photoisomerization exhibit a remarkable resemblance with the c-c form of the calculated 

spectra as shown in Figure 4.20. The molecular orbitals (MOs) involved in the lowest 

energy transitions in t-t, t-c and c-c forms of the complexes are illustrated in Figure 4.21. 

In the c-c forms, the energy of the LUMOs remains almost similar, while the HOMOs 

become more stabilized, leading to a wider HOMO-LUMO energy gap compared to their 

t-t counterparts. Specifically, the HOMO-LUMO gap ranges from 2.96 eV to 2.97 eV in 

the c-c forms, whereas in the t-t forms, it varies from 2.72 eV to 2.80 eV. Additionally, the 

TD-DFT calculations also indicate a slight hypsochromic shift in the MLCT band upon 

conversion from t-t to c-c.  

 

Table 4.6. Calculated Energies of Ground State Singlets and Excited State Triplets of 1-3 

and [(ttpy)Zn(tpvpvpt)Zn(ttpy)]4+. 

 

 

 

 

Figure 4.18. Schematic drawings of the selective frontier molecular orbitals of the t-c form 

of 1 in acetonitrile. 

 Energy (E×1017 kJ) 

Compounds t-t t-c c-c 

Singlet Triplet Singlet Triplet Singlet Triplet 

1 -1.982390 -1.982362 -1.982386 -1.982360 -1.982382 -1.982345 

2 -1.976104 -1.976077 -1.976100 -1.976069 -1.976096 -1.976069 

3 -2.044653 -2.044623 -2.044648 -2.044618 -2.044644 -2.044614 

[(ttpy)Zn(tpvpvpt)Zn(ttpy)]4+ -2.097650 -2.097644     

Trans-Cis

HOMO HOMO-1 HOMO-2

HOMO-3 HOMO-4 HOMO-5

LUMO LUMO+1 LUMO+2

LUMO+3 LUMO+4 LUMO+5
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Figure 4.19. Schematic drawings of the selective frontier molecular orbitals of the c-c form 

of 1 in acetonitrile. 

 

 

 

Figure 4.20. Overlay of the experimental (blue) and calculated absorption spectra of both 

t-c (red) and c-c (olive) forms of 1-3 in MeCN. 
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Figure 4.21. Energy level diagram showing dominant transitions involved in the lowest-

energy absorption band of 1 (left panel), 2 (middle panel) and 3 (right panel) in MeCN. 

 

 We also conducted UKS calculations on all the three forms of the complexes to 

have an estimate of the energy of their 3MLCT state as well as to acquire insights about the 

emission behaviors of the complexes after light irradiation. Additionally, we conducted 

DFT calculation on the ground state singlet and excited state triplet of the Zn(II) complex 

of the type [(ttpy)Zn(tpvpvpt)Zn(ttpy)]4+ to have an estimate of the energy of the 3ILCT 

state in the complexes (Figure 4.22 and Table 4.6). The emission maxima of the irradiated 

solutions of the complexes exhibit a fairly strong correlation with those of the theoretical 

c-c forms than that of the t-c forms (Table 4.4). Therefore, we can infer that the complexes 

underwent from their t-t state to predominantly c-c forms upon photo-irradiation. Based on 

the outcomes of the experimental observations as well as those of computational 

investigations, we propose the following Jablonski diagram showing the approximate 

relative energies of the triplet MLCT and ILCT states of t-t and c-c isomers as well as their 

involvement in the isomerization processes (Figure 4.23). 

 

 

Figure 4.22. Ground state optimized structure of [(ttpy)Zn(tpvpvpt)Zn(ttpy)]4+ in its t-t 

form. 
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Figure 4.23. Simplified Jablonski diagram of 1-3 indicating photophysical and 

photoisomerization processes in the complexes. 

 

 We also calculated the percentage of the conversion yield (t-t to c-c) of the 

complexes by estimating the ratio of 1H NMR signal integrals (for H9 and H10 protons) for 

c-c and t-t isomers in their photosationary states. It is found that the conversion efficiency 

is highest for complex 1 (80%), while least for 3 (70%) with an intermediate value of 77% 

for 2. 

 We determined the rate constants (kiso) and quantum yields (Φtt→Φcc) associated 

with the photoisomerization process using absorption titration profiles. The corresponding 

data have been summarized in Table 4.7. The rate constant values fall from 0.68×10-4 to 

1.12×10-4 s-1, while Φtt→Φcc ranges from 1.5×10-3 to 2.1×10-3. It is noteworthy that the rate 

constants exhibit the order 1>2>3, probably because of difference in electronic 

environments of the capping ligands within the complex structures. 

  

Table 4.7. Quantum Yield and Rate Constants for the Forward and Reverse 

Photoisomerization of 1-3 in MeCN. 

 

 

 

 

 

 

 Thermal stability of the c-c isomer plays very crucial role for proper utilization of 

the complexes as photoswitches. In order to check the thermal stability, we recorded the 

absorption spectra of the acetonitrile solutions of the c-c forms of the complexes as a 

 Forward process Reverse process 

Compo

unds 

Quantum yield 

(Ф ×103) 

Rate constant 

(kiso×104/s-1) 

Quantum yield 

(Ф×103) 

Rate constant 

(kiso×104/s-1) 

1 2.12 1.12 0.61 0.66 

2 1.59 0.85 0.56 0.52 

3 1.53 0.68 0.46 0.35 
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function of temperature up to 80 ºC. No change in spectral characteristics is observed and 

all the spectra retain the characteristic feature of c-c isomer, indicating thermal stability of 

the complexes.  

 In order to check the reversibility of the isomerization process, we again irradiated 

the photolyzed solutions of the complexes with UV light source and the progress of the 

transformation is monitored through absorption and emission spectroscopy (Figure 4.24). 

Upon critical scrutiny of the spectral bands, it appears that the predominant c-c form of the 

complexes gradually approaches towards their initial t-t form but complete restoration of 

their t-t form could not be achieved even after prolonged time of UV irradiation (9-14 h). 

Thus, in-line with forward process, co-existence of all the three forms (t-t, t-c and c-c) of 

the complexes is also a distinct possibility in the photostationary state of the reverse 

process.  We also calculated the rate constant (kiso) and quantum yield (Φcc→Φtt) values of 

the reverse process and the corresponding data has been compiled in Table 4.7. The reverse 

c-c to t-t process is much slower as evident by their kiso and Φcc→Φtt values (kiso varies in 

the domain of 0.35-0.66×10-4 s-1 and Φcc→Φtt ranges from 0.46-0.61×10-3). 

 

 
 

Figure 4.24. UV-vis absorption (a) and emission (λex = 490 nm) (b) spectral changes upon 

irradiating the photolyzed MeCN solution of 1-3 with 270 nm light. Insets show the 

irradiation time. 
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 4.3.9. Enhancement of Photoisomerization Rate via Chemical Oxidation and 

Reduction. We are now interested to tune the rate and quantum yield of the 

photoisomerization process of the complexes. To this end, we first oxidized the Ru(II) 

centers in their MeCN solutions under the influence of ceric ammonium nitrate (CAN, 

1.0×10-2 M solution) and the process is again monitored via absorption and emission 

spectroscopy (Figure 4.25). Among the three complexes, 2 and 3 exhibit substantial 

changes in their spectral profiles. By contrast, practically no change is noticed for 1, 

probably because of its higher oxidation potential (E1/2 = 1.34 V) compared with both 2 

(E1/2 = 1.11 V) and 3 (E1/2 = 1.12 V). Upon gradual addition of CAN, the 1MLCT absorption 

band at ~500 nm is systematically diminished with concomitant evolution of broad band in 

the longer wavelength region (680-950 nm for 2 and 640-830 nm for 3). We assigned these 

new bands as terpyridine to Ru3+ charge transfer (LMCT) transition as Ru-centers become 

electron-deficient upon oxidation.99 Visual color change from reddish-brown to greenish 

yellow is also noticed during the oxidation process (inset of Figure 4.25). In the emission 

side, systematic quenching of emission intensity is noticed for both complexes upon 

gradual addition of CAN and almost complete quenching of emission takes place at 

 

 

 

Figure 4.25. Absorption and emission (ex =490 nm) (b, d) spectral changes of 2 (a and b, 

respectively) and 3 (c and d, respectively) in MeCN (3.0×10-6 M) upon treating with 4 

equiv of CAN. Inset to figure a show the color change observed in naked eye upon 

addition of CAN. 
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saturation. The quenching of emission in both complexes is probably due to electron 

transfer from the terpyridine-type motif(s) to the excited luminophore. Thus, by the use of 

CAN, it is expected that the t-t forms of the complexes in their RuII-RuII states get converted 

to their respective t-t forms in RuIII-RuIII states.  

 We are now interested to investigate the isomerization behavior of the oxidized 

form of the complexes (t-t forms in their RuIII-RuIII states). The CAN-treated solutions of 

the complexes are subjected to two different conditions, viz. kept in the dark and treated 

with visible light of 500 nm, and monitored their isomerization behavior through absorption 

and emission spectroscopy. Associated spectral changes are displayed in Figure 4.26. Upon 

light irradiation, the LMCT band gets totally diminished and at its expense the MLCT band 

regains its intensity. The ILCT band, on the other hand, gets further diminished after light 

irradiation. The extent of rise in the MLCT band at ~490 nm is about two times while the 

decrease in the ILCT band is much less. The successive absorption spectrum was found to 

pass through multiple isosbestic points. The spectral saturation takes place after ~15 min 

of light irradiation and the resulting solution regains its initial reddish-brown color (inset 

of Figure 4.26). Upon close look, it appears that the resulting spectrum at saturation is 

almost identical to the spectrum obtained upon photolysis of the respective complex in 

absence of CAN and also correlates well with the calculated spectrum of the c-c forms 

 

 

Figure 4.26. Absorption and emission spectral changes of CAN-treated MeCN solutions 

of 2 (a and b, respectively) and 3 (c and d, respectively) upon irradiating with visible light 

(500 nm). Inset to figure a shows the color change observed in naked eye upon irradiating 

with visible light. 
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of Ru(II)-Ru(II) dimers. The quenched emission band of the complexes induced by CAN 

gradually regains its intensity without any change in its peak position upon light irradiation 

and finally the emission intensity gets almost restored to its initial state upon saturation. 

Thus, photolysis of the CAN-treated solutions of 2 and 3 leads to simultaneous reduction 

of two Ru(III) centers along with isomerization predominantly to their c-c forms. Most 

surprisingly, the said photoisomerization completed within only 15 min which is in sharp 

contrast with the required time of about 6-7 h for the conversion of t-t→c-c form in case of 

Ru(II)-Ru(II) state. Furthermore, no signature for re-oxidation of the Ru(II)-c-c-Ru(II) 

form of the complexes is noticed even on keeping for several hours. On the other hand, 

practically no change in color and/or their spectral profiles is noticed when the CAN-treated 

solutions of the complexes are kept in the dark for more than 12 h. The rate constant (kiso) 

and the quantum yields (Φtt→Φcc) of the isomerization process executed under visible light 

(500 nm) are estimated and presented in Table 4.8 and Figure 4.27. kiso varies in the domain 

of 0.52-1.03×10-2 s-1, while Φtt→Φcc ranges from 0.20-0.54, depending on the terminal 

tridentate ligands. Thus, it is evident that the isomerization process becomes extremely fast 

when Ru2+ gets oxidized to Ru3+ state. The oxidation of the Ru(II)-Ru(II) species leads to 

decrease in electron density on the Ru centers which in turn decreases the overall electron 

density across C=C bond, thereby inducing more single bond character. Hence, upon light 

irradiation, rotation across the phenylene-vinylene motifs becomes more feasible in the 

oxidized forms of the complexes which is also reflected in the rate of t-t to c-c isomerization 

process (Table 4.8). 

 

Table 4.8. Quantum Yield and Rate Constants for the Photoisomerization of 2 and 3 in 

MeCN in their Oxidized Forms. 
 

  CAN KMnO4 

Compou

nds 

Light 

source 

Quantum 

yield 

(Ф) 

Rate constant 

(kiso×103/s-1) 

Quantum 

yield 

(Ф) 

Rate constant 

(kiso×103/s-1) 

2 270 0.33 10.4 0.14 4.83 

500 0.20 5.20 0.12 2.56 

700 0.04 0.65 0.05 0.76 

3 270 0.38 13.2 0.44 9.76 

500 0.54 10.4 0.92 6.63 

700 0.06 0.58 0.17 0.88 
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Figure 4.27. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the CAN-treated solution in MeCN with (a,d) 270 nm, (b,e) 500 nm and 

(c,f) 700 nm light for 2 (left panel) and 3 (right panel).  

 

Unfortunately, in the said oxidation-induced photoisomerization process, we are 

unable to locate the Ru(III)-c-c-Ru(III) form. With regard to our desire to obtain the c-c 

isomer of Ru(III)-Ru(III) state in the complexes, we used KMnO4 as an additional oxidant. 

The KMnO4-induced oxidation process of the complexes (2 and 3) again monitored via 

absorption and emission spectroscopy and the spectral profiles are found to be almost 

identical to those caused by CAN (Figure 4.28 for 3). Thereafter, we irradiated the KMnO4-

treated solutions of the complexes with visible light of 500 nm and again monitored via 

absorption and emission spectroscopy. Similar phenomena are also noticed in this case as 

we previously observed with CAN (Figure 4.29). The time taken to reach the saturation 

point is ~20 min. The extent of change in the spectral profiles is found to be almost same 

with both the oxidants, although the rate and quantum yield of isomerization differ slightly 

(Table 4.8).  
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Figure 4.28. Absorption (left) and emission (right) spectral profile of a representative 

complex 3 (3.0×10-6 M) in MeCN upon incremental addition of 6 equiv of KMnO4.  

 

 

 

Figure 4.29. Absorption (left) and emission (right) spectral profiles of a representative 

complex 3 upon irradiation with (a, b) 270 nm, (c, d) 500 nm and (e, f) 700 nm light to the 

KMnO4-oxidized forms.   

 

 In order to elucidate the role of active species in the reduction-coupled 

isomerization process, we also performed wavelength-dependent photoisomerization of the 

Ru(III)-Ru(III) forms of the complexes, induced by both CAN and KMnO4. To this end, 
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are capable of inducing reduction as well as isomerization. But the time taken to reach the 

c-c form in RuII-RuII state differs quite substantially. It is observed that the time taken is 

least (~6-12 min) with 270 nm light, while highest for 700 nm source (~97-112 min) with 

an intermediate value of ~15-20 min with 500 nm light source with both the oxidants (CAN 

and KMnO4). The observed rate (kiso) of photoisomerization also follows the above trend 

(Figure 4.27).    

 

Figure 4.30. Absorption (left) and emission (right) spectral profile of 2 upon irradiation 

with 270 (a and b) and 700 nm (c and d) light to the CAN-oxidized forms.  

  

 

Figure 4.31. Absorption (left) and emission (right) spectral profile of 3 upon irradiation 

with 270 (a and b) and 700 nm (c and d) light to the CAN-oxidized forms.   
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The aforementioned observations shed some light on the mechanistic aspects on the 

photo-switching process involving oxidation-reduction and trans-cis isomerization 

processes. Since the absorption spectrum of both Ce(III) and Mn(II) species span the 

spectral domain of 200-400 nm, the UV irradiation most probably leads to direct photo-

excitation to   Ce(III)*/Mn(II)* which in-turn leads to facile reduction {Ru(III)-Ru(III) to 

Ru(II)-Ru(II)} as well as isomerization (from t-t to c-c forms) with concomitant formation 

of oxidized forms of Ce(III) and Mn(II).100,101 It is quite surprising that simultaneous 

reduction as well as isomerization is also taking place upon treatment with 700 nm light 

source, wherein the capability of light absorption by Ce(III)/Mn(II) species is quite 

negligible. Only the Ru(III)-Ru(III) species possess absorption at ~700 nm. In that case, 

Ru(III)-Ru(III) species could absorb light of 700 nm and gets photo-excited to [Ru(III)-

Ru(III)]* species which may oxidize Ce(III) or Mn(II) to its higher oxidation states and 

itself gets reduced to Ru(II)-Ru(II).  

 The remarkable enhancement in the rate of photoisomerization via chemical 

oxidant, inspires us to explore the isomerization behavior of the complexes in their reduced 

states. Herein, we employed metallic sodium as the reducing agent. For this purpose, we 

have chosen complex 3 as the representative case. Metallic Na is first dissolved in MeCN 

(2.0×10-2 M) and added incrementally to the MeCN solution of 3 and the progress of 

reduction is monitored via absorption and emission spectroscopy (Figure 4.32). It is seen 

that the absorbance of π-π* band within the spectral domain of 220-280 nm increases 

drastically, while practically no change is noticed in their MLCT or ILCT bands, spanning 

within 300-650 nm.102 This suggests that the electron donated by Na is housed mainly in 

the ligand-based π* orbitals located in the higher energy region. In the emission side, 

 

Figure 4.32. Absorption (a) and emission (ex =430 nm) (b) spectral changes of 3 (2.5×10-

6 M) in MeCN upon treating with 10 equiv of Na metal.  
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complex 3 exhibits large increase in emission intensity within the spectral domain of 450-

600 nm (probably due to radiative deactivation of 3ILCT and/or 3π-π* state), keeping the 

band intensity at ~677 nm (due to 3MLCT) almost unaltered.  

Now the reduced form of the complex is subjected to light irradiation and the 

changes are monitored spectroscopically (Figure 4.33). Two-step changes are observed in 

the spectral profile during the course of photolysis. In the first step, the absorbance of the 

high intensity π-π* band that was generated under the influence of Na metal, decreases 

dramatically. By contrast, only a small decrease in intensity takes place for MLCT and 

ILCT bands. In the second stage of photolysis, MLCT and ILCT bands continue to decrease 

in intensity, while a small but finite increase in intensity is noticed for the band at ~244 nm 

at saturation. Time required to reach the photostationary state is ~3 h. 

 

Figure 4.33. Two-step change in the absorption (a, c) and emission (b, d) spectral profiles 

of the reduced forms of 3 upon irradiation with 500 nm light.   

  

Two-step changes are also noticed in the emission spectral profiles. Upon light 

irradiation, the intense emission band in the spectral domain of 450-600 nm gradually 

decreases, keeping the 3MLCT emission at 677 nm almost constant, in the first step. 

Continued irradiation with light, on the other hand, leads to gradual increase in emission 

intensity in the same spectral domain. Upon close inspection, it appears that the spectrum 

obtained after photolysis of the sodium-treated solution of the complex is almost similar to 

that of Ru(II)-c-c-Ru(II) (particularly the absorption spectral profile). Thus, upon shining 

light, the reduced form of 3 most probably reverts back to its initial state [{Ru(II)-Ru(II)}4+] 

along with isomerization from t-t to c-c. We also calculated the rate constant (kiso=2.96×10-
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4 s-1) and quantum yield (Ф=7.64×10-3) of isomerization, indicating the process being much 

faster in the reduced state than that of its non-reduced form (Figure 4.34). Upon reduction, 

the overall charge of the complex reduces which in turn decreases the solvation of the 

complex in polar solvent like MeCN. Lesser solvation, on the other hand, leads to decrease 

in effective rotor volume of the complex which in turn facilitates the movement of the 

groups across the double bond. Thus, remarkable modulation of the kinetics of the 

photoisomerization process becomes feasible via oxidation as well as reduction of the 

complexes. Scheme 4.1 illustrates reversible multi-state switching processes in the 

complexes involving light of appropriate wavelength and suitable chemical oxidant and 

reductant. 
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Figure 4.34. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the Na-treated solution in MeCN with 500 nm light for 3.  

 

 

 
 

Scheme 4.1. Multi-step switching via oxidation-reduction and reversible t-t⇌c-c 

isomerization.  
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4.4. Conclusions  

In summary, a new family of luminescent bimetallic Ru(II) complexes containing 

two consecutive phenylene-vinylene motifs in between the two terpyridine units in the 

ligand site, have been designed in this work. Three different capping tridentate units are 

incorporated for fine tuning of properties. Two consecutive phenylene-vinylene motifs in 

the bridge induce extended π-electron conjugation throughout the entire complex skeleton 

and as result of which all three complexes are emissive at RT with reasonably long 

lifetimes. Besides, these phenylene-vinylene units promote isomerization upon irradiation 

with visible light that is clearly evident from absorption, emission, cyclic voltammetry and 

1H NMR spectroscopic investigations as well as by theoretical calculations. The reverse c-

c to t-t isomerization is also feasible upon subjecting UV light irradiation, albeit at a slower 

rate, compared with the forward process. The quantum yield (Φ) and the rate (k) of these 

two-stage photoisomerization processes are estimated which are found to depend upon the 

capping unit in the complexes.  

 The most interesting aspect of the present work is significant enhancement of rate 

of photoisomerization through the use of chemical oxidants (CAN and KMnO4) as well as 

reductant (metallic sodium). Essentially, an efficient multi-state switching has been 

achieved in the present complexes via judicious choice of chemical oxidant and/or 

reductants as well as light of appropriate wavelength. Hence, these smart and multi-state 

molecular photo-switches revealed from this study can be effectively employed in 

promoting rapid and complex switching phenomena for diverse applications such as 

information storage, intricate logic gates, optical switches and drug delivery. 
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5.1. Introduction 

Research on molecular-level information processing and computation has 

experienced rapid advancement since the pioneering work of de Silva1-4, who demonstrated 

the feasibility of storing logical states at the molecular level. Over the past two decades, the 

field of chemistry has witnessed the development of a diverse array of molecular and 

supramolecular systems, bolstering this emerging domain.5-14 Central to information 

processing in computers is the application of Boolean algebra, where logic gates execute 

binary arithmetic and logical functions. Consequently, molecular-level computation relies 

on systems capable of efficiently integrating simple logic gates into various connective 

circuits.15-24 Moreover, molecular-based logic holds promise for smaller, faster, and more 

efficient devices compared to conventional silicon-based circuitries. Although significant 

research has been dedicated to developing molecular systems that replicate fundamental 

and intricate logic gates and functions like AND, OR, XOR, NOR, NAND, or INHIBIT, as 

well as advanced circuitry such as combinational, encoders, decoders, voters, keypad locks, 

to name a few,25-36 there remains a scarcity of literature on intelligent functional systems 

that can mimic the complex logic operations necessary for diverse circuits. Thus, there 

exists an opportunity to tailor the design of smart molecules which upon interaction with 

diverse external stimuli, can generate multiple optical signals which in turn could facilitate 

sequential and intricate logic functions. In this context, Ru(II) complexes derived from 

polyheterocyclic ligands have shown immense potential by virtue of their very rich 

photophysical and electrochemical properties which in turn could be modulated under the 

influence of a wide variety of external stimuli.37-46   

 In this study, we employed our recently reported bimetallic Ru(II) complex, 

[{(Me2bip)Ru(tpvpvpt)Ru(Me2bip)}4+] {14+(t-t)}, featuring consecutive phenylene-

vinylene motifs in-between the two terpyridine units within the ligand architecture (Chart 

5.1).47 The phenylene-vinylene units facilitate trans-trans (t-t) to cis-cis (c-c) isomerization 

upon visible light irradiation, while reverse c-c to t-t isomerization upon exposure to UV 

light with remarkable change in its absorption and emission spectral profiles in both 

ways.48-58 Furthermore, the rate of photoisomerization of the complex has been 

significantly enhanced in presence of chemical oxidant (Ce4+) as well as reductant (metallic 

sodium). Inclusion of Ce4+ leads to the oxidation of the t-t form of the complex from its 4+ 

to 6+ state {14+(t-t)→16+(t-t)}, which upon light irradiation leads to simultaneous reduction 

as well as isomerization from the t-t to the c-c form {16+(t-t)→14+(c-c)}. On the other hand, 
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reduction of the t-t form of the complex from its 4+ to 2+ state {14+(t-t)→12+(t-t)} takes place 

upon addition of metallic sodium which upon light irradiation induces simultaneous 

oxidation as well as t-t→c-c isomerization, yielding 14+(c-c). This type of fast and efficient 

multi-state switching phenomena involving oxidation-reduction coupled reversible trans-

cis photoisomerization is extremely rare in the literature and expected to hold promise for 

the development of intricate logic systems for molecular-level computation as the spectral 

responses of the complex can be substantially altered by appropriate combinations of 

different ionic inputs as well as light inputs of varying wavelength.  

 

 

Chart 5.1. Chemical structure of the complex 14+(t-t) (a) and its schematic representation 

(b). 

 

Most of the previously reported binary logic gate articles primarily focused on the 

execution of basic operations, viz. NAND, NOR, AND, OR, and XOR etc.1,8,9,14,18,22,26 In 

our earlier papers, we have used anion, cation as well as light of different wavelengths as 

the inputs and absorption or emission intensity as the outputs to mimic function of 

fundamental as well as complex logic functions.19,20,28,33,34 Compared to most of the 

reported systems, we herein employed four inputs as well as their different combinations 

for the fabrication of sequential and complicated logic functions, which in turn could offer 

valuable insights for designing complex digital systems. 

In the present study, we will initially showcase the Boolean logic function of 

IMPLICATION (defining logical consequences) logic gate. But as the exploration 

progresses, the focus shifts to the realm of combinational logic systems, where the 

intricacies of AND, OR, and NOT gates come to the fore.59-66 Leveraging the unique multi-
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step switching feature, the investigation delves into the intricacies of molecular decision-

making processes. Through meticulous analysis and interpretation of emission spectral 

behavior under the influence of multiple external stimuli, the study navigates the maze of 

input combinations and output states, shedding light on the intricacies of molecular 

computation. Herein, we have successfully designed circuit diagram of 2-input 2-output 

and 3-input 2-output combinational logic. However, the journey does not halt at elucidating 

molecular logic dynamics; it extends into computational modelling, where Python's 

versatility shines as a potent tool for logical decision-making through conditional 

statements (if-elif-else).67-76 By merging logic circuits with chemical processes, 

computational models mark a new era of exploration, offering a structured approach to 

deciphering chemical states based on input conditions. Our Python model, "logic_circuit," 

emulates a logic circuit but with a twist: instead of binary outputs, it produces chemical 

state outputs based on input conditions. This pioneering integration blends logic circuits 

with chemical processes, unlocking intricate interactions, transcending Boolean logic, and 

showcasing the symbiosis of chemistry and computation for unprecedented innovation. 

Thus, with complex 14+(t-t) as its cornerstone, the journey into molecular logic ventures 

into uncharted territories, promising to redefine the boundaries of molecular computation. 

 

5.2. Experimental Section 

5.2.1. Synthesis and Characterization of the Complex 14+(t-t). The synthesis and 

characterization of the bimetallic Ru(II) complex of composition, [(Me2bip)Ru(tpvpvpt)Ru 

(Me2bip)]4+ has already been discussed in chapter 4. 

5.2.2. Instruments and Physical Methods. The details of different equipment used 

and experimental process to measure absorption and luminescence spectral behavior have 

been discussed in chapters 2 and 3.  

 

5.3. Results and Discussion  

5.3.1. Overview of Multistage Switching Induced by Light as well as Chemical 

Oxidant and Reductant. The synthesis, characterization and photoisomerization behavior 

of 14+(t-t) have been thoroughly described in the previous chapter. A concise summary of 

the spectral changes under the influence of chemical oxidant (Ce4+), reductant (Na metal) 

as well as light of different wavelengths is again provided here for the benefit of the readers. 

The complex shows a strong absorption band at 498 nm in MeCN mainly due to 
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Ru(II)→tpy charge transfer (MLCT) and multiple moderate to strong bands in the UV 

region due to intraligand charge transfer (ILCT) and/or π-π* transition. Upon excitation at 

the MLCT absorption maximum, the complex displays an emission band at 675 nm arising 

out of the radiative deactivation of its 3MLCT state possessing a lifetime (τ) of 60 ns and 

quantum yield (Φ) of 7.2×10-3 at RT. Additionally, a weak emission peak at ~570 nm is 

observed which is probably due to the radiative deactivation of 3ILCT and/or 3π-π* state of 

phenylene-vinylene-substituted terpyridine bridge. The complex exhibits one reversible 

oxidation at 1.12 V and two successive reversible and/or quasi-reversible reduction waves 

within the potential domain between -1.0 and -2.2 V.  

 By virtue of its olefinic double bonds, the complex demonstrates t-t to c-c 

isomerization upon irradiating with 500 nm light source, inducing decrease in its MLCT 

and ILCT absorption band intensities along with increase in emission intensity without any 

change in emission maximum, as presented in the previous chapter (Figure 4.14). Upon 

treatment with 270 nm light source, the complex almost reverts back to its initial (t-t) form 

as evidenced by its absorption and emission spectral profiles (Figure 4.24 in chapter 4). 

Taking advantage of its reversible oxidation and reduction behavior, the 

photoisomerization experiment is also performed in its oxidized as well as reduced forms.  

Upon addition of Ce4+ to the MeCN solution of the complex, the 1MLCT absorption 

band at ~500 nm is systematically diminished with concomitant evolution of broad band in 

the spectral domain of 640-830 nm, due to terpyridine to Ru3+ charge transfer (LMCT) 

transition (Figure 4.25 in chapter 4).77 The emission intensity is also quenched substantially 

due to the formation of 16+(t-t). Upon light-irradiation (500 nm) on the Ce(IV)-treated 

solution of the complex, the LMCT band gets totally diminished and at its expense the 

MLCT band regains its intensity, which has been portrayed in chapter 4 (Figure 4.26). The 

quenched emission band also regains its intensity without any change in its band position. 

Thus, photolysis of the oxidized form of the complex causes simultaneous reduction of the 

two Ru(III) centers along with isomerization to its c-c form {14+(c-c)}. 16+(c-c) form of the 

complex is also obtained upon addition of Ce4+ to 14+(c-c), which upon treatment with UV 

light of 270 nm reverts back to 14+(t-t), as evidenced by absorption and emission 

spectroscopy (Figures 5.1 and 5.2).     

Subsequently, the complex [14+(t-t)] was reduced via incremental addition of metallic 

Na and during the course, the absorption band within the spectral domain of 220-280 nm 

increases drastically, keeping the intensities of both MLCT and ILCT almost unaltered 

(Figure 4.32 in chapter 4). A remarkable increase in the emission intensity takes place in 
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between 450 and 600 nm region, keeping the MLCT band intensity at 675 nm almost 

unaltered and saturation in its spectral profiles indicates the completion of the reduction 

process with transformation to the 12+(t-t).78 When the complex is treated with Na, the 

Ru(II) centers do not experience any reduction. Instead, the π-accepting terpyridine units 

in the bridging ligand probably accept the electrons from metallic sodium, resulting in net 

reduction of the complex which in turn could be responsible for huge escalation in 

absorption and emission band intensities in shorter wavelength region (220-280 nm for 

absorption and 450-600 nm for emission). In order to investigate the electronic structure of 

complex in presence of Na, we also conducted DFT calculations on the 2-electron reduced 

 

 

Figure 5.1. Absorption (a) and emission (ex =490 nm) (b) spectral changes of the light-

irradiated MeCN solution of 14+(t-t) (3.0×10-6 M) upon treating with 4 equiv of 1.0×10-2 M 

Ce4+.  

 

 

Figure 5.2. Absorption (a) and emission (ex =490 nm) (b) spectral changes of MeCN 

solution of 16+(c-c) upon irradiating with UV light (270 nm).  
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form of the complex and the relevant spin density plot is provided in Figure 5.3. The plot 

reveals that upon reduction, the electron density is predominantly localized on the 

terpyridine units. The terpyridine units, due to their low-lying π-acceptor orbitals, mainly 

accept the electrons, leading to the reduction of the complex. 

 

Figure 5.3. Spin density plot of two-electron reduced form of 14+(t-t) in MeCN. 

 

Upon irradiation on the Na-treated solution with 500 nm light, two-step changes in 

the spectral profiles are noticed (Figure 4.33 in chapter 4). In the first step, the absorbance 

of the π-π* band decreases dramatically, while only a small decrease in intensity takes place 

for MLCT and ILCT bands. In the subsequent step, the MLCT and ILCT bands continue 

to decrease in intensity, while a small but finite increase in intensity is noticed for the band 

at ~244 nm at saturation. The intense emission band within 450-600 nm domain gradually 

decreases, keeping the 3MLCT emission at 675 nm almost constant, in the first step. 

Continued irradiation with light, on the other hand, leads to gradual increase in emission 

intensity in the same spectral domain. The final spectrum obtained after photolysis of the 

sodium-treated solution of the complex is almost similar to that of 14+(c-c), which on 

treatment with UV light of 270 nm reverts back to 14+(t-t). Reversible multi-stage switching 

processes that occur under the influence of light (of wavelengths 500 and 270 nm), Ce4+ 

and metallic Na are portrayed in Scheme 5.1.      

 

 

Scheme 5.1. Multi-step switching via oxidation-reduction and reversible t-t⇌c-c 

isomerization. 
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5.3.2. Unveiling the Power of the Complex in Executing Boolean Logic 

Functions. Boolean logic gates are the foundational elements of digital circuits, operating 

on binary signals to execute logical operations. AND gate outputs are true only when both 

inputs are true, while OR gate outputs are true if at least one input is true. Conversely, NOT 

gates invert their input signal. Governed by Boolean algebra, these gates form the basis of 

complex functions in digital systems. Through combinations of these gates, intricate logic 

operations enable tasks such as arithmetic calculations and data processing. In this 

endeavour, our focus rests on complex 14+(t-t), a molecular marvel poised to redefine the 

landscape of logic operations. With meticulous experimentation and analysis, we embark 

on a journey to emulate fundamental IMPLICATION logic gate as well as exploring the 

intricacies of combinational logic systems utilizing the emission spectral intensities of 

14+(t-t) at distinct wavelengths. 

5.3.3. Mimicking IMPLICATION Logic Function. The utilization of an 

IMPLICATION logic gate, particularly in the context of "material implication," is pivotal 

due to its potency in logical operations. Molecular logic gates exhibiting robust implication 

activity (IMP) are relatively scarce in literature. In our study, we employ complex 14+(t-t) 

as a representative model for constructing an IMPLICATION logic gate. In our 

experimental setup, we designate Ce4+ as input 1 and the photon of 500 nm wavelength as 

input 2. The resulting emission maximum at 675 nm serves as the output signal. The truth 

table (Figure 5.4c) illustrates that intense emission at 675 nm is observed when neither of  

 

 

Figure 5.4. (a) The emission spectral change of 14+(t-t) when exposed to two given inputs. 

(b) Histogram of emission intensities. (c) The corresponding truth table. (d) Circuit diagram 

of IMPLICATION gate. (e) Change in the luminescence intensity at 675 nm in presence of 

the inputs (up to ten cycles). 
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the inputs is present, indicating the system's on state (1). Conversely, the sole presence of 

input 1 results in significant decrease in emission intensity, corresponding to the off state 

(0). Furthermore, two other combinations of the inputs also yield an output signal above 

the threshold value, indicating the on state (1) of the system. By analyzing the emission 

spectral changes at 675 nm induced by two inputs, we effectively mimic the functionality 

of an IMPLICATION gate (Figure 5.4d). In addition, the on-off-on loop could be repeated 

ten times without appreciable loss of the emission intensity at 675 nm (Figure 5.4e). This 

demonstrates the ability to manipulate logical operations through molecular interactions, 

thereby opening avenues for advanced Boolean logic implementations at the molecular 

level. 

5.3.4. 2-Input 2-Output Combinational Systems. In this section, we delve into a 

specific type of combinational digital logic implemented through Boolean circuits, namely, 

AND, OR, and NOT gates. Our investigation focuses on utilizing the emission spectral 

intensities of complex 14+(t-t) at two distinct wavelengths (675 nm as output 1 and 515 nm 

as output 2) upon inclusion of Ce4+ as input 1 and Na as input 2 (Figure 5.5a). In absence 

of both inputs, we observe a robust emission intensity surpassing the threshold barrier at 

675 nm, while no signal is detected at 515 nm, indicating the "ON" and "OFF" states of the 

 

 

Figure 5.5. (a) The emission spectral change of complex 14+(t-t) in the presence of Ce4+ 

and Na. (b) Histogram of emission intensities. (c) Corresponding truth table for the 

combinational logic. (d) Circuit diagram of the 2-input 2-output logic function.  (e and f) 

Change in the emission intensity of 14+(t-t) at 675 and 515 nm in presence of inputs (up to 

ten cycles).  
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system, respectively. The truth table depicted in Figure 5.5c elucidates that only in the 

presence of input 2 or both inputs; we observe strong emission intensity surpassing the 

threshold barrier at both outputs, representing the "ON" state. Conversely, the sole presence 

of input 1 fails to generate emission intensities at both outputs that can overcome the 

threshold barrier, indicating the "OFF" state of the system. By scrutinizing the emission 

spectral behavior of complex 14+(t-t) under the influence of various inputs, we can 

effectively mimic the function of a 2-Input 2-Output combinational logic system (Figure 

5.5d). In addition, the on-off-on loop could be repeated ten times without appreciable loss 

of the emission intensity at both 675 and 515 nm (Figures 5.5e and 5.5f). 

We have also introduced another variant of a 2-input 2-output combinational logic 

by altering the input combinations. Our investigation centers on leveraging the emission 

spectral intensities of complex 14+(t-t) at two specific wavelengths (675 nm as output 1 and 

515 nm as output 2) when exposed to Na as input 1 and a photon of 500 nm as input 2 

(Figure 5.6a). In the absence of both inputs, we observe a strong emission intensity 

exceeding the threshold barrier at 675 nm, while no signal is detected at 515 nm, indicating 

the "ON" and "OFF" states of the system, respectively. The truth table presented in Figure  

 

 

Figure 5.6. (a) The emission spectral change of 14+(t-t) in the presence of Na and photon 

of 500 nm. (b) Histogram of emission intensities. (c) Corresponding truth table for the 

combinational logic. (d) Circuit diagram of the 2-input 2-output logic function. (e and f) 

Change in the emission intensity of 14+(t-t) at 675 and 515 nm in presence of the inputs (up 

to ten cycles).  
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5.6c clarifies that only in the presence of input 1, a strong emission intensity is detected, 

surpassing the threshold barrier at both outputs, representing the "ON" state. Conversely, 

the other two potential input combinations result in "ON" states at output 1 but fail to 

produce sufficient emission intensities at output 2 to overcome the threshold barrier, 

indicating the "OFF" state of the system. By analyzing the emission spectral behavior of 

complex 14+(t-t) under various input influences, we can effectively emulate the function of 

a 2-input 2-output combinatorial logic system (Figure 5.6d). Additionally, this process 

could be repeated up to ten times without appreciable loss of the emission intensity at both 

675 and 515 nm (Figures 5.6e and 5.6f). 

5.3.5. 3-Input 2-Output Combinational Logic System. The intricacy of complex 

3-input 2-output combinational logic system refers to the multifaceted challenges 

encountered in their design, analysis, and implementation. With three input and two output 

variables, this system presents a maze of possibilities in input combinations and output 

states. Our investigation revolves around harnessing the emission spectral intensities of 

complex 14+(t-t) at specific wavelengths: 675 nm as output 1 and 515 nm as output 2, when 

subjected to inputs of Ce4+, Na, and photon of 500 nm (Figure 5.7a). In presence or 

 

  

 

Figure 5.7. (a) The emission spectral change of 14+(t-t) in the presence of Ce4+, Na and 

photon of 500 nm. (b) Histogram of emission intensities. (c) Corresponding truth table for 

the combinational logic. (d) Circuit diagram of the two 3-input 2-output combinational 

logic functions.  
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in absence of all the three inputs, an intense emission signal at 675 nm is observed above 

the threshold barrier, while no emission signal is detected at 515 nm, delineating the "ON" 

and "OFF" states of the system, respectively (Figure 5.7a). The elucidating truth table in 

Figure 5.7c reveals that only in the presence of input 1, we detect emission intensity failing 

to surpass the threshold barrier at both outputs, signifying the "OFF" state. Conversely, 

input combinations 3 and 7 yield emission intensities at both outputs sufficient to surpass 

the threshold barrier, indicating the "ON" states of the system (Figure 5.7c). Through 

meticulous analysis of the emission spectral behavior of complex 14+(t-t) under varied input 

influences, we adeptly replicate the function of a 3-input 2-output combinational logic 

system (Figure 5.7d). 

 5.3.6. Advancing Logical Decision-Making (if-elif-else) via Python Interpreter. 

The significance of Python over traditional Boolean logic lies in its ability to offer a more 

intuitive, versatile, and scalable approach to logical decision-making. Unlike Boolean logic 

gates, which are constrained by their fixed structure and limited functionality, Python 

provides a high-level programming language that allows for the creation of custom logical 

functions tailored to specific requirements. Python's expressive syntax and extensive 

standard library enable developers to implement complex logical operations with ease, 

accommodating multiple inputs and conditions seamlessly. Moreover, Python's dynamic 

typing and support for various data types enhance its flexibility, allowing for the 

manipulation of diverse data structures within logical expressions. Additionally, Python's 

popularity and widespread use in various fields, including scientific computing, data 

analysis, and artificial intelligence, make it a preferred choice for implementing logical 

decision-making algorithms. Overall, Python's versatility, readability, and extensive 

ecosystem make it a powerful tool for tackling complex logical problems with precision 

and efficiency, surpassing the limitations of traditional Boolean logic. 

 Herein, we have designed a Python model (with PyCharm IDE) called 

“logic_circuit” that emulates the behavior of a logic circuit, albeit with a twist: instead of 

traditional binary outputs, it produces chemical state outputs based on input conditions. In 

this model, four parameters, "Ce4+", "Na", "500 nm light", and "270 nm light", are used to 

represent different conditions or signals within the system (Figure 5.8a). Each parameter 

can take binary values of either 0 or 1, reflecting the absence or presence of a particular 

signal or condition. This model is constructed using a series of if-elif-else statements to 

evaluate the input conditions against predefined criteria (Figures 5.8b and 5.8c). Depending 

on the combination of input values, the model generates specific chemical states as the 
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outputs, viz. "t-t4+", "c-c4+", "t-t6+" or "t-t2+". This model offers a novel approach to 

decision-making in chemical systems, providing a structured method to determine chemical 

states based on input conditions (Figure 5.8d). By integrating principles of logic circuits 

with chemical processes, this model opens up possibilities for exploring complex 

interactions and reactions in chemical systems. 

 

Figure 5.8. (a) Multi-step switching via oxidation-reduction and reversible t-t⇌c-c 

isomerization. (b) Truth table for this multi-step switching. (c) Python codes to define the 

multi-step switching. (d) Examples to show the model accuracy to detect the accurate 

chemical state. 

 

5.4. Conclusions 

 In our ongoing pursuit of advancing smart molecular systems for information 

processing and computation at the molecular level, the research outlined in this article 

showcases the extraordinary versatility of a luminescent binuclear Ru(II) complex derived 

from a phenylene-vinylene-substituted terpyridyl ligand. Through reversible oxidation-

reduction and trans-cis isomerization phenomena, the complex exhibits dynamic optical 

Python codes(c)

Examples(d)

(b)

(a)
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properties that can be manipulated with precision. The ability to undergo emission 

switching with visible and UV light, along with multi-state switching facilitated by 

chemical oxidants and reductants, underscores its potential for molecular-level information 

processing and computation. By replicating fundamental IMPLICATION logic gate, as 

well as exploring intricate combinational logic systems (2-input 2-output and 3-input 2-

output), this research opens new avenues in the field of molecular logic. Furthermore, the 

integration of Python's versatility in logical decision-making provides a scalable and 

intuitive approach to analyzing complex systems. The "logic_circuit" Python model, in 

particular, offers a structured method for determining chemical states based on input 

conditions, bridging the gap between logic circuits and chemical processes. In essence, this 

work highlights the potential of the luminescent binuclear Ru(II) complex as a versatile 

tool for molecular-level computation and logic operations. By unravelling the intricacies of 

its optical properties and logical functionalities, this research contributes to advancing the 

field of molecular logic, paving the way for future innovations in information processing 

at the molecular scale. 
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6.1. Introduction 

Stimuli-responsive luminescent materials that exhibit emission switching in 

response to external stimuli are crucial for their potential practical applications in 

optoelectronics, including sensors, memory devices, and molecular photoswitches.1-12 

Multistimuli-responsive materials could be activated by various external triggers, enabling 

them for more precise and adaptable functionality, over their single-stimuli responsive 

counterparts. Hence, these substances often offer greater control and tunability relative to 

single-stimuli responsive materials in molecular photoswitches. Such beneficial aspects of 

multi-stimuli responsive materials escalate stability, reversibility, and their applicability in 

complex environments, making them superior building blocks for the fabrication of 

advanced smart materials and molecular devices.13-17 Light is the most essential and 

important stimulus for constructing molecular photoswitches, which provides high 

spatiotemporal precision and serves as a clean, environmentally benign energy source, 

making it well-suited for sustainable technologies and applications.18,19 Organic molecules 

have been widely employed in designing and developing multi-stimuli responsive 

photoswitches.20-22 Despite offering advantages of tunable structures, organic 

chromophores often encounter challenges such as susceptibility to photobleaching and 

limited Stokes shifts.23 To address these limitations, transition metal complexes have 

emerged as a promising alternative for designing efficient molecular photoswitches.24-28 

The coordination of suitable transition metal ions with appropriate organic ligands 

facilitates the formation of rigid molecular frameworks with distinct geometries and 

desirable properties.29-39 Furthermore, the physicochemical characteristics of these metal-

ligand assemblies can be precisely modulated in response to various external stimuli for 

enhancing their functional versatility.1,40-47 Among various transition metals, Ru(II)- and 

Os(II)-based coordination complexes have emerged as promising building blocks for the 

development of efficient molecular photoswitches.48-56 Their exceptional photophysical 

and optoelectronic properties, primarily arising from metal-to-ligand charge transfer 

(MLCT) excited states, make them highly suitable for advanced applications in this field. 

To design efficient molecular photoswitches, the isomerization behavior of various Ru(II)-

polypyridine complexes incorporating azo and stilbene moieties have been extensively 

studied.5,28,57-68 However, systems utilizing terpyridine-based coordination frameworks in 

conjunction with stilbene units remain relatively less explored compared to their 

bipyridine-based analogs, featuring either stilbene or azo functionalities.59-61,65 Most of 
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these complexes exhibit absorption and emission at relatively short wavelengths, with the 

MLCT absorption typically arising below 500 nm. This spectral limitation significantly 

restricts the applicability of these photoswitches in biological systems. Moreover, the small 

energy gap among the 3MLCT and 3MC states in the terpyridine complexes of Ru(II) often 

results in short excited-state lifetimes, thereby restricting their utility in molecular 

photoswitches.69,70 To overcome these shortcomings, ligands with extended π-conjugation 

could be judiciously incorporated into the molecular framework. Additionally, upon 

replacing Ru(II) by Os(II), the absorption and emission spectral window of the resulting 

complexes could be extended to NIR region, by taking advantage of stronger spin-orbit 

coupling efficacy of heavier osmium metal.71-78 In pursuit of making efficient molecular 

switches with extended spectral range, the photoisomerization behavior of various Ru(II)- 

and Os(II)-terpyridine complexes functionalized with one or more stilbene units have been 

widely researched by our group.54,55,64,68,79-81 Nevertheless, most of these systems exhibit 

emission switching exclusively in response to light stimuli. In practice, the response of such 

systems to multiple stimuli has largely been unexplored hitherto. To address this knowledge 

gap, the present study aims to develop multi-stimuli-responsive molecular photoswitches 

with an expanded spectral coverage upon strategic selection of appropriate ligands and 

metals.  

 Herein, we have synthesized and thoroughly characterized two dimeric Ru(II)- and 

Os(II)-terpyridine complexes incorporating active methylene group, phosphonium motifs, 

and stilbene units (Chart 6.1). Prior to this work, our group82,83 as well as the group of 

Amitava Das84 reported mononuclear Ru(II) and Os(II)-terpyridine complexes 

incorporating one or two -CH2PPh3
+ motif(s). In all these earlier investigations, the primary 

focus was to elucidate the anion-responsive behavior of the complexes via multiple optical 

tools. In contrast, the present work deals with two symmetrical dinuclear Ru(II) and Os(II) 

terpyridine complexes based on two phenylene-vinylene linkers and tpy-PhCH2PPh3Br unit 

as the capping ligand. A central objective of this study is to explore the multi-stimuli-

responsive photo-redox behavior of these complexes. The capping ligands continue to 

provide anion-responsive functionality, while the phenylene-vinylene units in the bridge 

introduce photo-responsive behavior in the resulting complexes. Further modulation of the 

physicochemical characteristics could be achieved via oxidation and reduction of the 

complexes followed by photoisomerization of the respective species. Thus, it is quite 

expected that the present complexes would offer a versatile platform for modulating as well 



  Chapter 6 

240 
 

as switching of their photo-redox behavior under the influence of multiple stimuli, viz. 

anion, oxidant, reductant as well as light of appropriate wavelengths in a sequential manner.  

 

Chart 6.1. Molecular Frameworks of the Complexes in this Study. 

 

6.2. Experimental Section 

 6.2.1. Materials. The bridging terpyridyl ligand (tpvpvpt) as well as the capping 

ligand (tpy-PhCH2PPh3Br) and its Ru(II) and Os(II) precursors are synthesized by 

following the literature procedures.85-88 

6.2.2. Synthesis of the Metal Complexes. Both the complexes are prepared by 

undertaking a general synthetic procedure which is discussed below. 

[(tpy-PhCH2PPh3Br)Ru(tpvpvpt)Ru(tpy-PhCH2PPh3Br)](PF6)4 (1). A mixture 

of tpvpvpt (0.10 g, 0.13 mmol) and (tpy-PhCH2PPh3Br)RuCl3 (0.25 g, 0.3 mmol) in 5 mL 

of ethylene glycol was heated at 180 ºC with stirring for 12 h under N2 atmosphere when a 

reddish-brown solution was formed. After cooling, the solution was poured to NH4PF6 (1.5 

g in 5 mL of water) and stirred for few minutes, when a reddish-brown colored precipitate 

appeared. The compound was filtered and purified by silica gel column chromatography 

using MeCN as the eluent. Upon rotary evaporation of the eluent to a small volume (~10 

mL), a micro crystalline complex was formed which was filtered and recrystallized from 

MeCN-MeOH (1:5, v/v) mixture. Yield: 0.23 g (62 %). Anal. Calcd for 

C132H98N12Br2Ru2P6F24: C, 55.51; H, 3.46; N, 5.88. Found: C, 55.53; H, 3.45; N, 5.84. 1H 

NMR (400 MHz, CD3CN) δ/ppm 9.09 (s, 4H, 4H3’’’), 8.96 (s, 4H, 4H3’’), 8.71 (d, J = 8.3 

Hz, 4H, 4H6’), 8.65 (d, J = 8.5 Hz, 4H, 4H6), 8.30 (d, J = 8.3 Hz, 4H, 4H7’), 8.07 (d, J = 7.5 

Hz, 4H, 4H7), 8.04-7.94 (m, 18H, 4H4+4H4’+4H13+4H15+2H20), 7.82-7.77 (m, 16H, 

4H14+4H16+4H17+4H18), 7.74-7.69 (m, 12H, 4H11+4H19+2H9+2H10), 7.53 (d, J = 6.8 Hz, 
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4H, 4H3’), 7.49 (d, J = 5.4 Hz, 4H, 4H8’), 7.43 (d, J = 5.6 Hz, 4H, 4H3), 7.34 (d, J = 6.5 Hz, 

4H, 4H8), 7.22 (q, J = 7.0 Hz, 8H, 4H5+4H5’), 4.88 (d, J = 16.0 Hz, 4H, 4H12). High 

resolution mass spectrometry (HRMS) (positive, MeCN) m/z=352.7672 (100%) [(tpy-

PhCH2PPh3)2Ru2(tpvpvpt)]6+, m/z=423.5817 (60%) [(tpy-PhCHPPh3)Ru(tpvpvpt)Ru(tpy-

PhCH2PPh3)]
5+, m/z=529.1445 (22%) [(tpy-PhCHPPh3)2Ru2(tpvpvpt)]4+. 

[(tpy-PhCH2PPh3Br)Os(tpvpvpt)Os(tpy-PhCH2PPh3Br)](PF6)4 (2). A mixture 

of tpvpvpt (0.10 g, 0.13 mmol) and (tpy-PhCH2PPh3Br)OsCl3 (0.28 g, 0.3 mmol) was 

refluxed in 5 mL ethylene glycol at 180 ºC for 12 h. Then similar procedure was followed 

for purification and recrystallization of the complex. Yield: 0.27 g (68 %). Anal. Calcd for 

C132H98N12Br2Os2P6F24: C, 52.25; H, 3.25; N, 5.54. Found: C, 52.23; H, 3.28; N, 5.52. 1H 

NMR (400 MHz, CD3CN) δ/ppm 9.11 (s, 4H, 4H3’’’), 8.97 (s, 4H, 4H3’’), 8.68 (d, J = 8.0 

Hz, 4H, 4H6’), 8.63 (d, J = 8.3 Hz, 4H, 4H6), 8.26 (d, J = 7.9 Hz, 4H, 4H7’), 8.05-7.96 (m, 

12H, 4H7+4H4+4H4’), 7.89-7.76 (m, 26H, 4H13+4H14+4H15+4H16+4H17+4H18+2H20), 

7.74-7.69 (m, 12H, 4H8’+2H9+2H10+4H19), 7.52 (s, 4H, 4H11), 7.35 (t, J = 6.3 Hz, 8H, 

4H3+4H3’), 7.30 (d, J = 5.8 Hz, 4H, 4H8), 7.15 (q, J = 6.9 Hz, 8H, 4H5+4H5’), 4.88 (d, J = 

16.0 Hz, 4H, 4H12). High resolution mass spectrometry (HRMS) (positive, MeCN) 

m/z=382.4407 (98%) [(tpy-PhCH2PPh3)2Os2(tpvpvpt)]6+, m/z=406.7200 (100%) [(tpy-

PhCH3)Os2(tpvpvpt)(tpy-PhCH2PPh3)]
5+. 

6.2.3. Instruments and Physical Methods. The details of different equipment used 

and experimental process to measure absorption and luminescence spectral behavior as well 

as trans-cis photoisomerization quantum yields have been discussed in chapters 2 and 3.  

For absorption spectral studies, stock solutions of 1 and 2 (5.0×10-4 M) were 

prepared in dry and distilled acetonitrile and stored in dark. The stock solutions were then 

diluted to effective final concentration of 3.0×10-6 M for most of the spectroscopic studies. 

Stock solutions of the tetrabutylammonium (TBA) salts of F-, Cl-, Br-, I-, AcO-, H2PO4
-, 

and HO- (0.1 M in CH3CN) were prepared and stored in cold and dark condition. For 

titrations, the stock solutions of the anions (particularly for F-) were first diluted to 1.0×10-

2 M and this solution was then added incrementally to a 2.5 mL solution of 1 and 2 (3.0×10-

6 M in CH3CN) by a micropipette and the corresponding spectra were recorded at room 

temperature. After completion of the titration experiments, the binding/equilibrium 

constants were evaluated from absorption/emission titration data using equation (1) at a 

specific wavelength.89,90 
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where ΔA is the change in absorbance, [H] and [G] is the concentration of metal 

complex and added anion, respectively. Δε is the change in molar extinction coefficient, b 

is the absorption path length, and K is the binding constant. Non-linear regression analysis 

of absorption/emission titration data as a function of anion concentration leads to the value 

of binding constants. Binding constants were performed in duplicate, and the average value 

is reported. 

Luminescence quantum yields of the complexes are determined by a relative 

method via the equation (2) 

r=std (Astd/Ar) (Ir/Istd) (r
2/std

2) (2) 

using [Ru(bpy)3]
2+ and [Os(bpy)3]

2+ as the standards for binuclear Ru(II) and Os(II) 

complex, respectively. The subscripts r and std refer to the unknown sample and the 

standard, respectively. Φ, I, A and  are the quantum yields, the integrated emission 

intensity, the absorbance at the excitation wavelength and the refractive index of the 

solvent, respectively. For [Ru(bpy)3]
2+, Φstd= 0.032 and for [Os(bpy)3]

2+, Φstd= 0.005, at RT 

in MeCN at λex= 500 nm.  

 

6.3. Results and Discussion 

6.3.1. Synthesis and Characterization. The metal complexes are synthesized by 

refluxing tpvpvpt ligand with (tpy-PhCH2PPh3Br)RuCl3 and (tpy-PhCH2PPh3Br)OsCl3 in 

1:2 molar ratio in ethylene glycol. The products obtained are purified by column 

chromatography and recrystallized in MeCN-MeOH mixture. The characterization of the 

complexes is carried out via 1H NMR, mass spectrometry and elemental (C, H, and N) 

analyses and the corresponding data are already provided in section 6.2. 

6.3.2. NMR Spectra. Both the complexes are characterized via 1H NMR 

spectroscopy in CD3CN solvent and the corresponding spectra are presented in Figure 6.1. 

The relatively simple spectral pattern for 1 and 2 reveals the symmetrical nature of the 

complexes. H3'' and H3''' protons for both complexes appear as two sharp singlets in the most 

downfield region of ~9.11-8.96 ppm due to coordination of Ru(II) and Os(II) metals with 

terpyridine units. Upon comparing with the 1H NMR spectra of our previously reported 

dinuclear Ru(II) complexes based on the same bridging ligand,79 we surmise that the 

olefinic protons (H9 and H10) in the present complexes appear within the multiplets,  

(1)
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Figure 6.1. 1H NMR spectra of 1 and 2 in CD3CN. 

 

spanning in the range between 7.82 and 7.70 ppm and the value of the coupling constant 

(J) for the said protons is approximated to be ~16 Hz. The observed findings correspond to 

trans-trans conformations of the complexes. The doublets at ~4.88 ppm, on the other hand, 

correspond to the methylene (-CH2) protons present in both complexes.82-84 Additionally, 

the protons associated with the phenyl rings in the -PPh3 units appear as multiplets in the 

region of 8.05-7.65 ppm. 

6.3.3. Mass Spectra. The high-resolution mass spectra (HRMS) of the complexes 

along with the isotopic distribution of the peaks and their corresponding simulations are 

portrayed in Figures 6.2 and 6.3. A strong correlation is observed between the experimental 

and simulated spectra. Complex 1 shows the most-abundant peak at m/z= 352.7672, 

separated by 0.16 Da, corresponds to the hexapositive cation [(tpy-

PhCH2PPh3)2Ru2(tpvpvpt)]6+. Two other less abundant peaks at m/z= 423.5187 and m/z= 

529.1445, separated by 0.20 and 0.25 Da, are indicative of the presence of pentapositive 

and tetrapositive cations of the type [(tpy-PhCHPPh3)Ru(tpvpvpt)Ru(tpy-PhCH2PPh3)]
5+ 

and [(tpy-PhCHPPh3)2Ru2(tpvpvpt)]4+, respectively. In contrast, two highly abundant peaks 

are observed at m/z= 382.4407 and m/z= 406.7200 for 2. The first peak, having isotopic 

separation of 0.16 Da suggests the presence of hexapositive cation [(tpy-

PhCH2PPh3)2Os2(tpvpvpt)]6+, while a difference of 0.20 Da among the isotopic patterns for 

the second peak corresponds to a pentapositive cation of the type, [(tpy-

PhCH3)Os2(tpvpvpt)(tpy-PhCH2PPh3)]
5+. 
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Figure 6.2. HRMS (positive) spectrum of 1 in MeCN, with insets displaying the observed 

and simulated isotopic distribution patterns of the complex cations [(tpy-

PhCH2PPh3)2Ru2(tpvpvpt)]6+ (m/z=352.7672), [(tpy-PhCHPPh3)Ru(tpvpvpt)Ru(tpy-

PhCH2PPh3)]
5+ (m/z=423.5187), and [(tpy-PhCHPPh3)2Ru2(tpvpvpt)]4+ (m/z=529.1445).  

 

 

 

 

Figure 6.3. HRMS (positive) spectrum of 2 in MeCN, with insets displaying the observed 

and simulated isotopic distribution patterns of the complex cations [(tpy-PhCH2PPh3)2 

Os2(tpvpvpt)]6+ (m/z=382.4407) and [(tpy-PhCH3)Os2(tpvpvpt)(tpy-PhCH2PPh3)]
5+ 

(m/z=406.7200).  
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6.3.4. Absorption Spectral Properties. The absorption spectra of the complexes 

are recorded in MeCN at RT and the corresponding figure and spectral data are presented 

in Figure 6.4a and Table 6.1, respectively. The spectral feature of both complexes is almost 

similar with the exception in the region of 600-800 nm. The lowest energy broad band at 

~670 nm for 2 is assigned as spin-forbidden 1[OsII(dπ)6]→3[OsII(dπ)5tpy(π*)1] MLCT 

transition, arising out of spin-orbit coupling-mediated intensity stealing from the singlet 

states.50,74,91 The absorption band at ~495 nm for both complexes arises due to Ru/Os→tpy-

PhCH2PPh3Br and/or Ru/Os→tpy (tpvpvpt) MLCT transitions.82,83 The next higher energy 

band, observed at ~395 nm, is primarily attributed to ILCT transitions, together with some 

contribution from π-π* transitions. The highly intense bands in the UV region of 280-320 

nm, on the other hand, is predominantly associated with the -* transitions. 

 

 

 

Figure 6.4. Absorption spectra (a) as well as steady-state (b and d) and excited-state decay 

profiles (c and e) of 1 and 2 (310-6 M) in MeCN at RT and in EtOH-MeOH (4:1, v/v) glass 

at 77 K. Insets to figure c and e show the corresponding lifetime values. 
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Table 6.1. Photophysical Data for 1 and 2. 

aMolar extinction coefficient (). bLifetime (). cEmission quantum yield (Φ) 

 

6.3.5. Emission Spectral Properties. The emission spectra of the complexes are 

recorded both in MeCN at RT and in EtOH-MeOH (4:1, v/v) glass at 77 K (Figures 6.4b 

and 6.4d), and the associated spectral parameters are presented in Table 6.1. The excited-

state decay profiles of 1 and 2 are portrayed in Figures 6.4c and 6.4e. The emission 

spectrum of 1 is quite broad; having its maximum at ~665 nm in MeCN at RT. Complex 2, 

on the other hand, displays a strong emission band with its maximum at ~740 nm. The 

emission quantum yield () of 2 is found to be almost two times higher than that of 1. 

Lifetime decay plot shows that the Ru(II) complex (1) exhibits a bi-exponential decay, 

while the Os(II) complex (2) displays a mono-exponential decay (Figure 2c). The lifetime 

values () are found to be 87.3 ns for 1, while 106.5 ns for 2 at RT. At 77 K, a blue-shift of 

emission maxima (in case of 1 only) and a huge increase in  values are observed for both 

complexes. The zero-zero spectroscopic energy values (E00) of 1 and 2, obtained from their 

77 K emission maxima are found to be 1.91 and 1.68 eV, respectively. 

 In order to elucidate the origin of emission in the complexes, particularly for the 

Ru(II) complex, we also acquired the emission spectrum of the bridging ligand in DCM at 

RT as well as in THF at 77 K (Figure 6.5). At RT, a broad and structured emission is 

observed having its maxima at 430, 455 nm and a broad shoulder stretching up to ~600 nm. 

The spectrum of the ligand at 77 K is found to be more intense and structured accompanied 

with a small blue-shift of the maxima. Upon comparing the spectrum of complex 1 and the 

bridging ligand both at RT and 77 K, we surmise that the observed emission in 1 is 
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Figure 6.5. Normalized emission (ex=380 nm) spectra of the bridging ligand (tpvpvpt) in 

DCM at RT (a) and in THF glass at 77 K (b). 

 

originated from the equilibrated states of 3MLCT and 3ILCT/3π-π* transitions.87 By 

contrast, for Os(II) complex, the observed emission is predominantly due to deactivation 

of its 3MLCT state only. The enhanced emission characteristics of the Os(II) complex 

relative to its Ru(II) counterpart is probably due to its larger energy barrier among the 

emitting 3MLCT and non-emitting 3MC states relative to that of the analogous Ru(II) 

counterpart. 

6.3.6. Electrochemical Behavior. To investigate the electrochemical behavior of 

the complexes, we acquired both cyclic and square wave voltammograms (CV and SWV) 

of the complexes in MeCN. The overlay of CVs and SWVs are presented in Figure 6.6, 

while the relevant redox data are presented in Table 6.2. The data obtained from CVs and 

SWVs are found to correlate well with each other. Both the CVs clearly reveal a single 

reversible oxidation wave in the positive potential domain, while featuring three successive 

reduction waves in the negative potential region.92 The oxidation wave involves a two-

electron process and is attributable to the simultaneous oxidation of both the metal centers 

(RuIIRuII/RuIIIRuIII and OsIIOsII/OsIIIOsIII).79 Regarding the reduction processes, we 

surmise that each of the three observed peaks corresponds to a one-electron transfer 

process. Among these, the two peaks in the range of -1.24 to -1.75 V are tentatively 

assigned to the successive reductions of two terpyridine moieties. The third peak, appearing 

at around -2.00 V, is hypothesized to arise from the reduction of the phosphonium unit,82,83 

although no direct evidence for this assignment could be provided.    
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Figure 6.6. CVs (blue solid lines) and SWVs (red dotted lines) of 1 and 2 in MeCN (110-

3 M) displaying both oxidation and reduction processes using glassy carbon as the working 

electrode and Ag/AgCl as the reference electrode. 

 

Table 6.2. Electrochemical Dataa for 1 and 2 in MeCN. 

 

 

 

 

aAll the potentials are referenced against Ag/AgCl electrode with E1/2=0.36 V for Fc/Fc+ couple. 
bReversible electron transfer process with a Pt working electrode. cE(red) values for the reduction 

processes obtained with glassy carbon electrode. 

 

 

6.3.7. Anion-Responsive Behavior. The coordinating influence of Ru(II)/Os(II) 

centers as well as the impact of positively charged phosphonium motifs (-PPh3
+ ion) are 

expected to make the methylene protons acidic in nature. Therefore, these protons could be 

removed via deprotonation in presence of basic anions. Hence, to explore the anion-

responsive behavior of the complexes, we monitored their absorption and emission spectral 

changes upon addition of the tetrabutylammonium salts of F-, OH-, Cl-, Br-, I-, AcO- and 

H2PO4
- in MeCN (Figure 6.7). The change in spectral profiles is found to be quite 

substantial for both 1 and 2 in presence of F- and OH-, relatively small with OAc-, while 

almost negligible with the remaining anions. Thus, the observed spectral change correlates 

well with the basicity of the said anions. In case of absorption, the band intensities decrease, 

along with a small red-shift in the 1MLCT band for both complexes in presence of F- and 

OH-. The emission intensity is almost quenched in case of 2 without alteration of the 

emission maximum, while for 1, the emission quenching takes place, albeit to a smaller 

extent, accompanied with evolution of a new broad band in the longer wavelength region.  

Compounds Oxidationb E1/2(ox)/V Reductionc 

E(red)/V 

1 1.32 -1.24, -1.67, -1.96 

2 0.94 -1.34, -1.75, -1.98 

21
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Figure 6.7.  Absorption (a and c) and emission (b and d) spectral profile of 1 and 2 in 

MeCN (310-6 M) in presence of different anions.  

 

To acquire quantitative insight about the interplay among the complexes and anions, 

the absorption and emission titration experiments are executed upon incremental addition 

of F- in MeCN. Complex 1 displays two-step change in its absorption and emission spectral 

profiles (Figure 6.8). A gradual decrease in MLCT band intensity accompanied with a small 

red-shift (10 nm) occurs up to the addition of 10 equiv of F-.  A small but finite increase in 

the absorbance in the longer wavelength (550-700 nm) region also takes place. The ILCT 

and -* band intensities in the spectral domain of 280-450 nm, on the other hand, 

decreases gradually. In the second step, again a small but finite change in absorbance of the 

said bands takes place in their respective direction up to the addition of 40 equiv of F-. In 

case of emission, the intensity of the band at ~665 nm gradually increases along with a red-

shift (~50 nm) of the emission maximum in the first step. During the process, evolution of 

a new broad band centered at ~815 nm along with its gradual intensification is also noticed. 

Continued addition of F-, on the other hand, leads to systematic quenching of emission 

within the spectral domain of 650-900 nm. The successive emission spectral lines also pass 

through an isoemissive point at ~610 nm in the second step. In contrast to the steady state 

spectra, only a single-step change is observed in the excited state decay profile and the 

lifetime value is found to decrease gradually from 87.3 ns to 15.7 ns (Figure 6.9). 
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Figure 6.8.  Two step changes in absorption (a and c) and emission (b and d) (λex = 500 

nm) spectra of 1 (3×10-6 M) in MeCN upon gradual addition of F- (up to 40 equiv). Insets 

show the fit of the experimental absorbance and luminescence data to a 1:1 binding profile. 
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Figure 6.9. Change in excited-state decays of 1 (3×10-6 M) upon incremental addition of 

F- (up to 40 equiv) in acetonitrile. The inset shows the corresponding lifetime values.  
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Additionally, a slight increase in the absorbance at ~395 nm and a small but finite decrease 

in intensity in the UV region bands (within 285-315 nm) is noticed. In the second step, the 

changes in the aforementioned bands take place in the reverse direction relative to the first 

step. In the third step, a diminution of both the MLCT bands and ILCT band is observed, 
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although the extent of reduction in the intensity of the 1MLCT band is more pronounced 

compared to other two bands. Finally, a slight attenuation in the MLCT and ILCT band 

intensity with concomitant increase in the UV region bands takes place in the fourth step. 

In each step, successive absorption spectra are found to pass through one or more isosbestic 

point(s). The amount of F- required to reach the saturation in these four steps is 4, 8, 15 

 

 

Figure 6.10.  Four step changes in absorption (a, c, e and g) and emission (b, d, f and h) 

(λex = 500 nm) spectra of 2 (3×10-6 M) in MeCN upon gradual addition of F- (up to 30 

equiv). Insets show the fit of the experimental absorbance and luminescence data to a 1:1 

binding profile.  
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and 30 equiv, respectively. In the emission side, band intensity decreases substantially in 

the first step, while a small increase in the intensity is noticed in the second step. In the 

third step, the emission intensity again decreases remarkably and finally gets fully 

quenched in the fourth step. In contrast to absorption and emission spectral trends, the 

lifetime of the complex decreases (106.5 ns→82.7 ns) only in a single step (Figure 6.11). 

The change in the absorption and emission spectral profiles of the complexes in presence 

of OH- are found to be almost similar to that of F-. 
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Figure 6.11. Change in excited-state decays of 2 (3×10-6 M) upon incremental addition of 

F- (up to 30 equiv) in acetonitrile. The inset shows the corresponding lifetime values.  

 

To get a quantitative insight about the receptor-anion interaction, we have also 

calculated the binding constant values (K) by using both the absorption and emission 

titration profiles of 1 and 2 via equation 1 (insets of Figures 6.8 and 6.10 and Table 6.3). 

The values are mostly within the order of ~103-105 M-1. The values of K, obtained from 

absorption and emission spectral data are found to be almost comparable.  

 

Table 6.3. Equilibrium Constants (K) for 1 and 2 Towards F- in MeCN. 

 

To investigate the effects of F- on the oxidation potential of the complexes, we have 

acquired both CVs and SWVs of the F- saturated solution of both 1 and 2 in MeCN. 

Voltammograms of the complexes in presence and in absence of F- are presented in Figure 

6.12 and the associated voltammetric data are presented in Table 6.4. In both complexes, 

Compounds Binding Constant (K) 

Absorption Emission 

K1 K2 K3 K4 K1 K2 K3 K4 

1 5.3 × 104 8.7 × 103 - - 1.3 × 104 3.6 × 103 - - 

2 1.0 × 105 1.6 × 105 3.1 × 105 4.6 × 104 1.5 × 105 1.2 × 105 4.8 × 105 2.5 × 104 
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the E1/2 values of MII/MIII couple shift towards lower potential domain, albeit in different 

extent (1.32 V→1.16 V for 1, while 0.94 V→0.72 V for 2). Thus, the extent of shift is 

found to be more marked in case of the Os(II) complex (2) in presence of F-. Upon addition 

of excess F-, the methylene proton(s) probably get deprotonated, which in turn leads to the 

increase in the electron density around metal centers and as a result, the negative shift of 

the E1/2 value is observed. 

 

Figure 6.12. CVs (solid lines) and SWVs (dotted lines) of free- and F- saturated forms of 

1 and 2 in MeCN showing the oxidation process using Pt as the working electrode and 

Ag/AgCl as the reference electrode. 

 

Table 6.4. Oxidation Potentials of 1 and 2 in their Free and Deprotonated Forms in MeCN. 

 

 

 

 

To elucidate the mode of interaction between the complex and anion, we performed 

1H NMR titration of both complexes with incremental additions of F- in DMSO-d6 (Figures 

6.13 and 6.14). In the 1H NMR spectra, the doublet at 5.38 ppm with its integration count 

of 4 protons due to the methylene (-CH2) units, exhibits a decrease in intensity accompanied 

with signal broadening and finally disappears upon addition of 20 equiv (for 1) and 15 

equiv (for 2) of F-. At its expense, a new singlet emerges in the downfield region (~6.72 

ppm) and gets intensified. The signal broadening is probably due to H-C-H⋯F- type of 

hydrogen bonding interaction. Thereafter, complete disappearance of the initial -CH2 signal 

at 5.38 ppm takes place in presence of excess F- (40 equiv for 1 and 30 equiv for 2). The 

observed change is attributed to abstraction of one of the two methylene protons from each 

side of the complex. The generated negative charge onto the -CH- unit is presumably  

Compounds Oxidation E1/2(ox)/V 

Free Deprotonated 

1 1.32 1.16 

2 0.94  0.72 

1

Free

F- saturated

2

Free

F- saturated
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Figure 6.13. 1H NMR spectral changes of 1 upon gradual addition of F- (up to 40 equiv) in 

DMSO-d6. 

 

 

 

Figure 6.14. 1H NMR spectral changes of 2 upon gradual addition of F- (up to 30 equiv) in 

DMSO-d6. 
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delocalized into the adjacent phosphonium (PPh3
+) moiety, facilitating the formation of a 

C=P double bond. This structural reorganization induces a significant downfield shift of 

the -CH- signal which reappears as a broad singlet at 6.72 ppm with its integration count of 

2 protons. Additionally, the phenyl proton signals associated with the PPh3 units become 

well-resolved, accompanied by a slight up-field shift. The H6 and H7 proton resonances 

also experience an up-field shift, likely as a consequence of fluoride-induced deprotonation. 

By contrast, the signal broadening together with downfield shift observed for the H3'' and 

H3''' protons can be attributed to their interaction with F- ions, which is facilitated by the 

increased acidity of these protons arising from the coordinating effect of the Ru(II) centers, 

as well as the influence of the adjacent phosphonium ions.  

The 31P{1H} NMR spectra of both the initial and F- saturated forms of complexes 1 

and 2 are also acquired in DMSO-d6 (Figures 6.15 and 6.16). In their initial forms, the 31P 

signal is observed at 23.10 ppm (for 1) and at 23.43 ppm (for 2), while upon fluoride 

saturation, the said signals undergo a downfield shift to 25.55 ppm (for 1) and 25.66 ppm 

(for 2). This shift is likely attributed to the formation of hydrogen bonds of the type H-C-

H⋯F-, which facilitate partial double-bond character between the methylene and 

phosphonium units. If the interaction could be solely governed by ion-pair formation, an 

up-field shift of the 31P signal would be expected. Consequently, the combined evidence 

from 1H and 31P{1H} NMR spectroscopy indicates that F- initially engages in hydrogen 

bonding with the methylene protons, eventually leading to deprotonation. 

 

 

Figure 6.15. 31P{1H} NMR spectrum of 1 in DMSO-d6 in its free (a) and F- saturated (b) 

forms. 

-P+Ph3

(a)

(b)
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Figure 6.16. 31P{1H} NMR spectrum of 2 in DMSO-d6 in its free (a) and F- saturated (b) 

forms. 

 

6.3.8. Photoisomerization Behavior. Due to the presence of two stilbene motifs in 

the bridge, we are also interested to investigate the photoisomerization behavior of the 

complexes in MeCN upon irradiating with 500 nm light. The overall process was carefully 

monitored via absorption and emission spectroscopic techniques, with the corresponding 

spectral changes portrayed in Figure 6.17. For both cases, a single step change is observed. 

Upon light irradiation, the intensity of MLCT band at ~495 nm and ILCT band at ~395 nm 

 
 

Figure 6.17. Absorption (a and c) and emission (b and d) spectral changes of 1 (2×10-6 M) 

and 2 (3.5×10-6 M) in MeCN upon treatment with light of =500 nm. Inset to figure b and 

d shows the decay profiles of the complexes before and after photolysis along with their 

lifetime values. 

300 400 500 600
0.0

0.1

0.2

0.3

0.4

400 min

0 min

A
b
s
.

/nm

1

(a)

300 450 600 750
0.0

0.2

0.4

0.6

600 min

0 min

A
b

s
.

/nm

2

(c)

650 700 750 800 850 900
0.0

8.0x10
4

1.6x10
5

2.4x10
5

3.2x10
5

4.0x10
5

0 200 400 600 800

10

100

1000

Time/s

C
o
u
n
ts

(l
o
g
)

                    /ns

 1     106.5

 2     108.6

P
.L

. 
In

t.
(a

.u
.)

/nm

(d)

2

600 700 800 900
0.0

5.0x10
4

1.0x10
5

1.5x10
5

2.0x10
5

0 100 200 300 400

10

100

1000

C
o
u
n
ts

(l
o
g
)

Time/ns

                           
1
/ns     

2
/ns

 Prompt

 1               5.8      87.3

 2               3.3      25.9

P
. 

L
. 
In

t.
(a

.u
.)

/nm

(b)

1

-P+Ph3

(b)

(a)



Chapter 6 

257 
 

gradually decreases, while the UV region bands in the domain of 280-320 nm increase in 

intensity for both 1 and 2. The ILCT band exhibited a reduction in intensity nearly 2 to 5 

times greater than that of the MLCT band. A single isosbestic point at ~330 nm for each 

complex suggests an equilibrium between at least two species, where the original trans-

trans (t-t) form converts to either trans-cis (t-c) or cis-cis (c-c) forms. Complex 1 reaches 

the photostationary state after 400 min, while complex 2 takes 600 min, likely due to the 

larger size of the Os(II) center compared to the Ru(II) center. 

In the emission spectra, a gradual increase in the emission intensity along with a 

blue shift (~10 nm) of the emission maximum is observed for 1. For 2, on the other hand, 

the emission intensity decreases gradually without altering its emission maximum. We also 

recorded the emission decay of the photolyzed solutions of the complexes (insets of Figures 

6.17b and 6.17d). Complex 1 exhibits a decrease in lifetime values (1= 5.8→3.3 ns and 

2= 87.3→25.9 ns), while the change is almost negligible for 2.  

 We have also recorded both the CVs and SWVs of the photolyzed solutions 

(MeCN) of the complexes in the positive potential region. The overlay of CVs and SWVs 

are presented in Figure 6.18 and the corresponding data are presented in Table 6.5. The 

data obtained from CVs and SWVs are found to correlate well with each other. It is of 

interest to note that the single reversible oxidation peak observed for the t-t isomers splits, 

albeit to a small extent, into two closely spaced overlapping peaks after photo-irradiation 

(Figure 6.18). The observed splitting is probably due to a decreased metal-metal separation 

in the isomerized forms of the complexes.92 

 

 

Figure 6.18. CVs (black solid lines) and SWVs (red dotted lines) of the photolyzed 

solutions of 1 and 2 in MeCN (~1×10-3 M) showing oxidation process using Pt as the 

working electrode and Ag/AgCl as the reference electrode. 

21
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Table 6.5. Oxidation Potentials of 1 and 2 in their Photolyzed Forms in MeCN. 

 

 

 

 

 

 

We have performed 1H NMR spectroscopy on the original and photolyzed solutions 

of both 1 and 2 in CD3CN in order to clarify the actual mode of isomerization process 

(Figures 6.19 and 6.20). Small but finite up-field shift of majority of the proton resonances 

are observed in the final spectrum. Upon light irradiation, two new doublets (H9
i and H10

i) 

with J=12 Hz appear in the region of 7.00-6.50 ppm. The singlet corresponding to the H3''' 

protons undergoes splitting due to the presence of H3'''
i protons. Additionally, the two 

doublets associated with H6 and H6' protons merge, forming a multiplet, likely due to the 

H6
i and H6'

i protons. For 1, the singlet corresponding to the H11 protons exhibit a slight 

increase in intensity, accompanied by the emergence of a distinct singlet (H11
i) at ~7.63  

 

 

Figure 6.19. 1H NMR spectrum of 1 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 660 min. 
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ppm. In case of 2, the original signal intensity of H11 decreases along with a small splitting. 

Additionally, the H11
i proton signal appears within a multiplet resulting from overlap with 

other proton signals in the region of 7.42-7.25 ppm. Furthermore, the H7, H7', H8, and H8' 

protons display alterations in their signal multiplicity, likely due to the presence of their 

isomerized counterparts. The overall spectral changes observed upon photolysis indicate 

significant modifications in the chemical environment in most of the proton signals. A 

comparative analysis of the 1H NMR spectra of the initial and photolyzed forms of the 

complexes, along with the substantial decrease in the coupling constant of the olefinic H9
i 

and H10
i protons, confirms the isomerization of the complexes predominantly from their t-

t to t-c forms.   

 

Figure 6.20. 1H NMR spectrum of 2 in CD3CN before (a) and after (b) photolysis with 

light of =500 nm for 18 h. 

 

The rate constants (kiso) and quantum yields (Φtt→tc) for the photoisomerization 

process are evaluated by analyzing the absorption titration profiles of both complexes. The 

associated data and figures are presented in Table 6.6. kiso values are found to be 1.6×10-4 

and 9.7×10-5 s-1 for 1 and 2, respectively, while Φtt→tc values lie in the range of 1.5-4.5×10-

3. It is to be noted that the kiso value for 1 is higher than that of 2 possibly because of the 

bulkier size of Os(II) centers than Ru(II) centers. 
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 To assess the reversibility of the isomerization process, the absorption and emission 

spectral changes of the photolyzed solutions of the complexes are monitored upon 

irradiation with 270 nm light (Figure 6.21). Spectral analysis confirms that the t-c isomers 

of the complexes gradually revert back to their original t-t forms; however, complete 

conversion is not achieved even after prolonged irradiation. Furthermore, kiso and Φtc→tt for 

the reverse isomerization process were determined, with kiso values ranging from 3.6-

4.1×10-5 s-1 and Φtc→tt values falling within the range of 1.8×10-3-3.5×10-4 (Table 6.6). 

These findings demonstrate that the complexes exhibit reversible emission switching upon 

exposure to visible and UV light, alternately. 

Table 6.6. Quantum Yield and Rate Constants for the Forward and Reverse 

Photoisomerization of 1 and 2 in MeCN. 

 

 

 

Figure 6.21. UV-vis absorption (a and c) and emission (b and d) spectral changes upon 

irradiating the photolyzed MeCN solution of 1 (2×10-6 M) and 2 (3.5×10-6 M) with 270 nm 

light. Insets show the irradiation time. 
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6.3.9. Multistimuli-Responsive Photoswitching. We are now interested to 

investigate the multi-stimuli-responsive photoswitching behavior of the complexes. To this 

end, the complexes were first subjected to oxidation in MeCN medium using ceric 

ammonium nitrate (CAN), and the progress of the reaction were monitored via absorption 

and emission spectroscopy (Figure 6.22). Notably, complex 1 exhibited no response to 

CAN oxidation, whereas complex 2 underwent significant spectral modifications. This 

difference is likely attributed to the higher oxidation potential of 1 relative to 2, which  

 

Figure 6.22. Absorption and emission (ex =495 nm) spectral changes of 2 (3×10-6 M) (a 

and b, respectively) in MeCN upon gradual addition of CAN (up to 4 equiv).  

 

renders the former more resistant towards oxidation. Upon incremental addition of CAN, 

the intensities of both the 1MLCT and 3MLCT bands are nearly quenched. Simultaneously, 

a new broad absorption band with a low  value (~2670 M-1 cm-1) emerges in the longer 

wavelength region (~750-1050 nm). The quenching of the MLCT bands is likely attributed 

to the oxidation of Os(II) to Os(III), which facilitates electron transfer from the terpyridine 

units to the Os(III) centers, resulting in the appearance of a ligand-to-metal charge transfer 

(LMCT) band in the NIR region. The spectral saturation is obtained after addition of 4 

equiv of CAN. This oxidation process is also accompanied by a noticeable color change 

from dark brown to greenish-yellow upon reaching saturation. Additionally, almost 

complete quenching of the emission band is observed, further supporting the 

Os(II)→Os(III) oxidation. Thus, the addition of CAN is expected to facilitate the oxidation 

of the t-t form of 2 from Os(II)-Os(II) state to the t-t form in the Os(III)-Os(III) state. 

 We now intend to explore the isomerization behavior of the oxidized form of 

complex 2. To achieve this, the CAN-treated solution of the complex is exposed to 500 nm 

light irradiation, and the resulting changes are visualized via absorption and emission 

spectroscopy (Figure 6.23). Upon irradiation, the MLCT bands regain their intensities, 

accompanied by complete disappearance of the LMCT band. Further diminution in the  
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Figure 6.23. Absorption and emission spectral changes of CAN-treated MeCN solutions 

of 2 (a and b, respectively) upon irradiating with visible light (500 nm).  

 

ILCT band intensity also takes place during the process. Concurrently, the greenish-yellow 

solution gradually reverts back to its initial brown color. Detailed spectral analysis reveals 

that the final absorption spectrum closely resembles that of the t-c isomer in the Os(II)-

Os(II) state of the complex. Gradual increase in emission intensity is also noted upon light 

irradiation, with no shift in the peak maximum. These spectral observations suggest that 

light exposure induces simultaneous reduction of the Os(III) centers and isomerization from 

the t-t to t-c configuration, leading to the formation of Os(II)-t-c-Os(II) species. Notably, 

saturation is achieved within just 20 min, indicating a significant reduction in time 

compared to the isomerization of the complex in the absence of CAN. Moreover, no 

evidence of re-oxidation of the Os(II)-t-c-Os(II) species is observed, even after keeping for 

prolonged time. We have also estimated the kiso and Φtt→tc values for the isomerization of 

oxidized form of 2 from the absorption titration profile and the related data and figure are 

presented in Table 6.7 and Figure 6.24. kiso value is found to be 6.7×10-3 s-1, while the 

quantum yield for the isomerization process (Φtt→tc) is 0.35. 

 

Table 6.7. Quantum Yield and Rate Constants for the Photoisomerization of 1 and 2 in 

MeCN in their Oxidized, Reduced and Deprotonated Forms. 

 

 CAN Na F- 

Compounds Quantum 
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(Ф) 

Rate constant 

(kiso/s-1) 

Quantum 

yield 

(Ф) 

Rate constant 

(kiso/s-1) 

Quantum 

yield 

(Ф) 

Rate constant 

(kiso/s-1) 

1 - - 1.2×10-2 6.4×10-4 7.2×10-3 2.9×10-4 

2 0.35 6.7×10-3 3.8×10-3 1.9×10-4 2.7×10-3 1.4×10-4 
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Figure 6.24. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the CAN-treated solution in MeCN with 500 nm light for 2.  

 

The observed changes in the absorption and emission spectral profiles suggest that 

light irradiation of the oxidized complex initiates the photoexcitation of Ce(III) to its 

excited state, Ce(III)*. This process subsequently facilitates the reduction of Os(III) to 

Os(II), coupled with isomerization from the t-t to t-c configuration, while Ce(III) is 

simultaneously re-oxidized to its initial Ce(IV) state. The significantly enhanced rate 

constant further confirms that the oxidized complex undergoes a very fast 

photoisomerization process compared to its free form.  

To elucidate the role of light in this isomerization process, the CAN-saturated 

solution of 2 was kept in the dark and we acquired its absorption and emission spectra in 

the time interval of 1 h to see whether any spectral change is occurring or not. Almost after 

3 h, we observed that the diminished absorbance of the MLCT band again starts to increase 

gradually, which indicates the occurrence of the reduction of the complex even in absence 

of light. In case of emission also, the quenched 3MLCT band starts to regain its intensity 

after ~3 h. However, the rate of reduction of the complex is very much slow and it takes 

almost 24 h to revert back to its initial Os(II) state. On the other hand, when the oxidized 

complex was irradiated with light, this reduction process gets completed within only 20 

min which is much faster compared to that in absence of light. Therefore, light plays a 

crucial role for driving this reduction process much faster. 

The oxidation of Os(II) centers induces electron deficiency, thereby pulling apart 

the electron density from the C=C bond is favored, which in turn induces greater single-

bond character in the stilbene unit. Consequently, light irradiation enables more facile and 

rapid rotation around the stilbene units in the oxidized complexes, directly contributing to 

the significantly enhanced t-t to t-c isomerization rate (Table 6.7). 
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The significant acceleration in the isomerization rate of the oxidized complexes 

prompts us to investigate the isomerization behavior of the complexes in their reduced 

states. To this end, complexes 1 and 2 were subjected to reduction using metallic sodium 

in MeCN as the reducing agent and the whole process is again monitored via absorption 

and emission spectroscopy (Figure 6.25). In both cases, a single-step change is observed. 

The intensities of the MLCT and ILCT absorption bands within 300-800 nm range remain 

almost unaffected, whereas a remarkable enhancement in the π-π* band intensity at ~255 

nm is noticed upon incremental addition of metallic Na. This finding strongly suggests 

 

Figure 6.25. Absorption and emission (ex= 495 nm) spectral changes of 1 (3×10-6 M) (a 

and b, respectively) and 2 (3×10-6 M) (c and d, respectively) in MeCN upon addition of 

MeCN solution of metallic Na (up to 4 equiv).  

 

that the electrons donated by sodium primarily populate in the low-lying π* orbital of the 

terpyridine moieties within the molecular framework.92 The spectral saturation takes place 

upon addition of 4 equiv. of metallic Na. In contrast, the impact of reduction on the 

emission spectra is less pronounced. For complex 1, a slight increase in emission intensity 

at ~570 nm is observed, while the 3MLCT band intensity remains nearly unchanged. 

However, for 2, the emission spectra within 480-850 nm range exhibit no discernible 

changes, indicating a minimal influence of reduction on its emissive properties. 
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Now, to investigate the isomerization behavior of the reduced form of the 

complexes, their Na-treated solutions are again subjected to two different experimental 

conditions, viz. kept in the dark and exposed to visible light of 500 nm. The associated 

changes are monitored through absorption and emission spectroscopy. For both 1 and 2, 

two-step changes are noticed under light irradiation (Figures 6.26 and 6.27). The π-π* band 

intensity at ~255 nm is reduced drastically, while the change in intensity of the MLCT 

 

Figure 6.26. Two-step changes in the absorption (a and c) and emission (b and d) spectral 

profiles of the reduced forms of 1 upon irradiation with 500 nm light. 

 

and ILCT bands within the range of 300-800 nm is almost negligible in the first step. The 

MLCT band intensity decreases with a slight blue-shift, while a sharp decrease in intensity 

of the ILCT band is noticed during second stage of photolysis. Detailed spectral analysis 

reveals that the final absorption spectra closely resemble that observed in the isomerization 

process in the absence of the reducing agent. This observation suggests that light irradiation 

on the reduced form of the complexes results in the formation of the [M(II)-t-c-M(II)]4+ 

species [M(II)= Ru(II) and Os(II)]. The photostationary state is reached within ~120-240 

min, which is nearly three times faster than that of their free forms. Upon light irradiation, 

the emission intensity gradually increases for 1, accompanied with a minor blue-shift (~5 

nm) during the first step, wherein an isoemissive point is also evident in the spectral profile. 

In the second step, the emission intensity undergoes a further increase, along with an  
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Figure 6.27. Two-step changes in the absorption (a and c) and emission (b and d) spectral 

profiles of the reduced forms of 2 upon irradiation with 500 nm light.   

 

 

additional blue shift of ~5 nm. In case of 2, the emission intensity remains unchanged in 

the first step, while the intensity of the 3MLCT emission band gradually decreases in the 

second step without alteration of its emission maximum. In contrast, no significant spectral 

changes were observed when the Na-treated solutions of the complexes were kept in the 

dark for more than 24 h.  

Thus, the observed changes in the absorption and emission spectra clearly indicates 

that the reduced terpyridine units rapidly revert back to their initial form along with 

transformation from t-t to t-c isomers upon light irradiation on the reduced form of the 

complexes. We have also calculated the rate constant (kiso) and quantum yield (Φtt→tc) of 

the isomerization process by employing their absorption titration profiles (Figure 6.28 and 

Table 6.7). The estimated kiso value is 6.4×10−4 for 1 and 1.9×10−4 for 2, while the Φtt→tc 

value is 1.2×10−2 and 3.8×10−3 for 1 and 2, respectively. The observed values also indicate 

a much faster isomerization rate of the reduced form of the complexes compared to their 

non-reduced counterparts. Reduction of the complexes decreases their overall charge, 

leading to reduced solvation in polar solvents like MeCN. Consequently, the effective rotor 

volume of the complexes decreases, thereby enhancing the rotational flexibility of 

molecular fragments across the double bond and accelerating the isomerization process. 
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Figure 6.28. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the Na-treated solution in MeCN with 500 nm light for 1 and 2.  

 

Previously, we have observed anion-induced deprotonation of the methylene 

protons from the molecular backbone of the complexes. Now, we are interested to explore 

the isomerization behavior of both complexes in presence of F-. For this purpose, the F- 

saturated solution of both 1 and 2 in MeCN are irradiated with 500 nm light and the changes 

are monitored through absorption and emission spectroscopy (Figure 6.29). Both 

complexes display a single step change in their spectral profiles. In case of absorption, all 

the spectral lines pass through one isosbestic point at ~330 nm. The MLCT band  

 

Figure 6.29. Absorption and emission (ex =495 nm) spectral changes of the deprotonated 

forms of 1 (a and b, respectively) and 2 (c and d, respectively) in MeCN upon irradiation 

with 500 nm light. 
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intensities decrease with a small hypsochromic shift. The ILCT bands also decrease in 

intensity with the extent of shift being more marked relative to the MLCT bands. By 

contrast, a rise in intensity of the π-π* bands in the UV region is also noticed upon 

irradiation with light. The time to reach the photostationary state is ~200 min for 1 and 

~300 min for 2 in their deprotonated states, which are again much faster compared to that 

of their initial forms. The final spectra probably correspond to the t-c forms in their 

deprotonated states. The broad emission band, on the other hand, gets intensified and ends 

up with a band having its maximum at ~680 nm for 1. For 2, the quenched emission band 

at ~735 nm also shows an increase in its intensity upon light irradiation. Despite, the actual 

reason behind this increase in emission intensity is not very clear to us, we surmise that 

deprotonation of the methylene proton(s) leads to a decrease in the overall charge of the 

complex. During the course of trans-cis isomerization, one of the two Os(tpy)2 units in the 

complex backbone rotates across the double bond(s), bringing the two units into a closer 

proximity. This sort of spatial closeness among the two units appears to be more favorable 

in the deprotonated form of the complex relative to its protonated counterpart, likely due to 

reduced electrostatic repulsion as a result of the decreased overall charge. We surmise that 

this sort of close proximity in the deprotonated form stabilizes the 3MLCT state, which in 

turn leads to increase in emission intensity, although no direct experimental proof could be 

provided. Moreover, since the emission maximum and overall spectral features remain 

largely unchanged during the isomerization process, the involvement or mixing of other 

excited states with the 3MLCT state is quite unlikely. 

 We have also evaluated the rate constant and quantum yield of isomerization of the 

deprotonated complexes (Figure 6.30 and Table 6.7). kiso values vary within the range of 

2.9-1.4×10-4 s-1 and  values are found to be 7.2×10-3 and 2.7×10-3 for 1 and 2, respectively. 

As the removal of the methylene proton(s) reduces the overall charge, the extent of 

solvation is reduced in the polar solvents such as MeCN. The lesser solvation, in turn, leads 

to a decrease in the effective rotor volume of the complexes, thereby enhancing the 

rotational flexibility of the groups across the double bond and facilitating the isomerization 

process. 

 Thus, both complexes exhibit emission switching behavior in response to multiple 

external stimuli, including light, oxidizing agents, reducing agents, and anions. Notably, 

the rate of photoisomerization is significantly accelerated in presence of these stimuli. This 

enhanced responsiveness suggests that these complexes serve as highly efficient building 
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blocks for the development of multi-stimuli-responsive molecular photoswitches, operating 

across a broad spectral range from the visible to the near-infrared (NIR) region. 

 

Figure 6.30. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for absorption spectral changes 

upon irradiation of the F- saturated solution in MeCN with 500 nm light for 1 and 2.  

 

6.4. Conclusions 

In pursuit of developing multi-stimuli-responsive molecular photoswitches 

operating across a broad spectral domain, we have designed herein two symmetrical 

bimetallic complexes of the type [(tpy-PhCH2PPh3Br)2M2(tpvpvpt)](PF6)4, [where 

M=Ru(II) or Os(II)], featuring a bis-terpyridine bridging ligand (tpvpvpt) possessing two 

consecutive stilbene units. Detailed investigations on their photophysical and 

electrochemical properties were conducted in the presence of various external stimuli, 

including light, anions, oxidizing agents, and reducing agents. The presence of acidic 

methylene protons renders the complexes responsive to anions such as F-, OH- and OAc-. 

Furthermore, the incorporation of two consecutive stilbene units enables reversible trans-

trans to trans-cis photoisomerization upon alternate irradiation with visible and UV light. 

Additionally, the influence of oxidizing agents, reducing agents, and anionic guests on the 

isomerization behavior was systematically examined, revealing a substantial enhancement 

in the photoisomerization rate under all three conditions. Thus, these complexes facilitate 

rapid and efficient multi-stimuli-responsive emission switching within the visible to NIR 

spectral region. By judicious selection of appropriate chemical oxidants, reductants, anionic 

species and light of specific wavelength, precise control over the emission spectral behavior 

can be achieved. Consequently, these complexes hold significant potential as molecular 

building blocks for the fabrication of advanced molecular devices and functional photonic 

materials. 
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