
Stilbene-Conjugated Terpyridine Complexes of Ru(II) and 

Os(II): Experimental and Theoretical Investigations on 

Photophysics, Trans-Cis Photoisomerization, Ion Sensing, 

and Aggregation-Induced Emission Characteristics 

 

A Thesis  

Submitted for the Degree of  

Doctor of Philosophy (Science)  

of  

Jadavpur University 

by 

Tanusree Ganguly 

  

DEPARTMENT OF CHEMISTRY 

JADAVPUR UNIVERSITY 

JADAVPUR, KOLKATA 700032 

INDIA 

2025 



 



 

 

 

 

 

CERTIFICATE FROM THE SUPERVISOR 

 

 
This is to certify that the thesis entitled “Stilbene-Conjugated Terpyridine Complexes 

of Ru(II) and Os(II): Experimental and Theoretical Investigations on Photophysics, Trans-Cis 

Photoisomerization, Ion Sensing, and Aggregation-Induced Emission Characteristics” 

submitted by Smt. Tanusree Ganguly who got her name registered on 10.10.2018 for the 

award of Ph. D. (Science) Degree of Jadavpur University, is absolutely based upon her own 

work under the supervision of Prof. Sujoy Baitalik and that neither this thesis nor any part of 

it has been submitted for either any degree / diploma or any other academic award anywhere 

before. 

 

 

 

 

(SUJOY BAITALIK) 

Signature of the Supervisor 

& Date with official seal 

 
 

 

Dr. Sujoy Baitalik 

Professor 

Department of Chemistry 

Inorganic Chemistry 

Section 

 JADAVPUR UNIVERSITY 

KOLKATA – 700032, INDIA 

Telephone: 91-033-2414-6666       

Facsimile  : 91-033-2414-6584 

E-mail: sbaitalik@hotmail.com, 

Sujoy.baitalik@jadavpuruniversity.in 

Tanushree
Stamp



 



 

 

 

 

 

 

 

Dedicated 

to 

My Family 
 
 



 



 

 

 

 

 

 

 

 

"यदि मन्यसे सुवेिेदि नूनं तं्व वेत्थ िह्रमेवादि।" 

 

 

 

 

"If you think you have fully understood, you have 
understood little" 

- Upanishad 



 



PREFACE 

The research documented in the thesis titled “Stilbene-Conjugated Terpyridine Complexes of 

Ru(II) and Os(II):  Experimental and Theoretical Investigations  on Photophysics, Trans-Cis 

Photoisomerization, Ion Sensing, and Aggregation-Induced Emission” was conducted at the 

Department of Chemistry of Jadavpur University from 2018 to 2025. The thesis comprises of 

seven chapters.  

 

Chapter 1 provides a comprehensive review of the photophysical and electrochemical 

properties of Ru(II) and Os(II) polypyridine complexes, along with the photoisomerization 

behavior of stilbene- and azo-functionalized metal complexes. The discussion also examines 

aggregation-induced emission modulation and the role of non-covalent interactions in anion 

and cation sensing.  The chapter concludes by outlining the key objectives and scope of this 

dissertation. 

 

Chapter 2 deals with the synthesis, structural characterization, photophysical properties, 

aggregation-induced emission and light induced reversible photoisomerization behaviors of a 

series of stilbene-appended terpyridine systems of the type tpy-pvp-X, where X= 

naphthalene, anthracene and pyrene. Presence of the stilbene unit facilitates reversible 

trans/cis isomerization upon visible light exposure, with the reverse process occurring in the 

dark, facilitating "on-off" and "off-on" emission switching in both free and aggregated form. 

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 reports synthesis, characterization, photophysical nature, redox properties, 

aggregation-induced emission, and light induced reversible photoisomerization behaviors of 

homoleptic Ru(II) bis-terpyridine complexes of the type [Ru(tpy-pvp-X)2](ClO4)2 ,where 

X=naphthalene, anthracene and pyrene. Aggregated forms can also undergo isomerization 

under visible light but at a slower rate. In conjunction with experiment, DFT calculations 

were also performed for understanding their electronic structures and nature of transition 

associated with the spectral bands.  

 



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

terpyridine complexes of the type [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2 and thorough 

investigation of their photo-redox behaviors. The complexes selectively recognize fluoride 

(F
-
) among various anions through a combination of various non-classical interactions such as 

CH...F hydrogen bonding, CH-π, anion-π, to name a few. DFT calculations further elucidate 

the receptor-anion interactions. The complexes also undergo reversible trans-cis 

isomerization under visible and UV light, with the cis-form exhibiting reduced anion 

interaction compared to the trans-form. 

 

Chapter 5 explores the aggregation-induced modulation of room temperature luminescence 

of [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2 using various solvent mixtures. The complexes 

exhibit both aggregation-induced emission enhancement (AIEE) and aggregation-caused 

quenching (ACQ), depending on the solvent combination. Trans→cis photoisomerization of 

the aggregated complexes occurs under visible light but at a slower rate compared to the non-

aggregated forms.  

 

Chapter 6 explores the synthesis, characterization and investigation of the photophysical 

properties of a series of homoleptic Os(II) complexes of the type [Os(tpy-pvp-X)2](ClO4)2. 

They exhibit reversible trans-trans to cis-cis photoisomerization under alternative treatment 

with visible and UV light. Substantial enhancement of the rate of photo-isomerization has 

been achieved upon oxidation with ceric ammonium nitrate (CAN) as well as reduction with 

metallic sodium.  

 

Chapter 7 deals with selective cation and anion sensing properties of [Os(tpy-pvp-

X)2](ClO4)2 complexes. They can act as dual molecular sensors for fluoride (F
-
) and mercury 

(Hg
2+

) ions. The complexes selectively detect these ions through various non-classical 

interactions such as CH---F hydrogen bonding, CH-π, cation-π and anion-π. Light-induced 

trans-trans→cis-cis photoisomerization of the stilbene unit alters sensing efficacy, with 

notable differences among the isomeric forms. Computational studies are also conducted to 

support experimental findings on ion-receptor interactions. 
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1.1 General Introduction 

Over the past few decades, there has been a significant surge in research endeavors 

focused on various critical domains such as solar energy conversion, artificial photosynthesis, 

photo-catalysis, photoactive DNA cleavage, and photo-switching.
1-11 

Design of molecular 

ensembles that are capable of responding to specific functions upon interaction with external 

stimuli (light, pH, other chemicals etc.) are widely utilized for fabricating the molecular 

devices.
12-21

  Given that light stands as one of the most environmental benign energy sources, 

the impulsion to harness its power has grown significantly. This drive has, in turn, spurred the 

development of light-responsive building materials.
18-21

 Polypyridine complexes featuring 

low spin d
6
 metals, notably Ru(II) and Os(II), are quite desirable due to their thermal and 

photochemical stabilities along with remarkable photoredox behaviors which in turn can be 

precisely tuned via synthetic modification or using external stimuli.
22-28

 As a matter of fact, 

designing building blocks with tailored ligand architecture enables research in various 

applications like molecular sensors, switches, solar cells, and drugs.
31-44

 Ru(II) and Os(II) 

complexes are often designed using bidentate {such as 2,2'-bipyridine (bpy) and 1,10-

phenanthroline (phen)} and terpyridine-type {2,2':6',2''-terpyridine (tpy)} polypyridine 

ligands.
22-30,45-50 

While tpy complexes exhibit superior enantiomeric purity, their 

photophysical properties are often suboptimal to bpy complexes due to unfavorable energy 

level arrangements. Therefore, strategic design of tpy complexes is crucial to optimize the 

excited state energies and enhance their luminescence properties.
45-50

 

The development of light-emitting metal complexes has become a prominent focus in 

scientific research due to their potential applications in diverse fields, including molecular 

sensors, bioimaging probes, optoelectronic devices, and photocatalysis.
18-21,31-44

  Pure organic 

moieties are highly luminescent in dilute solutions, but their luminescence weakens in 

concentrated solutions due to detrimental π-π stacking interaction which is termed as 

aggregation caused quenching (ACQ).
51-54

 Additionally, they exhibit relatively narrow 

spectral and electrochemical window. To eliminate this issue, Tang and coworkers introduced 

a new phenomenon called Aggregation Induced Emission (AIE),
55

 wherein addition of a non-

solvent to dilute solutions causes them to aggregate thereby making them emissive at RT. To 

date, a plethora of research work has been dedicated to study the AIE effect on the organic 

moieties
55-76

 but very little work is done on their inorganic coordination complexes.
75-84

 

Introduction of metal greatly improves the emission intensity and lifetime, resulting in 

improved sensitivity for sensors and bio-imaging.
 77-86

 Thus, inclusion of an inorganic moiety 
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such as a metal greatly enhances the physicochemical properties of the complexes. Transition 

metal complexes using Cu(I), Zn(II), Ir(III), Pt(II), Ru(II) and Au(I) are mostly found to be 

AIE-active.
87-93

 Amongst these, the superior chemical and redox properties of Ru(II)-tpy 

based derivatives makes it a good candidate for the construction of light emitting diodes.  

Another important aspect of material construction greatly relies on the ability to 

switch between their ground and excited state properties using external stimuli.
94-105

 Inclusion 

of a photoresponsive component to the complex backbone greatly improve their light-

responsive behavior, leading to the formation of artificial photochemical molecular devices 

such as photo switches, optical materials and memory devices.
 94-105

 Tailored design of 

ligands incorporating double bonds, like azo- and stilbene units, enhance both the electron 

delocalization and light responsive behavior of the resulting metal complexes.
106-113

 These 

metal complexes are expected to exhibit light-induced trans-cis isomerization which 

significantly alters their photo-redox behaviors. Although the photo-isomerization behaviors 

of pure organic compounds are widely studied,
106-118

 similar studies with metal complexes are 

relatively less.
119-126

 It is to be noted that the isomerizable appended group(s) in the metal 

complexes are usually more constrained with involvement of numerous metal-centered 

excited states. 

Ru(II) and Os(II) polypyridyl complexes consisting of aromatic and heteroaromatic 

moieties often offer various non-covalent interactions with suitable incoming species. These 

interactions comprise of hydrogen bonding, π-π stacking, CH-π, cation-π and anion-π 

interactions and have orchestrated immense attention in diverse fields of supramolecular 

chemistry and structural biology.
127-137 

Recognition of specific cations and anions through the 

intermediacy of various non-covalent interactions would significantly fuel the rapid 

development of the field.
133-136 

Customarily, the anion-π interactions are comparatively 

weaker than the cation-π interactions because of the larger van der Waals radii of anions.
138

 

In light of the omnipresence of ions in various chemical and biochemical systems, the current 

focus is also to exploit the vast potential of the cation-π and anion-π interactions to fabricate 

highly selective ion sensors for their utilization in fields of sensors, catalysts, switches and 

many more. 

In the present dissertation, we have targeted to design homo- and heteroleptic 

terpyridine complexes of Ru(II) and Os(II) having photo-responsive styrylbenzene units. 

Incorporation of styrylbenzene unit is expected to amplify the emission behaviors due to 

enhanced conjugation at the 4-position of the terpyridine ligand. Efforts will also be given to 
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fine-tune the photophysics of the complexes upon inducing aggregation by the use of various 

binary solvent mixtures. These sort of metal complexes containing styrylbenzene units are 

expected to display reversible trans-cis isomerization with significant alteration of photo-

redox properties which in turn could be useful for the fabrication of photoswitches. Another 

important aspect of the present work includes the selective recognition of both cations and 

anions through the intermediacy of various non-covalent interactions. The ultimate goal of 

the work is construct stimuli-responsive multi-channel molecular sensors and switches. 

 

1.2 An Overview of Photophysical Properties of Ru(II) and Os(II) 

Polypyridine Complexes 

 Polypyridine-based Ru(II) and Os(II) complexes have attracted widespread interest 

for their diverse applications in advanced materials and molecular technologies.
16-21  

Polypyridine ligands commonly feature bidentate chelating units such as 2,2'-bipyridine (bpy) 

and 1,10-phenanthroline (phen) or tridentate frameworks like 2,2':6',2"-terpyridine (tpy). 

These coordinating moieties are often integrated with diverse aromatic or heteroaromatic 

spacers to fine-tune the structural topology and electronic properties of metal-ligand 

assemblies.
19,22-30,139-148

  The field of bipyridine and oligopyridine coordination chemistry has 

seen remarkable advancements, largely initiated by the discovery of the exceptional 

photosensitizing ability of [Ru(bpy)3]
2+

, which subsequently led to the development of a wide 

range of tris-bidentate Ru(II) complexes with tailored photophysical and electronic 

properties.
22-30,139-148 

The characteristic features of the complexes usually consist of strong 

absorption throughout the entire UV-vis region which can be modulated by proper ligand 

design. They exhibit spin-allowed metal (dπ) to ligand (π*) charge transfer (
1
MLCT) bands in 

the visible region. Furthermore, Os(II) complexes display a weak and broad band at longer 

wavelength region attributed to spin forbidden 
1
GS to 

3
MLCT transition.

140-145,149
 The next 

higher energy intense bands are intraligand (ILCT) as well as π-π* bands mainly due to the 

coordinated polypyridine units. 
22-30,40-50,139-148

 

 Excitation of the complexes at their lowest energy absorption band promotes them to 

their 
1
MLCT excited state which then undergoes very fast intersystem crossing to either 

3
MC 

or 
3
MLCT state(s) or both. Thereafter, they deactivate to the ground state either through 

radiative (
3
MLCT) or non-radiative (

3
MC) decay process. Each of the intramolecular decay 

processes has its own respective rate constant (kr), excited state lifetime (τ) and quantum 

yield (Φ) values. The energy difference between the triplet MLCT and MC states is crucial in 
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determining the luminescence properties of the resulting metal complexes. Smaller energy 

gap between the two above-mentioned states, usually caused by weak ligand field strength, 

leads to an increase in population of the 
3
MC state and poor emission characteristics.  

 Ru(II) complexes with bidentate ligands exhibit superior luminescence due to suitable 

disposition of 
3
MLCT state, resulting in an excited state lifetime of 860 ns and a quantum 

yield of 0.062 for [Ru(bpy)3](PF6)2 in MeCN.
22,150

 However, tris(bpy) complexes inherently 

leads to a mixture of Δ and Λ diastereomers, making their separation challenging. In contrast, 

bis-terpyridine complexes, when substituted at the 4'-position, adopt achiral rod-like 

structures. However, their inherently weak luminescence and extremely short excited-state 

lifetimes, attributed to the unfavorable bite angle of terpyridine, hinder their efficiency as 

photosensitizers. These observations motivates us to design Ru(II) complexes with bis-

tridentate skeletons having long-lived excited states.
48,151

 Several synthetic approaches have 

been adopted to enlarge the energy barrier between the luminescent 
3
MLCT and non-

luminescent 
3
MC states. The energy of 

3
MLCT state could be lowered upon incorporation of 

electron-withdrawing group-,
153-158

 coplanar heteroaromatic motif,
159-162

 organic 

chromophores,
163

 or by the destabilization of 
3
MC level so as to enhance the donating 

capacity of the ligand through the use of carbanionic aromatic units (cyclometalating 

ligands).
164-168

 Another method is the introduction of auxiliary chromophores onto the tpy 

unit that are isoenergetic to the 
3
MLCT state. Polyaromatic moieties such as anthracene, 

naphthalene and pyrene consists of a 
3
(π-π*) state that is quasi-isoelectronic to the 

3
MLCT 

state of the Ru-terpyridine complex.
47,169-170

 Upon excitation, reversible intercomponent 

energy transfer between 
3
MLCT and 

3
(π-π*) enables adjacent polyaromatic chromophores to 

function as energy reservoirs. This facilitates the repopulation of the emissive 
3
MLCT state, 

effectively delaying emission and prolonging the excited-state lifetime. Addition of a spacer 

group such as phenyl or styrylbenzene unit to the Ru-tpy complex further aids to make the 

3
MLCT-

3
π-π* equilibrium more facile.  

 Os(II) polypyridyl complexes have almost similar photophysical properties except 

that the larger 5d orbitals of the metal induces a red shift in absorption and emission spectra 

due to comparatively stronger spin-orbit coupling (SOC) effects.
25-28,41-42,143-145

 Despite that, 

Os(II) diimine complexes have shorter luminescence lifetimes than Ru(II) counterparts 

because of the energy gap law. On the contrary, Os-terpyridine derivatives have quite longer 

(~50-500 ns) lifetime than their Ru-terpyridine analogues despite low-lying emissive 
3
MLCT 

state. Both Ru(II) and Os(II) polypyridine complexes emit above 600 nm from the 
3
MLCT 
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state and may stretch upto NIR region, with lifetimes in the nanosecond to microsecond 

range. A generalized state diagram (Figure 1.1) exhibits the photophysical behavior of Ru
II
 

and Os
II
 diimine and triimine complexes and the photophysical data of representative Ru(II) 

and Os(II) complexes are summarized in Table 1.1.  

 

1.3 Electrochemical Behavior of Ru(II) and Os(II) Polypyridine 

Complexes 

The Ru(II) and Os(II) polypyridine complexes exhibit  rich electrochemical behaviors 

that are both reversible and tunable in nature. Mononuclear complexes usually show one 

reversible oxidation peak in the positive potential region and multiple reversible reduction 

peaks in the negative potential region. The highest occupied molecular orbitals (HOMO) is 

localized mainly on the metal centre indicating oxidation from Ru(II)/Os(II) to 

Ru(III)/Os(III), while the lowest unoccupied molecular orbitals (LUMO) are mostly pyridine 

based, indicating reduction.
123

 The Os(II) complexes usually display oxidation peak at lower 

potential relative to their Ru(II) analogues, mostly due to higher stability of third row 

transition metal ions over the second row in higher oxidation states. 

 

Figure 1.1 

 

Table 1.1. Photophysical properties of bpy- and tpy based Ru(II) and Os(II) complexes in 

CH3CN at 298 K. 

Complex λmax
abs

/nm 

(
1
MLCT)  

λmax
em

/nm 

 (
3
MLCT) 

τ/ns Ref 

[Ru(bpy)3]
2+

 454 620 800 22, 28 

[Ru(tpy)2]
2+

 475 628 ˂ 5 22, 28 

[Os(bpy)3]
2+

 480 715 19 22, 28 

[Os(tpy)2 ]
2+

 477,657 718 269 22, 28 
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1.4 Comprehensive Review of Ruthenium (II) and Osmium (II) 

Complexes Derived from Poly-Pyridine Ligands 

  A diverse array of mono- and multimetallic ruthenium and osmium complexes with 

tridentate ligands, detailing their synthesis, structural attributes, and physicochemical 

properties, have been reported globally. This dissertation focuses on the synthesis and 

physicochemical properties of monometallic ruthenium and osmium complexes coordinated 

to tridentate ligands. 

1.4.1 Common Pathway for Synthesis of Monometallic Complexes: Synthetic 

strategies of homo- and heteroleptic monometallic complexes of ruthenium and osmium with 

tridentate polypyridine ligands are well documented in literature.
30,48,171-173 

Metal complexes 

of the type [M(tpy)2]
2+

 (M
 
=

 
Ru, and Os) typically exhibit a distorted octahedral geometry as 

confirmed by single crystal X-ray diffraction studies.
172

 The synthesis strategy for homo- and 

heteroleptic complexes is illustrated in the Figure 1.2. The purification of the complexes is 

usually done by column chromatography and recrystallization techniques. 

 

 

Figure 1.2 

 

1.4.2. A Brief Literature Analysis on Photophysical and Electrochemical Aspects. 

Terpyridine complexes of Ru(II) and Os(II) are of interest due to their achiral linear 

structures, despite their inferior excited state properties.
19-21,28,30,33,159-162

 Researchers have 

sought to enhance their photophysical and electrochemical characteristics by introducing 

substituents that facilitate electron delocalization in the complex backbone.
153-156,160-168,174-179

 

Complexes with enhanced photo-redox capabilities can serve as building blocks for light-

harvesting assemblies and supramolecular structures.
141-144

 These terpyridine-based 

complexes have been studied for use in molecular machines, dye-sensitized solar cells, 

optical sensors, and biological applications.
9-21,145,149,180-183

 This dissertation reviews the 

physicochemical properties of various monometallic complexes of ruthenium and osmium. 
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In their recent reports, Wang and coworkers reveal how the luminescence lifetime 

significantly affects the reactivity of triplet state in both energy and electron transfer 

reactions.
184

 By incorporating two phenyl anthracene moieties into the [Ru(dqp)2]
2+

 (dqp = 

2,6-di(quinolin-8-yl)pyridine) complex, the Ru
II
 triad was developed with a luminescence 

lifetime of up to 115 μs (Figure 1.3) This Ru
II
 triad shows greater efficiency in triplet-triplet 

energy transfer (TTET) than the archetypical reference Ru
II
 complex. It enables red-to-blue 

photon upconversion with a large pseudo anti-Stokes shift of 0.94 eV and an upconversion 

efficiency of about 0.8% in aerated conditions, increasing to 2% with a more efficient 

annihilator (An-TIPS). This triad is the first Ru
II
 complex known for red-to-blue 

upconversion, comparable to Os
II
 and Pt

II
 -based sensitizers. In photoredox catalysis, the Ru

II
 

triad demonstrates higher oxidative quenching efficiency than the reference complex due to 

its longer luminescence lifetime, making it highly reactive in excited-state electron transfer. 

This reactivity leads to significantly faster photopolymerization of acrylate and acrylamide 

monomers under red light and aerobic conditions, suggesting its potential for applications 

like 3D printing.  

N

N

N

N

N

N

RuN

N

N

N

N

N

Ru

[Ru(dqp-AnPh)2]2+ (Ru II triad)[Ru(dqp)2]2+    (Ru II reference)  

Figure 1.3 

 
Berlinguette et al. presented the synthesis and characterization of a series of 

heteroleptic ruthenium(II) complexes with a substituted 2,2':6',2''-terpyridine (terpy) ligand, 

(Figure 1.4) which show long excited-state lifetimes in the microsecond range at room 

temperature.
179

 This is due to a strongly σ-donating, weakly π-accepting tridentate carbene 

ligand (C^N^C) adjacent to terpy, which maintains significant separation between the ligand 

field and metal-to-ligand charge transfer (MLCT) states while preserving high 
3
MLCT 

energy. These lifetimes surpass those of [Ru(terpy)2]
2+ 

by four orders of magnitude. 

Electrochemical analysis shows shifts in HOMO and LUMO energies, while time-dependent 

DFT calculations reveal good agreement with experimental data, indicating potential 

applications in energy transfer processes in biological systems and materials science.  
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Figure 1.4 

 

Hanan and Kurth explored the effects of N-methylation on the electronic and 

photophysical properties of both heteroleptic (1 and 3) and homoleptic (2 and 4) Ru(II) bis-

terpyridine complexes,
7,185

 specifically focusing on the ligand 4'-(4-bromophenyl)-

4,4"':4",4""-dipyridinyl-2,2':6',2"-terpyridine (Bipytpy). The first reduction of the methylated 

complexes occurs at the pyridinium site, identified as a multi-electron process (Figure 1.5). 

After N-methylation, these complexes show increased luminescence quantum yields and 

extended excited-state lifetimes; however, they are ineffective as photosensitizers (except for 

the parent complex 1) for hydrogen evolution due to decomposition likely caused by the loss 

of methyl groups. The photophysical properties of both heteroleptic and homoleptic 

complexes are similar, as confirmed by TD-DFT calculations. Additionally, the study finds 

that homoleptic complexes are harder to oxidize yet easier to reduce compared to their 

heteroleptic counterparts, highlighting their distinct electrochemical behavior.  

Additionally, Kurth and Hanan presented a series of non-symmetric 2,6-di(pyridin-2-

yl)pyrimidine ligands with different pyridine substituents (Figure 1.6) and their 

corresponding Ru(II) complexes.
186

 These complexes exhibit improved photophysical and 

electrochemical properties due to the pyrimidine ring, which stabilizes the lowest unoccupied 

molecular orbital (LUMO), leading to red-shifted emission and longer excited-state lifetimes. 

This makes them more effective for photocatalytic hydrogen production under blue and red 

light compared to traditional bis(terpyridine) Ru complexes. However, while these new 

complexes show higher activity, they are less stable, likely due to an additional 

decomposition pathway in the reduced state. A small shift in reduction potential significantly 

affects hydrogen evolution performance. They also examined the effect of pyridine 

substituents at different positions, with time-dependent density functional theory, revealing 

that those at the 4-pyrimidine position have the most significant influence on the 

photophysical and electrochemical properties of the complexes. 
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Figure 1.5 
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Figure 1.6 

 

They also explored the spectroelectrochemical properties of iron and ruthenium bis-

terpyridine complexes featuring pyridinium units, serving as models for supramolecular 

polymers (Figure 1.7).
187

 They synthesized monotopic and ditopic terpyridine ligands, 
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creating both mononuclear complexes and metallo-supramolecular polyelectrolytes (MEPEs). 

UV-vis spectroscopy revealed that the mononuclear complexes exhibited similar absorption 

characteristics to the MEPEs. Additionally, all the complexes and MEPEs demonstrated 

electrochromic properties. However, only the MEPEs could be deposited to different 

substrates using a layer-by-layer method, making them suitable for electrochromic device 

applications. Due to poor solubility of Ru-L2-MEPE, characterization in solution state was 

challenging, thus mononuclear complexes were used to model MEPE properties, providing a 

simpler way to study these systems and aiding in the development of advanced metallo-

supramolecular materials for future applications.  

N

N N
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Ru1: M=Ru, 36%
Fe1: M=Fe, 66%
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+
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Fe-L2-MEPE: M=Fe  

Figure 1.7 

Balzani and Constable’s research explored the luminescent properties of [Ru(tpy-

X)(tpy-Y)]²⁺ metal complexes, focusing on the effects of electron-withdrawing and electron-

donating groups (X and Y) attached to the 4' position of the terpyridine (tpy) ligand (Figure 
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1.8).
156,188

 Their findings revealed that both the absorption and emission maxima of these 

complexes were red-shifted compared to the parent [Ru(tpy)₂]²⁺ complex, regardless of the 

substituents. Complexes with electron-withdrawing groups exhibited higher emission 

quantum yields and longer luminescence lifetimes, while those with electron-donating groups 

showed the opposite. Luminescence lifetimes ranged from 0.2 to 50 ns at room temperature 

and 1 to 10 µs at 77 K, depending on the solvent and substituents. A strong correlation was 

found between emission energies, redox potentials, and Hammett σ parameters, with 

electron-withdrawing groups stabilizing ligand-based LUMOs while electron donors 

destabilizing HOMOs. Further studies by Hanan demonstrated that substituting strong 

electron-withdrawing groups such as CN and MeSO2 significantly increased the lifetimes of 

Ru-tpy complexes (τ = 25-50 ns). 

 

 

Figure 1.8 

Baley et al. investigated the addition of furyl, pyrrolyl, thienyl, and bithienyl groups 

to the 4'-position of terpyridine,
174

 and found out the enhanced excited state behaviors of their 

Ru(II) complexes (Figure 1.9). These five-membered heterocycles stabilize the 
3
MLCT state 

by extending electron delocalization, thereby increasing the energy gap between the emissive 

3
MLCT and non-emissive 

3
MC states. This leads to improved luminescence, with the 

bithienyl-substituted complex showing a 100-fold increase in emission quantum yield 

compared to the parent [Ru(tpy)]²⁺ complex. 

N X

N
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N

N
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RuY
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Figure 1.9 

 

Maestri and Balzani synthesized homoleptic Ru(II) and Os(II) complexes featuring an 

anthracene unit at the 4'-position of the terpyridine framework
189

 (Figure 1.10). 

Unfortunately, these complexes are non-emissive at room temperature, attributed to energy 

transfer from the Ru-tpy-derived ³MLCT state to the non-emissive triplet state of anthracene 

(³An) moiety. Similarly, Os(An-tpy)2²⁺ demonstrated excited-state behavior very much akin 

to Os(tpy)2²
+
, since the ³MLCT state in Os-terpyridine complexes remains the lowest 

emissive state, owing to the expanded energy gap between the MC and MLCT states. 

  

N

N

N

M

N

N

N

M = Ru(II), Os(II)

2+

 

Figure 1.10 

Campagna and Hanan designed Ru-terpyridine complexes with anthracene units to 

improve excited-state properties by linking Ru(II) complexes with chromophores whose 

excited states are isoenergetic with the ³MLCT of Ru(II). They developed both homo- and 

heteroleptic Ru(II) complexes using pyrimidyl-terpyridine ligands attached to anthracene
175

 

(Figure 1.11a-b). Additionally, Ru(II) complexes with a pyrimidyl-tpy unit for electron 

delocalization and an anthryl-terpyridine unit as an energy reservoir (Figure 1.11c)
176

 were 

created. These highly emissive complexes show long-lived bi-exponential decay, with the 

longer component (402-1806 ns) due to equilibration between 
3
MLCT and 

3
An states. 
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Figure 1.11 

 

In a systematic investigation of luminescent bis(terdentate) osmium(II) complexes, 

Elliott and coworkers identified a crucial reversal in photophysical tuning linked to the 

stabilization of the ligand-based lowest unoccupied molecular orbital (LUMO).
190

 This 

stabilization caused blue shifts in optical absorption and emission bands. The complexes, 

including variants [Os(N^N′^N″)2]
2+

  (Os1 to Os6), exhibited phosphorescence from orange 

to near-IR regions (Figure 1.12). Notably, replacing pyridine with the stronger π-accepting 

pyrazine in Os2 resulted in a 55 nm red-shift, while Os3 experienced an additional 107 nm 

red-shift. Os4, however, showed no further red-shift. The donor arrangement in Os5 yielded 

an expected red-shift, whereas Os6 experienced a blue-shift due to the incorporation of a 

second pyrazine donor. Electrochemical studies confirmed that pyrazine incorporation 

stabilizes both the ligand's LUMO and the metal's highest occupied molecular orbital 

(HOMO), resulting in coincident emission maxima for Os3 and Os4, while Os6 displayed a 

blue-shift. This study highlights the complicated interplay in photophysical tuning, providing 

insights into emission adjustments in simple ligand structures. 
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Figure 1.12 

 

Kimizuka and team explored the relationship between the structure of Os(II)/ Ru(II) 

bis(terpyridine) complexes combined with perylenyl groups and their excited-state lifetimes 

to elucidate the heavy-atom effect on attached perylene chromophores (Figure 1.13).
191

 A 

comparison of phosphorescence lifetimes reveals that incorporating a twisted phenylene 

bridge into the perylene-Os complex ([Os(petpy)₂]²) increases the excited-state lifetime by an 

order of magnitude with respect to its parent [Os(ptpy)2]
2+

 complex. Furthermore, 

[Os(peptpy)2]
2+

 and meta-phenylene bridged ([Os(m-peptpy)2]
2+

) complexes significantly 

extended their triplet lifetime to 24 and 81 μs, respectively, the later being over 400 times 

longer than that of [Os(ptpy)2]
2+

. This extended lifetime is due to the reduced electronic 

interaction between the Os complex and the perylene moiety, effectively suppressing the 

heavy-atom effect on perylene and retaining its intrinsic long excited-state lifetime. 

Additionally, this design protocol minimizes the energy loss by optimizing the energy gap 

between excited states and suppressing thermal deactivation to short-lived states. The 

findings suggest that careful manipulation of the triplet energy levels and bridge structure can 

yield highly efficient, long-lived triplet sensitizers. Replacing Os(II) with Ru(II) further 
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lengthens the excited-state lifetime, confirming the significant role of the metal center in 

influencing the triplet excited state. 

 

Figure 1.13 

Harriman and colleagues examined the photophysical properties of Ru(II)-terpyridine 

complexes featuring an ethynylene substituent and focused on their temperature-sensitive 

emission spectral behaviors. The complexes exhibit a pronounced MLCT absorption near 490 

nm and emit at around 680 nm in butyronitrile at room temperature (Figure 1.14a).
95

 Notably, 

as temperature decreases, both luminescence intensity and quantum yield significantly 

increases. In a related study, they incorporated a hydroquinone unit into the Ru(II)-tpy-

phenylethynyl moiety to modulate its luminescence properties (Figure 1.14b,c).
192

 Excitation 

at the MLCT band in these complexes generates a triplet state, which becomes delocalized 

onto the tpy-phenylethynyl moiety. The excited-state lifetime of the complex is 

approximately 46 ns, significantly increasing with a decrease in temperature. However, upon 

the oxidation of hydroquinone to benzoquinone, an electron is promoted from the 
3
MLCT 

state to the quinone moiety, resulting in a reduction of the excited-state lifetime to 190 ps, 

accompanied by emission quenching. 

Baitalik and group reports three Ru(II)-terpyridine complexes (1-3) featuring a 

terpyridyl-imidazole ligand (tpy-HImzPh3Me2) that exhibit room-temperature luminescence 

with lifetimes ranging from 2.3 to 43.7 ns (Figure 1.15).
193

 Protonation of the imidazole 

nitrogen(s) with perchloric acid significantly enhances emission intensity, quantum yield, and 

emission lifetime, with lifetimes increasing by up to 80 times compared to their free forms.  
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Figure 1.15 

 

This enhancement is attributed to a higher thermal barrier for relaxation and increased energy 

separation between the emitting 
3
MLCT and non-emitting 

3
MC states. Additionally, the 

complexes demonstrate selective recognition of cyanide ions (CN
-
) in water with a detection 
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limit as low as 10
-8

 M, achieving notable modulation of optical and photophysical properties 

through ligand perturbation. 

Baitalik et. al. also examined a series of trimetallic complexes of Fe(II), Ru(II), and 

Os(II) linked by a conjugated heteroditopic bipyridine-terpyridine type bridge, designed as 

light-harvesting antennae.
194

 These complexes feature two Ru(II) peripheral units transferring 

energy to a central Fe(II) or Os(II) energy sink, with strong UV-visible absorption and 

luminescence at room temperature (Figure 1.16). Ultrafast energy transfer (>10
-12

 s
-1

) occurs 

in RuOsRu with near-unity quantum yield, while RuFeRu and RuRuRu exhibit slower but 

effective energy transfer (∼10
-8

 s
-1

). Notably, the RuFeRu complexes produce long-lived 

Fe(II)-based excited states due to careful ligand design, and the Fe(II) center does not fully 

quench the Ru(II)-centered emission. Additionally, these complexes show reversible redox 

processes, positioning them as efficient light-harvesting systems and multilevel molecular 

electronic materials. 

 
 

Figure 1.16 

 

Baitalik and group reported a series of Ru(II)-terpyridine complexes functionalized 

with an anthraquinone moiety (Figure 1.17).
195

 These complexes demonstrated exceptional 

luminescent properties at RT, with lifetimes ranging from 1.5 to 52.8 ns, depending on the 

solvent and ligand structure. The incorporation of the electron-withdrawing anthraquinone 

unit increased the acidity of the NH protons. Exploiting this feature, the complexes were 
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subjected to anion-induced modulation of their photophysical properties in both organic and 

aqueous media. Notably, the complexes exhibited remarkable selectivity for cyanide (CN
-
) in 

aqueous solutions, with detection limits in the order of 10
-8

 M. 
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Figure 1.17 

 

 Baitalik and group also synthesized a series of bimetallic Ru(II)-Ru(II) and Ru(II)-

Rh(III) complexes featuring a heteroditopic phenanthroline-terpyridine bridge (phen-Hbzim-

tpy) linked via a phenyl-imidazole spacer (Figure 1.18) and consequently investigated their 

photo-redox behavior.
196

 In Ru(II)-Ru(II) homodimeric complexes, red-shifted emission and 

~99% quenching indicated efficient energy transfer from the excited [(bpy)2Ru(II)(phen-

Hbzim-tpy)] to the 
3
MLCT state of the tpy chromophore. The ΔGET lies in the range of -0.18 

to -0.27 eV, while the rate constant (ken) of the energy transfer vary between 6.410
6 

and 

5.710
7 

s
-1

. The heterometallic Ru(II)-Rh(III) complexes, on the other hand, exhibit 

photoinduced electron transfer from the excited Ru
II
 moiety to the Rh

III
-based unit. The ΔGET 

lies in the range of -0.23 to -0.32 eV and the rate constant of electron transfer (ket) vary 

between 1.56 × 10
5
 s

-1 
and 7.75 × 10

6
 s

-1
.  
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Figure 1.18 

 

1.5 Brief Survey on Photoisomerization Behaviors of Metal 

Complexes 

Molecular species that can reversibly change their physicochemical properties in 

response to external stimuli are highly valuable for potential applications in photoswitches 

and molecular memory.
197-201

 Recent investigations into high-density molecular data storage 

systems focus on devices that include simple on-off switches as well as those capable of 

performing logic operations.
31-44,197-201

 Since light is one of the most environment benign 

source of energy, molecular units that enable reversible changes in specific electronic 

properties in response to light are particularly promising for optical data storage materials.
 1-21

 

Among photoswitchable materials, photochromic compounds that undergo light-induced 

reversible changes between two forms with distinct change in their spectral profiles are 

garnering significant interest for applications in optical data storage, optoelectronics, and 

display devices.
7-11,20-22,34-38
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Double-bond compounds can isomerize between trans and cis forms under light,
113-118

 

mechanical stress,
202

 or electrostatic stimulation.
203-204

 This reversible process is notable for 

its impact on configurational change leading to switching in excited-state and photo-redox 

properties.
205-208

 Azobenzenes, stilbenes, spiropyrans, and diarylethenes are key photoactive 

and photochromic compounds that exhibit reversible photoreactions between two stable states 

in dilute solutions, making them valuable components for memory device applications.
119-

126,205-208
 Photoisomerization is an important process that confers the photo-responsive 

functionality to the families of azobenzenes and stilbenes. The photoisomerization of various 

organic molecules, including azobenzene, stilbene, and spiropyrans, is well-documented in 

the literature.
106-118,205-214

 However, studies on the photoisomerization of metal complexes are 

relatively less explored compared to those of pure organic compounds. Various research 

groups such as Iha, Yam, Lees, Nishihara, Daniel and others have extensively investigated 

the photo-isomerization behavior of various transition metal complexes (Re, Co, Rh, Ir, Fe, 

Zn etc.) that are coupled to stilbene-, azo-, spirooxazine-, and diarylethylene units.
119-126,

 
215-

226
 Although a good deal of work has already been carried out on the azo-appended 

bipyridine and terpyridine-based metal complexes, photoisomerization studies on stilbene 

appended metal complexes has been sporadically focused and barely well-documented. 
119-126,

 

215-226
 This dissertation aims to explore the photoisomerization behaviors of terpyridine-based 

Ru(II) and Os(II) complexes possessing stilbene-type units in the complex architectures. To 

the best of our knowledge, no other group addresses the isomerization behavior of stilbene-

conjugated terpyridine systems. Herein, we present a brief survey on the photophysical and 

photo-isomerization behaviors of some specific metal complexes that incorporate azo- or 

stilbene moiety in the complex architecture.  

Nishihara and coworkers extensively investigated the trans-cis photoisomerization 

behaviors of a diverse spectrum of azobenene-appended complexes with various transition 

metal ions.
225,227-228

 They investigated the photophysical, photochemical and trans to cis 

photoisomerization behaviors of mono-(tpy-AB) and di-nuclear (tpy-AB-tpy) Ru(II) and 

Rh(III) complexes derived from azobenzene-bridged terpyridine ligands (Figure 1.19). Both 

tpy-AB and tpy-AB-tpy ligands exhibited reversible trans-cis photoisomerization under UV 

(366 nm) and visible (450 nm) light. However, the dinuclear Ru(II) complex (di-Rutpy.PF6) 

did not isomerize under 366 nm light, while the mononuclear Ru(II) complex (mono-

Rutpy.2PF6) showed a 20% conversion efficiency upon UV irradiation. The backward 

isomerization of the mononuclear Ru(II) complex was accelerated by 440 nm light. The poor 
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photoisomerization efficiency in Ru(II) complexes was attributed to complex energy levels 

and energy transfer from the azo chromophores to the metal centers. Rh(III) complexes, 

although non-emissive, exhibited slow thermal cis-to-trans conversion while photoinduced 

isomerization was not observed. They also noted an approximately 80 mV negative shift in 

the Rh(III)/Rh(I) potential upon trans to cis conversion. The study also explored the effects of 

counter ions and solvents on photoisomerization rates and quantum yields, noting that larger 

counter ions prevent ion pairing, reducing the effective rotor volume and making trans-cis 

rotation feasible. The Rh(III) complexes showed enhanced photoisomerization efficiency 

with photosensitizers like benzophenone or anthraquinone, achieving rates comparable to 

organic azobenzenes. By contrast, increased energy transfer from the azo π-π* to Ru MLCT 

in the presence of sensitizers renders Ru(II) complexes inactive for trans-to-cis conversion. 
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Figure 1.19 

 

Nishihara and colleagues also focused on azo-based Pt-terpyridine complexes, which 

display better emissive properties compared to Ru and Rh complexes.
121

 They monitored the 

reversible trans-cis photoisomerization and emission switching behaviors of the complexes 

using IR, UV-vis absorption, emission spectroscopy, and 
1
H NMR spectrometry (Figure 

1.20). Time-resolved emission and transient absorption spectroscopy were employed to 

understand the excited state deactivation dynamics. Solvent studies revealed that the quantum 

yield for photoisomerization (Φt-c) decreased with increasing solvent polarity (MeCN > DMF 

> DMSO > PC). The Pt complexes underwent reversible cis-to-trans isomerization under 

visible light (λ > 430 nm) or heating. While the trans forms were nearly non-emissive at room 

temperature and 77K, the cis forms emitted at ~480 nm and ~600 nm, attributed to ligand 
3
π-

π* and 
3
MLCT states, respectively. Emission enhancement in the cis form occurs due to  
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Figure 1.20 

decreased π-conjugation, which inhibits photo-induced electron transfer from the nitrogen 

lone pair to the emissive unit. Additionally, the energy of 
3
π-π* being higher in case of cis 

form due to which non-radiative deactivation decreases leading to increase in emission 

characteristics. Emission lifetimes ranged from 2 ns to 40 μs. The lack of emission of the 

trans form at 600 nm allows effective off-on emission switching through reversible 

photoisomerization.  

The Nishihara group explored the behavior of azo-conjugated metalladithiolene 

complexes (Ni, Pd, Pt) with diphenylphosphinoethane coligands under proton-coupled and 

photo-responsive conditions (Figure 1.21).
229

 They discovered that photoisomerization relies 

on the complexes' chemical and electronic structures, substituents, and metal-centered redox 

potentials. Notably, trans-to-cis isomerization in metalladithiolene systems occurs at a lower 

energy (405 nm) and their cis forms are more stable compared to organic azobenzenes. The 

reverse cis-to-trans process requires higher energy UV light. Upon adding a small amount of 

acid (CF3SO3H), the cis form of the complexes promptly converted to the trans form. The 

proton-catalyzed isomerization rate, which varies with the metal center, was found to be up to 

150 times faster than the thermal isomerization rate, which does not depend on the metal 

center. This rate was exponentially related to the redox potential of the metalladithiolene 

complexes, increasing as the reduction potential shifted negatively. Thus, appropriate 

integration of proton and photo responses provides an innovative approach for reversible 

trans-cis isomerization in these systems.  

 Lees et al. explored the photochemistry of an array of self-assembled macrocyclic 

transition metal complexes linked by either isomerizable 4,4'-azopyridine (AZP) or 1,2-bis(4-

pyridyl)ethylene (BPE) (Figure 1.22).
124

 They found that tetranuclear squares composed of 

Pd(II)-Re(I) complexes, underwent a trans-to-cis photoisomerization when exposed to light at 
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313 or 366 nm, leading to their conversion into dinuclear forms (Figure 1.22). This process 

could be reversed through heating, allowing for sequential disassembly and reassembly upon 

alternating light exposure and heating. However, Pt(II)-Re(I)-based squares did not 

demonstrate this reversible disassembly and reassembly behavior. 
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Frexia and colleagues developed tris-cyclometalated Ir(III) compounds incorporating 

up to three azobenzene units into their complex architecture, using 2-phenylpyridyl-type 

ligands (Figure 1.23).
230

 They studied the photochromic properties and photoisomerization 

behaviors of these compounds, examining the effects of substitution patterns, coordination 

modes, metal-azobenzene distances, and the number of azobenzene units in the complex 

structure. 

 The photoisomerization of stilbene-appended metal complexes, particularly Re(I) 

polypyridyl complexes, has been a subject of interest for several decades. Wrington et al. first 

reported the photoisomerization of stilbene-based Re(I) complexes
220

 in 1975 (Figure 1.24). 

They synthesized complexes with the formula XRe(CO)3L2, where X = Cl, Br and L = trans-

3-styrylpyridine or trans-4-styrylpyridine. These complexes exhibited trans-to-cis 
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photoisomerization with substantial quantum efficiency (0.49-0.64) when irradiated at their 

lowest absorption band (313 or 366 nm). 
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Figure 1.22 

 

 

Hary Gray and coworkers investigated the trans-cis photoisomerization behaviors of 

[Re(diimine)(CO)3(dpe)](PF6) complexes where dpe=1,2-di(4-pyridyl)-ethylene.
221

 

Photoisomerization occurred in CH2Cl2 with a quantum yield of 0.2 upon irradiation with 350 

nm light (Figure 1.25). The photostationary state consisted of 70% cis and 30% trans forms. 

The reverse process occurred upon irradiation with 250 nm light. The trans forms of the 

complexes were non-luminescent, while the cis forms exhibited yellow luminescence, which 

could be used for luminescence switching. 

 Iha and coworkers investigated the photoisomerization of stilbene-based Re 

complexes. They developed a diverse range of organometallic Re(I)-carbonyl complexes 

such as
 
{fac-[Re(CO)3(dmcb)(trans-stpyR)]

+
, where dmcb=4,4'-dimethoxycarbonyl- 
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Figure 1.23 
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2,2'-bipyridine, trans-stpyR=trans-4-styrylpyridine (trans-stpy) or trans-4-(4-cyano) 

styrylpyridine (trans-stpyCN)}
222 

and {fac-[Re(CO)3(NN)(trans-stpyCN)]
+
, where NN = 

2,2′-bipyridine (bpy) or 4,4′-dimethyl-2,2′-bipyridine (dmb), and stpyCN=4-(4-cyano) 

styrylpyridine} (Figure 1.26).
223 

They extensively examined the photophysical, 

photochemical, and photoisomerization behaviors of the complexes using various 

spectroscopic techniques, including absorption, emission, and 
1
H NMR spectroscopy. The 

complexes exhibit high trans-to-cis isomerization quantum yield values (0.37-0.64) when 

exposed to a broad range of UV and visible light sources, specifically at wavelengths of 313 

nm, 334 nm, 365 nm, 404 nm, and 436 nm (Figure 1.26). The reverse cis-to-trans 

photoisomerization also occurs efficiently at 255 nm. Furthermore, they also explored the 

role of the ³ILstpyCN state in their photophysical and photochemical behavior, providing new 

insights into their potential applications. 
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Figure 1.26 

 Lees’ group explored the photophysical and photoisomerization properties of various 

trinuclear diimine Re(I)-tricarbonyl complexes connected by stilbene-like ligands (Figure 

1.27).
226

 The trinuclear complexes exhibited low emission quantum yields and short excited 

state lifetimes in MeCN. Upon irradiation with 366 nm light, these complexes transitioned 

from a trans-trans-trans configuration to a cis-cis-cis configuration (achieving 75-95% 

conversion after 36 hours), with a notable increase in lifetime. This process could be reversed 

by heating at 60 °C for 5 hours.  

Daniel and coworkers investigated the photoisomerization of the fac-[Re(CO)3(bpy)(t-

stpy)]⁺complex under visible-light irradiation, highlighting the role of MLCT states in driving 

isomerization, unlike conventional organic systems.
231

 They emphasized the role of spin-orbit 

and vibronic couplings in enabling singlet-triplet transitions. Analysis of potential energy 



 Chapter 1 
 

27 

 

curves revealed that the torsional and angular deformations in the C=C bond play a key role 

in the trans→cis isomerization process. Combining theoretical ab initio calculations with 

experimental UV-Vis, Resonance Raman, and IR spectroscopy, they provided a detailed 

understanding of the multi-step trans→cis isomerization process in rhenium complexes. 
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Figure 1.27 

In another work, they carried out detailed mechanism of photo-induced trans-cis 

isomerization in stilbene-coordinated rhenium(I) complexes.
232 

Through computational 

methods such as DFT and MS-CASPT2 and using the B3LYP functional with solvent 

corrections, the study deciphers how the antenna ligand influences the mixing of intra-ligand 

(IL) and metal-to-ligand charge transfer (MLCT) states (Figure 1.28).  The isomerization is 

triggered by irradiation, with MLCT states playing a crucial role in sensitizing the stilbene-

like pathway, especially through triplet states (³ILL). The dynamics of the process are 

influenced by several factors, including the energy gap between ³MLCT and ³ILL states, 

which is modulated by the antenna ligand. The presence of conical intersections between 

MLCT and IL states introduces complexity, leading to ultra-fast concurrent deactivation 

processes. The study shows that stpy-containing complexes are more sensitive to irradiation 

wavelengths than bpe-containing ones.  Additionally, time-dependent DFT (TD-DFT) was 

used to calculate absorption spectra, highlighting how spin-orbit coupling shifts the lowest 

MLCT bands and affects the isomerization process.   
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Yam and coworkers synthesized and characterized a series of azo- and stilbene-

containing Re(I) surfactant complexes and reported their applications along with 

photoisomerization. Rhenium(I) tricarbonyl diimine complexes with low-lying MLCT states 

were used as photoisomerization sensitizers (Figure 1.29).
216

 Azo-containing complexes 

exhibited reversible trans-cis isomerization upon alternately shining with 365 nm and 450 nm  
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lights. However, the complex with an alkoxy substituent on the phenylazopyridine did not 

undergo isomerization, probably because of the steric constraint. Stilbene-based complexes 

showed reversible isomerization at different wavelengths (365 nm and 254 or 480 nm), with 

lower quantum yields compared to their free ligands. 

Lin and co-workers synthesized a series of lanthanide complexes (La, Nd, Eu, Gd, 

Yb) using the stilbene derivative, N′,N′-bis(pyridin-2-ylmethyl)-4-styrylbenzoyl hydrazide 

(HL) and benzoyltrifluoroacetonate ligands (tfds), and characterized using various techniques 

like MS, 
1
H NMR, FT-IR, and X-ray diffraction (Figure 1.30).

233
 The cis-trans 

photoisomerization of free ligand (HL) and its complexes was studied in acetonitrile, 

revealing that gadolinium complex (4) exhibited a five-fold increase in isomerization rate and  
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quantum yield compared to HL. This enhancement is attributed to the coordination of the 

ligand with the metal centres, which stabilizes the excited state and improves photostability. 

On one hand, the europium complex (3) showed efficient energy transfer from the ligand 

(HL) to the Eu
3+

 ion, resulting in a high luminescence quantum yield and efficient 

sensitization, while on the other hand it suppressed the photoisomerization of the stilbene 
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group. The luminescence lifetimes of complexes, specifically complexes 2 (Nd³) and 5 

(Yb³⁺), were measured in the solid state which exhibited near-infrared (NIR) luminescence, 

with observed lifetimes exceeding 10 microseconds (μs). This performance is notable 

because these complexes contain only two diketonate ligands, which typically result in 

shorter lifetimes compared to systems with three ligands. The longer lifetimes suggest that 

the N′,N′-bis(pyridin-2-ylmethyl)-4-styrylbenzoyl hydrazide (HL) ligand contributes to 

enhancing the luminescence properties, making these complexes promising for applications 

in luminescent materials. TD-DFT calculations provided insight into the electronic 

transitions, explaining the enhanced photostability and optical properties of the complexes, 

which were attributed to various charge transfer mechanisms and energy transfers between 

ligands and metal ions. Thus, the study provides a new approach for designing lanthanide-

based molecular switching materials. 

 Baitalik and group described the photoisomerization behavior of a series of stilbene 

appended terpyridine derivatives that are covalently attached to various aliphatic electron 

donating/withdrawing groups (Figure 1.31). They also performed detailed investigation of  
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photoisomerization behavior of various metal complexes such as Ru, Os, Fe and Zn.
157-158,162, 

234-236 
The ligand moiety, along with heteroleptic or homoleptic metal complexes, can 

undergo reversible isomerization between their trans and cis forms when alternately exposed 

to visible and UV light. In certain cases, the reversal from cis to trans form also occurs 

through thermal treatment. In addition to light-induced isomerization, heteroleptic complexes 

with benzimidazole units can be deprotonated in basic conditions or at high pH which can 

modulate their ground and excited state properties. The complexes exhibit faster 

photoisomerization in their deprotonated forms together with proton-coupled oxidative 

electrochemical behavior. 

 

 

1.6 Brief Review on the Aggregation Induced Emission Properties 

of Ligands and Metal complexes  
 

Luminescent materials have become essential to scientific and technological progress, 

enabling significant advancements in fields ranging from optoelectronics to biological 

imaging.
12-21,57-65

 These luminescent materials can be used in different physical states, viz. 

gaseous, liquid, and solid. However, in most practical applications, they are employed as thin 

films or in aggregate form.
56,59-60,69 

For instance, in organic light-emitting diodes (OLEDs) 

and organic field-effect transistors (OFETs), luminescent materials are utilized in the solid 

state. Similarly, in biomedical imaging, luminescent probes are frequently handled in aqueous 

or physiological environments. Despite their versatility, luminescent materials face 

aggregation-caused quenching (ACQ), where light emission diminishes as molecules 

aggregate.
51-54

 First documented by Förster
51

 in 1954, ACQ is common in aromatic 

luminophores, where strong π-π stacking interactions of planar aromatic rings lead to non-

radiative decay.  

In contrast to ACQ, a phenomenon known as aggregation-induced emission (AIE) has 

been discovered, where non-emissive molecules in their dispersed form become highly 

emissive upon aggregation.
56-76

 The term "AIE" was coined in 2001 by a research group of 

Ben Zhong Tang upon studying hexaphenylsilole (HPS)
55

, a molecule that is non-luminescent 

in its isolated state but emits intensely when aggregated. In 2002 Park et al documented the 

aggregation induced emission enhancement (AIEE)
66 

wherein moderately emissive molecules 

exhibit emission enhancement upon aggregation. Unlike traditional luminophores, AIE 

materials, or AIEgens, overcome the detrimental effects of aggregation. This is achieved 
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through mechanisms such as restricted intramolecular rotations (RIR),
238-239

 which prevent 

non-radiative energy dissipation. In the aggregated state, these molecules avoid the π-π 

stacking interactions that lead to ACQ, allowing them to emit bright light. Another well-

studied AIEgen is tetraphenylethene (TPE),
60,81

 which has a central olefinic core surrounded 

by four phenyl rings. In solution, TPE exhibits little to no luminescence due to the free 

rotation of its phenyl rings, which dissipates energy non-radiatively. However, upon 

aggregation, the intramolecular rotations are restricted, and the emission is activated. This 

restriction, combined with a highly twisted molecular structure, prevents the π-π stacking that 

typically leads to ACQ, making TPE a prototypical AIE material. 

Three key mechanisms are highlighted to explain the phenomenon of aggregation-induced 

emission (AIE): 

1. Restriction of Intramolecular Rotations (RIR): This mechanism focuses on the free 

rotation of molecular units, such as phenyl rings, in AIE-active molecules.
238-239

 In 

solution, these rotational motions lead to non-radiative dissipation of energy, which 

causes weak or no light emission. However, upon aggregation, these rotations are 

restricted, thereby preventing energy loss and activating radiative transitions that 

result in enhanced light emission.  

2. Restriction of Intramolecular Vibrations (RIV): Vibrational motions within 

molecules, such as bond stretching or bending, also consume exciton energy and 

reduce the efficiency of light emission.
240-242

 The RIV mechanism suggests that by 

restricting these vibrational motions when the molecules aggregate, AIEgens can 

more efficiently emit light.  

3. Restriction of Intramolecular Motions (RIM): RIM is a broader mechanism that 

encompasses both RIR and RIV. It posits that any form of restricted molecular 

motion, whether rotational or vibrational, contributes to enhanced emission by 

activating radiative pathways that are otherwise deactivated in solution.
243-246

 This 

mechanism provides a more comprehensive explanation of the AIE phenomenon.  

The transition from ACQ to AIE is achieved by integrating AIE properties into ACQ 

systems, preserving beneficial characteristics while eliminating quenching effects. Strategies 

include modifying ACQphores with AIEgen moieties, replacing ACQ units with AIEgens, or 

designing new AIEgens from ACQphores.
55-60,77-82

 AIE materials have significant 

applications in bioimaging, optoelectronics, and environmental monitoring.
70-76,78

 They serve 
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as fluorescence biosensors, organelle imaging tools, hazardous substance detectors, and 

components in OLEDs and optical devices, enabling the development of advanced 

luminescent materials.
55-60,77-82,87-93

 Although a great deal of work has been carried out on 

various organic molecules (e.g., TPE, DSA, and silole), comparatively less work is explored 

for the metal complexes
.77-90

 Herein, we present a brief survey on the aggregation induced 

emission of both the organic molecules as well as metal complexes. 

 BZ Tang and group synthesized a series of Rhodamine B-based compounds (BISX, 

ISX, MISX and MTSX) with cross-shaped structures using a simple cyclization reaction, 

exhibiting AIE behavior (Figure 1.32).
247

 Unlike conventional AIEgens, their emission was 

not influenced by viscosity or temperature, suggesting a mechanism beyond RIM. Structural 

analysis and theoretical calculations revealed that molecular conformation changes in 

aggregates facilitated intramolecular charge transfer (CT) transitions, leading to the observed 

AIE behavior in solid states. Additionally, these compounds demonstrated potential 

applications in detecting seafood spoilage due to their sensitive "turn-on/off" emission 

responses to acid-base treatments.  
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Tang et al. has developed a pH-responsive fluorogen, TPE-Cy, composed of 

tetraphenylethene (TPE) and cyanine (Cy) units (Figure 1.33).
248

 This organic fluorogen 

demonstrates AIE characteristics and intracellular pH sensing in living cells. TPE-Cy exhibits 

pH sensitivity with its emission color shifting from red to blue as pH increases. It is cell-

permeable, highly biocompatible, and interacts with cellular lipid components to adjust its 

color transition point from extracellular pH 10 to intracellular physiological pH range of the 
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cell. This allows TPE-Cy to cover the entire intracellular pH (pHi) range from 4.7 to 8.0, a 

range that most conventional pH indicators cannot achieve. Additionally, TPE-Cy employs a 

ratiometric sensing method, measuring the ratio of fluorescence intensity between two peaks, 

which helps dodging issues related to uneven dye distribution and other technical artifacts. 

TPE-Cy has been effectively used for pHi imaging and monitoring through confocal 

microscopy, ratiometric analysis, and flow cytometry, showcasing its potential for high-

resolution and high-throughput intracellular analysis, with promising applications in cancer 

diagnosis and drug screening. 
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Figure 1.33 

In another study, Tang and coworkers introduced a cyanostilbene-based luminophore 

exhibiting AIE characteristics. Upon adjusting the aggregate morphology or changing the 

irradiation wavelength, the molecule demonstrated a range of efficient, controllable 

photoreactions. These include: (1) remarkable Z/E isomerization under ambient light and 

thermal treatment in organic solvents, 2) UV light-induced photocyclization resulting in a 

pronounced fluorescence increase, and 3) Highly selective regio- and stereospecific 

photodimerization in aqueous media, accompanied by microcrystal formation. Experimental 

analyses provided clear insights into these photoreaction processes, while DFT calculations 

offered a detailed mechanism for photodimerization in the microcrystalline state (Figure 

1.34).
249

 A fluorescent 2D photopattern was generated from Z-MPPMNAN, displaying an 

improved signal-to-background ratio before and after photo irradiation, as well as tunable 

fluorescence switching in different states. These findings highlight the integration of multiple 

photoreactions within a single system while enabling precise control over their 

functionalities. Additionally, incorporating this fluorophore into a polymer matrix could lead 
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to formation of materials with photo-triggered macroscopic behaviors, a prospect to explore 

in future research.  

Li and coworkers synthesized four 4,4'-bis(1,2,2-triphenylvinyl)biphenyl (BTPE) 

derivatives, viz. methyl-BTPE, isopropyl-BTPE, Ph-BTPE, and Cz-BTPE, by modifying the 

linkage modes and dihedral angles of the biphenyl cores to explore new approaches for blue  

Br

O

CN

pyridine-4-borobnic acid

Pd(PPh3)4, K2CO3 O

CN

N

1) CH3I

2)NH4PF6

Z-BPMNAN Z-PPMNAN

O

CN

N
+

PF6
-

Photocyclization

N
+

O

PF6
-

Z-MPPMNANc-MPPMNAN

Z/E isomerization

N
+

O

PF6
-

NC

E-MPPMNAN
N

+
O

N
+

O

CN
NC

2PF6
-

Photodim
eriz

atio
n

d-MPPMNAN  
 

Figure 1.34 

 

and deep-blue AIE emitters.
250

 The modifications resulted in high thermal stability and varied 

emission properties. The thermal properties, including thermal decomposition temperatures 

and glass transition temperatures, were investigated (Figure 1.35). The maximum absorption 

wavelengths of the derivatives were blue-shifted compared to BTPE, reflecting shorter π-

conjugation lengths due to the introduction of different substituents. The AIE properties were 

confirmed by fluorescence measurements in THF-water mixtures, showing significant 

emission enhancements in the aggregate state. Density Functional Theory (DFT) calculations 

revealed shorter π-conjugation length of the complexes in comparison to BTPE. Additionally, 

Cz-BTPE shows enhanced hole-transport due to its carbazole units. The compounds 

demonstrated efficient blue emissions with enhanced performance in OLED devices, 

especially the aromatic-substituted BTPE compounds like phenyl and carbazole-substituted 
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derivatives (Lmax, ηC,max, and ηP,max of 6497 and 9911 cd m
-2

, 3.10 and 3.74 cd A
-1

, as well as  

2.13 and 2.55 lm W
-1

, respectively), which exhibited superior electroluminescence 

performance compared to the alkyl-substituted ones. Thus the research presents an effective 

strategy to develop efficient blue and deep-blue AIE luminogens, thereby advancing OLED 

technology.  

 Yam and coworkers have designed, synthesized, and characterized a series of 

alkynylplatinum(II) terpyridine complexes incorporating tetraphenylethylene (TPE) moieties. 

When water is added, the alkynylplatinum(II) complexes with unsubstituted terpyridine, 
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Figure 1.35 

exhibit intriguing spectroscopic changes which are attributed to the presence of Pt···Pt and/or 

π-π stacking interactions, along with the AIE effect imparted by the TPE unit. (Figure 

1.36).
251

 The distinctive colorimetric and luminescence changes arising from the interactions 

between the two different chromophores offer potential for designing functional materials 

sensitive to micro environmental changes. Molecular engineering can hinder the AIE effect 

from the TPE moiety by adding bulky tert-butyl groups to the terpyridine ligand, and restore 

it by extending the separation between the tri-tert-butylterpyridine platinum(II) unit and the 

TPE motif. The lengthening of spacers between the alkynylplatinum(II) terpyridine unit and 

the TPE moiety leads to the formation of various superstructures, including long wire-like 

nanostructures and nanoleaf structures at high water content. Additionally, different 

superstructures are achieved from self-assembly processes by regulating Pt···Pt and π-π 

stacking interactions through molecular alteration of the ligands and tailoring the 

hydrophilicity of complexes. Through meticulous molecular engineering, they have 

successfully controlled various intermolecular interactions, resulting in the formation of 

diverse, distinctive structures. This highlights the crucial role of directional Pt···Pt and/or π-π 

interactions in the self-assembly process. Thus, the work has introduced a novel class of 
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platinum(II)-AIE hybrids, providing valuable advancements in the design of metal complexes 

with AIE characteristics for advanced functional materials.  

De Cola and group explored the phenomenon of aggregation-induced 

electrochemiluminescence (AIECL) in platinum(II) complexes, a process where 

electrochemiluminescence (ECL) is enhanced through the self-assembly of these complexes 

into nanostructures.
252

 The study examines two specific Pt(II) complexes consisting of a 

tridentate ligand, 2,6- bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (pyC5-CF3-tzH2)  
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and a 4-amino pyridine substitute with one (Pt-PEG) or two (Pt-PEG2) triethylene glycols, 

both of which form different types of supramolecular assemblies depending on their chemical  

structures and environmental conditions (Figure 1.37). In aqueous solution, the complex 

formed aggregates with short Pt···Pt distances (<3.5 Å), leading to highly intense red-shifted 

emission and destabilized dz² orbitals. This formed a new metal-based HOMO thereby 

facilitating MMLCT transitions. TEM analysis confirmed the formation of spherical particles 

with a diameter of approximately 22 nm. For ECL measurements, in aqueous media and 

solid-state experiments, Pt-PEG2 demonstrated strong ECL, particularly when paired with 

specific co-reactants like TPrA and oxalate, which stabilize the platinum oxidation state 

(Pt
+4

) and enhance light emission, surpassing the efficiency of the widely used Ru(bpy)3
2+

 

complex in some cases. However, Pt-PEG showed significant ECL only in the solid state 

when subjected to mechanical stress thus showing that mechanical stress can enhance their 

ECL by converting them into more aggregated forms. This research opens new possibilities 

for using platinum(II) complexes as highly efficient ECL labels in bioanalytical applications, 

especially in environments where traditional emitters like Ru(bpy)3
2+

 are less effective.  
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Khatua et al. have developed a new bis-heteroleptic ruthenium(II) complex, Ru-1, 

featuring a 2-aminoethylamino-substituted 1,10-phenanthroline ligand, which exhibits 

aggregation-induced emission (AIE) properties.
253

 The AIE effect in Ru-1 is achieved 

through restricted intramolecular motion and intermolecular hydrogen bonding, leading to the 

formation of a unique vesicular structure in a polar aprotic [CHCl3/CH3CN (95:5,v/v)] 

solvent mixture, as confirmed by transmission electron microscopy (TEM), field emission 

scanning electron microscopy (FESEM), and atomic force microscopy (AFM) imaging  

(Figure 1.38). This complex serves as a highly selective luminescent probe for real-time 

detection of phosgene, distinguishing it from other analytes and chemical warfare agents with  

a low detection limit (13.9 nM in CH3CN) and also differentiating between phosgene and 

triphosgene in CH3CN. The 2-aminoethylamino groups in Ru-1 react with the carbonyl group 

of phosgene, undergoing intramolecular cyclization to form Ru-1-Phos, which contains 2-

imidazolidinone groups. This was verified by electrospray ionization mass spectrometry and 

1
H NMR spectroscopy, with 

1
H NMR titration supporting the reaction mechanism and 

indicating simultaneous reactions at two aminoethylamino sites. The crystal structure of Ru-

1-Phos, determined through single-crystal X-ray diffraction, provides structural confirmation 

supporting the proposed reaction mechanism. Time-dependent density functional theory (TD-

DFT) calculations indicate that the weak luminescence of Ru-1 is primarily due to the 

population of the non-emissive 
3
MC state. Upon cyclization with phosgene, the formation of 

the corresponding 2-imidazolidinone product facilitates the population of the emissive  
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3
MLCT state in Ru-1-Phos, resulting in enhanced luminescence. Additionally, a practical 

application involves a solid-state paper strip coated with Ru-1, capable of selectively 

detecting phosgene vapor at various concentrations without interference from other analytes.  

Xu and coworkers designed and synthesized a series of multifunctional ruthenium-

based AIE probes, Ru1-3, to explore the selective identification and efficient elimination of 

Gram-positive bacteria (G+) bacteria (Figure 1.39).
254

 Infections caused by G+ pose a 

significant threat to public health due to their high rates of morbidity and mortality. 

Aggregation-induced emission (AIE) materials have shown considerable potential for 

microbial detection and antimicrobial treatment. The selective recognition of G+ by Ru2 is 

attributed to the interaction between lipoteichoic acids (LTA) and Ru2. The accumulation of 

Ru2 on the G+ membrane activates its AIE luminescence, enabling specific staining of G+ 

bacteria, and distinguishes them from Gram-negative bacteria using a wash-free staining 

method. Additionally, Ru2 demonstrates robust antibacterial activity against G+ both in vitro 

and in vivo when exposed to light. Hence, Ru2 plays dual roles of detecting and treating G+ 

bacteria, setting a precedent for future advancements in antibacterial agents.  
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1.7 Brief Review on the Non-Covalent (Anion-π and Cation-π) 

Interactions of Ligands and Metal complexes  

Well-organized non-covalent interactions are essential in various chemical processes, 

with aromatic interactions playing a key role in drug recognition, protein folding, and crystal 

engineering.
127-137

 π-π stacking in amino acid side chains, as well as in DNA and RNA, 

exemplifies these interactions.
130-131,137,255-258

 In addition to π-π stacking, other non-covalent 

interactions such as CH-π, lone-pair-π, cation-π and anion-π bonding are vital for 

biochemical recognition and the stabilization of biological macromolecules.
258-265

 These 

interactions also have significant relevance in organic synthesis and reaction control.
127-129, 

131-136,259-262  

The cation-π interaction is a significant non-covalent force in molecular recognition, 

influencing macromolecular structures and drug-receptor interactions. Cation-π interactions 

arise from the electrostatic attraction between a positively charged cation and the electron-

rich π system of an aromatic ring, with electrostatic forces as the dominant factor 

supplemented by dispersion forces.
128,134,137-138

 In this interaction, the cation binds to the face 

of the π system. Experimental evidence from gas-phase and aqueous studies highlights their 

strength, comparable to hydrogen bonds.
128,134,266

 Early studies demonstrated that cations 

could preferentially bind to hydrophobic cavities lined with π systems, even in aqueous 

environments. In 1981, Kabarle highlighted the existence of an attractive non-covalent 

interaction between alkali metal cations and aromatic compounds.
266

 Experiments on the 

formation of a benzene-K⁺ complex in the gas phase revealed the interaction energy to be 19 

kcal/mol. In 1985, Meot-Ner reported that the binding energies between quaternary 

ammonium ions and π systems ranged from 10 to 22 kcal/mol.
267-268

 The term "cation-π 

interaction" was finally coined by Dougherty in 1990 to describe the attractive interactions 

between cations and π systems.
269-270

 Theoretical models and quantum calculations have 

advanced predictions of cation-π binding.
271-274

  Applications include synthetic receptors like 

cyclophanes, demonstrating selective cation binding in supramolecular systems. This 

interaction is prevalent in biological systems, notably in stabilizing protein structures, 

molecular recognition, and neurotransmitter-receptor interactions; with acetylcholine as a key 

example.
275-276

 It is now clear that cation-π interactions are widespread and fundamental in 

various systems. 

Anion-π interactions, unlike their cation-π counterparts, remained largely overlooked 

for years due to their seemingly counterintuitive nature. The first experimental validation of 
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this interaction was reported by Schneider et al.
277

 Computational investigations by Mascal, 

Alkorta, Deya, and collaborators later confirmed the attractive nature of interactions between 

anions and electron-deficient aromatic systems.
138,278-282

 Deya’s team coined the term "anion-

π interaction" revealing the energetically favorable interaction between hexafluorobenzene 

and anions, driven mainly by electrostatic and polarization effects.
281

 Fundamental studies 

published in 2002 help shift attention to the anion-π interaction, prompting further 

computational and experimental investigations. Anion-π interactions, as distinct non-covalent 

forces, play a crucial role in driving various supramolecular processes.
278-283

 These include 

anion recognition, selective sensing, anion-directed self-assembly of complex structures, the 

formation of stimulus-responsive aggregates, and catalysis.
278-285

 The unique nature of these 

interactions enables them to influence diverse applications across both chemical and 

biological systems.
286

 A literature survey demonstrating both cation-pi and anion-pi 

interactions in various molecules are provided here. 

 Some preliminary work done by Pere M. Deyá et al. provides computational evidence 

confirming the existence of anion-π interactions. These interactions occur between anions and 

electron-deficient π-systems, driven by electrostatic forces and polarization effects (Figure 

1.40).
278

 The study explores various anions and π-systems, showing that interaction strength 

depend on the π-system's electron density and the anion's polarizability. These findings 

highlight the significance of anion-π interactions in molecular recognition, supramolecular 

chemistry, and catalysis, positioning them as a versatile tool for designing functional 

materials and systems.  

-

  

Figure 1.40 

 Saha and colleagues designed and synthesized a series of naphthalene diimide (NDI) 

receptors to investigate their supramolecular interactions with fluoride ions (F
-
).

136
 These 

receptors include a short receptor (SR) with a bisamide linker connecting two NDI units, a 

long receptor (LR) containing a tetraamide linker between two NDI units, and a control 

tetraamide receptor (CR) lacking any NDI units (Figure 1.41). Their study revealed a unique 

interaction between F
-
 and the π-electron-deficient, colorless NDI receptors. This interaction 

is driven by strong electronic coupling between the lone-pair electrons of the fluoride ion and 

the π*-orbitals of the NDI unit, initiating an unprecedented electron transfer event. This 
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process produces an orange-colored NDI•
-
 radical anion, which, upon further reduction by an 

additional fluoride ion, forms a pink-colored NDI
2-

 dianion. This redox-driven color change 

establishes NDI as an effective colorimetric sensor for fluoride ions. Additionally, the 

strategic preorganization of two NDI units in an overlapping configuration using folded 

linkers enhances their selectivity and sensitivity for F
-
, enabling detection at nanomolar 

concentrations in 85:15 DMSO/H2O solutions.  

  

NN

O

OO

O

NN

1

 

Figure 1.41 

 

Dunbar et al. investigated the reactions of 3,6-bis(2′-pyridyl)-1,2,4,5-tetrazine (bptz) 

and 3,6-bis(2′-pyridyl)-1,2-pyridazine (bppn) with AgX salts ([PF6]
-
, [AsF6]

-
, [SbF6]

-
, and 

[BF4]
-
) which yields complexes with distinct structural motifs dictated by the π-acidity of the 

ligand's central ring and the outer-sphere anion (Figure 1.42).
284

 Bptz forms polymeric, 

dinuclear and propeller-type  structures, characterized by strong anion-π interactions with the 

electron-deficient tetrazine ring. In contrast, bppn forms grid-type complexes, driven by 

maximized π-π stacking interactions due to the electron-rich pyridazine ring, with weaker 

anion-π interactions. These differences, supported by density functional theory (DFT) and 

electrostatic potential maps, highlight the greater π-acidity of bptz. The findings underscore 

the significant role of anion-π interactions in determining the self-assembly outcomes of these 

complexes.  
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The group also investigated the pivotal role of anion-π interactions in driving the self-

assembly of Fe(II)-templated metallacycles with 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz). 

Comprehensive analyses using X-ray crystallography, NMR spectroscopy (
1
H, solution 

19
F, 

and MAS 
19

F), cyclic voltammetry, and mass spectrometry demonstrate that smaller anions 

([BF4]
-
, [ClO4]

-
) template molecular squares, while larger anions ([SbF6]

-
, [AsF6]

-
, [PF6]

-
) 

form pentagonal metallacycles.
285

 Encapsulation within π-acidic cavities establishes strong, 

short F···C contacts, confirmed by X-ray structures and DFT calculations. Solid-state 
19

F 

MAS NMR showed downfield shifts for the templated anions, corroborating their 

involvement in non-covalent interactions. Solution studies reveal that anions not only 

template polygon formation but also influence stability and nuclearity, with pentagons 

exhibiting remarkable robustness despite angle strain (Figure 1.42). Anions like [CF3SO3]
-
 

fail to induce self-assembly, underscoring the essential templating role of specific anions. 

These metallacycles exhibit high stability in solution, driven by strong anion-π interactions 

with low activation energies (ΔG⧧≈50 kJ/mol). The findings underscore the critical role of 

templating anions indictating polygon geometry and stability.  

 

Figure 1.42 

Zhong-Min Su and group reported a series of four cationic iridium(III) complexes 

featuring pyridine-azole ancillary ligands and 1-(2,4-difluorophenyl)-1H-pyrazole as a 

cyclometalated ligand (Figure 1.43).
286

 These complexes exhibit weak photoluminescence in 

dilute solutions (quantum yields ~1%) but enhanced phosphorescence in the aggregated state. 

The weak emission in isolated states arises from significant structural relaxation between the 

ground and triplet excited states. Aggregation suppresses detrimental π-π stacking and 

structure relaxation, facilitated by anion-π interactions between the counter anion and π-

systems, as supported by single-crystal analysis and theoretical calculations. These 

interactions reduce non-radiative decay pathways, leading to strong emission in the 

aggregated state. The robust emission properties of these complexes demonstrate potential 

application in information security and storage. This study introduces a novel design 

approach for AIE-active cationic complexes, utilizing weak anion-π interaction engineering 

to modulate molecular packing and optimize photophysical behavior.  
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The 1993 Science article by Kumpf and Dougherty explores how cation-π interactions 

contribute to ion selectivity in potassium channels.
271

 Through computational studies, the 

authors evaluated the binding affinities of monovalent cations (Li
+
, Na

+
, K

+
, Rb

+
) to the π-

face of benzene. In the gas phase, binding affinities followed the expected electrostatic trend, 

with Li
+
 showing the strongest affinity. However, in aqueous environments, a reordering 

occurred, with K
+
 being preferred in 2:1 benzene:ion complexes (Figure 1.44). This 

selectivity sequence parallels to that observed in voltage-gated potassium channels. Given the 

presence of conserved aromatic residues in the pore region of these channels, the study 

suggests that cation-π interactions may play a significant role in their ion selectivity. 
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 Zaric and coworkers propose a novel type of cation-π interaction in metalloproteins, 

involving aromatic amino acid side chains (phenylalanine, tyrosine, and tryptophan) and 

positively charged ligands coordinated to a metal cation.
272

 They termed it the metal-ligand 

aromatic cation-π (MLACπ) interaction, where a ligand coordinated to a metal cation engages 
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with an aromatic component (Figure 1.45). Coordinated ligands include amino acids like 

asparagine, aspartate, glutamate, histidine, threonine, as well as water and small molecules 

like ethanol. These interactions contribute to the stability and conformation of 

metalloproteins and may play a direct role in enzymatic mechanisms at the metal centre. For 

instance, quantum chemical calculations for superoxide dismutase show that Trp163 interacts 

with iron-coordinated ligands with energy of 10.09 kcal/mol.  

M

L

aromatic ring  

Figure 1.45 

 

 CW Tsang and group investigate how alkali metal cations (Li
+
, Na

+
, K

+
) interact with 

phenylalanine. Using advanced density functional theory, the study reveals that these cations 

preferentially bind to phenylalanine through a tridentate interaction involving the carbonyl 

oxygen (O=C), amino nitrogen (NH2), and aromatic π-ring.
273

 The optimized geometries of 

the most stable M
+
-phenylalanine (Phe) isomer, at the B3LYP/6-31G(d) level of theory is 

depicted in Figure 1.46. All the bond lengths [Ǻ] are given in the order (from top to bottom) 

M
+
=Li

+
, Na

+
, K

+
. The binding affinities follow the order Li

+
> Na

+
> K

+
, with estimated 

energies of 275, 201, and 141 kJ/mol, respectively. Key factors influencing the stability of 

different binding modes and conformers were identified, with ion-dipole interactions playing 

a significant role. The trends in cation-π and non-π bonding distances (e.g., Na
+
-π > Na

+
-N > 

Na
+
-O and K

+
-π > K

+
-N > K

+
-O) align with X-ray crystal structures of synthetic receptors, 

such as sodium and potassium-bound lariat ether complexes. However, the cation-π distances 

in the crystal structures are longer, likely due to the higher coordination numbers of the 

cations in these complexes. 
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 Dennis A. Dougherty et al. compares cation-π interactions and salt bridges in aqueous 

and various organic solvents using a consistent theoretical approach. It finds that cation-π 

interactions are stronger, with an energy of 5.5 kcal/mol compared to 2.2 kcal/mol for salt 

bridges in water. Notably, cation-π interactions maintain their strength across different 

solvents, whereas the strength of salt bridges diminishes significantly when moving from the 

gas phase to water.
274

 Analyzing protein structures, the authors observe that significant 

cation-π interactions are typically solvent-exposed rather than buried. This insight suggests 

potential for engineering surface-exposed cation-π interactions to enhance protein stability, 

offering valuable implications for protein design and engineering.  

Yakiyama and group reported four homo- and heteroleptic luminescent Ru(II) 

complexes (C1-C4) incorporating sumanene-functionalized terpyridine ligands which 

exhibits enhanced emission compared to conventional [Ru(terpy)2]
2+

 complexes (Figure 

1.47).
287

 Phenylene-containing complexes exhibited dual emission via TICT due to rapid 

rotation between sumanene and terpyridine. Additionally, the cation sensing abilities of C1-

C4 were examined, revealing that all complexes function as Li
+
 detectors, most likely 

through cation-π interactions. 

 

Figure 1.47 

 Bozkaya and collegues conducted a computational study on the structures and 

interaction energies of complexes formed by Fe
2+

, Co
2+

, Ni
2+

, Cu
2+

, and Zn
2+

 upon binding 

with benzene (Bz) molecules using high-level quantum chemical methods, such as MP2, 

CCSD, and CCSD (T). The study also investigated relativistic effects using Douglas-Kroll-

Hess computations. This work is the first to examine both the structures and energetics of Bz-

M
2+ 

and Bz-M
2+

-Bz complexes (Figure 1.48).
288

 The results show strong binding between 
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transition metal cations and benzene, with interaction energies for the Bz-M
2+ 

type of 

complexes ranging between -131.9 and -189.8 kcal/mol, while between -206.4 and -258.6 

kcal/mol for the Bz-M
2+

-Bz type complexes. The later is 1.2-1.5 times larger than for Bz-M
2+ 

complexes, further emphasizing the strength of these interactions. Relativistic effects proved 

significant, with energy corrections between -1.9 and -7.7 kcal/mol. The study demonstrates 

that the binding energies from transition metal cation-π interactions were significantly larger 

than those of π-π and main group cation-π interactions, suggesting new possibilities for 

exploring cation-π interactions.  

Co Cu

ZnNi

 

Figure 1.48 

 

1.8 Objective and Scope of the Present Work  

The literature on Ru(II) and Os(II) complexes reveals a preponderance of complexes 

derived from bidentate chelating units, such as bipyridine and phenanthroline, due to their 

favorable ground and excited state properties. However, bidentate ligands often result in 

isomeric impurities within the resulting octahedral complexes, which can be challenging to 

separate. To address this issue, the use of tridentate terpyridine-type ligands can be 

advantageous, as they can yield achiral linear complexes. Nonetheless, a significant drawback 

of Ru(II) terpyridine complexes is their often inferior room temperature excited state 

properties, frequently resulting in non-luminescence or weak luminescence with exceedingly 

short excited state lifetimes. Consequently, designing Ru(II) terpyridine complexes with 

enhanced excited state behaviors presents a formidable challenge for researchers. 

With this in mind, the primary objective of this dissertation is to develop Ru(II) 

terpyridine complexes with improved ground and excited state properties, thereby rendering 

them suitable as potential building blocks for the design of photochemical molecular devices. 
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Additionally, we sought to explore the synthesis of Os(II) analogues of the terpyridine 

ligands, aiming to extend the range of their absorption and emission spectral domain into the 

infrared region, thereby enhancing their applicability for biological systems. 

Another method to improve the RT emission characteristics is via aggregation. 

Aggregation-Induced Emission (AIE) significantly enhances the excited state properties of 

ruthenium terpyridine complexes, in contrast to the typical quenching as seen in many 

chromophores. In solution, terpyridine ligands and metal complexes exhibit free rotation and 

non-radiative decay, resulting in weak emission, but upon aggregation, the restricted motion 

reduces non-radiative decays, enhancing luminescence. Thus, AIE behavior makes ruthenium 

terpyridine complexes valuable for applications in sensing, bioimaging, and optoelectronics. 

The second goal of this research is to create molecular systems capable of reversibly 

modifying their physicochemical properties in response to external stimuli, thereby 

improving their functionality and potential applications in designing functional molecules. 

Stimuli-responsive molecules have wide-ranging uses, including in information processing, 

sensors, and molecular switches. Coordination complex-based materials hold an advantage 

over organic alternatives due to their greater tunability in structural, photophysical, and 

electrochemical properties. Among various stimuli, light is especially valuable for developing 

molecular devices, as it can trigger structural changes in molecular systems, leading to 

substantial alteration in their physicochemical behavior. Although the photoisomerization of 

stilbene-appended metal complexes-such as those incorporating Re, Co, Rh, and Ir has been 

extensively researched, there is limited literature on light-induced trans/cis isomerization in 

stilbene-appended Ru- and Os-terpyridine complexes. Apart from this, chemical stimuli 

including anions and cations can also exert a significant influence on the photophysical 

properties of metal complexes. Ions such as F
-
 and Hg

+2
 pose a serious threat to both the 

environment and human health, necessitating their detection. Given their environmental and 

health concerns, the development of chemosensors capable of selectively detecting anions 

and cations has become a critical research area. Metal-based chemosensors, when designed 

with specific ligands and functional groups, can detect ions via non-covalent interactions like 

hydrogen bonding, CH---π, cation-π and anion-π interactions through changes in their 

photophysical properties, enabling qualitative and quantitative analysis in various samples, 

including environmental water, biological fluids, and industrial effluents. Non-covalent 

interactions are the fundamental forces that hold molecules together without forming 

chemical bonds, driving processes such as molecular recognition and sensing. Thus, study of 
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non-covalent interactions is crucial for understanding a wide range of fundamental biological 

and chemical processes. 

 To fulfill our objective, we have synthesized an array of terpyridine ligands, tpy-pvp-

X (X = naphthalene, anthracene, pyrene), incorporating polyaromatic-substituted styrylbenze 

moiety at the 4-position of the terpyridine motif to tune the photophysical properties as well 

as to modulate the HOMO-LUMO energy gap. (Scheme 1.1). The desired ligands are 

synthesized by stoichiometric reaction between tpyPhCH2PPh3Br and the corresponding 

aldehyde in 1:1 molar ratio in dichloromethane at the temperature range of 0-5°C under argon 

protection (Scheme 1.2). 

N

N

N

X

X=

 

Scheme 1.1 

+

DCM
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N

N

N
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N

X =

0 C-5 C° °
N

X

 

Scheme 1.2 

The scope of formation of various homo- and heteroleptic complexes of Ru(II) and 

Os(II) with the proposed styrylbenzene appended terpyridine ligand (tpy-pvp-X) are summed 

up in Scheme 1.3-1.4. Variation in the electronic nature of the polyaromatic moiety could 

induce π-electron delocalization in the excited state, leading to enhanced RT emission 

characteristics in the resulting complexes.  
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 After synthesizing the ligands and their metal complexes, they will be characterized 

using standard analytical techniques, including elemental analysis, ESI mass spectrometry, 

and NMR spectroscopy. Their absorption and emission properties will be systematically 

studied, and excited-state lifetimes will also be measured using time-correlated single photon 

counting. Electrochemical properties will be examined via cyclic voltammetry. Additionally,  
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density functional theory (DFT) and time-dependent DFT calculations will be performed to 

understand their electronic structures and assign the respective absorption and emission 

spectral bands. The stimuli-responsive behavior, including light-induced rotation around the 

C=C bond, will also be explored (Scheme 1.5-1.6). While the heteroleptic complexes can 
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undergo reversible trans to cis isomerization, homoleptic complexes can either go from trans-

trans to trans-cis or cis-cis forms upon shining visible light (Scheme 1.7). The reverse process 

is explored using light of different wavelength. The rate of photoisomerization can be 

modulated through the use of various solvents, oxidants, reductants and light of appropriate 

wavelengths, thereby aiding in the construction of efficient multi-state photoswitches.  
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 Due to the presence of different polyaromatic and heteroaromatic moieties, the 

complexes can undergo aggregation upon using various solvent mixtures. Different binary 

solvents induce distinct modes of self-assembly, leading to either aggregation-induced 

emission enhancement or aggregation-induced emission quenching, accompanied by red or 

blue shifts, in the emission maxima. Since the aggregated form of the complexes also consist 

of the C=C bond, hence we will also be interested to investigate the effect of aggregation on 

the rate of photoisomerization (Scheme 1.8).  

  

 

Scheme 1.8 

  

 Another key objective of this dissertation is to modulate the photoredox properties of 

the complexes by strategically manipulating their secondary coordination sphere through the 

application of various external stimuli, such as anion or cation, with the aim of developing 

potential molecular sensors and switches. This can be done by taking advantage of various 

non-covalent interactions since the molecular backbone consist of a large delocalized π-cloud 

due to the presence of various polyaromatic and heteroaromatic moieties (Scheme 1.9). The 

interaction between the complexes and ions will be assessed through absorption, emission 

and NMR titration experiments, whereas the extent of interaction is evaluated through their 

binding constants.  Additionally, changes in the excited-state lifetime of the complexes in the 

presence of different ions will be explored to evaluate their potential as lifetime-based ion 

sensors. 

 

 

Scheme 1.9 

N

N

N

H3C N

N

N

M

N

N

N

CH3N

N

N

M

X

H H

H

H H

H H

H H

H

H H

H H

H

H H

H H

H H

H

H H

 = F-, Hg2+X

N

N

N

H3C N

N

N

M

M= Ru(II), Os(II)

F-

H+/ BF3

Hexane 500 nm

N

N

N

H3C N

N

N

Ru

X

N

N

N

CH3N

N

N

Ru

X

Aggregate, cisAggregate, trans

N

N

N

H3C N

N

N

X

Ru

N

N

N

CH3N

N

N

X

Ru

N

N

N

H3C N

N

N

X

Ru

Non-aggregate, trans



 Chapter 1 
 

53 

 

 The execution of different scopes along with relevant investigations has been reported 

in chapter 2-7. 

 Chapter 2 introduces a series of stilbene-appended terpyridine systems coupled with 

anthracene, naphthalene, and pyrene moiety, which exhibit efficient and versatile photo-

responsive behaviors. The compounds show either aggregation-induced blue-shifted emission 

(AIBSE) or emission quenching accompanied with a red shift, dependent on the type of 

solvent mixtures, attributed to H- and J-aggregate formation. Additionally, both the free and 

aggregated forms of the compounds undergo trans/cis isomerization upon visible light 

exposure, with the reverse process occurring in the dark, facilitating "on-off" and "off-on" 

emission switching. The rate constants and quantum yields of the photoisomerization 

processes decrease with increased aggregation, thereby offering a strategy to design smart 

molecular switches. 

 Chapter 3 presents synthesis and characterization of a new series of Ru(II) bis-

terpyridine complexes incorporating a styrylphenyl unit linked to anthracene, naphthalene, 

and pyrene unit. Comprehensive experimental and theoretical analyses were conducted to 

investigate their photophysical, electrochemical, aggregation-induced emission, and 

photoisomerization properties. Visible light triggers trans-trans to trans-cis isomerization, as 

evidenced by changes in their absorption, emission spectra, and NMR data, with the reverse 

cis-to-trans isomerization triggered by UV light, facilitating reversible "on-off" emission 

switching. In dilute solutions, the complexes show weak emission at room temperature, but 

aggregation significantly enhances emission intensity, quantum yield, and lifetime. 

Aggregated forms also undergo slower isomerization under visible light. These systems can 

act as potential smart molecular switches, with controllable emission behavior through 

solvent-induced aggregation and light irradiation. 

 Chapter 4 deals with a new series of heteroleptic Ru(II)-terpyridine complexes 

featuring stilbene-appended naphthalene, anthracene, and pyrene motifs, designed as 

potential molecular sensors and switches. Notably, they selectively recognize fluoride (F
-
) 

among various anions through a combination of CH...F hydrogen bonding, CH-π, anion-π, 

and electrostatic interactions, confirmed by spectroscopic and DLS experiments. DFT 

calculations further elucidate the mode of receptor-anion interactions. The complexes also 

display reversible trans-cis isomerization under alternate treatment with visible and UV light, 

functioning as photo-molecular switches. The cis-form shows reduced complex-anion 

interaction efficacy compared to the respective trans-form. Additionally, the fluoride-induced 
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changes are reversible, allowing repeated "on/off" emission switching with alternative 

treatment with F⁻ and BF3/HClO4. 

 Chapter 5 explores the aggregation-induced modulation of the room temperature 

luminescence characteristics in heteroleptic Ru(II)-terpyridine complexes using varied 

solvent mixtures. The complexes exhibit both aggregation-induced emission enhancement 

(AIEE) and aggregation-caused quenching (ACQ), depending on the solvent combination. 

Notably, their lifetime also increase quite significantly upon aggregation. Trans→cis 

photoisomerization of the aggregated complexes occurs under visible light but at a slower 

rate compared to the non-aggregated forms. The emission switching is efficiently controlled 

by varying solvent mixtures and wavelength of irradiation light, making these complexes 

promising candidates for smart molecular switches. 

 Chapter 6 copes with synthesis and thorough characterization of a new family of 

homoleptic luminescent Os(II) bis-terpyridine complexes featuring stilbene-coupled 

naphthalene, anthracene, and pyrene motifs. These complexes are moderately emissive in the 

near-infrared (NIR) region with enhanced lifetimes at room temperature. They exhibit 

reversible trans-trans to cis-cis photoisomerization under alternative treatment with visible 

and UV light, functioning as a photo-molecular switch in the NIR domain. Remarkably, the 

photoisomerization rate increases by nearly two orders of magnitude when oxidized with 

ceric ammonium nitrate (CAN) or reduced using metallic sodium, enabling rapid and 

efficient three-state "on-off" photo-switching in the NIR domain. 

 Chapter 7 deals with multi-channel anion and cation sensing efficacies of the said 

homoleptic Os(II) bis-terpyridine complexes. The complexes are very much selective towards 

fluoride and mercuric ion, among the studied anions and cations, respectively and thus act as 

dual sensors of the said ions in near-infrared (NIR) domain. The complexes selectively detect 

these ions through the intermediary of different non-classical interactions such as CH---F 

hydrogen bonding, CH-π, cation-π and anion-π. Light-induced trans-trans→cis-cis 

photoisomerization of the stilbene unit alters sensing efficacy, with notable differences 

among the isomeric forms. Computational results also support the experimental findings in 

elucidating the mode of ion-receptor interactions. Thus the present complexes are promising 

candidates for NIR-emitting molecular switches. 
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2.1 Introduction 

Molecular switching processes are becoming an increasingly important technological 

objective for the construction of devices that can operate at both molecular and 

supramolecular levels.
1-6 

The interest arises because of their useful roles in multiple 

optoelectronic devices, viz. optical memory, photo-optical switching and display.
7-9

 The high 

density molecular data storage systems that are actively investigated in recent times include 

simple on-off switches and capable of performing logic operations.
10-15

 The molecular units 

that permit reversible alteration of a specific electronic property upon the action of external 

stimuli such as light are of particular interest as materials for optical data storage.
7-9, 16-20 

Among the photoswitchable materials, the photochromic compounds capable of undergoing 

light-induced reversible alteration between two forms possessing distinguishable absorption 

spectral features are attracting special attention with regard to the exploration of optical data 

storage, optoelectronics, and display devices. 

Azobenzenes, stilbenes, spiropyrans and diarylethenes are the important class of 

photoactive and photo-chromic organic moieties that undergo a reversible photoreaction in 

dilute solutions between two states, with fairly high stability, which led to their practical 

utility in aforementioned field of memory devices.
21-27

 Among the said photo-responsive 

systems, azobenzenes and stilbenes often undergo reversible trans-cis isomerization upon the 

action of light of appropriate wavelength giving rise to significant alteration in their spectral 

profiles.
28-32

 Difference in the spectral properties of the trans and cis isomer can be attributed 

to their difference in planarity and extent of π- conjugation.
33-39

  

In connection with our sustained curiosity of tailored design of photo-switchable and 

photochromic molecules, we synthesize here a series of terpyridine-stilbene conjugate (tpy-

styr-X) covalently coupled with various polyaromatic motifs such as naphthalene, anthracene 

and pyrene (Chart 2.1). Prior to this work, the anthracene- and pyrene-terpyridine derivatives 

were utilized by other groups for the detection of metal ions as well as of nitroaromatics.
40-41 

Since its inception in the early 1930s, the chemistry associated with 2,2':6',2''-terpyridine 

(tpy) and its derivatives, have been extensively investigated due to their huge prospects in the 

diverse fields of organic and inorganic supramolecular photochemistry.
42-44

 The design 

protocol offers a stilbene motif at the 4'-position of the terpyridine unit, which undergoes 

reversible trans-cis isomerization upon irradiation with UV and/or visible light. In a previous 

report, we designed 
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tpy-styr-Naph (1) tpy-styr-Pyr (2) tpy-styr-Anth (3)

 

Chart 2.1. Chemical structure of the compounds in this work. 

 

a similar terpyridine-stilbene assembly (tpy-pvp-X) wherein the tpy motif was covalently 

coupled with stilbene moiety incorporating electron-pushing and electron-withdrawing 

substituent (X = H, Me, Cl, NO2, and Ph) to tune their photophysical and photoisomerization 

behaviors.
45-49

 In the present study, we inserted rigid polyaromatic moieties (naphthalene, 

anthracene and pyrene) onto the tpy system to further improve the photophysical and in 

particular the emission characteristics of the resulting assembly. In addition, these 

polyaromatic moieties are very prone to undergo aggregation under suitable condition.  

Conjoining of a stilbene moiety and terpyridine acceptor unit through π-linker also instigates 

the ligand-to-ligand charge transfer (LLCT) character in the resultant assembly.  

The tpy derivatives are usually good emitters in their solution state but in most cases 

the emissive properties fade away abruptly in aggregated form due to inevitable 

intermolecular π-π stacking. This phenomenon, which is commonly known as Aggregation 

Caused Quenching (ACQ), has become a thorny obstacle in synthesizing solid state 

optoelectronic devices.
50-53

 Numerous strategies were developed to alienate this ubiquitous 

ACQ effect but none succeeded until Tang and co-workers pioneered the concept of 

restriction of intermolecular rotation
54-55 

(RIM)
 
in 2001.

56
 They designed silole-based organic 

flurophores and explicated the phenomenon of aggregation-induced emission (AIE), wherein 

the molecule showed higher emission in aggregated or solid state rather than in its solution 

state.
57-61

 Later, in 2002, Park and coworkers elucidated the aggregation induced emission 

enhancement effect (AIEE) in which the molecules which show significant emission in 

solution, enhances upon aggregation.
62 

It is expected that the inclusion of naphthalene, 

anthracene and pyrene motifs into the present styryl-terpyridine system will give rise to 

AIEE.
63-65 

To this end, we thoroughly investigated the photophysical and aggregation-

induced emission characteristics of the present compounds in various solvent mixtures having 

different polarity and viscosity. Contrary to most of the reported systems which exhibit red-

shift of emission maxima upon aggregation, the present systems display emission 
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enhancement together with blue-shift upon aggregation. This blue-shift along with 

enhancement of emission is termed as Aggregation-Induced Blue-Shifted Emission (AIBSE) 

and extensive research is now being carried out to develop such quantum efficient systems.
66-

69 
In addition to the aggregation behaviors, the photoisomerization properties of the 

compounds will also be thoroughly studied in both of their free and aggregated forms in 

different solvents. The kinetic and thermodynamic aspects of the isomerization behavior of 

the compounds are discussed quite elaborately. Lastly, DFT-TDDFT calculations are also 

performed which show a moderate correlation with the experimentally obtained results and 

gives us a proper insight about their electronic structures as well as proper assignment of the 

experimentally observed absorption and emission spectral bands. 

2.2 Experimental Section 

  2.2.1 Materials. Analytical grade solvents and reagents, viz. 2-napthaldehyde, 9-

anthracenealdehyde and 1-pyrenecarboxaldehyde were purchased from Merck. The other 

precursor, 4'-(2,2':6',2"-terpyridyl-4)benzyl triphenyl phosphonium bromide (tpy-

PhCH2PPh3Br) was synthesized following reported literature procedure.
45,46   

2.2.2 Synthesis of the Compounds. The general procedure followed for the synthesis 

of the desired compounds is described below. 

 2-(4-(4-((E)-2-(naphthalen-2-yl)vinyl)-6-(pyridin-2-yl)pyridine [tpy-styr-Naph]. 

A mixture of tpy-PhCH2PPh3Br (332 mg, 0.5 mmol) and 2-napthaldehyde (78 mg, 0.5 mmol) 

was continuously stirred in dry DCM and was placed in an ice-bath maintaining the 

temperature within 0-5° C under nitrogen atmosphere. To this mixture, t-BuOK (130 mg, 1.0 

mmol) was added bit by bit and magnetically stirred for ~12 h. The resulting solution was 

filtered and dried in a rota-evaporator. This crude compound was thoroughly washed in 

water, dried in air and then purified by silica gel column chromatography using 10:1 (v/v) 

CHCl3-MeOH mixture. Finally, purification and recrystallization from CHCl3-MeOH (1:2, 

v/v) mixture yielded a white color amorphous product. Yield: 164 mg (71%). Elemental 

Anal. Calcd. for C33H23N3: C, 85.87; H, 5.02; N, 9.10. Found: C, 85.75; H, 5.07; N, 9.05. 
1
H 

NMR (400 MHz, CDCl3,  δ/ppm) : 8.79 (s, 2H, 2H3ʹ), 8.75 (d, 2H, J=4.0 Hz, 2H6), 8.71 (d, 

2H, J=7.2 Hz, 2H3), 7.96 (d, 2H, J=8.0 Hz, 2H8), 7.90 (d, 2H, J=7.6 Hz, 2H7), 7.88-7.82 ( m, 

4H, 2H4+H11+H16), 7.78 (d, 1H, J=8.8 Hz, H9), 7.71 (d, 1H, J=8.0 Hz, H12), 7.51-7.44 (m, 

2H, H10+H13), 7.41-7.34 (m, 4H, 2H5+H14+H15), 7.30 (s,1H, H17). 
13

C NMR (100 MHz, 

CDCl3,  δ/ppm) : 156.37, 156.05, 149.73, 149.22, 138.26, 137.52, 136.96, 134.76, 133.79, 
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133.23, 129.70, 128.46, 128.39, 128.15, 127.80, 127.72, 127.15, 127.00, 126.46, 126.10, 

123.92, 123.58, 121.47, 118.61. ESI-MS (positive, MeOH): m/z =462.04 (100%) [(tpy-styr-

Naph+H
+
)]. 

 2-(4-(4-((E)-2-(pyren-4-yl)vinyl)phenyl)-6-(pyridin-2-yl)(pyridin-2-yl)pyridine 

[tpy-styr-Pyr].  The compound is synthesized by following the similar method as above 

except by using 1-pyrenecarboxaldehyde (116 mg, 0.5 mmol). Yield: 180 mg (67%). 

Elemental anal. Calcd. for C39H25N3: C, 87.45; H, 4.70; N, 7.84. Found: C, 87.39; H, 4.75; N, 

7.80. 
1
H NMR (400 MHz, CDCl3,  δ/ppm) : 8.80 (s, 2H, 2H3ʹ), 8.75 (d, 2H, J=5.2 Hz, 2H6), 

8.69 (d, 2H, J=8.0 Hz, 2H3), 8.57 (d, 1H, J=9.2 Hz, H14), 8.39 (d, 1H, J=8.0 Hz, H15), 8.32 (t, 

1H, J=8.0 Hz, H16), 8.22-8.17 (m, 4H, H11+H13+H17+H18), 8.04-7.99 (m, 3H, 2H8+H12), 7.93 

(t, 2H, J=6.8 Hz, 2H4), 7.86 ( d, 2H, J=7.6 Hz, 2H7), 7.61 (d, 1H, J=8.0 Hz, H9), 7.47-7.39 

(m, 4H, 2H5+H10+H19). 
13

C NMR (100 MHz, CDCl3,  δ/ppm) : 156.04, 155.25, 150.72, 

149.17, 139.35, 137.52, 136.98, 133.28, 132.23, 131.74, 131.16, 130.45, 129.75, 128.99, 

128.46, 127.64, 127.32, 126.88, 126.49, 126.12, 125.50, 125.18, 124.72, 124.43, 123.95, 

123.04, 122.34, 121.90, 121.43, 118.53. ESI-MS (positive, MeOH): m/z =536.11 (100%) 

[(tpy-styr-Pyr+H
+
)]. 

2-(4-(4-((1E)-2-(5.8-dihydroanthracen-10-yl)vinyl)phenyl)-6-pyridin-2-ylpyridine 

-2-yl)pyridine [tpy-styr-Anth]. The compound is synthesized by adopting the same 

procedure as above except by using 9-anthracenealdehyde (104 mg, 0.5 mmol) in place of 2-

napthaldehyde. Yield: 166 mg (65%). Elemental Anal. Calcd. for C37H25N3: C, 86.86; H, 

4.93; N, 8.21. Found: C, 86.78; H, 4.96; N, 8.18. 
1
H NMR (400 MHz, CDCl3,  δ/ppm) : 8.81 

(s, 2H, 2H3ʹ), 8.76 (d, 2H, J=4.4 Hz, 2H6), 8.70 (d, 2H, J=8.0 Hz, 2H3), 8.43 (s, 1H, H15), 

8.39 (t, 2H, J=5.0 Hz, 2H4), 8.06-8.02 (m, 4H, J=2.2 Hz, 2H8+2H13), 7.90 (t, 2H, J=7.8 Hz, 

2H12), 7.82 (d, 2H, J=8.4 Hz, 2H7), 7.51-7.48 (m, 4H,2H11+2H14), 7.39-7.36 (m, 3H, 

2H5+H9), 7.05 (d, 1H, J=16 Hz, H10). 
13

C NMR (100 MHz, CDCl3, δ/ppm) : 156.09, 155.07, 

151.29, 149.15, 138.38, 137.10, 133.16, 132.16, 131.02, 130.33, 129.63, 128.62, 127.73, 

127.17, 126.64, 125.92, 125.66, 125.26, 124.56, 123.95, 121.39, 118.51.  ESI-MS (positive, 

MeOH): m/z =512.11 (100%) [(tpy-styr-Anth+H
+
)]. 

 

2.2.3 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 CDCl3. High resolution mass spectroscopy was performed 

on a Waters Xevo G2 QTOf mass spectrometer. The UV-vis absorption spectra were 
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recorded with a Shimadzu UV 1800 spectrometer. Steady state luminescence spectra were 

obtained by a Horiba Fluoromax-4 spectrometer. Luminescence quantum yields were 

determined by using literature method taking quinine sulphate 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%. 

2.2.4 Determination of Photoisomerization Rate Constants and 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 ~1.0 × 10
-5

 - 2.0 × 10
-5

 M, and 

the solution was thoroughly degassed with N2 before photoirradiation and stirred 

magnetically during photoirradiaion. Isomerization studies were carried out in a 

photocatalytic reactor designed by Lelesil Innovative Systems by using 250 W Xenon lamp 

and light of specific wavelengths were isolated using band pass filters (405 nm). The 

apparent rate constant of the isomerization process were evaluated from the absorbance 

titration data using equation 2.1.
70

 We used the term "apparent rate constant" as it depends on 

the intensity of light. The intensity of the light source at the cell position is ~0.11W. 

ln {(A0 -A∞)/(At-A∞)}= kiso t       (2.1) 

where A0, At, and A∞ is the absorbance of the complexes at time t = 0, t, and  respectively. 

kiso is the rate constant of photoisomerization process. Both kiso and A were evaluated by a 

nonlinear least squares method. Quantum yields (φ) of the photoisomerization process were 

obtained by using the equation 2.2.
71

 

ν = (φI0/V) (1-10
-Abs

)
                                                                                                                    

(2.2)
          

where v is the rate of the photoisomerization, 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. We have estimated the photon flux by a relative method using azobenzene which 

was extensively studied in literature.
72-73

 Then we have calculated the quantum yield of 

photoisomerization of the present complexes by using equation 2.2. 

2.2.5 Computational Studies. All calculations were performed with the Gaussian 09 

program 
74

 employing the DFT method with Becke‟s three-parameter hybrid functional and 
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Lee-Yang-Parr's gradient corrected correlation functional B3LYP level of theory using 6-

31G(d) basis.
75-76

 Geometries were fully optimized using the criteria of the respective 

programs. To compute the UV-vis transitions of the compounds, the time-dependent DFT 

(TD-DFT)
77-79

 scheme was adopted considering the ground state geometries optimized in 

solution phase. The excitation energies, computed in DCM were simulated by PCM model.
80-

82 
The geometries of the lowest energy singlet states of the compounds were also optimized in 

DCM by using TD-DFT method and employing the PCM model to calculate the emission 

energies. Orbital and fractional contribution analysis was done with Gauss View
83

 and Gauss 

Sum 2.1.
84

 

2.3 Results and Discussion  

2.3.1 Synthesis and Characterization. The compounds are synthesized by 

stoichiometric reaction between tpyPhCH2PPh3Br and corresponding aldehyde in 

dichloromethane at the temperature range of 0-5°C under argon protection and thoroughly 

characterized by NMR and ESI mass spectrometric techniques as well as by elemental 

analysis. The ESI mass spectra of 1-3 in methanol are presented in Figure 2.1. All the 

compounds showed a single strong peak at their corresponding m/z = [MH]
+
 value. 

1
H-NMR 

and 
13

C-NMR  

 

Figure 2.1 ESI mass spectra of compounds 1-3 in MeOH. 

 

spectroscopy are employed to confirm the structure of the compounds in their solution state 

(Figure 2.2 and Figure 2.3). The singlet appearing in the most downfield region within 8.81-

8.79 ppm is assignable to the H3' of the tpy-styr-X moiety, whereas the next two doublets in 

the region of 8.76-8.69 ppm are assignable as H6 and H3 protons since they lie closer to the 

electronegative nitrogen atom which forces them to move to the downfield region. The 
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olefinic protons appeared within 7.78-7.05 ppm with the value of the coupling constants (J) 

being ~16Hz indicating the trans conformation of the compounds. 

 

Figure 2.2 NMR spectra of 1-3 in CDCl3. 

 

 

Figure 2.3 
13

C-NMR spectra of 1 (a) and 2 (b) in CDCl3. 

2.3.2 Absorption and Emission Spectra. Absorption spectra of the compounds are 

recorded in some selected solvents, viz. DCM, DMSO and THF (Figure 2.4 and Figure 2.5) 

and the relevant photophysical parameters are summarized in Table 2.1. The compounds are  

N

N
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Figure 2.4 UV-vis absorption (a) and emission (ex=360 nm) (b) spectra of isomolar 

solutions of 1-3 in DMSO. Emission decay profiles (ex=370 nm NanoLED) together with 

the values of lifetime are shown in figure (c). 

 

Figure. 2.5 Overlay of the experimental (blue) and calculated (employing 6-31G(d)/CAM-

B3LYP) (wine) absorption spectra of 1-3 in DCM. The MOs associated with lowest energy 

band are shown in the inset.  
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Table 2.1 Photophysical data for the compounds 1-3 in different solvents. 

embroidered with electron donating polyaromatic moiety and electron accepting terpyridine 

motif connected by a styrylbenzene linker. The optimized structures of the compounds are 

provided in Figure 2.6. DFT calculations propose that the HOMOs are mostly localized on 

the polyaromatic moiety and to some extent on the styrylbenzene unit, while the LUMOs are 

primarily located on the terpyridine as well as polyaromatic moiety (Table 2.2). The lowest 

energy band lies between 335 and 398 nm while the next higher band is situated within the 

range of 236-323 nm, depending upon the nature of the solvent as well as on the type of the  

 
 

Figure 2.6 Ground state optimized structure of trans and cis forms of 1-3 in DCM by 

employing 6-31G(d)/B3LYP. 

Compds  Absorption 

max/ nm 

(/M
-1

cm
-1

) 

Luminescence 

max / 

nm 

/ns Φ kr(×10
8
) 

/s
-1

 

knr(×10
8
)
 

/s
-1

  

1 
T

H
F

 

(2
9
8

K
) 342(br)(63100), 286(br)(55100),243(br)(54500) 412 1.19 0.46 3.87 4.54 

2 389(86400), 300(br)(61800), 236(104000) 460 1.68 0.72 4.29 1.67 
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1 

D
C

M
 

(2
9
8

 K
) 

335(39500), 286(br)(38000),245(26500) 416 1.13 0.44 3.89 4.95 

2 386 (52400), 300(br)(44000),240(sh) (70000) 467 1.73  0.66 3.81 1.96 

3 395(15600), 323(54800), 

306(br)(27800), 259(101000) 

492 2.59 0.34 1.31 2.55 

1 

D
M
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O
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9
8

 K
) 

344(br) (42900), 288(br)(43000) 434 1.34    0.38 2.83 4.62 

2 392(67500), 318(45000),283(63000) 488 

 

1.88 0.54 2.87 2.44 
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Table 2.2 Selected MOs along with their energies and compositions for 1 at the TD-DFT/ 

B3LYP level in dichloromethane. 

 

polyaromatic unit (Table 2.1). The higher energy band is mainly due to local excitation (LE) 

whereas the lower energy band is assigned as dual contributions from intra-ligand charge 

transfer (CT) and LE transitions (Table 2.3). These conclusions can be corroborated from 

TD-DFT calculations which show moderate correlation with the experimentally obtained 

spectra (in  

 

Table 2.3 Selected UV-vis energy transitions at the TD-DFT/B3LYP level for 3 in 

dichloromethane along with experimental results. 

MO [(tpy-pvp-Naph)] (1) 

Energy/eV  % Compositions 

trans cis trans  cis 

Terpy Vinyl-

phenyl 

napthal Terpy Vinyl-

phenyl 

napthal 

LUMO+4 -0.67 -0.67 91.32 2.37 6.31 87.16 3.66 9.18 

LUMO+3 -0.92 -0.92 11.56 10.47 77.97 19.42 18.73 61.85 

LUMO+2 -1.33 -1.31 58.02 12.75 29.22 41.95 14.01 44.04 

LUMO+1 -1.56 -1.56 99.17 0.83 0.00 99.15 0.84 0.01 

LUMO -1.93 -1.83 34.56 44.09 21.34 45.83 39.14 15.03 

HOMO -5.50 -5.64 4.57 48.36 47.07 3.84 42.33 53.83 

HOMO-1 -6.19 -6.13 2.82 15.05 82.13 3.90 23.03 73.07 

HOMO-2 -6.31 -.31 99.77 0.23 0.00 99.75 0.25 0.00 

HOMO-3 -6.84 -6.77 38.62 21.22 40.16 26.24 28.99 44.77 

HOMO-4 -6.91 -6.91 87.25 12.75 0.00 86.56 12.06 1.37 

λexpt/ 

nm 

λcal/nm Oscillator 

strength(f) 

Excited  

state 

Key transitions Character 

 Trans
 
(3) 

395 450 0.65 S1 H→L (94%) CT phvn→ tpy, LE phvn → phvn 

307 338 0.27 S4 H-1→L (81%),  H→L+3 (11%) CT tpy → anth, phvn, LE tpy → 

tpy 

259 259 0.45 S25 H-5→L+2 (52%),  H-2→L+3 (20%),  

 H-2→L+4 (14%) 

 LE tpy → tpy 

257 0.66 S26 H-3→L+1 (32%), H-1→L+3 (36%), 

H→L+6(19%) 
CT tpy→ anth,  anth → tpy  

256 0.57 S28 H-1→L+3 (53%), H-3→L+1 (21%), 

H→L+6(13%) 

CT tpy→ anth 

Cis
 
(3) 

403 417 0.18 S1 H→L (95%)  CT phvn→ anth, tpy, LE phvn→  

phvn  

332 336 0.12 S4 H-1→L (81%), H-1→L+1 (12%) CT tpy→ anth, LE tpy→ tpy 

292 311 

 

0.63 S8 H-1→L+1 (83%), H-1→L (13%)  LE tpy→ tpy 

257 257 0.41 S28 H-7→L+2 (43%), H-2→L+3 (29%), H-

2→L+4 (13%) 

LE tpy→ tpy 

250 1.17 S34 H-3→L (10%),  H→L+6 (27%), H-

3→L+1 (23%), H-1→L+6 (11%) 

LEanth→anth  
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DCM) and the low-energy band arises mainly due to HOMO-LUMO transition (inset to 

Figure 2.5). For proper characterization of TD-DFT electronic excitations, we also calculated 

the natural transition orbital analysis (NTO) and electron density difference maps (EDDM) 

(Figure 2.7-2.8). EDDM and NTO plots also support the above band assignment. A small 

bathochromic-shift of the lowest energy band is noticed upon increase in the polarity of the 

solvents. Irrespective of the solvents, the lowest energy band displays a small but gradual red-

shift upon increase of π- 

 

 

Figure 2.7 NTOs demonstrating the nature of optically active singlet excited states in the 

absorption bands for 3 in both their trans and cis form. The occupied (holes) and unoccupied 

(electrons) NTO pairs that have major contribution to each excited state are only represented.  

 

conjugation in the polyaromatic hydrocarbon. The compounds exhibit broad and intense 

emission band at RT within the spectral domain of 412-504 nm (Figure 2.9). Among the three 

compounds, 2 is highly emissive while 3 has the lowest emission intensity which is also 

supported by their observed quantum yield () values. In order to understand the nature of 

the emitting excited state, TD-DFT calculations is also performed by using B3LYP 

functional. The results indicate that the emitting excited state is primarily 
1
LE in nature 

together with the involvement of some CT character (Table 2.4). The emission spectra of the 

compounds are found to be more solvent-sensitive compared to their absorption counterpart 

(Table 2.1). It has been noticed that with increase in polarity as well as hydrogen bonding 

ability of the solvent, the position of emission maximum gets red-shifted (~10-30 nm) along 

with a decrease in emission intensity. 
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Figure 2.8 Difference in electron density upon excitation from the ground S0 state to the 

excited state in trans and cis forms of 1-3. Violet and cyan color shows regions of increasing 

and decreasing electron density, respectively. 

 

  A large Stokes‟ shift (4500-5800 cm
-1

 in DCM) is observed for all the three 

compounds (Table 2.5). In addition, enhanced polarity of the solvent induces further increase 

in their Stokes‟ shift values (5000-6200 cm
-1 

in DMSO). The emission lifetime is also 

acquired at RT using different exciting light sources (370, 330 and 280 nm). All the three 

compounds display mono-exponential decay having lifetime between 1.13 (1) and 2.64 (3) 

ns, depending upon the nature of solvent (Figure 2.10 and Table 2.1). The lifetime of the 

compounds is independent of the exciting light source. The emission spectra are also acquired 

at 77K in THF as well as in their powdered form. The compounds except 3 display structured 

emission spectra in both the media with significant enhancement of their emission intensity. 

The normalized emission spectra are shown in Figure 2.9. Thus, the rigidity constraint 

imposed by different polyaromatic moiety play important role in their spectral pattern.   
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Figure 2.9 Normalized photoluminescence (ex=350 nm) spectra of 1-3 in DCM at RT (a), 

THF glass at 77 K (b) and in the solid powder state (c).  

Table 2.4 Calculated and experimental emission bands of tpy-pvp-X (1-3) in DCM by 

B3LYP method in their trans and cis form. 
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Table 2.5 Table for comparison of Stoke's shift in different solvents. 

 

 Stoke's shift/cm
-1

 

1 2 3 

DCM 5800 4500 5000 

DMSO 6000 5000 5500 
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Figure 2.10 Emission decay profiles (ex=370 nm NanoLED) together with the values of 

lifetime of 1-3 in DCM. 

 

2.3.3 Aggregation-Induced Modulation of the Photophysical Properties 

2.3.3.1 Concentration Dependent Studies. To study the effect of aggregation, we 

first demonstrate the effect of concentration on the photoluminescence properties of the 

compounds at RT. Two solvents are initially used for this purpose, viz. DCM and DMSO. 

The broad and structureless emission of the compounds gradually quench with increasing 

concentration. While DMSO shows a continuous decrease in emission intensity, some 

variations are observed for DCM (Figure 2.11). Interestingly, when the concentration is 

increased (5 µM→ ~50 µM) in DCM, a sharp increase in emission intensity is seen, while 

further increase in concentration (up to 1000 µM) leads to continuous drop in the emission 

intensity. This phenomenon is observed for compounds 2 and 3 only. By contrast, 1 shows no 

such variation. Dipole-π type interaction probably occurs between the solvents (DCM and 

DMSO) and the polyaromatic compounds. When toluene is used, where the mode of 

interaction is expected to be of π -π type, the compounds display structured emission which 

gradually quenches upon increasing the concentration (Figure 2.12a). We also performed the 

concentration effect in toluene at low temperature. We initially performed the measurement 

upon slightly reducing the temperature at 263K (Figure 2.12b). But the emission quenching 

profile is very similar to that of the RT. 
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Figure 2.11 The concentration dependent emission (ex=350 nm) spectra of 1-3 in DCM (left 

panel) and DMSO (right panel). 

 

Figure 2.12 The concentration dependent emission (ex=350 nm) spectra of 1 in toluene at 

RT (a) 263K (b) and at 77K (c).  

 

Subsequently, we carried out the experiment at three different concentrations (20μM-1000 

μM) at 77K (Figure 2.12c). To our surprise, we observed exactly opposite behavior and the 

emission intensity is substantially enhanced for all the compounds upon increasing 

concentration at 77K. Thus, the concentration-induced quenching phenomenon is 

overpowered by temperature-induced enhancement.  
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2.3.3.2 Aggregation Studies in Different Solvent Mixtures. The aggregation 

behavior of the compounds is also studied in the mixed environment of solvents. Two 

combinations of solvent and non-solvent mixtures (DMSO/H2O and DCM/hexane) are 

employed. In the case of DMSO/H2O mixture where DMSO is the solvent and water is the 

non-solvent, it is observed that the fluorescence intensity gradually decreases with the 

increase in volume of the water fraction (fW) (Figure 2.13). The variation of fluorescence 

intensity as well as the emission maximum as a function of fW is also displayed in the insets 

of Figure 2.13. A large red-shift of emission maximum is observed for both 1 (67 nm) and 2 

(56 nm), while a very small red-shift of 5 nm is noticed for 3. The observation indicates the 

formation of J-aggregates in DMSO-H2O mixture.
85

  

 

Figure 2.13 The emission (left panel, ex=360 nm) spectral changes of 1-3 upon varying the 

relative ratio of DMSO and water. The insets to figure a-c show the variation of emission 

intensity and maximum (max) upon increasing the water fraction. Right panel shows the 

corresponding change in emission decay (ex=370 nm NanoLED) along with the lifetime 

values of the initial and final form of 1-3.  

The emission lifetime values, on the other hand, shows an enhancement upon gradual 

addition of water. The initial and the final (aggregated form) solution are clearly 

distinguished upon illumination with UV light. The aggregated form shows practically no 
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emission, whereas the initial solution displays a bright green emission. The emission spectral 

behaviors of the compounds follow a totally reverse trend in DCM/hexane mixture (where 

DCM is the solvent and hexane is the non-solvent) as compared with DMSO-H2O mixture. In 

DCM/hexane, a remarkable emission enhancement accompanied with substantial blue-shift 

of emission maximum takes place in all the three compounds upon gradual increase of the 

hexane fraction (fH) (Figure 2.14). This process is known as Aggregation Induced Blue-

Shifted Emission  

 

Figure 2.14 The emission (ex=350 nm) spectral changes of 1-3 upon varying the relative 

ratio of DCM and hexane. The insets show the variation of emission intensity as well as 

emission maximum upon increasing the hexane fraction.  

(AIBSE) and is quite uncommon and is in contrast to widely studied aggregation process that 

occurs via red-shift of emission maximum.
66-69

 The extent of emission enhancement for the 

present compounds varies between 35 and 70%, depending on the nature of the polyaromatic 

ring. The variation in photoluminescence intensity as well as emission maximum as a 
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function of fH is also displayed in the inset of Figure 2.14. Gradual enhancement of emission 

intensity upon increasing the hexane fraction within a wide domain (10-96%) suggests the 

aggregation of molecules in the solution mixture with an fH-activated restricted 

intermolecular motion (RIM). Apart from emission enhancement, as hexane volume is 

gradually increased, a structured emission profile is also observed for both 1 and 2. To our 

surprise, the emission lifetime of the compounds remains almost unaltered upon aggregation 

in DCM-hexane mixture. This change in emission spectral profile clearly corroborates the 

formation of aggregates in the solution mixture. 
86-89

 No structured emission is seen in case of 

2 but there is a blue-shift of emission maximum along with increase in intensity. The 

structured emission clearly indicates that the molecular rotations that are taking place in the 

solution state are frozen due to aggregation and hence vibronic transitions became visible. It 

can be said in this context that the aggregation occurring is mostly due to the formation of H-

aggregates.
85

 Thus, we are able to reverse the mode of emission switching of the compounds 

via the formation of two different types of aggregates (J- and H) upon judicious choice of two 

types of solvent mixtures.  

2.3.4 Photo-Isomerization of the Compounds in Their Non-Aggregated Forms. 

Due to the presence of C=C unit, it is anticipated that each of the compounds may undergo 

trans/cis isomerization under photo-irradiation. To this end, we have thoroughly studied the 

isomerization behavior of the compounds in two selected solvents of varying polarity upon 

irradiation with visible light (=405 nm) (Figure 2.15 and Figure 2.16). The progress of 

isomerization is monitored through absorption and both steady state and time-resolved 

emission spectroscopic techniques.  

Upon exposure of the DCM solution of the compound, the lowest energy absorption 

band in the range of ~335-395 nm shifted progressively to the shorter wavelength region 

together with decrease in band intensity. While 1 and 2 shows a blue-shift of the band 

maximum to the extent of 7-10 nm, 3 displays only a gradual decrease in absorbance without 

any spectral shift (Figure 2.15a-c). Additionally, new absorption bands within the range of 

376-526 nm appeared and gradually intensified upon exposure to light. Two isosbestic points 

are clearly visible which 
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Figure 2.15 Absorption and emission (ex=350 nm) spectral changes of 1 (a and d, 

respectively), 2 (b and e, respectively) and 3 (c and f, respectively) upon irradiation with 

visible light in DCM. Inset to the figure d, e, and f shows the corresponding change in 

emission decay (ex=370 nm NanoLED) along with lifetime upon photo-irradiation.  

 

 

indicate that two species are at equilibrium during the entire process of photo-irradiation. The 

observed spectral change may be attributed to the trans→cis photoisomerization process. 

During irradiation of the DMSO solutions of the compounds, a decrease in the CT band is 

observed, but unlike in previous case, no evolution of band is observed in the visible domain 

(Figure 2.16a-c). On the contrary, a simultaneous increase in the LE band intensity is 

observed. A single isosbestic point is noticed in all cases indicating the presence of two 

equilibrating species. 
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Figure 2.16 Absorption and emission (ex=360 nm) spectral changes of 1 (a and d, 

respectively), 2 (b and e, respectively) and 3 (c and f, respectively) upon irradiation with 

visible light in DMSO. Inset to the figure d, e, and f shows the corresponding change in 

emission decay (ex=370 nm NanoLED) along with lifetime upon photo-irradiation.  

 

In the emission side, a complete quenching in the fluorescence intensity is observed in 

the DCM solution of the compounds during photo-irradiation process (Figure 2.15d-f), 

thereby converting from the emissive trans-isomer (ϕ~0.34-0.66) to the practically non-

emissive cis-isomer (ϕ~0.001-0.002). A red-shift of the emission maximum to the extent of 5-

15 nm is noticed for 1 and 3. In line with DCM, the DMSO solution of the compounds also 

exhibit emission quenching but in contrast to DCM, blue-shift of emission maximum to the 

extent of 6-10 nm takes place for 1 and 3 (Figure 2.16d-f). Although the photoluminescence 

intensity quench substantially, the lifetime of the compounds increases to some extent in both 

solvents upon photo-irradiation indicating that the cis-isomers are longer lived than that of 

their trans forms (inset to Figure 2.15d-f and Figure 2.16d-f). We also carried out 
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isomerization experiments upon irradiating at shorter wavelength. The extent of change is 

found to be almost similar but it takes longer time to reach the photo-stationary state. 

The backward cis→trans isomerization proceeds smoothly upon keeping the 

photolyzed solution of the compounds in the dark. Both the absorption and emission spectra 

of the compounds revert back to almost their initial position in the dark. Interestingly, non-

emissive cis form can be switched back to the highly emissive trans form when kept in dark 

for some time. Thus, the present compounds can act as „on-off-on‟ emission switches upon 

successive exposure to light and keeping in the dark.  

 Interestingly, the visual color change is clearly observed on going from their original 

trans to the corresponding cis-forms upon treating with visible light. Thus, the compounds 

display photochromic behavior (Figure 2.17). The initial trans form of the compounds are 

strongly fluorescent, while their final cis forms are very weakly emissive. Consequently, a 

sharp emission color change is clearly viewed under UV illumination (Figure 2.17).  

 

 

Figure 2.17 The color changes of the DCM solutions of 1-3 that are observed in the naked 

eye (a→ c) and under UV illumination (b→d) on going from their trans to the cis forms.  

 

In order to gather some direct proof of trans→cis isomerization, we acquire the 
1
H 

NMR spectra of 3 in CDCl3 before and after photo-irradiation. The spectrum of 3 is displayed 

in Figure 2.18. The H9 and H10 protons in stilbene unit in both cases undergo a remarkable up-

field shift (from 7.05-7.78 ppm to 6.60-6.82 ppm) together with substantial lowering of their 

coupling constants (J≈16 Hz→ J≈12 Hz). H7 and H8 also shift to the up-field region as they 

are adjacent to the double bond. Along with this, the protons associated with the polyaromatic 

moiety (H11, H12, H13 and H17 for 1 and H11, H12, H15 for 3) that are close by the double bonds, 
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undergo a considerable shift towards the up- field region. The observed changes clearly 

indicate the transformation of trans to the cis form in presence of light. 

 

 

Figure 2.18. 
1
H NMR spectrum of 3 before (a) and after (b) photo-irradiation with visible 

light in CDCl3.   

 

 DFT and TDDFT calculations are also carried out in the cis forms of the compounds 

and the overlaid absorption spectra of both forms of the compounds are displayed in Figure 

2.19. Good correlation between the experimental results and theoretical calculations also 

suggest that isomerization is taking place from trans to the corresponding cis form upon 

irradiation with light for all the compounds. A small blue-shift (7-10 nm) of the lowest energy 

absorption maximum, whereas a small red-shift of emission maximum (5-15 nm) takes place 

on going from trans to the cis form upon photo-irradiation. The experimentally observed trend 

in spectral shift is mostly reproduced by calculation, although the extent of shift is critically 

dependent on the use of basis set and functional. 
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Figure 2.19. Overlay of the calculated (dotted line) and experimental (solid lines) absorption 

spectra of both trans (green) and cis (pink) form of 1-3. 

 

We are interested to find out the kinetic and thermodynamic aspects of the photo-

isomerization process. To this end, the rate constant (kiso) and quantum yields (tc) of 

isomerization is estimated from the absorption spectral profiles of the compounds (Figure 

2.20, Table 2.6). The kiso is found to be dependent on the solvent polarity (kiso
DCM

kiso
DMSO

). 

kiso of the backward cis→trans process has also been calculated and provided in Table 2.7.  
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Figure 2.20 Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to trans→cis  process of 1-2 upon irradiation with visible light in DCM. Inset to these 

plots give the values of rate constant for forward photo-isomerization for the compounds. 

Table 2.6 Table for comparison of the values of rate constant (kiso) and photoisomerization 

quantum yields (tc) for transcis process in both of their free and aggregated forms. 

 

 

 

 

 

 

 

 

 

 

Table 2.7 Table showing the value of rate constant (kiso) for the reverse cis trans process. 

 

 

 

 

2.3.5 Photo-Isomerization in the Aggregated Forms of the Compounds. We are 

now interested to see the effect of aggregation phenomenon on the photo-isomerization 

behavior of the compounds. Like their free forms, we used visible light source for irradiation 

and the progress of the reaction is monitored through absorption and emission spectroscopy. 

Three different DCM/hexane mixtures are taken, viz. 30%, 60% and 90% fH. 
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The absorption and emission spectral profiles of the three fractions of 1 are shown in 

Figure 2.22. The lowest energy CT band gradually decreases while the higher energy LE 

bands  

 

Figure 2.22 Absorption and emission (ex=350 nm) spectral changes of 30% (a and d, 

respectively), 60% (b and e, respectively) and 90% (c and f, respectively) hexane fraction in 

DCM-hexane mixture of 1 upon irradiation with visible light. Inset to the figure d, e, and f 

shows the corresponding change in emission decay (ex=370 nm NanoLED) along with 

lifetime upon photo-irradiation.  

 

increase in intensity, although the extent of decrease is more marked (Figure 2.22a-c). 

Presence of an isosbestic point clearly indicates the occurrence of two equilibrating species. 

A complete quenching of emission is seen in all three cases upon photo-irradiation. In case of 
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compounds after photo- irradiation (inset of Figure 2.22d-f). The values obtained after 

reaching the photo stationary state are found to be more or less same for all the three fractions 

with considerable increase in lifetime. It is of interest to note that the extent of increase is 

more marked here compared with neat DCM medium. The spectral profile for the 

photoisomerization of the three aggregated forms of 2 is shown in Figure 2.23. Unlike in 

previous case, the decrease in absorbance of both the CT and LE bands are accompanied by a 

concomitant increase of a new broad band in the visible domain (420-525 nm), the intensity 

of which varies with extent of hexane fractions (Figure 2.23a-c). Clean isosbestic points 

corroborate the presence of two species at equilibrium. Substantial quenching of emission 

takes place in all the three fractions upon photo-irradiation keeping the shape of the spectrum 

unaltered. The lifetime, on the other hand, shows an increase on going from the trans 

aggregated form to the corresponding cis form and the values of lifetime are found to be 

approximately same in all hexane fractions and the values are comparable to that of the cis 

form in neat DCM medium (inset to Figure 2.23d-f). On viewing the solution under UV light, 

it is seen that the blue fluorescence of the solution completely vanishes upon isomerization. 

For 3, a similar decrease of optical density in the CT and LE band is seen for all the three 

hexane fractions. Clean isosbestic point once again marks the presence of two species at 

equilibrium. In the emission side, quenching of emission intensity along with broadening is 

seen in all cases. Unlike the previous two compounds, no structured spectrum is observed in 

the present case. For 30 and 60% hexane fractions, we see a red-shift of ~20 nm, while a 

small blue-shift of ~5 nm is seen for the 90% fraction. Here too the greenish yellow 

fluorescence under UV illumination turns colourless upon isomerization. The lifetimes of 

30% and 60% fH obtained upon reaching the photo-stationary state is found to be comparable 

to their free cis form, while the lifetime of 90% fH is nearly double. This behaviour is some 

way different from 1 and 2 where the lifetime values obtained are very close among the three 

different fractions. 

Thus, the distinct change in the absorption and emission spectra clearly indicates that 

all the three compounds in their varying extent of aggregated form undergo trans→cis 

isomerization upon irradiation with visible light. The presence of isosbestic points clearly 

indicates the  
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Figure 2.23 Absorption and emission (ex=350 nm) spectral changes of 30% (a and d, 

respectively), 60% (b and e, respectively) and 90% (c and f, respectively) hexane fraction in 

DCM-hexane mixture of 2 upon irradiation with visible light. Inset to the figure d, e, and f 

shows the corresponding change in emission decay (ex=370 nm NanoLED) along with 

lifetime upon photo-irradiation.  

 

presence of trans and cis form at equilibrium. We have estimated the rate constant as well as 

the quantum yield of the photoisomerization in the different aggregated forms of the 

compounds and 

the values are summarized in Table 2.6 and Figure 2.24. The results indicate that there is 
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of hexane fraction induces the extent of aggregation and therefore gradually becomes difficult 

for the aggregate to transform from the trans to the cis form.  

 

 

Figure 2.24  Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to trans→cis process of 1(left) and  2(right) upon irradiation with visible light at different 

DCM-hexane mixtures [30% (a), 60% (b) and 90% (c)]. These plots give the values of rate 

constant of forward photo-isomerization of the compound. 

 

On keeping the photo-irradiated aggregated solutions of the compounds in dark, the 

reverse isomerization (cis to trans) takes place and requires ~6-8 h, depending upon the 

extent of aggregation, to revert back to ~80-90% of the initial trans form.  It is to be noted 
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 We are interested to model trans-cis isomerization computationally and tried to 

understand how the excited states evolve during the C=C rotation. We calculated the energies 

of both the trans and cis forms of the compounds in their ground state (Table 2.8). The 

calculated energy of the trans form is comparatively lower than that of the cis form and the 

energy barrier on going from trans to cis form lies between 0.12 and 0.25 eV, depending 

upon the nature of the compounds. This energy barrier could not be overcome thermally 

while it is easily accessible upon light irradiation (the energy of 405 nm light is 3.06 eV). 

Thus, it is evident that the trans-to-cis thermal isomerization does not take place and requires 

light irradiation, while the cis-to-trans reversion proceeds in a thermal way. A schematic 

representation for the trans-cis isomerization is presented in Figure 2.25. 

 

Table 2.8 Table showing the calculated energies of both the trans (ET) and cis (EC) forms of 

the compounds in their ground state along with their energy difference (E). 
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Figure 2.25. A schematic representation indicating the thermodynamic feasibility for the 

trans-cis photo-isomerization of the compounds. 

 

 

2.4 Conclusions 

Exploring new strategy to achieve synthetic as-required photo-switching systems possessing 

different functionalities remains challenging. Majority of the reported systems own one 

particular function and their non-emissive behavior in the aggregated state automatically 

restrict their practical applications. In this report, we designed a new array of stilbene-

appended terpyridine systems covalently coupled with anthracene, naphthalene and pyrene 

moieties and is found to display efficient, manifold and manageable photo-responsive 

Compds ET/eV EC/eV E/eV 

1 -39065.86 -39065.61 0.25 

2 -45321.05 -45320.86 0.19 

3 -43246.26 -43246.15 0.12 
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behaviors under divergent conditions. The compounds display broad and structureless 

emission spectra at RT in different solvents but in the aggregated state both remarkable 

emission enhancement together with blue-shifted structured emission band (in DCM-hexane 

mixture) as well as substantial quenching of emission together with red-shift of emission 

maximum (DMSO/H2O mixture) occurs depending upon the nature of the solvent mixture. 

The former process is known as Aggregation Induced Blue-Shifted Emission (AIBSE) and is 

quite uncommon and relatively sparse in literature. The extent of emission enhancement has 

also been altered upon changing the nature of the polyaromatic ring in the compounds. The 

spectral behavior of the compounds suggests the formation of J-aggregates in DMSO/H2O, 

while H-aggregates in DCM/hexane mixture. Thus, one of the most interesting aspects of the 

present study is that we are able to reverse the mode of emission switching of the compounds 

via the formation of two different types of aggregates (J- and H) upon judicious choice of 

solvent mixtures.  

Another interesting aspect of the present work is that both the free- as well as the 

aggregated forms of the compounds undergo trans/cis isomerization upon treating with 

visible light accompanied with significant alteration of their absorption and emission spectral 

profiles. The backward cis→trans process is also achieved on keeping the photolyzed 

solution of the compounds in the dark. Thus, the present compounds can act as „on-off‟ and 

„off-on‟ emission switches in both of their free- and aggregated forms upon successive 

exposure to light and keeping in the dark. The rate constants as well as the quantum yield of 

the photoisomerization process of the free- as well as different aggregated forms of the 

compounds are also calculated and the results indicate that there is gradual decrease of both 

the parameters as the extent of aggregation is increased. Thus, we can effectively control the 

photo-isomerization behaviors of the compounds by inducing aggregation with appropriate 

solvent mixtures. Hence, such kind of systems pave an easy yet efficient way to construct 

smart molecular switches.  
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3.1 Introduction 

Photo-switches are important components because of their diverse and potential 

applications in the fabrication of optical materials, memory devices and photomolecular 

machines
1-7 

In the last few decades a plethora of research has been carried out at both 

laboratories and industrial level to construct such devices using organic, inorganic and hybrid 

counterparts.
1-9

 Construction of a multi-addressable molecular switch often comprises of co-

joining of one or more stimuli-responsive organic moiety with appropriate metal ion at the 

core and the resulting assembly could perform enhanced stimuli-responsive activity within 

broader spectral domain.
10-13 

Light, heat, voltage, and ionic species are frequently used to 

build up the stimuli-responsive molecular switches.
14-18 

Since light is the most convenient and 

environment benign external stimulus, numerous photo-responsive molecular building blocks 

are designed to harness the energy for constructing optical memory storage,  smart surfaces, 

actuators
 
 to name but a few.

17-23 
Most of these photo-responsive molecules are built on the 

skeletal framework of organic moieties such as azobenzene, stilbene, diarylethylene, 

spiropyrans etc. whose photoisomerization behaviors have been profusely studied.
24-31

 

Azobenzenes and stilbenes are typical class of compounds that undergo reversible trans-cis 

isomerization, which have potential applications in the field of optoelectronics.
32-39

 The 

photo-isomerization reports of their metal complexes are comparatively less explored,
24-25,29-

31,40-43 
especially those of ruthenium metal complexes are rarely surveyed.

44-46
 On the other 

hand, coordination complexes based on ruthenium-terpyridine backbone provide unique 

photo-redox properties without compromising the isomeric purity as usually observed in their 

bipyridine analogues.
10-13, 47-49

 But, they are weakly emissive and short lived in nature due to 

the comparable energies of the radiative metal-to-ligand charge transfer (MLCT) states and 

non-radiative metal centre (MC) states arising out of the distorted octahedral geometries.
50

 

Improvement of their emission properties can be done by ligand modification.
51-57

 

Incorporation of stilbene unit(s) in the molecular skeleton of ruthenium-terpyridine 

complexes could help to improve the emission properties as well as to exhibit light 

responsive behaviors.  

 Most molecules which are typically non-emissive in their dilute solutions can be made 

emissive upon aggregation in different solvent mixtures.
58-68

 This process is called 

aggregation induced emission (AIE) and was first coined by Prof. Tang 
69

 and it occurs due to 

the restriction of intermolecular rotations (RIR).
70-71

 Another phenomenon which was 

documented by Park et al explicated the aggregation induced emission enhancement (AIEE) 
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in which emissive compounds exhibit further emission enhancement upon aggregation.
72

 

Ruthenium polypyridyl complexes usually have low emission quantum yields which can be 

improvised by AIE phenomenon using different solvents in varying ratios.
73-78

 It is expected 

that molecular systems comprising of polyarenes and polyheterocyclic moieties would show 

the AIE phenomenon.
79-82

 Meanwhile, presence of a stilbene unit allows tunability through 

visible or UV light treatment.
30-35

 Multichannel emission switching can thus be obtained by 

light irradiation as well as upon inducing aggregation through the use of different solvent 

mixtures.  

 In our previously reported work, we have studied the photophysical tuning of 

polyarene-substituted and styrylphenyl conjugated terpyridine ligands by using light and via 

AIE.
82

 In this work, we have extended our studies by incorporating ruthenium (II) metal into 

our organic system (Chart 3.1). Previously, we also reported a series of styrylphenyl  
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Chart 3.1 Chemdraw structures of the ligands and their Ru(II) complexes. 

conjugated bis-terpyridine ruthenium(II) complexes having both electron-releasing and 

electron attracting substituents.
46

 Herein, we designed three homoleptic ruthenium(II)-

terpyridine complexes consisting of conjugated stilbene and polyarene unit at the 4' position 

of the terpyridine moieties. Incorporation of such stilbene unit in the molecular skeleton 
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would help to improve emission properties as well as to exhibit light induced trans-cis 

isomerization behaviors. Additionally, the presence of a polyarene unit would bring about the 

aggregation in the complexes. Among the polyarenes, we incorporated anthracene, 

naphthalene and pyrene moiety to fine tune the emission characteristics as well as the extent 

of aggregation and photo-isomerization in the resulting complexes. Hence, our target is to 

design strongly luminescent Ru(II)-terpyridine complexes followed by the investigation of 

their aggregation-induced emission modulation and light-induced isomerization behaviors.  

To the best of our knowledge, no reports are available in literature consisting simultaneous 

exhibition of aggregation and photo-isomerization of the metal complexes. We report in this 

work synthesis, characterization, photo-redox and aggregation induced physicochemical 

behaviours of the present systems along with trans-cis photoisomerization of both molecular 

and aggregated forms of the complexes. Additionally, DFT-TDDFT studies have also been 

performed to obtain the electronic properties of the molecular systems. 

 

3.2 Experimental Section 

3.2.1 Materials. Analytical grade chemicals and solvents were procured from Merck. 

The ligands, tpy-pvp-X (X=naphthalene, anthracene, and pyrene) were synthesized and 

thoroughly characterized by our recently reported procedure described in Chapter 2.
82 

 

3.2.2 Synthesis of Metal Complexes. Complexes were synthesized by adopting a 

common procedure which is described below.  

 [Ru(tpy-pvp-An)2](ClO4)2·2H2O. Tpy-pvp-An (0.10 g, 0.20 mmol) and RuCl3·3H2O 

(0.03 g, 0.10 mmol) were taken in a round-bottomed flask 25 mL of ethylene glycol was 

added to it. This mixture was heated to 180°C with constant stirring for 6 h under argon 

atmosphere. Upon cooling, the solution was poured into NaClO4·H2O (1.5 g in 5mL of water) 

and stirred for few minutes until a red 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 the MeCN-MeOH (1:5, v/v) mixture. 

Yield: 0.17 g (65%). Anal. Calcd for C74H54N6Cl2O10Ru: C, 65.39; H, 4.00; N, 6.18. Found: 

C, 65.32; H, 4.06; N, 6.21. 
1
H NMR (400 MHz, DMSO-d6): δ/ ppm 9.61 (s, 4H, 4H3′), 9.19 

(d, 4H, J = 8 Hz, 4H6), 8.63(d, 4H, J = 8 Hz, 4H7), 8.58 (t, 4H, J = 8 Hz, 4H12),8.31 (s, 2H, 

2H15), 8.22 (d, 4H, J = 8 Hz,  4H14), 8.15-8.08 (m, 8H, 4H4+4H8), 7.98 (d, 2H, J = 16 Hz, 
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2H9), 7.70-7.58(m, 8H, 4H3+4H11), 7.49 (d, 2H, J=16Hz, 2H10), 7.33 (t, 8H, J = 8Hz, 

4H5+4H13). Electrospray ionization mass spectrometry (ESI-MS) (positive, MeCN) m/z: 

562.15 (100%) [Ru(tpy-pvp-An)]
2+

. 

 [Ru(tpy-pvp-Naph)2](ClO4)2·2H2O. Yield: 0.16g (64%). Anal. Calcd for 

C66H50N6Cl2O10Ru: C, 61.01; H, 4.21; N, 7.03. Found: C, 60.97; H, 4.25; N, 7.06. 
1
H NMR 

(400 MHz, DMSO-d6): δ/ ppm 9.54 (s, 4H, 4H3′), 9.15 (d, 4H, J = 8 Hz, 4H6), 8.55(d, 4H, J = 

8 Hz, 4H7), 8.15 (s, 2H, 2H17), 8.08 (t, 8H, J = 7 Hz,  4H4+4H8), 8.00-7.95 (m, 6H, 

2H11+2H14+ 2H16), 7.75 (d, 2H, J = 16 Hz, 2H9), 7.64 (d, 2H, J = 16 Hz, 2H10), 7.59-7.54(m, 

10H, 4H3+2H12+2H13+2H15), 7.31 (t, 4H, J = 8 Hz, 4H5). Electrospray ionization mass 

spectrometry (ESI-MS) (positive, MeCN) m/z: 512.09 (100%) [Ru(tpy-pvp-Naph) ]
2+

. 

 [Ru(tpy-pvp-Pyr)2](ClO4)2·3H2O. Yield: 0.16g (62%). Anal. Calcd for 

C78H56N6Cl2O11Ru: C, 65.73; H, 3.96; N, 5.89. Found: C, 65.70; H, 4.00; N, 5.92. 
1
H NMR 

(400 MHz, DMSO-d6): δ/ ppm 9.56 (s, 4H, 4H3′), 9.17 (d, 4H, J = 8 Hz, 4H6), 8.91(d, 2H, J = 

8 Hz, 2H14), 8.71-8.64 (m, 6H, 2H11+2H15+2H17),8.59 (d, 4H, J = 8 Hz, 4H7), 8.41-8.35 (m, 

8H, 2H12+2H13+2H16+2H18), 8.29 (d, 2H, J = 8 Hz, 2H19), 8.15-8.09 (m, 8H, 4H4+4H8), 

8.03(d, 2H, J = 16 Hz,  2H9), 7.80 (d, 2H, J = 16 Hz,  2H10), 7.61 (d, 4H, J = 4 Hz, 4H3), 7.33 

(t, 4H, J = 8 Hz, 4H5). Electrospray ionization mass spectrometry (ESI-MS) (positive, 

MeCN) m/z: 586.16 (100%) [Ru(tpy-pvp-Pyr)]
+2

. 

3.2.3 Instruments and Physical Methods. Description and detailed techniques of all 

the physico-chemical measurements along with the DFT/TD-DFT calculations are 

summarized in chapter 2. Details of the cyclic voltammetric experiment are provided below. 

The electrochemical measurements were carried out with a BAS epsilon 

electrochemistry system. A three-electrode assembly comprising a Pt (for oxidation) or glassy 

carbon (for reduction) working electrode, Pt auxiliary electrode, and Ag/AgCl reference 

electrode was used. The cyclic voltammetric (CV) and square wave voltammetric (SWV) 

measurements were carried out at 25°C in MeCN solution of the complexes (ca. 10
-3

 M) and 

the concentration of the supporting electrolyte, tetraethylammonium perchlorate (TEAP) was 

maintained at 0.1 M. The scan rate is 100 mV/s for CV and 20 mV/s for SWV. The 

electrochemical measurements were carried in argon purged solutions. The potentials 

measured were compensated for the iR drop in the cell. All of the potentials reported in this 

study were referenced against the Ag/AgCl electrode, which under the given experimental 

conditions give a value of 0.36 V for the ferrocene/ferrocenium couple. 
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3.3 Results and Discussion 

3.3.1 Synthesis and Characterization. Homoleptic bis-terpyridine Ru(II) complexes 

were synthesized by direct reaction of the ligands with RuCl3·3H2O in 2:1 proportion by 

refluxing in ethylene glycol under argon protection. The complexes were further purified by 

column chromatography and recrystallization techniques. Characterization of the complexes 

is performed by NMR and ESI mass spectrometric techniques as well as by elemental 

analysis. 

 The ESI mass spectra of complexes 1 and 3 together with their simulated isotopic 

distributions are shown in Figure 3.1. All the mononuclear complexes exhibit a single strong 

peak which corresponds to the [Ru(tpy-pvp-X)2]
2+

 group. This is evident since the separation 

of the successive isotopic lines is 0.5 Da. Good correspondence is observed between the 

experimental and simulated patterns which confirms the presence of [Ru(tpy-pvp-X)2]
+2

 

species. 

 
Figure 3.1. ESI (positive) mass spectrum for the complex cation of (a) [(Ru(tpy-pvp-

Naph)2]
2+

(1) (m/z = 512.09) and (b) [(Ru(tpy-pvp-Pyr)2]
2+

(3) (m/z = 586.16) in MeCN 

showing both observed and simulated isotopic distribution patterns. 

 

 The 
1
H NMR spectra of 1-3 obtained in DMSO-d6 are presented in Figure 3.2. 

Tentative assignment of the protons was done with the help of both {
1
H-

1
H} COSY NMR 

spectroscopy and by spectral assignments of the structurally related complexes (Figure 3.3). 

The comparatively simple nature of the NMR spectra indicates the presence of a symmetrical 

environment in the metal complexes. The singlet having the highest chemical shift is assigned 

to H3' while the neighbouring doublet corresponds to H6. The olefinic protons lie in the range 

of 7.49-8.03 ppm while the most up-field triplet peak is assigned to H5. A coupling value 

of~16Hz of the protons across the olefinic bond (H9 and H10) indicates the trans-trans 

conformation of the complexes.  
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Figure 3.2. 

1
H NMR spectra of 1-3 in DMSO-d6. 

 

 
 

Figure 3.3. {
1
H-

1
H} COSY NMR spectrum of 2 and 3 in DMSO-d6. 

 

 

3.3.2 Computational Investigations. The geometries of trans-trans and trans-cis 

forms of 1-3 are optimized with the DFT method by the aid of Gaussian 09 software in 

MeCN using B3LYP functional.
83-86

 The structures are optimized and stability of the 

wavefunction is also checked and corresponding frontier molecular orbitals of 1 along with 

their compositions are also provided in Figure 3.4 and 3.5. Calculations show that the  
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Figure 3.4. Schematic drawings of the selective frontier molecular orbitals of trans-trans 

form of 1 in MeCN. 

 

 

Figure 3.5. Schematic drawings of the selective frontier molecular orbitals of trans-cis form 

of 1 in MeCN. 

 

 

HOMOs are localized mostly on the Ru(II) center and partially on the styrylphenyl and 

polyaromatic moiety. The LUMOs, on the other hand, are localized mostly on the terpyridine 

units. The HOMO-LUMO energy gap for 2 and 3 is similar while it is slightly higher for 

1.The electrostatic potential energy plots (ESP) are also calculated which shows the 

distribution of electron clouds in the entire molecule. ESP plots show that the electron density 

is mostly localized on the polyaromatic region while the terpyridine unit is quiet electron 

deficient due to their coordination to the Ru(II) centre. This electron distribution is mostly 

similar in both forms of all three complexes. 

LUMO+2LUMO+1
LUMO

HOMO-3 HOMO-4 HOMO-5

LUMO+4
LUMO+3 LUMO+5

HOMO-2HOMO-1
HOMO

Trans-cis

HOMO HOMO-1 HOMO-2

HOMO-3
HOMO-4 HOMO-5

LUMO+4LUMO+3

LUMO+2LUMO+1LUMO

LUMO+5

Trans-trans



Chapter 3 

129 

 

 The UV-vis absorption spectra of the trans-trans form of the compounds are obtained 

using TD-DFT calculation in acetonitrile medium. The corresponding spectral data along 

with proper band assignment are provided in Figure 3.6. A moderate correlation is observed 

between the experiment and calculations. The lowest energy band in trans-trans (495-505  

 
Figure 3.6. Theoretical (dashed red) and observed (green) absorption spectra of 1-3 in MeCN 

along with their oscillator strengths. 

 

 

nm) and trans-cis (496-492 nm) forms arise due to dual contributions from the ruthenium to 

terpyridine and styrylbenzene to terpyridine CT transitions. The next higher energy band is 

mostly due to the ILCT transitions while the bands having highest molar extinction 

coefficient are assigned to mixed ILCT and π-π* transitions in polyaromatic and hetero-

aromatic moieties of the ancillary tpy-pvp-X ligands in both forms of the complexes. There is 

a small blue shift of the MLCT band upon moving from trans-trans to trans-cis form in case 

of 1 and 3 derivatives. Further clarity for the band assignments is obtained from natural 

transition orbital (NTO) analysis (Figure 3.7) and electron density difference map (EDDM). 

Both NTO and EDDM plots again confirm that the band at lowest energy is an admixture of 

MLCT as well as ILCT characters. 
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Figure 3.7. NTOs illustrating the nature of optically active singlet excited states in the 

absorption bands at 500 nm (S2) for trans-trans and at 479 nm (S3) for trans-cis forms of 1. 

The occupied (holes) and unoccupied (electrons) NTO pairs that contribute more than 14% to 

each excited state are only represented. All transitions are mixed 
1
MLCT/

1
IL. 

 

3.3.3 Absorption Spectra. The spectra and associated data for isomolar solutions of 

1-3 in DMSO, MeCN and DCM are presented in Table 3.1, Figure 3.6. Each spectrum 

displays multiple peaks which span the entire UV-vis region. The lowest energy band 

centered at around 493-510 nm are typical of MLCT transition in ruthenium complexes. 

Assignment of band transitions are corroborated from theoretical calculations which reveal 

that the band around ~500 nm arises due to mixed 
1
[Ru

II
(d)

6
] → 

1
[Ru

II
(d)

5
 tpy-pvp-X(π*)

1
] 

MLCT and some ILCT transitions wherein contribution of MLCT is greater. The next higher 

energy band in the region of 425-456 nm consist of equal contributions from both MLCT and 

ILCT transitions. These bands have the lowest molar absorption coefficient in comparison to 

the bands which lie mostly in the UV region and appear most probably due to ILCT as well 

as π- π* transitions in polyaromatic and heteroaromatic units. A moderate correlation is 

observed between the theoretical and experimental calculations. It is observed that the MLCT 

band varies with the nature of the polyaromatic moiety which is again reflected in our 

theoretical calculations. A small bathochromic shift of the MLCT band is observed upon 

increasing the polar character of the solvents. 

3.3.4 Luminescence Spectra. The emission spectra as well as luminescence lifetime 

of 1-3 are recorded in DMSO, MeCN and DCM at RT (Table 3.1, Figure 3.8) and also in 

EtOH /MeOH (4:1, v/v) glass at 77K (Table 3.1, Figure 3.9). Excitation at their 
1
MLCT 

bands at RT results in a short-lived weak emission having λmax in the range of 634-752 nm 

(Table 3.1).  

 



Chapter 3 

131 

 

Table 3.1. Photophysical parameters for 1-3. 

 

Figure 3.8. (a) Normalized emission spectra of isomolar solutions of 1-3 in DMSO. (b) 

Emission decay profiles upon excitation at 500 nm. Inset to Figure b gives the lifetime values 

of the complexes. 
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Figure 3.9. (a) Normalized emission spectra of 1-3 in EtOH-MeOH (4:1, v/v) glass at 77 K. 

(b) Emission decay profiles upon excitation at 500 nm. Inset to Figure b gives the lifetime 

values of the complexes at 77K. 

 

On closer inspection, it is seen that the emission maximum of 3 is situated at ~750 nm while 

that of 1 and 2 lies in the range of 634 and 674 nm. In case of DMSO, a red shift of emission 

maxima along with an increase in emission quantum yield (QY) and lifetime is seen 

compared to that in MeCN and DCM. Luminescence lifetimes are found in the range of 5.0-

12.0 ns in MeCN and DCM whereas between 45.0 and 409.5 ns in DMSO at RT. From 

previous literature reports of ruthenium-terpyridine complexes, we surmise that the emission 

in the present complexes occurs primarily from 
3
MLCT state.

87-89
 On passing from RT to 

77K, the emission maxima undergo a blue shift (λmax=632-654 nm) with a drastic increase in 

emission intensity, quantum yield and lifetime (12.9-29.2 µs) which is also typical for 

3
MLCT emitters (Table 3.1). Zero-zero spectroscopic energy (E00) was estimated from their 

3
MLCT emission maxima at 77 K (varying between 1.90 and 1.97 eV). The excited-state 

decays are found to be mostly bi-exponential in nature at RT while it is mono-exponential at 

77K. The bi-exponential nature of the decay in both solvents can be explained as initial 

deactivation of the 
3
MLCT state to give the short-lived component, while the longer-lived 

component arises from the equilibrated state of 
3
MLCT and styrylbenzene units. 

3.3.5 Electrochemistry. Cyclic voltammograms of complexes 1-3 are recorded in 

MeCN and related information is presented in Figure 3.10 and summarized in Table 3.2. The 

oxidation of the complexes corresponds to Ru
3+

/Ru
2+

 process. Interestingly, during anodic 

oxidation, while all the mononuclear complexes show a single metal centered (Ru
3+

/Ru
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) 

reversible oxidation peaks, pyrene additionally exhibits a ligand centered quasi-reversible  
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Figure 3.10. Cyclic voltammograms of 1-3 showing the oxidation (left panel) and reduction 

(right panel) in acetonitrile. 

Table 3.2 Electrochemical data
a
 for 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 obtained using glassy carbon electrode. 

 

 

peak at ~1.15 V.
90 

This peak is due to the one-electron oxidation of the pyrene units. On the 

cathodic potential side, multiple quasi-reversible and irreversible reductions are observed in 

the range -1.01 to -1.96 V, which arise due to the reduction of the coordinated terpyridine 

units. 

Spin densities of one-electron reduced and one-electron oxidized forms are shown in 

Figure 3.11. Theoretical calculation shows that the spin density for the one-electron oxidized 

form was found to be localized mainly on the ruthenium center and to some extent on the 

stilbene and polyaromatic moiety, while in one-electron reduced form they lay mainly on the 

terpyridine unit. Thus, spin density calculations support our assignment of the redox 

processes. 
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Figure 3.11. Spin density plots for one-electron oxidized (left panel) and one-electron 

reduced (right panel) forms of the complexes 1-3 in MeCN.  

 

3.3.6 Aggregation-Induced Modulation of the Emission Spectral Characteristics. 

We previously reported the aggregation behavior of the ancillary ligand which showed both 

AIEE and ACQ effects, depending on the type of solvent-mixtures.
82 

We already pointed out 

that terpyridine complexes of Ru(II) are either non-luminescent or weakly emissive at RT 

with very low excited-state lifetimes.
50

 As one of the major foci of this work is to improve the 

luminescence characteristics of Ru(II)-terpyridine complexes, we are interested to impose 

aggregation phenomena upon employing several solvent/non-solvent systems. We used here 

three different systems; viz. DMSO/water, MeCN-water (where DMSO and MeCN acts as 

good solvent while water as the poor solvent) and DCM/hexane (where DCM is good solvent 

while hexane as the bad solvent). We actually used DCM/MeCN (50:1, v/v) due to the low 

solubility of the complexes in pure DCM. 

With the increase in water fraction (fW) in DMSO, the emission intensity as well as 

quantum yield (Φ) gradually decreases for all three complexes along with a small blue shift 

of λmax for 1 and 2, whereas a red-shift of ~10 nm for 3 (Figure 3.12). By contrast, there is a 

systematic increase in emission intensity and quantum yield for all three complexes upon 

gradual addition of water fraction (fW) in MeCN (Figure 3.13) as well as hexane fraction in 

DCM with the exception of complex 3 (Table 3.3 and Figure 3.14). It is to be noted that the 

extent of enhancement differs as the polyaromatic moiety changes in the complexes (highest 

for 1 and moderate for 2). Notably, no significant enhancement takes place in case of pyrene 

substituent (3). The observed results indicate the probable formation of aggregates in the 

studied solvent systems. We have also calculated both the radiative (kr) and non-radiative 

(knr) rate constants in the agglomerated (90%) forms of the complexes and the values are  

2

3

one electron oxidised one electron reduced

1
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Figure 3.12. (a) Emission (ex=500 nm) spectral change of 1 upon varying the relative ratio 

of DMSO and water. (b) Emission decay profile (ex=450 nm NanoLED) along with their 

corresponding lifetime values for 0% and 90% fW. 

 

Figure 3.13. (a) Emission (ex=500 nm) spectral change of 1 upon varying the relative ratio 

of MeCN and water. (b) Emission decay profiles (ex=450 nm NanoLED) along with their 

lifetime values of 0% and 90% fW. 

 

presented in Table 3.3. For MeCN/water and DCM/hexane mixtures, where AIEE is 

observed, the values of kr in the agglomerated (90%) forms increase, while the values of knr 

decrease compared to their free forms. By contrast, both kr and knr decreases in DMSO/water 

mixture wherein ACQ occurs. With an aim to obtain direct evidence for the occurrence of 

aggregation, we performed the dynamic light scattering (DLS) experiment in selected solvent 

mixtures (DMSO/water, MeCN-water). It is clearly seen that with the increase in water 

fraction the size of the aggregate increases in both the solvent mixtures indicating the 

occurrence of aggregation (Figure 3.15). Excited state lifetimes of the complexes were also 

acquired in all three studied solvent mixtures. Lifetime is found to increase in all three media, 

albeit in different extent, with the exception of complex 3 in DCM-hexane. 
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Figure 3.14. The emission (ex=500 nm) (a) spectral change of 2 upon varying the relative 

ratio of DCM and hexane. Figure (b) shows the change in emission decay (ex=450 nm 

NanoLED) along with the lifetime values of the initial and final form. 

 

Table 3.3. Emission quantum yield in their free form (0%) and 90% aggregated form (90%). 

 

 

 

 

 

 

 

 

 

Upon aggregation, the intermolecular rotations are freezed to some extent so that the excited 

state deactivation takes place mostly through the radiative pathway thereby increasing the 

lifetime of the complexes quite significantly. 

We are now curious to elucidate plausible reason for the wide differences in the 

emission spectral characteristics of the complexes upon aggregation. Upon close inspection, 

it appears that complex 1 exhibits remarkable alteration in emission intensity upon 

aggregation, whereas complex 3 suffers a little change in emission. In case of complex 2, the 

DCM-hexane mixture leads to maximum enhancement, whereas other solvent mixtures result 

in a very little alteration in emission upon aggregation. It is needless to mention that all the 

complexes consist of polycyclic aromatic hydrocarbons with extensive -delocalization 

through substituted styrylphenyl unit. In case of 3, we guess, two equally opposing effects are 

operative. The planar pyrene unit of 3 prefers close packing through - stacking interaction  
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Figure 3.15. Left panel: Particle size distribution of 2 with different DMSO/water 

compositions: 0% (a) 40% (b) and 90% (c) water in DMSO. Right panel: Particle size 

distribution of 1 with different MeCN/water compositions: 0% (a) 40% (b) and 90% (c) water 

in MeCN.  

 

in their aggregated form which leads to emission quenching.
91-94

 On the other hand, the 

restricted intramolecular motion (RIM) imposed by styrylphenyl conjugated Ru-tpy unit 

could arrest the non-radiative decay pathway of the excited state(s) and induces enhancement 

of the emission characteristics.
91-94

 These two opposing phenomena are probably responsible 

for a small change in emission intensity upon aggregation for 3. As the naphthalene moiety 

renders relatively less π-electronic charge density compared to anthracene and pyrene, the 

effect of RIM is dominant over the - stacking interaction in less polar solvent mixtures 

(MeCN-water and DCM-hexane) and thereby induces greater aggregation-induced emission 

enhancement in 1 compared with both 2 (anthracene) and 3 (pyrene). The decrease in the 

non-radiative decay pathway due to RIM is evident from the decrease of the non-radiative 

rate constant (knr) in their 90% aggregated form with respect to its free form. Hence, the 

excited states are enabled to decay radiatively with consequent increase of the radiative rate 
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constant (kr) and enhancement of emission intensity and quantum yield. In polar solvent 

mixture (DMSO-water), the formation of -aggregate/excimer probably dominates over RIM 

in the aggregated state and leads to emission quenching. Complex 2, on the other hand, 

displays intermediate behavior (more like 1 in DCM-hexane while close to 3 in other solvent 

mixtures). Thus, we are able to demonstrate different aggregation-induced emission spectral 

behavior in present Ru(II)-terpyridine complexes upon varying the polyaromatic substituent 

as well as on the type of the solvent mixtures. 

3.3.7 Photoisomerization Behaviors. Presence of two -C=C- units in the molecular 

structure indicates that the molecule will be sensitive to light irradiation. Hence, we carried 

out all the photoisomerization experiments using visible light. We carried out the experiments 

in a mixture of DCM/MeCN (50:1, v/v) since the rate of photo-isomerization was found to be 

extremely slow in other polar solvents like MeCN and DMSO.  

 The UV-vis absorption spectral profiles of 1-3 are presented in Figure 3.16. Upon 

shining light, we can see that the absorbance of MLCT (~ 500 nm) as well as ILCT (~300-

400 nm) band undergoes a remarkable decrease along with simultaneous increase of  

 

Figure 3.16. Absorption (left panel) and emission (right panel) (λex= 490 nm) spectral change 

of 1 (a and c, respectively) and 2 (b and d, respectively), upon visible light irradiation in 

DCM. Isosbestic points appear at 304 nm for 1, 427 and 345 nm for 2.  Inset to figure c and d 

shows the corresponding change in emission decay (λex=450 nm NanoLED) along with their 

lifetime values. 
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absorbance in the region 220-300 nm. Small blue shift of the MLCT band is observed only 

for 1 and 3. A single step change and presence of clear isosbestic points suggest that two 

species are at equilibrium during the entire period of photo-irradiation leading to the 

isomerization of the trans-trans form of the complexes to either trans-cis or cis-cis form. The 

time taken to reach the photo-stationary state varies between 73 and 138 m. On the emission 

side, a gradual decrease in emission intensity is found for 1 and 2. By contrast, in case of 3, 

the emission intensity increases by small amount. Lifetime values of all the complexes are 

found to decrease upon photoisomerization (Figure 3.16).  

In order to understand the mode of isomerization, we monitored the photo-

isomerization process through NMR spectroscopy (Figure 3.17). The photoisomerization of 1 

was carried out in DMSO-d6-CDCl3 (1:5 v/v) mixture upon shining visible light for 15h. It is 

seen that the proton peaks across the double bond (H9, H10) as well as adjacent to the -C=C- 

unit (H7, H8, H11, H12 and H17) undergo a decrease in intensity along with their concomitant 

evolution in the up-field region upon irradiation. The two olefinic protons (H9 and H10) 

within the range of 6.65-6.85 ppm in the coordinated trans-trans orientation undergo a 

remarkable up-field shift to the domain of 6.30-6.45 ppm along with simultaneous decrease 

 

 

Figure 3.17. 
1
H NMR spectrum of [Ru(tpy-pvp-Naph)2]

2+ 
(1) in DMSO-d6-CDCl3 (1:4, v/v) 

before (a) and after (b) photolysis with visible light for 15 h.  
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of coupling constant value (J≈16 Hz →12 Hz). These J values corroborate with the typically 

reported coordinated trans and cis stilbenes.
34-35,40,44-45 

Such NMR spectral change indicates 

the transformation of trans-trans→trans-cis form. 

DFT calculations also support the trans-trans→trans-cis conversion. The overlay of 

the absorption spectra for both the forms is depicted in Figure 3.18. From DFT calculations 

also we find that there is a blue shift of the MLCT band on moving from trans-trans to trans-

cis form for relevant complexes. A moderate correlation is observed between the 

experimental and calculated spectra. 

 
Figure 3.18. Overlay of the theoretical (green dotted line) and experimental (purple solid 

lines) absorption spectra of both trans-trans (purple) and trans-cis (green) forms of 1-3 in 

MeCN. 

  

The trans-trans to trans-cis photo-isomerization rate constant (kiso) and quantum 

yields (tttc) are evaluated from their absorption titration profiles and the relevant data is 

summarized in Table 3.4 and Figure 3.19. The reaction follows first order kinetics in the 

initial stage of photoisomerization and kiso varies between 2.91 and 6.91×10
-4

 while tttc 

varies within the domain of 0.012-0.026. The trans-cistrans-trans backward isomerization 
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proceeds slowly in the dark but could be accelerated in the presence of UV light. Both the 

absorption and emission spectra almost revert back to their initial state upon UV light 

irradiation (Figure 3.19). This reverse photoisomerization was also monitored by 
1
H NMR 

spectroscopy in DMSO-d6-CDCl3 (1:5 v/v) mixture. The previously obtained trans-cis form 

of 1 in DMSO-d6-CDCl3 was once again irradiated with  

 

Table 3.4. Table for comparison of the values of rate constants (kiso) and photoisomerization 

quantum yields (tc) for trans-transtrans-cis process in both of their free and aggregated 

forms. 

 

 

 

 

 

 

 

 

UV light of 280 nm for prolonged time. It is seen that almost all of the protons nearly revert 

back to their initial trans-trans state after 32 hours, leaving some traces of the trans-cis form. 

We have also calculated the kiso and tctt for the backward process. kiso varies between 0.78 

and 1.49×10
-4

 while tctt varies within the domain of 1.72-3.32×10
-3

. 

 We do not have a very clear picture for the mechanism of emission quenching upon 

photo-isomerisation. From the bi-exponential nature of the decay profile we can infer that 

two excited state species (
3
MLCT and 

3
ILCT) are in equilibrium. Due to the strained nature 

of trans-cis form, the equilibrium between 
3
MLCT and 

3
ILCT is disrupted as a result of 

which the non-radiative 
3
MC gets populated by thermal crossover, which is the probable 

reason for emission quenching.  

3.3.8 Photoisomerization in the Aggregated Forms. During aggregation, the solvent 

separated molecules come closer and the agglomerates induce emission enhancement. Since 

the aggregated forms of the complexes also have the -C=C- units, hence it is expected that 

their aggregated form would also show trans-transtrans-cis isomerization upon light 

irradiation. Since the complexes in their molecular forms undergo photoisomerization in 
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Figure 3.19. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to trans-trans→trans-cis (left) and trans-cis →trans-trans (right) process of 1-3 upon 

irradiation with visible and UV light respectively in DCM/MeCN (50:1, v/v). Inset to these 

plots give the values of rate constant. 

 

 

DCM only, we selected DCM/hexane mixture for monitoring the isomerization behavior of 

the aggregates. Herein, we used 30% and 90% fH of DCM/hexane to observe the effect of 

aggregation on the isomerization behavior.  
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Figure 3.20. Absorption and emission (ex=490 nm) spectral changes of 30% (a and c, 

respectively) and 90% (b and d, respectively) hexane fraction in DCM-hexane mixture of 1 

upon irradiation with visible light. Isosbestic points appear at 306 nm for 30% aggregate and 

at 303 nm for 90% aggregate. Inset to the figure c and d shows the corresponding change in 

emission decay (ex=450 nm NanoLED) along with their lifetime values.  

 

 

the change in absorbance value for 90% fH is lesser in comparison to that of 30% fH. This 

suggests that the tendency to photoisomerize decreases along with the increase in the extent 

of aggregation. On the emission side, a gradual quenching upon visible light irradiation is 

seen in case of both 30 and 90% fH (Figure 3.20c-d). We have also acquired the lifetimes of 

the aggregated forms upon photolysis. The values are found to decrease in both cases upon 

light irradiation. As DCM/hexane duo does not induce any change in the emission 

characteristics, we do not perform the aggregation induced isomerization experiment for 3. 

The trans-trans to trans-cis photo-isomerization rate constant (kiso) and quantum yields 

(tc) are also estimated from their absorption spectral profiles as previously discussed and 

the relevant data are summarized in Table 3.3. It is affirmed that the rate of 

photoisomerization decreases upon aggregation as expected. 
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Figure 3.21. Linear plot of log (A0-Aα)/(At-Aα) vs. time (t) for the absorption spectral change 

due to trans→cis process of 1 upon irradiation with visible light of 30% (a) and 90% (b) 

hexane fraction in DCM-hexane mixture. Inset to these plots give the values of rate constant. 

 

3.3.9 Accomplishment of the Metal Complexes over their Ligand Precursors. In 

our previous work, we designed a series of highly fluorescent styrylphenyl-conjugated 

terpyridine compounds incorporating polycyclic aromatic hydrocarbons (such as naphthalene, 

anthracene and pyrene) for their probable use as potential optoelectronic device. Taking 

advantage of the polycyclic aromatic hydrocarbons moiety, we explored the aggregation-

induced emission switching behavior in different solvent-mixtures. Additionally, the 
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emission spectral characteristics through reversible trans-cis isomerization induced by light of 
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complexes together with remarkable increase of excited-state lifetimes relative to their ligand 

precursors. The emission quantum yield is found to increase up to ~14 times for the metal 

complexes relative to only ~2 times for the ligands upon aggregation. Likewise, the 

enhancement of lifetimes occurs up to the extent of ~580 ns compared with only 4.38 ns for 

the ligands. With the aid of the stilbene motifs, the metal complexes also undergo reversible 

trans-cis photoisomerization in both of their free- and aggregated forms, although the rate and 

quantum yield of the photo-isomerization of the complexes are less compared with the 

ligands. Thus, the present systems are thought to be potential building blocks for the 

construction of smart molecular switches operating in the visible domain. 

  

3.4 Conclusions 

In this work, we introduced a new series of homoleptic bis-terpyridine complexes of Ru(II) 

by incorporating styrylphenyl unit coupled to anthracene, naphthalene and pyrene at the 4' 

position of terpyridine moiety. Detailed experimental and theoretical investigations on their 

photophysical, electrochemical, aggregation-induced emission and photo-isomerization 

behaviors are carried out in this work. Styrylphenyl unit promotes trans-trans to trans-cis 

isomerization in the complexes upon visible light irradiation, which is evident from their 

sequential absorption and emission spectral changes as well as by NMR spectroscopy. The 

reverse trans-cis to trans- trans isomerization was achieved upon UV light irradiation. Thus, 

“on-off” and “off-on” emission switching is viable upon shining alternatively with visible and 

UV light. Presence of polyaromatic as well as heteroaromatic moieties led us to explore the 

aggregation-induced properties of the complexes. The compounds show weak emission at RT 

but upon aggregation the emission intensity quantum yield, and excited-state lifetime 

increases substantially. Hence, aggregation phenomenon induced significant improvement of 

room temperature emission characteristics of the Ru(II)-terpyridine complexes. Interestingly, 

the aggregated form of the compounds also isomerizes upon visible light irradiation but at a 

much slower rate compared to their non-aggregated forms. In essence, we can efficiently 

control the mode of emission switching upon varying the solvent mixture as well as by 

treating with visible and UV light. Thus, the present systems are thought to be potential 

building blocks for the construction of smart molecular switches. 
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4.1 Introduction 

Non-covalent interactions comprising of hydrogen bonding, π-π stacking, CH-π, 

cation-π and anion-π interactions have orchestrated immense attention in diverse fields of 

supramolecular chemistry and structural biology.
1-10 

Although these forces are weak, their 

appearances are manifested in manifold interdisciplinary areas that encompass material 

science, catalysis, crystal engineering, and biology.
11-19

 This sort of interaction is responsible 

for maintaining the basic structures of vital living organisms such as DNA, RNA, and 

protein.
20-23

 The occurrence of this type of weak interactions also introduces a new horizon in 

the field of supramolecular chemistry of anions such as anion-recognition and sensing, anion 

transport and many more.
 24-28

 

 In this work, our aim is to recognize specific anions through the intermediacy of 

various non-covalent interactions, viz. hydrogen bonding, CH-π, anion-π and π-π stacking.
 29-

31
 In order to achieve our objective, we employed herein Ru(II) complexes of 

polyheterocyclic ligands as they offer multiple optical channels to visualize the receptor-

anion interplay.
32-41 

Polypyridine-based Ru(II) complexes have been employed as the 

potential building blocks in numerous applications such as dye-sensitized solar cells, multi-

channel sensors and switches as well as the active components in photochemical molecular 

devices and machines, by taking advantage of their robustness and favourable photophysical, 

photochemical, and electrochemical properties.
42-48 

Two categories of polypyridine ligands 

are usually employed to design the Ru(II) complexes, viz. bipyridine-type ([Ru(bpy)3]
2+

, bpy 

= 2,2′-bipyridine) and terpyridine-type ([Ru(tpy)2]
2+

, (tpy=2,2′:6′,2″-terpyridine). The 

photophysical and in particular the luminescence properties of [Ru(bpy)3]-type derivatives 

are far superior because of suitable disposition of their lowest-lying emissive triplet metal-to-

ligand charge transfer (
3
MLCT) state that are well apart from the non-emitting triplet metal-

centered (
3
MC) state.

49-50
 But the bpy-type ligand always produces the octahedral complexes 

with mixtures of isomers (Δ and Λ), the separation of which is very tedious. On the other 

hand, the terpyridine-type ligand always yields rod-like octahedral complexes devoid of 

isomeric impurity, but the major shortcoming is their inferior RT emission characteristics due 

to smaller 
3
MLCT-

3
MC energy barrier arising out of unfavorable bite angle of the 

terpyridines.
51-52

 Thereupon, the strategic design of ancillary ligand is indispensable since 

they play a decisive role in regulating the energetic aspects of the excited states that 

eventually dictates the emission properties.
53-58
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Herein, we have designed a new family of emissive stilbene-appended Ru(II)-

terpyridine complexes of the type, [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2, consisting of a 

polyaromatic hydrocarbon unit (X) such as anthracene, naphthalene and pyrene at the 4' 

position of the terpyridines (Chart 4.1). The polyaromatic hydrocarbon along with stilbene 

moiety is expected to have their 
3
π-π* state which is quasi-isoelectronic to the 

3
MLCT state 

in the complex entity. Upon photo-excitation, reversible intercomponent energy transfer is 

feasible between 
3
MLCT and 

3
π-π* states so that the adjoining polyaromatic chromophores 

can act as an energy reservoir so as to repopulate the emissive 
3
MLCT state, with an overall 

effect of ‘delaying’ the emission giving long-lived excited-state.
59-61

 Thus, it is expected that 

the resulting metal-ligand complex assembly will be emissive at RT with reasonably long 

lifetime. In practice, the complexes feature moderately intense emission at RT having lifetime 

of 16.7 ns for naphthalene-, 11.4 ns for anthracene-, while substantially elevated lifetime of 

8.3 μs for pyrene derivative.  
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Chart 4.1. The molecular architectures of the complexes. 
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It is expected that upon complexation with Ru
2+

 ion, the terpyridine- as well as other 

aromatic protons (C-H groups) could be acidic and capable to take part in C-H
…

A
-
 (A=anion) 

type of hydrogen bonding interaction. Additionally, by virtue of the presence of delocalized 

π-acidic electron cloud, the complexes in principle could interact with selected anions via 

anion-π interactions. This sort of interaction is typically weak non-covalent forces that arise 

from the electrostatic attraction between the negatively charged anion and the electron-

deficient π cloud of the aromatic ring.
62-66

 Taking advantage of favorable photophysical and 

electrochemical properties together with multiple acidic C-H protons and electron-rich π-

electron delocalized polyaromatic motifs, the anion sensing characteristics of the complexes 

have been thoroughly studied in this work through multiple optical channels and 

spectroscopic techniques. Anion recognition and sensing is important due to their crucial 

roles in chemical and biological events. We are particularly interested to sense F
-
 because of 

its duplicitous nature and also due to its relevance in biology and environment. A wide range 

of receptor bearing hydrogen bond donor motifs such as NHUrea/Thiourea, NHImidazole/Pyrrole/Indole, 

NHAmide and OHPhenol/Catechol have already been utilized as the main binding motifs in 

designing receptors and the detail functioning of which are deliberated in many reviews.
67-73

 

As already pointed out, in the design tactic of the complexes, we have included a 

stilbene motif onto the complex backbone. Apart from inducing π-electron delocalization in 

the complex backbone for augmenting their RT emission features, the stilbene motif could 

induce trans-cis isomerization upon treatment with light.
74-78

 To this end, we have investigated 

the reversible trans-cis isomerization of the complexes upon alternate treatment of visible and 

UV light so that the complexes can act as potential photo-molecular switches. As trans→cis 

transformation leads to conformation change of the polyaromatic moieties in the complexes, it 

is expected that the extent of non-covalent interactions that are operative in the complexes 

would be substantially altered on going from trans to the cis-isomer. Hence, we also carried out 

the anion sensing characteristics of the cis-form of the complexes and compared with those 

with their trans-forms. In conjunction with experimental investigation, theoretical calculation 

employing density function theory (DFT) is also executed for a selective complex to elucidate 

the involvement of different non-covalent interactions that are operative during complex-

fluoride interplay. 
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4.2 Experimental Section 

 4.2.1 Materials. RuCl3·xH2O and sodium perchlorate are procured from Merck. 

Other chemicals and solvents used in the present investigation are purchased from local 

vendors. Tpy-pvp-X (X=naphthalene, anthracene, and pyrene) ligands are prepared and 

characterized and is described in Chapter 2.
79 

 

4.2.2 Synthesis of Metal Complexes. The metal complexes are prepared by using a 

common method as described below. 

 [(tpy-PhCH3)Ru(tpy-pvp-naph)](ClO4)2·2H2O (1). [Ru(tpy-PhCH3)Cl3] (0.11 g, 

0.21 mmol) and AgBF4 (0.13 g, 0.72 mmol) were added to 40 mL of acetone and stirred 

under refluxing condition for ∼3 h. The white solid of AgCl was quickly filtered out, and the 

filtrate was treated with ∼40 mL of EtOH, and the remaining acetone was rotary evaporated. 

Tpy-pvp-naph ligand (0.10 g, 0.21 mmol) was then added in its finely powdered form to the 

solution and refluxed for 6h with continuous stirring under argon protection. The red 

compound that deposited upon cooling was collected by filtration and thoroughly washed 

with chloroform and dried. It was then dissolved in a small amount of MeOH and then 

poured in into an aqueous solution of NaClO4·H2O (1.5g in 5 mL of water) and stirred until a 

red precipitate was formed. The compound was filtered and purified by silica gel column 

chromatography upon eluting with MeCN-PhCH3 (10:1, v/v) mixture. The desired compound 

was collected upon evaporation to a small volume. Recrystallization of the complex from 

MeCN-MeOH (1:1, v/v) mixture was done for further purification (0.15 g, yield: 63%). Anal. 

calcd. for C55H44N6Cl2O10Ru: C, 58.93; H, 3.95; N, 7.49. Found: C, 58.89; H, 3.98; N, 

7.52%. Electrospray ionization mass spectrometry (ESI-MS) (positive, MeCN) m/z: 443.11 

(100%) [(tpy-PhCH3)Ru(tpy-pvp-naph)]
2+

. 
1
H NMR (300 MHz, DMSO-d6): δ/ppm 9.49 (s, 

2H, 2H3''), 9.43 (s, 2H, 2H3'''), 9.09 (t, 4H, J=8.0 Hz, 2H6+2H6'), 8.51 (d, 2H, J=8.1 Hz, 2H7), 

8.34 (d, 2H, J=8.1 Hz, 2H7'), 8.12 (s, 1H, 2H17), 8.05-8.03 (m, 8H, 4H4+4H4'+4H8+4H8'), 

7.97-7.92 (m, 3H, H11+H14+H16), 7.72 (d, 1H, J=16.5 Hz, H9), 7.63-7.53 (m, 8H, 

H3+H3'+H10+H12+H13+H15), 7.26 (t, 4H, J= 6.6 Hz, 4H5+H5'), 2.51 (s, 3H, CH3). 

 [(tpy-PhCH3)Ru(tpy-pvp-anth)](ClO4)2·2H2O (2). Yield 0.17 g (66%). Anal. Calcd. 

for C59H46N6Cl2O10Ru: C, 60.51; H, 3.95; N, 7.17. Found: C, 75.48; H, 3.99; N, 7.21%. ESI-

MS) (positive, MeCN) m/z: 468.04 (100%) [(tpy-PhCl3)Ru(tpy-pvp-anth)]
2+

. 
1
H NMR (300 

MHz, DMSO-d6): δ/ ppm 9.55 (s, 2H, 2H3''), 9.45 (s, 2H, 2H3'''), 9.16-9.08 (m, 4H, 2H6+2H6'), 

8.63 (s, 1H, H15), 8.58 (d, 2H, J=8.4 Hz, 2H7), 8.47-8.45 (m, 2H, 2H12), 8.42 (d, 2H, J=7.3 

Hz, 2H14), 8.36 (d, 2H, J=8.2 Hz, 2H7'), 8.22-8.14 (m, 4H, 2H8+2H8'), 8.09-8.03 (m, 4H, 
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2H4+2H4'), 7.61-7.51 (m, 9H, H3+H3'+H9+H11+H13), 7.28 (t, 4H, J=6.5 Hz, 2H5+2H5'), 7.19 

(d, 1H, J=16.5 Hz, H10), 2.55 (s, 3H, CH3). 

 [(tpy-PhCH3)Ru(tpy-pvp-pyr)](ClO4)2·3H2O (3). Yield 0.17 g, (65%). Anal. Calcd. 

for C61H48N6Cl2O11Ru: C, 60.39; H, 3.98; N, 6.92. Found: C, 60.35; H, 4.02; N, 6.96%. ESI-

MS) (positive, MeCN) m/z: 480.13 (100%) [(tpy-PhCH3)Ru(tpy-pvp-pyr)]
2+

. 
1
H NMR (300 

MHz, DMSO-d6): δ/ppm 9.54 (s, 2H, 2H3''), 9.45 (s, 2H, 2H3'''), 9.16-9.08 (m, 4H, 2H6+2H6'), 

8.90 (d, 1H, J=9.5 Hz, H14), 8.68 (d, 1H, J=16.2 Hz, H9), 8.66-8.61 (m, 2H, H11+H15), 8.56 

(d, 4H, J=8.4 Hz, 2H7+2H7') 8.39-8.22 (m, 10H, 2H8+2H8'+H12+H13+H16+H17+H18+2H19), 

8.15-8.03 (m, 4H, 2H8+2H8'), 7.77 (d, 1H, J =16.1 Hz ,H10), 7.56 (d, 4H, J=5.6 Hz, H3+H3'), 

7.28 (t, 4H, J= 6.5 Hz, 2H5+2H5'), 2.58 (s, 3H, CH3). 

Caution! Perchlorate salts of the metal complexes are potentially explosive and therefore 

should be handled in small quantities with care. 

 

4.2.3 Instruments and Physical Methods. Details of instruments and physico-

chemical measurements are provided in Chapter 2 and Chapter 3. 

 

4.3 Results and Discussion 

 4.3.1 Synthesis and Characterization. The detailed synthesis of the terpyridine 

ligands are described in Chapter 2.
79

 The metal complexes are prepared by straightforward 

reaction between the ligands and solvated Ru(II)-terpyridine precursor, [(tpy-

PhCH3)Ru(Me2CO)3]
3+

, obtained upon treating [(tpy-PhCH3)RuCl3] with AgBF4, followed 

by their ion exchange using sodium perchlorate. Purification of the complexes is executed by 

column chromatography and recrystallization from appropriate solvent(s). The complexes are 

fully characterized via elemental analysis as well as by ESI mass and NMR spectrometry. 

4.3.2 Mass Spectra. The ESI mass spectra are acquired in MeCN. The isotopic 

distribution patterns of both experimental and simulated spectra of 1 and 3 are displayed in 

Figure 4.1. The correlation among the experimental and simulated spectra is quite good. Each 

complex exhibits a single abundant peak corresponding to [(tpy-PhCH3)Ru(tpy-pvp-X)]
2+ 

species, as the separation between consecutive lines is 0.5 Da in their isotopic distribution. 

4.3.3 NMR Spectroscopy. The complexes are unambiguously characterised by 
1
H 

NMR spectroscopy that are acquired in DMSO-d6 and presented Figure 4.2. The use of 

terpyridine moiety resulted in stereoisomerically pure complexes which is evident from their 

well-defined spectral pattern. Tentative assignment of the protons are carried out with the aid 
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of {
1
H-

1
H} COSY NMR spectra and by comparing the spectra of structurally related 

complexes (Figures 4.3). The singlet at ~9.50 ppm is assigned as H3' whereas the adjacent 

singlet arises for H3''' proton. The olefinic protons lie within 7.61-7.77 ppm whereas the most 

up-field triplet peak is assigned to H5 and H5'. A coupling constant value of ~16 Hz for the 

olefinic protons (H9 and H10) is the testimony of their transoid conformation. 

 

Figure 4.1. ESI (positive) mass spectrum for the complex cation of [(tpy-PhCH3)Ru(tpy-pvp-

naph)]
2+ 

(1) (m/z = 443.11) and [(tpy-PhCH3)Ru(tpy-pvp-pyr)]
2+ 

(3) (m/z = 480.13) in 

MeCN.  

 
Figure 4.2. 

1
H spectra of 1-3 in DMSO-d6 
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Figure 4.3. {
1
H-

1
H} COSY NMR spectrum of 2 and 3 in DMSO-d6. 

 

 4.3.4 Absorption Spectra.  The spectra of isomolar solutions of 1-3 are acquired in 

MeCN and DMSO and relevant photophysical data are presented in Figure 4.4 and 

summarized in Table 4.1. The spectral pattern is mostly similar for all three complexes which 

comprise of very high intensity peaks in the UV and a moderately strong band in the visible 

domain Figure 4.4. Upon comparing the spectral pattern of structurally similar complexes of 

Ru(II), it appears that the lowest energy band located in the range of 490-494 nm (in MeCN) 

is primarily ruthenium→terpyridine charge transfer (MLCT) transitions. The next higher 

energy band in the range of 330-383 nm are mainly due to ILCT transitions, whereas very 

intense peaks below 330 nm are due to π-π* transitions in the polyaromatic and hetero-

aromatic units. 
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Figure 4.4. Absorption spectral profiles of 1-3 in MeCN. 
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Table 4.1. Photophysical data for 1-3. 

 

4.3.5 Emission Spectra. The spectra of the complexes acquired in MeCN at RT and 

in MeOH/EtOH (1:4, v/v) glass at 77K are presented in Figure 4.5 and associated data are 

provided in Table 4.1. Upon excitation at the 
1
MLCT band, 1 and 2 exhibit a broad and 

structureless emission band with peak maximum (λmax) varying within the range of 660-672 

nm at RT. By contrast, 3 exhibits very weak and broad emission band which is significantly 

red-shifted to the NIR region (~750 nm) in both solvents. Increase in solvent polarity from 

MeCN to DMSO results in bathochromic shift of λmax value along with increase in quantum 

yields (Φ, Table 4.1). Upon purging thoroughly with nitrogen gas, substantial enhancement in 

emission intensity and Φ takes place in all cases (Figure 4.5 and Table 4.2). The change in 

the spectral pattern upon N2 purging in case of pyrene derivative is quite different from the 

rest wherein the broad and weak band converged to a single gaussian type of peak together 

with red-shift as shown in Figure 4.5. Time-resolved emission decays for 1-3 measured under 

both aerated and deaerated conditions at RT are shown in Figure 4.6 and associated data are 

summarized in Table 4.1 and Table 4.2. Bi-exponential decay is observed in all cases at RT 

with the lifetime values being more or less similar for 1 and 2 (τ= 6.4 ns for 1 and 4.9 ns for 2 

in MeCN and τ= 16.7 ns for 1 and 11.4 ns for 2 in DMSO). Complex 3, on the other hand, 

displays an incredibly long lifetime value (τ=3.4μs in MeCN and 8.3μs in DMSO). The 

Comds 

M
eC

N
 (

2
9

8
K
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Absorption 

max/ nm  

                  (/M
-1

cm
-1
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Luminescence 

max / 

nm 
 Φ 

 

kr/s
-1

 knr/s
-1

 

1 493(48600), 355 (sh)(55700), 

328(br)(76000), 309(95600), 
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662 1= 1.9 ns 

2=6.4 ns 

3.3×10-3 5.2×105 1.6×108 

2 490(23400), 330(sh)(39000), 

307(58100), 283(56500), 

232(39200)  

660 1= 1.4 ns 

2= 4.8 ns 

2.1×10-3 4.3×105 2.1×108 

3 494(35500), 383(br)(323000), 

328(sh)(43400), 307(623000), 
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745 1= 0.1s 
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338(sh)(57500), 313(60000) 

672 1= 3.4 ns 

2= 16.7 ns 
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2 499(45000), 333(br)(76000), 

314(98000), 287(br) (81000) 

658 1= 3.1 ns 

2= 11.4 ns 

6.3×10-3 5.5×105 8.7×107 

3 503(56000), 393(45000), 

335(sh)(64000), 314(86000), 

290(sh)(74000) 

751 1= 1.2s  

2= 8.3s 
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7
7

K
 

- 649 29.0s 0.5 1.6×104 1.8×104 

2 - 629 14.2s 0.2 9.8×103 6.0×104 

3 - 626 12.6s 0.1 4.7×103 7.4×104 
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Figure 4.5. Luminescence spectral (λex= 500 nm) profiles of 1-3 in MeCN at RT (aerated and 

deaerated) and in MeOH/EtOH (1:4, v/v) glass at 77K. 

 

Table 4.2. Quantum yield and lifetime of 1-3 in MeCN. 
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triplet state {
3
(π-π*)} that is thought to be quasi-isoenergetic with the radiative 
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MLCT 

energy level of the Ru-tpy unit. Thus, a reversible inter-component excited-state energy 

transfer among the two equilibrated states (
3
MLCT and 

3
π-π*) is a distinct possibility. Hence, 

the bi-exponential decay in both solvents is probably due to deactivation of the 
3
MLCT state 

to give the short-lived component, while the relatively longer-lived component arises from 

the equilibrated state of 
3
MLCT and 

3
(π-π*) state of stilbene-appended polyaromatic moiety. 
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Figure 4.6. The emission decay (λex = 490 nm) as well as lifetime values of 1-3 in MeCN. 

 

We have also calculated the kr and knr values and presented in Table 4.1. The RT 

luminescence property of 3 is consistent with deactivation of 
3
(π-π*) state of pyrene motif, as 

suggested by its kr value. Hence, the aforementioned results indicate that the lowest emitting 

state in 3 is most probably 
3
(π-π*) while for 1 and 2 it is primarily 

3
MLCT. At 77K in frozen 

matrix, the λmax experiences a hypsochromic shift (λmax=626-649 nm) along with increase in 

luminescence intensity, Φ and τ. The decays also became mono-exponential in nature. The 

observed blue-shift along with marked increase in Φ and τ at 77K also bears the testimony of 

the quintessential 
3
MLCT emitters. We have calculated the energy (E00) of the emitting 

excited states from their 77K emission maxima and the estimated values are found to alter 

within 1.91-1.98 eV. A tentative state diagram describing the luminescence characteristics of 

complexes 1-3 is presented in Scheme 4.1. 

 

Scheme 4.1. Simplified state diagram illustrating the emission characteristics of the 

complexes. 
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For most of the Ru-polypyridyl complexes, it is seen that the decay occurs mostly by 

competition between radiative and radiationless deactivations from the 
3
MLCT state. This 

state is a weak emitter and hence non-radiative decay contributes majorly towards the  

lifetime values. This excited state decay can be expressed by equation 4.1
35  

knr =knr
0
+ knr

'
     (4.1)

 

where knr corresponds to radiationless decay constant, knr
0
 is the direct decay from the excited 

3
MLCT state to the ground state, and k

′
nr is the surface crossing from the lowest 

3
MLCT state 

to the 
3
MC and is dependent on their energy level difference (ΔE). Due to the unfavourable 

bite angles of the terpyridines around Ru-center, this energy gap is substantially small thereby 

making the Ru(tpy)2-type complexes as weak emitters at RT.  

For proper assessment of the deactivation dynamics, we acquired the emission spectra 

and the excited state decays of the complexes (1 and 2) in acetonitrile upon varying 

temperature in the range of 263-343 K as portrayed in Figure 4.7. Both luminescence 

intensity as well as lifetime gradually decreases as the temperature is raised. We also fitted  

 

Figure 4.7. Change in the steady-state emission (λex= 490 nm) and decay profiles for 

complex 1 (a and b, respectively) and 2 (c and d, respectively) upon variation of temperature 

in MeCN in the range of 263-343 K. 
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the lifetime versus temperature data by nonlinear regression analysis technique using 

equation 4.2 (Figure 4.8). 

(τ(T))
-1

= k1+ k2 (exp [-ΔE2/RT])/(1+exp[-ΔE2/RT ])   (4.2) 

where k1 represents temperature-independent rate constant which is sum of radiative (kr) and 

non-radiative (knr) rate constants from 
3
MLCT at 77 K, k2 corresponds to temperature-

dependent rate constant, and ΔE2 is the activation energy for this surface-crossing process. 

Nonlinear regression analysis yields k2 and ΔE2 where k2 lies in the range between 2.8 × 10
12 

and 1.1 × 10
13

 s
−1

 while ΔE2 lies in the range of 3000-4000 cm
-1 

that are significantly greater 

than their parent analogue ([Ru(tpy)2]
2+

, ΔE2 = 1500 cm
−1

) (Figure 4.8).
49-50

 This may be due 

to increased π-conjugation caused by incorporation of the styrylbenzene and polyaromatic 

unit in the [Ru(tpy)2]
2+ 

skeleton. When temperature is decreased, the energy gap between 

3
MLCT and 

3
MC state increases, thereby enhancing both emission intensity and lifetimes. 

But when temperature is increased, thermal equilibrium between the 
3
MLCT and 

3
MC states 

induces a decrease in ΔE2 values leading to decreased emission intensity and lifetime.   

 

Figure 4.8. Nonlinear fitting of temperature-dependent lifetime data along with the values of 

different parameters for 1 and 2 in MeCN. 
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are also observed between -1.15 and -1.40 V, which arise mostly due to reduction of the co-

ordinated terpyridine units.  

0.0030 0.0033 0.0036
0.0

5.0x10
7

1.0x10
8

1.5x10
8

2.0x10
8

2.5x10
8

1

(1
/

)/
s

-1

(1/T)/K
-1

k
1
= 34494.6 s

-1

k
2
= (2.8 ± 0.8) ×10

13
 s

-1
  

E
2
= 3893.9 ± 96.9 cm

-1

0.0030 0.0033 0.0036
0.0

2.0x10
7

4.0x10
7

6.0x10
7

8.0x10
7

1.0x10
8

1.2x10
8

k
1
= 70372.9 s

-1

k
2
= (1.1 ± 0.2) ×10

13
 s

-1
  

E
2
= 3842.7 ± 75.9 cm

-1

2

(1
/

)/
s

-1

(1/T)/K
-1



Chapter 4 

168 

 

 

Figure 4.9. CVs of 1-3 showing both oxidation and reduction processes in MeCN. 

Table 4.3. Electrochemical Data
a
 for 1-3 in MeCN. 

 

 

 

 

 

 
a
All the potentials are referenced against Ag/AgCl electrode with E1/2=0.36 V for Fc/Fc

+
 couple. 

b
Reversible 

electron transfer process with a Pt working electrode. 
c
E1/2 values obtained using glassy carbon electrode. 

 

 

4.3.7 Anion Sensing Characteristics. The anion sensing characteristics are 

systematically investigated in MeCN via different optical channels and spectroscopic 

techniques. Tetrabutylammonium salts of F
-
, Cl

-
, Br

-
, I

-
, CN

-
, AcO

-
 and H2PO4

-
 are used here. 

The absorption and emission spectral response of 1 in presence of studied anions are depicted 

Compds Oxidation
b
 Reduction

c
 

E1/2/(V) Ered/(V) 

1 1.27 -1.18, -1.40 

2 1.28 -1.17, -1.38 

3 1.29 -1.14, -1.35 

1

2

3
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in Figure 4.10. Only F
-
, among the studied anions is able to induce remarkable change in their 

spectral profiles.  

 
Figure 4.10. Absorption (left) and emission (right, λex=500 nm) spectrum of 1 in MeCN 

(1.0×10
-5

 M) in absence and in presence of studied anions as their TBA salts. 

 

  

In order to acquire quantitative insight about the receptor-anion interplay, we 

executed titration experiments upon gradual addition of F
-
 and monitor the changes via 

absorption and emission spectroscopy (Figure 4.11). It is seen that upon continuous addition 

of F
-
, a significant increase in absorbance within the spectral domain of 200-400 nm occurs 

for all three complexes (Figure 4.11). This region mostly consists of mixed ILCT and π-π* 

transitions. On a closer inspection, it is evident that absorbance change mostly takes place in 

between 200 and 370 nm for 1, while for 2, the corresponding change occurs in the range of 

200-465 nm. No detectable change in the MLCT band is observed either for 1 or 2. By 

contrast, decrease in 
1
MLCT band intensity is noticed for 3 and successive spectral lines pass 

through clear isosbestic points (Figure 4.11). Saturation takes place upon addition of ~80 

equiv of F
-
. Additionally, the absorption peak at 284 nm for 1 is seen to split in two smaller 

peaks while for 2 the same peak (at 284 nm) undergoes a blue-shift to 272 nm. Thus, the 

change in the spectral pattern is similar for 1 and 2 while different for 3. 

 In the emission side, we see a huge upsurge in emission intensity along with increase 

in Φ upon continuous addition of F
-
 in all cases. The peak at ~660 nm corresponding to 

3
MLCT state undergoes a small increase in emission intensity while the peak at ~520 nm due 

to the ligand-centered emission experiences dramatic increase in emission intensity and it 

seems to be the major emitting peak upon saturation. The extent of increase is maximum for 
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change in either absorption or emission spectral profile even in presence of excess F
-
.  We 

have also acquired the lifetimes of the complexes at the saturation point. Surprisingly, no 

significant change in their lifetime values is observed.  

 

Figure 4.11. Absorption (left panel) and emission (λex=500 nm) (right panel) titration profiles 

of the trans forms of 1-3 (1.0×10
-5

 M) in MeCN upon gradual addition of F
-
. Insets to the 

figures in both left and right panels indicate the estimation of binding constants. 

   

Table 4.4. Change in emission quantum yields () for both trans and cis forms of 1-3 upon 

interaction with F
-
. 
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In order to acquire insight about the stoichiometry of complex-anion interaction, we 

performed Job’s plot analysis by using emission titration data of the complexes as a function 

of the mole fraction of F
- 

(Figure 4.12). The point of intersection appears at ~0.5 mole 

fraction of F
-
, suggesting the formation of 1:1 adduct between the complex and fluoride ion. 

 

Figure 4.12. Job's plot referring to the 1:1 interaction between the complexes 1-3 and F
-
 in 

MeCN.  

 

We have also acquired cyclic voltammograms of the complexes in MeCN upon 

incremental addition of F
-
. We didn't notice any observable change in the potential of either 
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 couple in the positive potential window or ligand-centered reductions in the 

negative potential domain.  

We also estimated the binding constants (K) of the receptor-anion interplay by 

utilizing the absorption and emission titration data of the complexes by employing equation 

4.3 for 1:1 stoichiometry
 
(Figure 4.13, Table 4.5).  

 

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 

0.0 0.2 0.4 0.6 0.8 1.0

0

4x10
4

8x10
4

1x10
5

(I
0
-I

) 5
2

5
 n

m

Mole fraction of F
-

1

0.0 0.2 0.4 0.6 0.8 1.0

0

9x10
5

2x10
6

3x10
6

Mole fraction of F
-

(I
0
-I

) 5
5

0
 n

m

3

0.0 0.2 0.4 0.6 0.8 1.0

0

9x10
4

2x10
5

3x10
5

4x10
5

Mole fraction of F
-

(I
0
-I

) 5
2
0

 n
m

2

(4.3)



Chapter 4 

172 

 

path length, and K is the binding constant. The calculated K values are presented in Table 4.5. 

The values of K for naphthalene (1) and anthracene (2) derivatives are almost comparable 

(~10
4
) and are higher than that of pyrene derivative (3). We also calculated the detection limit 

of the complexes towards F
-
 that lie in the range of 1.2-9.3 × 10

-7
 M (Table 4.5). Detection 

limit of a representative complex 1 is provided in Figure 4.13. 

 

 

Figure 4.13. (a) Absorption and (b) emission spectral changes during the titration of the 

receptor 1-trans (1.0 × 10
-5

 M) with F
-
 in MeCN, inset: (a) A plot of (A-Amin)/ (Amax-Amin) vs. 

Log ([F
-
]), the calculated detection limit of receptor is 3.0×10

-7
 M and (b) A plot of (I-

Imin)/(Imax-Imin) vs. Log ([F
-
]), the calculated detection limit of receptor is 4.2×10

-7
 M. 

 

Table 4.5. Equilibrium constants (K) and detection limits for 1-3 towards F
- 
in MeCN.  

 
 

Compounds 

Binding Constant  Detection Limit/M 

Absorption Emission Absorption Emission 

1-trans 3.6 × 10
4
 3.2 × 10

4
 3.0 × 10

-7
 4.2 × 10

-7
 

2-trans 4.7 × 10
4
 4.6 × 10

4
 1.5 × 10

-7
 1.2 × 10

-7
 

3-trans 1.0 × 10
4
 1.3 × 10

4
 9.3 × 10

-7
 8.9 × 10

-7
 

1-cis 1.1 × 10
4
 2.2 × 10

4
 5.5 × 10

-7
 6.0 × 10

-7
 

2-cis 1.8 × 10
4
 2.1 × 10

4
 6.8 × 10

-7
 7.2 × 10

-7
 

3-cis 0.4 × 10
4
 0.4 × 10

4
 12.8 × 10

-7
 27.5 × 10

-7
 

 

To elucidate the probable mode of interaction, 
1
H NMR titration experiments are 

executed on both 1 and 2 upon systematic addition of F
-
 in CD3CN. The titration profile for 

naphthalene derivative (1) is displayed in Figure 4.14, while that of the anthracene (2) is 

presented in Figure 4.15. In both cases, the signals due to H3''' and H3'' protons undergo 

downfield shift along with increased separation between them. Additionally, for the 

anthracene derivative, the H3''' peak at 9.00 ppm splits further yielding a doublet and/or two 

closely situated singlets upon saturation (Figure 4.15). Similarly, the H6 and H6' protons  
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Figure 4.14. 
1
H NMR spectral titration of 1 upon incremental addition of TBAF in CD3CN. 

 

that appear initially as multiplet, undergo further splitting to generate a well separated as well 

as clearly resolved doublet for both the derivatives. The said well-resolved doublets 

underwent further splitting in case of anthracene derivative. The doublets due to H7 and H7' 

protons attached to the phenyl group of tpy moiety in both cases also move towards the 

downfield region. Upon complexation with Ru
2+

 ion, the terpyridine as well as other aromatic 

protons (C-H groups) in the complexes became acidic and capable to take part in hydrogen 

bonding interaction with incoming F
-
 guest. The observed down-field shift of the above-

mentioned protons is probably due to C-H
…

F hydrogen bonding interaction. The singlet 

owing to the polyaromatic moiety shifts towards the up-field region in both cases, albeit in 

different extent. The peaks due to H3-H5 as well as H3'-H5', associated with terpyridine moiety 

as well the polyaromatic protons undergo only a small change. Upon closer inspection, it is 
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anthracene derivative (2). By contrast, the corresponding shift in case of naphthalene (1) is 

small (Figure 4.14). It is of particular interest to note that the integration count of total 

number of protons became almost double in each case upon saturation, suggesting the 

formation of dimer-type species. The aforementioned shift of selected proton signals in 

presence of F
-
 is due to interplay of several non-classical interactions, viz. CH

…
F hydrogen 

bonding together with CH-π and anion-π interactions. Additionally, we surmise that the 

combined influences of these non-covalent interactions induce two complex entities to come 

closer leading to the formation of dimer-type species.  

 

Figure 4.15. 
1
H NMR spectral titration of 2 upon incremental addition of TBAF in CD3CN. 
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place in both absorption and emission spectral profiles, although the mode of change in 

absorption spectral profile differs from 1-3. In the NMR titration profile, down-field shift of 

the peaks corresponding to H3, H3', and H4' protons also takes place in presence of F
-
.  But in 

contrast to the studied complexes, no change in multiplicity of the peaks occurs. Additionally, 

no doubling of integration counts is observed upon saturation in case of [Ru(tpy)2]
2+

. The 

down-field shift of the terpyridine proton resonances in [Ru(tpy)2]
2+

 upon addition of F
-
 is 

most probably due to through-space electrostatic interaction with F
-
.
80

 Of course, interaction 

between F
- 
and CH protons of the terpyridine motifs is a distinct possibility.  

 

Figure 4.16. Absorption (left) and emission (λex=500 nm) (right) titration profiles 

[Ru(tpy)2]
+2

 (1.0×10
-5

 M) in MeCN upon gradual addition of F
-
.  

 

 

Figure 4.17. 
1
H NMR spectral titration of [Ru(tpy)2]

+2
  upon incremental addition of TBAF 

in CD3CN. 
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 To understand the mode of receptor-anion interaction, we also executed 
19

F NMR 

titration experiments upon gradual addition of naphthalene (1) and anthracene (2) derivatives 

to the CD3CN solution of TBAF and related spectral profiles are presented in Figure 4.18. 

Free TBAF shows a strong singlet at -127.84 ppm corresponding to F
-
 ion and a broad peak at 

-119.67 ppm for HF2
- 
species. Addition of the complexes induces a small up-field shift of the 

singlet peak together with its gradual diminution, indicating shielding of F
-
 by the complex 

species due to formation of complex
…

F
-
 adduct. Upon saturation, although the peak intensity 

gradually diminishes in both cases, it is not completely removed for 1, while for 2, it gets 

completely removed. The intensity of the broad peak also decreases in both cases, albeit in 

different extent, but does not completely vanish. The observed difference in behaviour can be 

attributed to the differences in the extent of interactions among the complex and fluoride and 

it appears that anthracene derivative interacts strongly with fluoride ion compared with its 

naphthalene analogue. During the course of titration, no additional peak is evolved. Thus, 
19

F 

NMR spectral investigations strongly indicate the occurrence of non-classical interactions 

among the complexes and F
-
 and ruled out the possibility of covalent attachment of fluorine 

in the complex backbone. 

 

 

Figure 4.18. 
19

F NMR titration of 1 (left panel) and 2 (right panel) with F
-
 showing 

complex
....

F
-
 interaction in CD3CN  at RT. 
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Doubling of the integration count of total number of protons in 
1
H NMR spectra of

 

complexes 1-2 motivates us to execute dynamic light scattering (DLS) experiments. The DLS 

experiments are performed in MeCN solutions of the complexes in their free forms as well as 

in presence of 80 equiv of F
-
 and the results are presented in Figure 4.19. Interestingly, the 

particle size is found to increase from initial 5-35 nm to 120-150 nm upon F
-
 addition. As no 

additional solvent is employed in the DLS experiment, the possibility of solvent-induced 

aggregation phenomenon could be ruled out. Thus, the outcome of both NMR and DLS 

experiments leads us to speculate the occurrence of some sort of aggregation through the 

intermediary of F
- 
ion.

81
   

 

Figure 4.19. Particle size distribution of 1-3 with in MeCN in their free (left panel) and F
-
 

saturated forms (right panel). 
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 The outcomes of absorption, emission, 
1
H and 

19
F NMR spectroscopic measurements 

as well as DLS experiment unambiguously suggest that the complexes interact strongly with 

incoming F
- 

ion. The observed changes are probably due to combination of several non-

classical interactions, viz. CH
…

F hydrogen bonding, CH-π, anion-π together with through-

space electrostatic interaction between positively charged complex entity and F
-
. These 

interactions, however weak they maybe, are able to bring the complex entities close to one 

another up to a certain extent. These non-covalent interactions help to hold the molecules 

together, thereby restricting the intramolecular motions (rotation and vibration) of the 

components. This restriction of intramolecular motions (RIM) inhibits non-radiative 

deactivation channels which in turn improves the emission characteristics of the complexes in 

presence of fluoride ion. 

To substantiate our hypothesis on various types of non-covalent interactions that are 

operative among the complexes and fluoride ion, we have performed DFT calculations on a 

representative complex, 1 (Figure 4.20). We first optimized the ground state geometry of 

complex and calculated its energy (A). Next, we computed the change in energy due to 

interaction of F
- 
at some specified positions of the complex. We mainly considered two types 

of non-covalent interactions, viz. CH---F
-
 hydrogen bonding and anion-π. We initially 

optimized geometries involving only CH---F
-
 interactions pertaining to terpyridine and 

styrylbenzene moiety. We considered two as well as four numbers of feasible CH---F
-
 

interactions (B and C). We then optimized the geometry of the complex by taking into 

consideration the fluoride-pi type interaction within a single entity (D) and subsequently 

optimized the geometry consisting of pi-fluoride-pi type interaction involving two adjacent 

naphthalene units (E). Systematic lowering of energy is observed upon increase in number of 

CH---F interactions (B and C). The energy in case of fluoride-pi type interaction within the 

single entity is also lowered, albeit in smaller extent (D). The energy of the optimized 

geometry involving the dimer-type species (E), on the other hand, gets remarkably lowered 

compared to those involving fluoride-pi interaction within the single entity as well as CH---F 

interactions (F). The combination of both fluoride-pi and CH---F interactions within the 

single entity does not significantly lower the energy, although the value is slightly lower than 

that of individual contribution. This observation is in-line with our 
1
H NMR study wherein 

downfield shift of protons occurs upon F
-
 addition. We also observed the doubling of 

integration count in 
1
H NMR as well as increase in size of the complex molecules in DLS 

study upon F
-
 addition which suggest the formation of some sort of dimer-type species. In 

this light, we calculated the energy of the complex molecule upon dimerization via pi-
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fluoride-pi type interaction (E) and the results indicate a very drastic decrease in energy 

which is even lower than the forms involving both fluoride-pi and CH---F interaction within 

the single entity (F). Additionally, stabilization of the geometry involving simultaneous pi- 

 

 

Figure 4.20. Calculated energy diagram showing decrease in energy of 1
…

F
- 
complex adduct 

due to CH----F and anion-π interactions.   

 

fluoride-pi and CH---F interactions is the highest and has the lowest energy value than those 

of all the other forms mentioned above (G). Such remarkable stabilization is the 

manifestation for simultaneous occurrence of both anion-pi and CH---F interactions in the 

complex adduct. It is to be noted that the ground state energy of complex 1 is -6.9×10
4 

eV 

which drastically decreases up to -1.4×10
5 

eV when two complex moieties are associated via 

anion-pi interactions only. Further decrease in energy is observed when anion-pi and CH---F 

interactions occur simultaneously (-1.6×10
5 

eV). Hence, DFT calculations indicate that anion-

pi interaction is the major contributor towards the overall decrease in energy. We have also 

calculated the ESP plots of the ancillary ligand, free complex as well as the dimer-type 

adduct of the naphthalene derivative (1) (Figure 4.21). It is noticed that the free form of the 

complex is electron deficient in nature and in presence of F
-
, the electron density is found to 

flow from F
-
 into the complex backbone leading to formation of dimer. Thus, although there 

is no solid experimental evidence (single crystal X-ray structure), the outcomes of DFT 
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calculations provide sufficient insight for the occurrence of substantial anion-pi as well as 

finite CH---F hydrogen bonding interactions among the complex entities through 

intermediary of F
-
. 

 

Figure 4.21. Electrostatic surface potential (ESP) plots of (a) ligand, (b) metal complex 1 and 

(c) dimer-type adduct of 1---F
-
 in MeCN. 

 

 We are interested to know whether the observed changes in the complexes in presence 

of fluoride ion are reversible or not. This is tested by the addition of a fluoride scavenger at 

the end of the titration experiments with fluoride. Herein, we used a Lewis acid (BF3) as well 

as a protic acid (HClO4) as the fluoride scavenger. BF3/HClO4 is gradually added to the 

anion-treated solutions of 1 and 2 and the observed changes are monitored via absorption and 

emission spectroscopy (Figure 4.22). Interestingly, the initial state of the complexes almost 

gets restored at saturation. Moreover, the processes are reversible and could be repeated 

several times. Hence, the complexes under present investigation could function as on/off 

emission switches upon treating alternately with F
-
 and either BF3 or HClO4, as shown in 

Scheme 4.2.  

 
Figure 4.22. Change in absorption (left panel) and emission spectra (right panel) upon 

addition of H
+ 

to F
-
 saturated solutions of 1 and 2.  
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Scheme 4.2. Simplified scheme depicting the process of reversible F
-
/H

+
 addition. 

  

 4.3.8 Photo-Isomerization. As already mentioned, a stilbene motif is present in the 

complex backbone and transformation from trans→cis form upon interaction with light leads to 

conformation change in the polyaromatic as well as heteroaromatic moieties in the complexes. 

It is quite expected that the extent of different non-covalent interactions would also be 

substantially altered on going from trans to the cis-isomer. To this end, we carried out detailed 

photoisomerization behaviors of the present complexes. The influence of visible light 

irradiation (ex= 500 nm) on the solutions of the complexes is followed via their absorption 

and emission spectra as a function of photolysis time (Figure 4.23). Similarity in the spectral  

 

Figure 4.23. Absorption (left) and emission (right) (λex = 500 nm) spectral change of 1, 2 and 

3 upon treatment with visible light. Insets to the right panel of figure represent emission 

decay (λex = 490 nm NanoLED) along with their lifetime before and after photo-irradiation. 
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pattern is noticed for all three complexes. Systematic decrease in absorbance of both MLCT 

and mixed MLCT/ILCT bands occur with concomitant increase in the π-π* bands in the UV 

region. Of course, the decrease in the absorbance is greater for ILCT bands in comparison to 

MLCT. Small but finite blue-shift of the MLCT band also takes place during the 

isomerization process. The process is accompanied with evolution of well-defined isosbestic 

points. The time required to reach the photo-stationary state varies within the range of 80-142 

min, dependent on the type of polyaromatic motif in the complexes. The corresponding 

emission spectral changes upon irradiation are shown in Figure 4.23.  Substantial reduction in 

emission intensity as well as quantum yield takes place accompanied with small blue-shift in 

their emission maxima. We have also measured the lifetimes of the complexes both in their 

initial and final forms. The results indicate only a small decrease in lifetime for all the 

complexes upon isomerization (Figure 4.23).  

 With regard to acquire a direct proof, the photoisomerization process is also 

monitored via 
1
H NMR spectroscopy. For this purpose, we have performed the 

photoisomerization of a representative complex (1) in DMSO-d6-CDCl3 (1:5 v/v) solvent 

mixture for about 12 h (Figure 4.24). It is seen that the olefinic protons in the 6.62-6.52 ppm 

region gradually lose their intensity while a new peak is generated in the more up-field 

domain (~6.00 ppm). The extent of shift (Δδ) is 0.60 ppm. Longer exposure to light leads to  

  

  

Figure 4.24. 
1
H NMR spectrum of 1 in DMSO-d6-CDCl3 (1:5 v/v) before and after 

photolysis with visible light for 12h.  
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the generation of higher amount of cis form, although some trans isomer still remains even 

upon reaching saturation. Interestingly, the coupling constant (J) value of the olefinic protons 

also decreases from ~16 Hz to ~12 Hz upon isomerization. Chemical shift of the protons 

adjacent to the double bonds are also shifted to the more up-field region with a diminution in 

the intensity of the peaks. The observed changes corroborate the occurrence of trans→cis 

photoisomerization upon visible light irradiation. 

We also tried to carry out the backward cis→trans photoisomerisation process by 

keeping the solution in dark for a long time. Since the process was extremely slow, we 

executed the backward process by irradiating with UV light of 280 nm (Figure 4.25). The 

initial state was almost reverted back after ~300 min of light irradiation.  

   

Figure 4.25. Absorption (left) and emission (ex=490 nm, right) spectral changes in the cis 

forms of 1-3 upon UV light irradiation. 
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We have calculated rate constant (kiso) as well as quantum yields () of both forward 

(trans→cis, tc) and backward (cis→trans, ct) photoisomerization process. The 

estimated values of kiso and  are summarized in Table 4.6, while the related figures are 

presented in Figure 4.26. A first order kinetics is followed at the early stage of 

photoisomerization. For the forward process, the value of kiso varies between 3.48 and 7.28  

 

Table 4.6. Rate constant (kiso) and quantum yield (tc) for forward and backward 

photoisomerization process in the complexes. 

 

 

 

 

  

 
Figure 4.26. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to trans→cis (left) and cis→trans (right)  process of 1-3 upon irradiation with visible  and 

UV light respectively. Inset to these plots give the values of rate constant of photo-

isomerization for the compounds. 
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×10
-4

 s
-1 

and tc alters within the range of 1.54-3.02×10
-2

, while for the backward process, 

the corresponding values decreases by one-order of magnitude than that of the forward 

process. The reverse process is found to be much slower than that of the forward. Thus, the 

present complexes can behave as efficient photoswitches upon alternating treatment with 500 

and 280 nm light as presented in Scheme 4.3. 

 
 

Scheme 4.3. Simplified scheme depicting the process of reversible trans→cis 

photoisomerization. 

 

4.3.9 Anion Sensing Characteristics of the Cis-form of the Complexes. As 

transformation from trans to the cis-form leads to conformation change in the polyaromatic 

moieties, it is expected that the extent of different non-classical interactions would be 

substantially altered on going from trans to the cis-isomer in the complexes. To this end, we 

also executed the anion sensing characteristics of the cis-form of the complexes and compared 

with their trans-forms. The absorption and emission spectral change in the cis-form of the 

complexes is monitored upon step-by-step inclusion of F
-
 (Figure 4.27). First of all, 

noticeable change in the spectral pattern is observed on passing from the trans to the cis form 

of the complexes, albeit the extent of change in the cis form is found to be less compared 

with their respective trans form. In particular, the absorption spectral pattern differs quite 

remarkably for all complexes wherein the change in the absorbance within the spectral 

domain of 200-300 nm is relatively smaller than their trans analogues. Additionally, the 

alteration in spectral profile in the visible region (
1
MLCT transition) is highest for the pyrene-

derivative (3) in the trans form, while the corresponding change is maximum in the cis-form 

for the anthracene-derivative (2). In both cases, the spectral change is accompanied with 

visual color change. In line with trans isomers, considerable augmentation in emission 

intensity and Φ is also observed in respective cis-form, albeit to a small extent.  The titration 

data of the cis- form of the complexes are also utilized for estimating both the binding 

constants and detection limits and the values are already presented in Table 4.5, Figure 4.27 

and Figure 4.28 (for 2). Upon comparing, it is evident that values of both binding constants 

and detection limits are less in cis- than that of the trans analogues. Considering the extent of 
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change in their spectral profiles as well as the values of binding constants for receptor-

fluoride interactions, it appears that the trans-form is capable to take part in stronger non- 

covalent interactions relative to their cis-isomers. It is quite expected that the polyaromatic as 

well as the heteroaromatic motifs in the cis-forms are in strained conformations which in turn 

restrict them to take part in strong interaction with incoming anionic guest. 

 

Figure 4.27. Absorption (left panel) and emission (λex=500 nm) (right panel) spectral 

titrations with cis-forms of 1-3 (1.0× 10
-5

 M) in MeCN upon gradual addition of F
-
. Insets to 

the figures in both left and right panels indicate the estimation of binding constants. 

 

Figure 4.28. (a) Absorption and (b) emission spectral changes during the titration of the 

receptor 2-cis (1.0 × 10
-5

 M) with F
-
 in MeCN, inset: (a) A plot of (A-Amin)/(Amax-Amin) vs. 

Log ([F
-
]), the calculated detection limit of receptor is 6.8×10

-7
 M and (b) A plot of (I-

Imin)/(Imax-Imin) vs. Log ([F
-
]), the calculated detection limit of receptor is 7.2×10

-7
 M. 
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4.4 Conclusions 

With regard to our sustained interest in designing prospective molecular sensors and 

switches, a new array of heteroleptic Ru(II)-terpyridine complexes coupled with stilbene-

appended naphthalene, anthracene and pyrene motifs has been designed. The complexes 

display moderately intense emission at RT with elevated lifetimes (16.7 ns for naphthalene-, 

11.4 ns for anthracene-, while 8.3 μs for pyrene derivative). The most important aspect of the 

present study is the selective recognition of F
-
 among the studied anions. The outcomes of 

absorption, steady state and time-resolved emission, 
1
H and 

19
F NMR spectroscopic 

measurements as well as DLS experiment unambiguously suggest that the complexes interact 

strongly with F
-
 via  combination of several non-classical interactions, viz. CH…F hydrogen 

bonding, CH-π, anion-π together with through space electrostatic interaction between 

positively charged complex entity and F
-
. In conjunction with experimental investigations, 

theoretical calculation employing DFT is also executed for a selective complex to elucidate the 

mode of receptor-anion interaction.  

Taking advantage of the stilbene motif, the complexes exhibit reversible trans-cis 

isomerization upon alternate treatment of visible and UV light so that the complexes can act as 

potential photo-molecular switches. The anion sensing characteristics of the cis-form of the 

complexes have also been executed and the extent of interaction is found to be substantially 

reduced than that of their trans-counterparts. Interestingly, the anion-treated solutions of the 

complexes get restored to their initial state upon treating with fluoride scavenger and the 

processes are reversible and could be repeated many times. Thus, in addition to their 

capability to act as potential photo-molecular switches, the complexes under present study 

also have the ability to function as on/off emission switches upon alternate treatment with F
-
 

and BF3/HClO4.  
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5.1 Introduction 

Ruthenium(II) complexes derived from polypyridine ligands can act as potential 

building blocks for the fabrication of photochemical molecular devices and machines by 

taking advantage of their remarkable amalgamation of photophysical and redox behaviours.
1-8

 

The polypyridines typically comprise of either bidentate chelating units, viz. 2,2'-bipyridine 

(bpy) and 1,10-phenanthroline (phen) or tridentate sites such as 2,2':6',2''-terpyridine (tpy) 

motif connected with different types of spacers to control the topology and electronic nature 

of the resulting metal-ligand assembly.
9-15

 The incredible progress made in the chemistry of 

bipyridine and oligopyridines was originated by the discovery of the remarkably effectual 

photosensitizing behaviour of [Ru(bpy)3]
2+

 and thereafter flourished by the design of several 

other tris-bidentate Ru(II) complexes.
14-19

 But the synthesis of tris(bpy)-type complexes is 

always associated with formation of diastereomeric mixtures and separation of which is very 

tedious. Bis-terpyridine type complexes, on the other hand, produces achiral rod-like 

structures when substituted at the 4'-position of the tpy ligands.
20-25

 However, the major 

shortcomings is their non-luminescence characteristics together with very short excited-state 

lifetimes (τ = 0.25 ns for of [Ru(tpy)2]
2+

) which is the main constraint for their potential use 

as efficient photosensitizers.
21,26-27

 Several synthetic strategies have been adopted by various 

research groups to design luminescent terpyridine-type complexes of Ru(II) with elevated 

excited-state lifetimes at RT. In most of approaches, the emphasis was given to enlarge the 

energy barrier among the radiative triplet metal-to-ligand charge transfer (
3
MLCT) and non-

luminescent triplet metal-centered (
3
MC) states. Lowering the energy of 

3
MLCT state could 

be accomplished by incorporating electron-withdrawing group-,
28-32 

 coplanar heteroaromatic 

motif,
33-35 

organic chromophores,
36

 etc. Certainly, execution of such protocols leads to 

augmentation of RT emission characteristics of the designed complexes in comparison to 

[Ru(tpy)2]
2+

.
37

 An alternative strategy is to destabilize the 
3
MC state by employing 

cyclometalated ligands.
38-42 

Modification of the terpyridine motif could be done by replacing 

the pyridines with other heterocyclic rings to enlarge the bite angle of the tridentate ligand.
43

  

With regard to our continued interest to design luminescent Ru(II)-terpyridine 

complexes, we have recently reported a new family of emissive stilbene-appended Ru(II)-

terpyridine complexes of the type, [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2, consisting of a 

polyaromatic hydrocarbon unit such as anthracene, naphthalene and pyrene at the 4' position 

of the terpyridines (Chart 5.1).
44

 The incorporation of polyaromatic hydrocarbon along with 

stilbene moiety is expected to have their 
3
π-π* state which is quasi-isoelectronic to the 
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Chart 5.1. Chemdraw structures of the complexes. 

 

3
MLCT state in the complex entity. Upon photo-excitation, reversible intercomponent energy 

transfer is feasible between 
3
MLCT and 

3
π-π* states so that the adjoining polyaromatic 

chromophores can act as an energy reservoir so as to repopulate the emissive 
3
MLCT state, 

with an overall effect of „delaying‟ the emission yielding long-lived excited-state.
45-47

 In 

practice, the complexes display moderately strong emission at RT having lifetime of 16.7 ns 

for naphthalene-, 11.4 ns for anthracene-, while substantially elevated lifetime of 8.3 μs for 

pyrene derivative. Additionally, by taking advantage of polyaromatic and heteroaromatic 

motifs, the anion recognition characteristics of the complexes have been investigated via the 

intermediary of different non-covalent interactions. 

 In this work our target is to modulate the photophysical properties in general and RT 

emission features in particular of the said complexes via aggregation through the usage of 

dissimilar solvents.
48-52

 Molecules that are typically non-emissive in their dilute solutions 

could be made emissive upon inducing aggregation via suitable solvent mixtures.
53-61

 This 

protocol is termed as aggregation induced emission (AIE) and was first developed by Tang.
62

 

Another protocol, pioneered by Park and co-workers,
63

 demonstrated aggregation induced 

emission enhancement (AIEE), wherein the emissive molecules display further augmentation 
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in the emission characteristics upon aggregation.
64-65

 Restrictions of intermolecular rotations 

(RIR) are the probable cause of both AIE and AIEE.
66-67

 Ru(II) complexes based on 

terpyridine-type ligands usually either non-luminescent or weakly emissive at RT with low 

quantum yield and short excited state lifetime. In the design protocol, we introduced different 

polyaromatic hydrocarbon along with stilbene moiety in the complexes. It is expected that the 

present complexes, by virtue of their delocalized pi-electron cloud, will take part in the 

aggregation process through the judicious choice of solvent mixtures.
68-75

 Herein, our 

objective is to modulate the RT emission behaviours of the present Ru(II)-terpyridine 

complexes upon inducing aggregation through the use of different solvent mixtures. To fulfil 

our objective, we have thoroughly investigated the modulation of luminescence 

characteristics of the present stilbene-appended heteroleptic Ru(II)-terpyridine complexes of 

the type, [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2, wherein X =  naphthalene, anthracene, and 

pyrene moiety via aggregation through the use of appropriate solvent mixtures. Interestingly, 

the complexes display both aggregation-induced emission quenching as well as emission 

augmentation, depending upon nature of the solvent mixtures. Additionally, in opposing to 

majority of the reported systems that display bathochromic-shift of emission peak upon 

aggregation, the present complexes show emission augmentation and/or quenching, keeping 

either the emission maximum unchanged or slightly-blue shifted, depending upon the solvent 

mixtures.  The augmentation of emission maximum accompanied with blue-shift is called 

Aggregation-Induced Blue-Shifted Emission (AIBSE) and extensive investigations are being 

executed in recent time to fabricate quantum efficient systems.
76-80

  

In the design protocol, we have incorporated a styrylbenzene moiety onto the complex 

architecture that could lead to trans-cis isomerization upon treatment with light.
81-92

 We have 

already investigated the reversible trans-cis isomerization of the free form of the complexes 

upon alternative treatment of visible and UV light.
44

 In this work, we also executed  trans-cis 

photoisomerization of the aggregated form of the complexes.  As will be demonstrated, 

substantial alteration of both rate and quantum yield of photoisomerization takes place on 

passing from free-form to the respective aggregated form of the complexes.
91

  

 

5.2 Experimental Section 

5.2.1 Materials. RuCl3·xH2O and sodium perchlorate are purchased from Merck. 

Other chemicals and solvents are procured from local vendors. The terpyridine ligands, tpy-

pvp-X (X=naphthalene, anthracene, and pyrene) ligands as well as their heteroleptic Ru(II)  
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complexes of the type, [(tpy-PhCH3)Ru(tpy-pvp-X)](ClO4)2 have been prepared and 

thoroughly characterized, the details of which are provided in Chapter 2 and Chapter 4. 

Caution! Perchlorate salts of the metal complexes are potentially explosive and 

therefore should be handled in small quantities with care. 

5.2.2. Instruments and Physical Methods. Details of instruments and physico-

chemical measurements are previously discussed in Chapter 2.  

5.3 Results and Discussions  

5.3.1 Synthesis and Characterization. The details of synthesis and characterization 

of the heteroleptic complexes have already been provided in chapter 4.
44

  

5.3.2 Computational Investigation. The DFT optimized geometry together with the 

frontier molecular orbitals of 1-Naph are presented in Figure 5.1. The compositions of 

respective HOMOs and LUMOs are presented in Table 5.1. The HOMOs are localized mostly 

on the Ru(II) centre and partially on the styrylphenyl and polyaromatic moiety. The LUMOs, 

on the other hand, are localized primarily on the terpyridine units.  

 

Figure. 5.1. Schematic drawings of the selective frontier molecular orbitals of trans form of 

1-Naph  in MeCN. 

 

 5.3.3 Aggregation-induced Modulation of the Emission Characteristics of the 

Complexes. The molecular architecture of the complexes consists of extensive hetero-

aromatic as well as polyaromatic moieties which endow the complexes to exhibit typical 

aggregation induced behaviours. Herein, we have investigated the aggregation phenomena by  

HOMO HOMO-1 HOMO-2

HOMO-3 HOMO-4 HOMO-5

LUMO LUMO+1 LUMO+2

LUMO+3 LUMO+4 LUMO+5

Trans
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Table 5.1. Selected MOs along with their energies and compositions in the ground state for 

[(tpy-PhCH3)Ru(tpy-pvp-naph)]
2+

 in MeCN. 

 

 

 

 

 

 

 

 

 

 

 

employing different solvent mixtures. As the emission spectral characteristics of the complex 

chromophores are critically dependent on the microenvironment, we investigated their 

emission spectral characteristics in a mixed environment of binary solvent mixtures. Herein, 

we employed five different types of solvent mixtures, viz. DMSO-H2O, DMSO-CHCl3, 

DMF-H2O, MeCN-H2O (where DMSO, DMF and MeCN act as good solvent whereas H2O 

as the poor solvent) as well as DCM/hexane (where DCM is good solvent while hexane as the 

bad solvent). The emission spectra of all three complexes, acquired upon varying the ratio of 

DMSO/H2O mixture is shown in Figure 5.2. It is to be noted that all three complexes display 

a broad emission band within the spectral domain of 600-900 nm together with a sharp peak 

in the range of 513-520 nm, upon excitation at 450 nm. The longer wavelength bands are 

mostly due to deactivation from the 
3
MLCT state, while the sharp peak within the narrow 

range of 513-520 nm corresponds to the ligand-centred emission, arising out of the 

deactivation of 
3
ILCT and/or 

3
π-π* state. We have also recorded the excitation spectra of all 

three complexes within the spectral range of 200-630 nm, keeping the emission maximum 

fixed at ~670 nm. The relevant excitation spectra are provided in Figure 5.3. The excitation 

spectral profiles clearly indicate that the tail of the excitation spectrum extend below 550 nm 

in all cases. Since no detectable change in the ligand centred emission takes place upon 

aggregation, we displayed the emission spectral profiles of the complexes within the spectral 

domain of 600-900 nm for clarity. It is seen that upon increasing the water fraction (fW), the 

emission intensity gradually decreases in all three cases which is also evident from their  

MO [(tpy-PhCH3)Ru(tpy-pvp-naph)]
2+

 

Energy/eV % compositions 

trans  trans 

Ru naptha Pvp Mpt 

cap 

tpy 

LUMO+5 -1.58 0.00 0.00 0.00 49.89 50.09 

LUMO+4 -1.91 0.35 25.98 43.75 0.07 29.84 

LUMO+3 -2.41 3.11 0.00 0.31 51.05 45.51 

LUMO+2 -2.49 0.00 0.00 0.33 47.39 52.27 

LUMO+1 -2.65 7.88 0.01 0.08 90.05 1.96 

LUMO -2.70 7.66 2.32 10.73 2.01 77.25 

HOMO -5.63 5.97 46.49 42.62 0.67 4.24 

HOMO-1 -6.08 60.56 0.00 0.00 32.68 6.74 

HOMO-2 -6.13 69.83 0.13 0.03 15.04 14.94 

HOMO-3 -6.15 46.10 31.18 4.38 5.15 13.17 

HOMO-4 -6.37 16.67 62.04 14.28 1.87 5.12 

HOMO-5 -6.91 12.25 0.00 0.00 86.21 15.28 
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Figure 5.2. The emission (ex=500 nm, left panel) spectral changes of the complexes upon 

varying the relative ratio of DMSO and H2O. Right panel shows the corresponding change in 

emission decay (ex=450 nm NanoLED) along with the lifetime values of the initial and final 

form of the complexes. 

 

Figure 5.3. Overlay of the absorption and excitation (λem= 670 nm) spectrum of 1-Naph and 

2-Anth in MeCN. 
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quantum yield values (Table 5.2). A small blue-shift is noticed only in case of naphthalene 

derivative. We have also measured the lifetimes of the free as well as 90% fW forms of all 

three complexes by time-correlated single photon counting (TCSPC) technique upon exciting 

with 450 nm NanoLED and the measured average lifetime (τavg)
93

 of the complexes in 

different solvent mixtures are provided in Table 5.3. The lifetime value is seen to increase in 

almost all cases, albeit in different extent upon saturation (fW=90%, Table 5.3). We have also 

studied the aggregation behaviours of the complexes in DMSO upon increasing the CHCl3 

fraction, wherein we observed gradual quenching of emission together with increase in 

lifetime, similar to that of DMSO/H2O mixture.   

 

Table 5.2. Emission quantum yield of the complexes in their free form (ɸ 0%) and 90% 

aggregated form (ɸ 90%). 

 
solvent Compounds 

 

ɸ 0%  

(×10-3) 

ɸ 90% 

(×10-3) 

DMSO/ H2O 1-Naph 12.4 5.7 

DMSO/ H2O 2-Anth 6.3 3.8 

DMSO/ H2O 3-Pyr 3.8 0.08 

MeCN/ H2O  1-Naph 3.3 4.5 

MeCN/ H2O 2-Anth 2.1 4.8 

MeCN/ H2O 3-Pyr 0.4 1.7 

DCM/Hexane 1-Naph 6.8 25.1 

DCM/Hexane 2-Anth 2.1 11.7 

 

Table 5.3. Average lifetime (τavg) values of the trans and cis isomers of complexes in their 

free and aggregated forms. 

 

 Figure 5.4 demonstrates the change in the emission spectral profiles of the complexes 

upon variation of MeCN/H2O ratio. In contrast to the observed behaviour in DMSO/H2O and 

DMSO-CHCl3, the luminescence intensity steadily enhances here upon increase in water 

fraction, indicating the occurrence of aggregation induced emission enhancement. Small 

variation in the extent of enhancement, depending upon the nature of polyaromatic moiety, is 

also noticed (Table 5.2). Lifetimes are also measured and we see that the 90% fW show an 

increased values of lifetimes in all cases compared to their non-aggregated form (Table 5.3). 

 We also studied the AIEE phenomenon in non-aqueous solvent systems upon 

employing DCM/hexane mixture (Figure 5.5).  Upon gradual increase in hexane volume (fH),  

Compou
nd 

Average Lifetime (τavg) 

DMSO/H2O DMSO/CHCl3 MeCN/H2O DCM/Hexane Photoisomerized  

 free 90%  

H2O 

free 90%  

CHCl3 

free 90%  

H2O 

free 50% 

hexane 

90% 

hexane 

50% 

cis 

hexane 

90%  

cis 

hexane 

1-Naph 14.3 ns 17.5 ns 14.3 ns 11.1 ns 5.0 ns 11.5 ns 5.4 ns 58.3 ns 124.3 ns 11.6 ns 5.7 ns 

2-Anth 7.7 ns 8.3 ns 7.7 ns 6.5 ns 3.7 ns 7.81 ns 4.7 ns 9.6 ns 16.1 ns 9.2 ns 4.2 ns 

3-Pyr 4.9 µs 6.6 µs 4.9 µs 6.3  µs 1.9 µs 2.4 µs - - - - - 
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Figure 5.4. The emission (ex=500 nm) (left panel) spectral changes of the complexes upon 

varying the relative ratio of MeCN and H2O. Right panel shows the corresponding changes in 

emission decay (ex=450 nm NanoLED) along with the lifetime values of the initial and final 

form of the complexes. 

 

the luminescence intensity drastically increases up to 90% fH for both 1-Naph and 2-Anth 

but no change is observed for 3-Pyr (Table 5.2). Lifetime values of the complexes in their 

50% and 90% aggregated form are also measured and shown in Figure 5.5 and Table 5.3. In 

contrast to previous three set of binary solvent mixtures, drastic increase in lifetime takes 

place for both 1-Naph and 2-Anth upon increase in hexane fraction. In line with steady state 

spectra, almost no change in lifetime is observed in case of complex 3-Pyr. It is of interest to 

note the extent of emission enhancement is much higher for DCM/hexane mixture than that 

of MeCN/ H2O system. It is well known that the intramolecular motions (rotation and 

vibration) often induce non-radiative deactivation of the excited-states. Upon aggregation, the  
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Figure 5.5. The emission (ex=500 nm) (left panel) spectral changes of 1-Naph and 2-Anth 

upon varying the relative ratio of DCM and hexane. Right panel shows the corresponding 

change in emission decay (ex=450 nm NanoLED) along with the lifetime values of the 0%, 

50% and 90% hexane fraction. 
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lifetime in their free- (ɸ 0%) and 90% aggregated form (ɸ 90%) of the complexes is provided in 

Table 5.2 and Table 5.3. 
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motions (RIM) is probably dominant over the - stacking interaction in MeCN-H2O and 

DCM-hexane mixtures and thereby induces aggregation-induced emission enhancement. It is 

of interest to note that the extent of emission quenching and/or enhancement is higher for 3-

Pyr than that of 1-Naph and 2-Anth, probably because of its larger -delocalization. Hence, 

we are successful in demonstrating different aggregation-induced emission spectral behavior 

in present Ru(II)-terpyridine complexes upon varying the polyaromatic substituent as well as 

the type of the solvent mixtures. 

  In order to obtain direct proof for the occurrence of aggregation phenomena, we 

carried out dynamic light scattering (DLS) experiments in DMSO/ H2O and MeCN/ H2O 

mixtures. In both cases, the experiments are performed on varying the composition of water 

(0%, 50% and 90%) and the result for 1-Naph is presented in Figure 5.6. Interestingly, the 

size of the aggregate is found to increase in all three complexes, albeit in different extent,   

 

Figure 5.6. Left Panel: Particle size distribution of 1-Naph with different MeCN/water 

compositions: 0% (a) 50% (b) and 90% (c) water in MeCN. Right Panel: Particle size 

distribution of 1-Naph with different DMSO/water compositions: 0% (a) 50% (b) and 90% 

(c) water in DMSO.   
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with the increase in the water fraction of the binary mixtures. Increase in the size of the 

aggregates supports the occurrence of aggregation. For acquiring further support in favour of 

aggregation, we recorded the 
1
H-NMR spectrum of a representative complex (1-Naph) upon 

step-by-step addition of D2O to its DMSO-d6 solution (Figure 5.7). Upon incremental 

incorporation of D2O, systematic change in the spectral pattern together with chemical shifts 

of selected protons is observed. Most of the proton resonances experience up-field shift upon 

sequential addition of D2O. Slight alteration of proton multiplicities also takes place for 

selected proton resonances. Thus, both DLS and 
1
H NMR spectral measurements suggest the 

occurrence of aggregation. 

 

Figure 5.7. 
1
H NMR spectral profile of 1-Naph upon incremental addition of D2O in DMSO-

d6. 
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significant decrease in energy of the aggregated form, promoting system stability and 

facilitating spontaneous aggregation. 

  

Figure 5.8. The calculated energy diagram of the free- and aggregated form of 1-Naph in 

MeCN and water, respectively. 

 

 

5.3.4 Photoisomerization in the Aggregated Forms of the Complexes. By virtue of 

the presence of stilbene moiety, the aggregated form of the complexes is also expected to 

undergo trans to cis isomerization upon light irradiation. We used the DCM/hexane solvent 

system for this purpose as the rate of isomerisation is appreciably faster in non-polar 

solventas seen in our previous study. In the event of investigating the effect of light 
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photostationary state. It is seen that the lifetime value decreases as we move from the trans 

form of the aggregated complexes to their respective cis form (Table 5.3). Scheme 5.1 

illustrates the conformational change in the aggregated form of the complexes on passing 

from trans to cis isomer.    

 

Figure 5.9. Absorption (left) and emission (right, ex=490 nm) spectral changes of 50% (a 

and b, respectively) and 90% (c and d, respectively) hexane fraction in DCM-hexane mixture 

of 1-Naph upon irradiation with visible light. Inset to the figure b and d shows the 

corresponding change in emission decay (ex=450 nm NanoLED) along with lifetime upon 

photo-irradiation.  

 

 

 

Scheme 5.1. Conformational change in the aggregated form of the complexes on passing 

from trans to cis isomer.   
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absorption titration profiles and compared with their non-aggregated counterparts (Figure 

5.10, Table 5.4). It is observed that the kiso value decreases as we move from 50% to 90% fH. 

Thus, the rate of photoisomerization decreases as we move from the non-aggregated to their 

aggregated states. This is quite expected since aggregation results in the increase in the rotor 

volume of the molecule due to which C=C bond rotation becomes extremely difficult.   

 

Figure 5.10. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to trans→cis process of 1-Naph upon irradiation with visible light of 50% (a) and 90% 

(b) hexane fraction in DCM-hexane mixture. Inset to these plots give the values of rate 

constant of photo-isomerization. 

 

Table 5.4. Table for comparison of the values of rate constants (kiso) and photoisomerization 

quantum yields (tc) for trans cis process in both of their free and aggregated forms. 
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visible light irradiation but at a much slower rate compared to their non-aggregated forms as 

expected. In essence, the room temperature emission characteristics of the present 

heteroleptic Ru(II)-terpyridine complexes have been modulated to a significant extent upon 

aggregation. Moreover, the mode of emission switching was efficiently controlled upon 

varying the solvent mixture as well as by treating with light of appropriate wavelength.   

Thus, the present systems are thought to be potential building blocks for the construction of 

smart molecular switches. 
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6.1 Introduction 

Tailored design of phosphorescent molecules that are capable to emit in the near-

infrared (NIR) as well as in the infrared (IR) domain are now receiving huge attention due to 

their diverse applicability in chemistry and biology. 
1-11

 It would be borne in mind that ~50% 

of the solar radiation that comes to the Earth is composed of NIR radiation. The implication 

of NIR light is particularly useful in biological recognition and sensing due to their 

invisibility to the human eye and minimal interference with biological tissues.
11-15

 Apart from 

immense biological implications, the NIR light have shown their promise in the field of fibre 

optic communication, NIR OLEDs, and night vision-readable displays, to name a few.
16-19

 

Hence, fabrication of efficient NIR luminescent materials possessing elevated quantum yield 

and lifetime is now an important task for the chemists and material scientists.
20-24

 Quite a few 

synthetic strategies, viz. extending the π-conjugation in the organic framework,
25-28 

enhancing 

spin-orbit interactions
29-36 

or by fusing proper functional groups,
37-40 

have been adopted to 

enlarge the spectral domain of the dyes towards the NIR domain. The spin-orbit coupling 

interaction is found to be very efficient to induce mixing of the singlet and triplet states and 

thus could trigger the generation of longer wavelength absorption and emission. 

Molecular or supramolecular assemblies that are able to reversibly change their 

physicochemical behaviors on treatment with suitable external stimuli are found to be useful for 

the fabrication of potential photomolecular switches and memory devices.
41-59 

Among the 

diverse stimuli,  light is believed to be the most convenient source for operation of the devices 

as it is environmentally benign, could be straightforwardly applied to any state of the material 

and desired wavelength of light could easily be utilized for exciting a particular molecular 

component. A wide range of organic compounds have been employed for the fabrication of 

diverse NIR emissive materials.
25-28

 In spite of their several favorable characteristics and 

advantage of tunable structures, most of the organic chromophores suffers from susceptibility 

to photo-bleaching and of limited Stokes shifts.
60 

To get-rid of the shortcomings, transition 

metal complexes have come out as a potential alternative for the fabrication of NIR emissive 

materials.
 20-24

 The efficacy of the metal complexes over their organic counterparts is because 

of better tunability in the optoelectronic and photo-redox properties of the former, which 

could be systematically modulated in a desired fashion upon judicious choice of metal and 

organic ligands.
61-71 

The photo-redox properties of the metal complexes could be modulated 

further under the action of suitable external stimuli.
72-78 

In this work, our primary objective is to design NIR emissive metal complexes and 
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systematic modulation of their photo-redox properties upon treating the complexes with light 

of appropriate wavelengths. We are interested in the polypyridine complexes of Os(II) due to 

their amazing absorption- and emission spectral characteristics in the NIR domain as well as 

reversible electrochemical behaviors that could be employed for designing of photochemical 

molecular devices, sensors and switches.
29-36,69-71,79-85 

In order to fulfil our objective, we 

designed herein a new array of linear stilbene-appended homoleptic-Os(II)-terpyridine 

complexes of composition, [Os(tpy-pvp-X)2](ClO4)2, possessing a polyaromatic unit 

(anthracene, naphthalene and pyrene) in the complex architecture (Chart 6.1). The reason of 

choosing terpyridine chelating units over their bipyridine counterpart is to synthesize linear 

rod-like structure devoiding of any isomeric mixtures.
86

 Two stilbene units in the complex 

framework are also able to induce reversible trans-trans (t-t) to trans-cis (t-c) and/or cis-cis 

(c-c) isomerization upon irradiating with specific light source. Different polyaromatic 

hydrocarbon motifs have been integrated into the complex architecture for fine tuning of their 

emission spectral features along with modulation of the photo-isomerization rate. 
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Chart 6.1. Molecular structures of the complexes. 

 The efficacy of these photo-switches critically depends on their rate of isomerization. 

Slow photoisomerization is unsuitable for meeting the need for a quick response. Therefore, 
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inducing fast photoswitching is one of the major prerequisites for majority of applications 

such as optical switches, drug delivery, information storage, to ensure a rapid response to the 

light signal.
87-92

 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. Although, NIR emitting Os(II)-polypyridyl complexes 

are reported in our laboratory
23-24,71,79-82 

and also by other research groups,
 68-70,83-85, 93-97

  but 

as per our literature survey, we found no such work that display multi-step photo-switching 

propertis. In conjunction with experiment, computational studies have also been made on all 

the three conformations (t-t, t-c, and c-c) of the complexes to gain insight into their electronic 

structures and for accurate assignment of their absorption and emission spectral bands.  

 

6.2 Experimental Section 

 6.2.1 Materials. OsO4 and NaClO4 are procured from Merck. Reagent grade 

chemicals and solvents used in the present investigation are purchased from local vendors. 
 

6.2.2 Synthesis of the Ligands. Tpy-pvp-X (X=naphthalene, anthracene, and pyrene) 

ligands are prepared and characterized by our reported method and is already described in 

Chapter 2. 

6.2.3 Synthesis of the Metal Complexes. All the Os(II) complexes were synthesized 

by practicing a common synthetic protocol outlined below.  

[Os(tpy-pvp-naph)2](ClO4)2·2H2O (1). Tpy-pvp-naph (0.100 g, 0.22 mmol) was 

dispersed in 15 mL of ethylene glycol and to it K2OsCl6 (0.052 g, 0.11 mmol) was added and 

refluxed for 12h under argon protection and thereafter allowed the solution to come down at 

room temperature. The solution was filtered and the filtrate was discharged into an aqueous 

solution of NaClO4 (1.5 g NaClO4 in 5 mL of water) when a dark chocolate colored 

compound deposited. The compound was collected by filtration and purified by silica gel 

column chromatography upon eluting with MeCN-PhCH3 (10:1, v/v) mixture. Rotary 

evaporation of the eluted solvent mixture gives rise to microcrystalline solid which on further 

recrystallization from MeCN-MeOH (1:2, v/v) mixture generates desired complex. Yield: 

0.20g (68%). Anal. Calcd. for C66H50N6OsCl2O10: C, 56.73; H, 3.79; N, 6.17. Found: C, 

56.80; H, 3.74; N, 6.23. HRMS (positive, MeCN) Calculated: m/z=557.1763 and m/z= 

1213.2880; Found: m/z =557.1413 (100%)  [Os(tpy-pvp-naph)2]
2+

 and m/z=1213.0559 (20%) 

{[Os(tpy-pvp-naph)2]ClO4}
+
. 

1
H NMR (400 MHz, DMSO-d6, δ/ppm): 9.57 (s, 4H,4H3'), 9.14 

(d, J = 8.2 Hz, 4H, 4H6), 8.51 (d, J = 7.9 Hz, 4H, 4H7), 8.13 (s, 2H, 2H17), 8.07 (d, J = 8.0 
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Hz, 4H, 4H8), 8.04 -7.91 (m, 10H, 4H4+2H11+2H14+2H16), 7.68 (q, J = 16.4 Hz, 4H, 

2H9+2H10 ), 7.56 (p, J = 7.0 Hz, 6H, 2H12+2H13+2H15), 7.47 (d, J = 5.8 Hz, 4H, 4H3), 7.24 (t, 

J = 6.6 Hz, 4H, 4H5). 
13

C NMR (400 MHz, DMSO-d6, δ/ppm): 160.27, 155.15, 152.71, 

145.97, 139.76, 138.28, 134.94, 134.68, 133.74, 133.29, 130.82, 128.84, 128.78, 128.47, 

128.39, 128.15, 127.66, 127.11. 126.82, 125.46, 124.13, 119.78. 

 [Os(tpy-pvp-anth)2](ClO4)2.3H2O (2). Yield: 0.19g (66%). Anal. Calcd. for 

C74H56N6OsCl2O11: C, 60.55; H, 3.92; N, 5.67. Found: C, 60.61; H, 3.85; N, 5.73. HRMS 

(positive, MeCN) Calculated: m/z= 608.1933;  Found: m/z=608.2035 (100%), [Os(tpy-pvp-

anth)2]
2+

. 
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 9.60 (s, 4H,4H3'), 9.16 (d, J = 8.3 Hz, 4H, 

4H6), 8.65 (s, 2H, 2H15), 8.58 (d, J = 8.1 Hz, 4H, 4H7), 8.51-8.38 (m, 6H, 4H4+2H9), 8.28-

8.13 (m, 8H, 4H8+4H11), 8.01-7.88 (m, 4H, 4H13), 7.68-7.55 (m, 8H, 4H12+4H14), 7.50 (d, J = 

5.7 Hz, 4H, 4H3), 7.31-7.16 (m, 6H, 4H5+2H10). 
13

C NMR (400 MHz, DMSO-d6, δ/ppm): 

160.28, 155.21, 152.79, 139.49, 138.30, 136.60, 135.08, 132.61, 131.60, 129.65, 129.30, 

128.78, 128.49, 127.95, 127.25, 127.14, 126.99, 126.54, 126.17, 125.99, 125.51, 119.84. 

[Os(tpy-pvp-pyr)2](ClO4)2.3H2O (3). Yield: 0.18g (65%). Anal. Calcd. for 

C78H56N6OsCl2O11: C, 62.07; H, 3.39; N, 5.52. Found: C, 62.11; H, 3.34; N, 5.57. HRMS 

(positive, MeCN) Calculated: m/z=631.1920; Found: m/z =631.1428 (100%)  [Os(tpy-pvp-

pyr)2]
2+

. 
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 9.60 (s, 4H,4H3'), 9.17 (d, J = 8.3 Hz, 4H, 

4H6), 8.92 (d, J = 9.5 Hz, 2H, 2H14), 8.73-8.61 (m, 6H, 2H9+2H11+2H15), 8.56 (d, J = 8.1 Hz, 

4H, 4H7), 8.41-8.34 (m, 6H, 2H16+2H17+2H18), 8.30 (d, J = 8.1 Hz, 6H, 4H8+2H12), 8.17-8.08 

(m, 4H, 2H13+2H19), 7.96 (t, J = 8.0 Hz, 4H, 4H4), 7.82 (d, J = 16.0 Hz, 2H, 2H10), 7.49 (d, J 

= 8.0 Hz, 4H, 4H3), 7.25 (t, J = 8.0 Hz, 4H, 4H5).
 13

C NMR (400 MHz, DMSO-d6, δ/ppm): 

160.31, 155.19, 140.07, 138.30, 131.75, 131.56, 131.20, 130.97, 128.79, 128.62, 128.48, 

128.18, 127.9, 126.97, 125.90, 125.77, 124.83, 124.60, 124.14, 119.85. 

Caution! Perchlorate salts of the metal complexes are potentially explosive and therefore 

should be handled in small quantities with care. 

6.2.4 Instruments and Physical Methods. The details of instruments and physico-

chemical measurements are provided in Chapter 2 and Chapter 3. 

 

6.3 Results and Discussion 

 6.3.1 Synthesis and Characterization. The desired Os(II) complexes are prepared 

upon refluxing K2OsCl6 and respective terpyridine ligand (tpy-pvp-X) in a 1:2 ratio under 

argon atmosphere in ethylene glycol medium followed by their ion exchange with NaClO4. 
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Purification of the complexes is accomplished by column chromatography and 

recrystallization from appropriate solvent(s). The complexes are fully characterized via 

elemental analysis as well as by NMR and ESI mass spectrometry, the details of which are 

dispensed in the experimental section. 

6.3.2 Mass Spectra. The high resolution mass spectra (HRMS) of complexes 1-3 are 

acquired in MeCN. Experimental and simulated isotopic distribution pattern of 1 is provided 

in Figure 6.1, whereas for 2 and 3 in Figure 6.2. A moderately good correlation among the 

experimental and simulated spectral pattern is noticed in almost all cases. The mass 

separation of 0.5 Da among the consecutive spectral lines indicate the existence of [Os(tpy-

pvp-X)2]
2+

 species in each of the three complexes. The most abundant peak at  557.1413 for 

1, 608.2035 for 2, and 631.1428 for 3 corresponds to the respective bi-positive cationic 

species. A less abundant peak at m/z=1213.0559 is also noticed in case of 1, suggesting the 

presence of mono-positive species of the type {[Os(tpy-pvp-naph)2]ClO4}
+
.   

  

 

 

Figure 6.1. Experimental and simulated HRMS spectrum (positive) of 1 in MeCN. The 

abundant peak at m/z=557.1413 corresponds to [Os(tpy-pvp-naph)2]
2+ 

ion, while the 

relatively less abundant peak at m/z=1213.0559 correlates with {[Os(tpy-pvp-naph)2]ClO4}
+
 

species.  
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Figure 6.2. Experimental and simulated HRMS (positive) spectrum of 2 and 3 in MeCN. The 

abundant peak at m/z=608.2035 corresponds to [Os(tpy-pvp-anth)2]
2+

 and at m/z=631.1428 

corresponds to [Os(tpy-pvp-pyr)2]
2+

 species.  

 

  6.3.3 NMR Spectra. 
1
H and 

13
C NMR spectra of the complexes are acquired in 

DMSO-d6 and are shown in Figure 6.3 and Figure 6.4. Tentative assignment of all the proton 

resonances in the complexes is made with the help of their {
1
H-

1
H} COSY NMR spectra, 

relative areas of peaks, usual chemical shift and coupling constant values of different protons 

associated with aromatic and hetero-aromatic moieties in the complexes as well as by 

comparing the 
1
H NMR spectra of structurally similar compound. The COSY NMR spectra 

of the complexes 2 and 3 are provided in Figure 6.5.  A sharp and most downfield singlet 

within the chemical shift region of 9.60-9.57 ppm is observed for all three complexes which 

corresponds to H3' proton as it does not possess any cross peak in the respective {
1
H-

1
H} 

COSY NMR spectrum. The most up-field peak in the range of 7.31-7.16 ppm, on the other 

hand, corresponds to H5 which in turn is coupled with H3. A doublet within 8.58-8.51 ppm is 

assigned as H7, while its cross-peak in the domain of 8.30-8.09 ppm is due to H8. For the 
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anthracene (2) derivative, the multiplet in the range of 8.51-8.38 ppm corresponds to both H4 

and H9 protons which again have a cross peak within 7.31-7.16 ppm, due to H5 and H10 

protons. In a similar manner, the peak at 8.92 ppm corresponds to H14, has a cross peak at 

~8.38 ppm, assignable as H16, H17 and H18 protons in complex 3. Following similar approach, 

the rest of the peaks in the NMR spectra of the complexes are also assigned with the help of 

{
1
H-

1
H} COSY NMR spectra. The olefinic protons (H9 and H10) in the complexes appear 

within 8.73-7.16 ppm range. The J value of ~16Hz of the said protons across the double bond 

confirms their transoid orientation.  

 

Figure 6.3. 
1
H NMR spectra of 1-3 in DMSO-d6. 

 

 

Figure 6.4. 
13

C NMR spectra of 1-3 in DMSO-d6. 
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Figure 6.5. {
1
H-

1
H} COSY NMR spectra of 2 and 3 in DMSO-d6. 

 

6.3.4 Geometry Optimization of the Complexes via DFT. The geometries of the 

complexes are optimized at the B3LYP level of theory using 6-31g(d) and SDD as basis sets. 

The optimized structure of the complexes together with their highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for complex 1 are 

provided in Figure 6.6- 6.7 and Table 6.1. The HOMOs are mostly Os d-orbital character with 

some additional contribution from the π-cloud of the polyaromatic unit. By contrast, the 

LUMOs are predominantly located on the terpyridine unit in the molecular backbone. 

 

Figure 6.6. Optimized structures of t-t form of 1-3 in MeCN. 

 

Figure 6.7. Schematic drawings of the selective frontier molecular orbitals of t-t forms of 1 

in MeCN. 
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6.3.5 Absorption and Emission Spectral Characteristics. The UV-vis absorption 

spectra of the complexes are acquired in MeCN and pertinent data are provided in Table 6.2 

and associated spectra are presented in Figure 6.8. The complexes have similar spectral  

 

Table 6.2. Absorption and emission spectral data of 1-3. 

a
Luminescence quantum yields are determined by a relative method via the equation r=std(Astd/Ar)(Ir/ 

Ar)(r
2
/(std

2
), using [Ru(bpy)3]

2+
 as the standard. Φr and Φstd are the quantum yields of unknown and standard 

samples {Φstd=0.032 (at 298K) in MeCN at λex= 450 nm}, Ar and Astd (<0.1) are the solution absorbance at the 

excitation wavelength (λex), Ir and Istd are the integrated emission intensities, and ηr and ηstd are the refractive 

indices of the solvent. Experimental errors in the reported luminescence quantum yields are ~20%. 

 

 

behavior and only a small variation in spectral pattern is observed upon variation of the 

polyaromatic hydrocarbon unit. Tentative assignments of all the absorption bands in the 

complexes have been made upon comparing the spectra of structurally related complexes as 

well as by taking into consideration the results of TD-DFT calculations (Table 6.3, for 

complex 1). The computed absorption spectra are also overlaid in Figure 6.8 and are found to 

be well correlated. Thus, the intense band at ~500 nm mostly corresponds to metal-to-ligand 

{Os(II)→tpy-pvp-X} charge transfer transition of singlet character (
1
MLCT). A relatively 

broad and weak band is noted beyond 500 nm, which extend into the red region before tailing 

off at 730 nm. This band arises due to the spin- forbidden direct population to the 
3
MLCT 

states {
1
[Os

II
(dπ)

6
]→ 

3
[Os

II
(dπ)

5
tpy(π*)

1
]} as a consequence of the high spin-orbit coupling 

constant of the Os centre. Since the calculations are all performed for singlet-singlet 

transitions, we did not come by any spin-forbidden bands in the computed spectra. The 

intense bands within 311-364 nm arise because of combined MLCT and ILCT transitions 

while the highly intense bands beyond 300 nm is attributed to the π-π* transitions. 

 The emission spectra of the complexes acquired in MeCN at room temperature and   

in EtOH-MeOH (4:1, v/v) glass at 77K, are presented in Figure 6.9. The relevant spectral 
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Figure 6.8. Overlay of the experimental (purple solid line) and calculated (magenta dotted 

line) absorption spectra of 1-3 in MeCN. 

 

parameters are already provided in Table 6.2. On excitation at the 
1
MLCT region, all the 

complexes exhibit a broad and structureless phosphorescent band lying within the NIR 

domain of 736-744 nm, dependent on the substituent. This band arises primarily due to 

radiative deactivation of the 
3
MLCT state of the complexes. The estimated quantum yields 

() are found to be in the range of 1.6-13.4×10
-3

. The radiative (kr) as well as non-radiative 

(knr) rate constants are also calculated and provided in Table 6.2. At 77K, the complexes 1 and 

2 display blue-shifted emission band while for complex 3, the band maximum remains almost 

unchanged. Substantial augmentation in  is noticed for all three cases, which is indicative of 

typical 
3
MLCT emitter. The E00 values of the emitting excited state (

3
MLCT) of the 

complexes are determined by using their λmax values at 77K and are found to lie in the range 

of 1.65-1.71 eV. All the complexes exhibit mono-exponential decay at RT as well as in EtOH- 
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Table 6.3.  Selected UV-vis energy transitions at the TD-DFT/B3LYP level of [Os(tpy-pvp-

naph)2] 
2+ 

(1) in their t-t, t-c and c-c forms in MeCN. 

 

MeOH (4:1, v/v) glass at 77K (inset to Figure 6.9). The lifetimes of the complexes lie in the 

range of 84.5-112.5 ns at RT, while substantially elevated to the domain of 2.1-3.0 µs at 77K 

in EtOH-MeOH glass, again indicating the characteristics of the 
3
MLCT emitter. 

 The photophysical properties of terpyridine-type complexes of Os(II) have been 

previously investigated by various research groups, viz. Sauvage, Balzani, Harriman, 

exp 

/nm  

Excited 

State 
cal 

/nm 

Oscillator 

strength 

Key transitions Character 

t-t [Os(tpy-pvp-naph)2]
2+ 

 

497 S5 518 1.45 H-3→L+1 (10%), H-1→L+1 (41%), 

H→L (38%) 

MLCT 

364 S21 380 2.35 H-1→L+4 (45%), H→L+5 (44%) MLCT, 

ILCT 

315 S55 310 0.21 H-9→L+1 (80%) MLCT, 

ILCT 

285 S61 306 0.24 H-12→L (65%), H-11→L+1 (19%) ILCT, π-π* 

S60 305 0.30 H-12->L+1 (68%), H-11->L (13%) ILCT, π-π* 

230 S142 247 0.59 H-16→L (10%), H-15→L+1 (10%), 

H-4→L+12 (12%), H-3→L+13 

(11%) 

π-π* 

t-c [Os(tpy-pvp-napth)2]
2+

 

497 S5 512 1.11 H-1→L+1 (18%), H→L(41%) MLCT 

359 S25 362 0.48 H-1→L+5 (83%) MLCT, 

ILCT 

S21 378 1.25 H→L+4 (86%) MLCT, 

ILCT 

317 S54 311 0.13 H-9→L (52%), H-7→L+1 (13%) ILCT, π-π* 

S61 305 0.27 H-12→L (30%), H-12→L+1 (35%) ILCT, π-π* 

286 S68 299 0.25 H-6→L+4 (33%), H→L+11 (53%)  π-π* 

232 S175 235 0.12 H-19→L+1 (11%), H-9→L+8 (52%) π-π* 

c-c [Os(tpy-pvp-napth)2]
2+

 

497 S5 505 0.82 H-4→L (10%), H-3→L+1 (12%), H-

1→L+1 (36%), H→L (34%) 

MLCT 

359 S21 378 0.17 H-6→L (50%), H-5→L+1 (40%) MLCT, 

ILCT 

S25 364 1.07 H-1→L+4 (43%), H→L+5 (42%)  MLCT, 

ILCT 

317 S55 310 0.17 H-9→L+1 (42%), H-8→L (17%), H-

7→L+1 (19%) 

ILCT, π-π* 

S59 306 0.30 H-12→L (54%), H-10→L (23%), H-

2→L+7 (10%) 

ILCT, π-π* 

286 S69 297 0.12 H-6→L+5 (15%), H-5→L+4 (16%), 

H-1→L+11 (23%), H→L+10 (23%) 

π-π* 
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Figure 6.9. Luminescence spectral (λex= 500 nm) profiles of 1-3 in MeCN at RT (left) and in 

MeOH/EtOH (1:4, v/v) glass at 77K (right). Inset to the figures depict the emission decay 

profiles (λex = 490 nm) as well as lifetimes of the complexes.  

 

Campagna, Hanan, Barigelletti, Zhong, Elliott to name but a few.
29-32,34-36,96,100-111

 Table 6.4 

provides absorption and emission spectral characteristics of representative Os(II)-terpyridine-

type complexes. Although the photophysical properties of terpyridine-type Os(II) complexes 

closely resemble their Ru(II) counterparts, incorporating Os
2+ 

ion in a similar chemical 

environment results in a bathochromic shift of both absorption and emission maxima, mainly 

due to larger size of 5d orbitals compared to 4d orbitals as well as stronger spin-orbit 

coupling effect of the later. With few exceptions, most of the terpyridine complexes are found 

to be weakly emissive (Table 6.4). Several strategies, viz. incorporation of electron donating 

and electron accepting groups, polyaromatic as well as hetero-aromatic moieties at the 4'-

position of the terpyridine motif, along with use of cyclometalating coordination motifs, have 

been adopted to enhance the emission quantum yield and excited state lifetime of the 

resulting complexes.
100-111

 Herein, we designed three homoleptic Os(II)-terpyridine 

complexes upon incorporating stilbene units together with polyaromatic hydrocarbon 

(naphthalene, anthracene and pyrene) moieties at the 4' position of the terpyridine to improve 

emission characteristics of the resulting complexes as well as to induce reversible t-c 

isomerization triggered by light. Fortunately, the complexes in the present study features 

intense luminescence in the 736-744 nm spectral range having lifetimes between 84.5 and 

112.5 ns and emission quantum yields within the range of 0.0016-0.0134 at RT. It will be 

demonstrated in the later section that by virtue of the presence of stilbene units, the 

complexes are able to display reversible t-t to c-c photo-isomerization.   
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Table 6.4. Absorption and emission spectral characteristics of representative Os(II) 

complexes. 

Compounds Absorption 
1
MLCT, max/ nm  

(,M
-1

cm
-1

) 

Luminescence Ref. 

max / 

nm 

/ns Φ 

 

 

673(9000), 499(34000) No 

emission 

- - 100 

 

673(10000), 498(36000) 760 2.1 4.0×10
-4

 

 

673(9000), 499(32000) 760 1.1 1.6×10
-5

 

 

1: 680(8100),506(35100) 

2: 680(7200),505(32300) 

3: 680(9200),505(41300) 

4: 680(6600),503(29200) 

5: 680(8500),504(37200) 

750 

752 

751 

747 

749 

159 

157 

165 

127 

160 

8.0×10
-3

 

7.0×10
-3

 

1.0×10
-2

 

7.0×10
-3

 

9.0×10
-3

 

56 

 

 

 

- 

728 86 2.0×10
-4

 101 

 

715(2900),650 

(2800),465(9900) 

935 597 1.4×10
-1

 102 

 

- 737 195 4.6×10
-3

 

 

103 

 

765(2000),537(13000), 

503(13650) 

824 - 5.4×10
-6

 104 

 

602(2900), 465(5100) 

 

812 

 

59 1.2×10
-4

  

105 

 

 

105 

 

667(4600), 490(20000) 740 246 6.0×10
-2
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3:676(8200), 497(30900) 

4:678(8900), 499(31700) 

742 

739 

219 

215 

2.09×10
-2 

1.74×10
-2

 
 

 

 

 

 

106 

 

 

7:677(7900),501(32100) 

8:677(7700),499(34000) 
744 

742 

- 

- 

1.79×10
-4 

2.56×10
-4

 

 

775(270), 508(830) 994  7.0×10-3
 107 

 

674(br)(5200), 

499(25070) 

750 112.5 3.3×10
-1

 80 

 

Os1: 476(-) 

 

 

Os2: 481 

Os1: 

583/702 

 

Os2: 

588/709 

Os1: 

177.32 

 

Os2: 

98.92 

Os1: 

0.137 

 

Os2: 

0.174 

 

 

 

 

 

96 

 

492 583/719 92.19 0.240 

 

670(6000),490(24170) 732 101 5.28×10
-3
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670 (7800), 490 (31700) 732  109 6.45×10
-3
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 6.3.6 Electrochemical Behaviors. Electrochemical properties of the complexes are 

investigated by using cyclic voltammetry (CV) as well as square wave voltammetry (SWV) 

in MeCN at 25°C. The voltammograms are acquired in the argon purged solution of the 

complexes and the concentration of the solution is maintained at ~10
-3

 M, while that of the 

supporting electrolyte, tetraethylammonium perchlorate (TEAP) at 0.1M. The 

voltammograms are displayed in Figure 6.10, while the related redox data are tabulated in 

Table 6.5. All complexes display a single reversible oxidation and three quasi-reversible 

reduction peaks. The oxidation peak, with E1/2 value ranging from +0.93 to +0.96 V, 

corresponds to Os
II
/Os

III
 process, while the peaks in the negative potential region (from -1.10 

 

Os 4:633(2480),587(2620) 

Os 5:656(2910),596(3320) 

Os 6: 641(2230),590(2620) 

Os 4:702 

Os 5:733 

Os 6:710 

Os 4:155 

Os 5:135 

Os 6:186 

Os 4:0.012 

Os 5:0.011 

Os 6:0.017 

 

 

109 

 

678 (6600), 502 (28000) No 

emission 

- - 110 

 

692(75000),518 (23000) No 

emission 

- - 

 

672 (7800), 502 (31000) 720  (3.0-5.0) 

×10
-3

 

 

584 (8500), 516 (36000) No 

emission 

- - 

 

676(12000),515 (45000) 720 - (3.0-5.0) 

×10
-3

 

 

657(3650), 477(13750) 718  269 4.1×10
-3
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to -1.85 V) correspond to the reductions of the coordinated tpy moieties in the ancillary 

ligand. Spin densities of 1e
- 
oxidized and 1e

-
 reduced state of the complexes are calculated 

and displayed in Figure 6.11. The spin density is primarily located on Os-center for 1e
- 

oxidized, while on terpyridine motif in the 1e
-
 reduced state of the complexes. Hence, spin 

density computation corroborates our assignment of the redox processes. 

 

Figure 6.10. CVs (solid blue lines) and SWVs (dotted red lines) of the MeCN solutions of 1-

3 (ca ~10
-3 

M) showing both oxidation and reduction processes. 

Table 6.5. Redox data
a
 for 1-3 in MeCN. 

 

 

 

 

 

 
aAll the potentials are referenced against Ag/AgCl electrode with E1/2= 0.36 V for Fc/Fc+ couple.  
bReversible oxidative electron transfer process with a Pt working electrode. cEred values obtained  

by using glassy carbon electrode. 

Compds Oxidation
b
 Reduction

c
 

E1/2/(V) Ered/(V) 

1 0.93 -1.14, -1.37,-1.84 

2 0.95 -1.12, -1.35,-1.80 

3 0.96 -1.10, -1.36,-1.85 

1

2

3
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Figure 6.11. Spin density plots for one-electron oxidized (left panel) and one-electron 

reduced (right panel) t-t forms of 1-3 in MeCN.  

 

6.3.7 Photoisomerization Behaviors. Since the present molecular backbone consists 

of two styrylbenzene units, it is anticipated that light irradiation will bring about changes in 

their molecular structures. Herein, we irradiated the MeCN solution of the complexes with 

visible light (500 nm) and followed the changes via absorption and emission spectroscopy as 

shown in Figure 6.12. A single step change takes place for all three complexes. Light 

irradiation leads to a decrease in the absorbance of the MLCT and ILCT bands accompanied 

with a minor blue-shift of the former. Small but finite increase in π-π* band intensity is also 

noticed in some case. Upon close inspection, it is observed that all the spectral lines pass 

through distinct isosbestic point(s), indicating that two or more species are in equilibrium 

with one another. Time required to attain the photo-stationary state is found to vary between 

20 min and 542 min, dependent on the polyaromatic moiety. It is of particular interest to note 

that the time taken to isomerize is very less (only ~20 min) for anthracene derivative in 

comparison to the others. In the emission side, all the three complexes undergo a single step 

change wherein the intensity of the emission peak gradually decreases for 1 and 3 while it 

increases for 2, accompanied with a minor blue-shift in case of 3. In line with the steady state 

spectra, change in lifetime is also noticed wherein the value decreases slightly for 1, while 

increases for both 2 and 3 (inset to Figure 6.12). Thus, the observed change in the spectral 

profiles may be attributed to transformation of either one or both stilbene units from the t-t to 

either their t-c or c-c forms. It is to be noted that the emission intensity gradually decreases in 

naphthalene (1) and pyrene (3) complexes, while increases for anthracene (2) derivative upon 

photo-isomerization. Additionally, the extent of change is more marked in case of 2 than that  

One electron oxidized One electron reduced

1

2

3
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Figure 6.12. Absorption (left panel) and emission (ex = 490 nm, right panel) spectral change 

of 1-3 in MeCN upon treatment with light of =500 nm. Inset to figure in right panel shows 

the decay profiles of t-t and c-c forms along with their lifetime values. 

 

of the rest two complexes. The observed difference in emission spectral behavior is not very 

clear to us. To gain some insight on the anomaly of the anthracene derivative, we have 

optimized the geometries of the c-c form of all three complexes and the corresponding 

profiles are demonstrated in Figure 6.13. It is noticed that the optimized geometry of the 

naphthalene and pyrene derivatives is more or less similar and the polyaromatic moieties in 

both cases, adopt a syn orientation. On the other hand, in case of 2, the anthracene moieties  
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Figure 6.13. Optimized structures of c-c form of 1-3 in MeCN. 

 

adopt an anti-orientation across the complex backbone. We surmise that deactivation of the 

excited state in the c-c form of complexes 1 and 3 occurs primarily due to deactivation of
 

3
MLCT state. By contrast, excited state deactivation probably takes place from the 

equilibrated 
3
MLCT and 

3
π-π* states, which in turn is responsible for emission enhancement 

on passing from t-t to c-c form in the anthracene complex (2).   

 Isomerization process is also monitored via 
1
H NMR spectroscopy to elucidate the 

mode of isomerization (Figure 6.14). The spectral pattern indicates that nearly all the protons 

within the molecular backbone experience some changes in their chemical environment. 

Overall up-field shift of the proton resonances is observed upon light irradiation for ~3 h. 

Notably, the protons associated to C=C (H9 and H10) moiety undergoes a significant up-field 

shift. During the course of light irradiation, the H9 and H10 proton appearing at δ= ~8.50 and 

~7.20 ppm respectively, show a decrease in their peak intensity along with simultaneous 

generation of two new doublets at 6.85 and 6.63 ppm, corroborating to H9' and H10', 

respectively. Coupling constant (J) of these protons (~16 Hz) gets significantly decreased to 

~12 Hz. The singlet at H3' converts to a multiplet along with generation of a new peak at 9.51 

ppm (H3'''). A new doublet also arises for H3, H4, H6, and H7 protons, upon prolonged 

irradiation. The singlet associated with H15 proton exhibits significant reduction in intensity, 

concurrently with the emergence of a distinct singlet at 8.13 ppm. Likewise, the other protons 

also undergo an up-field shift along with change in multiplicity as shown in Figure 6.14. 

Even after prolonged irradiation for up to 10 h, complete conversion from the t-t to c-c forms 

2

1

3

C

H

N

Os
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does not take place leading to the coexistence of both t-t and c-c forms in the photo-stationary 

state. 

 

Figure 6.14. 
1
H NMR spectrum of 2 in DMSO-d6 before (a) and after (b) photolysis with 

visible light for 3 h. 

 

To further validate our hypotheses, we conducted DFT and TD-DFT computations on 

both t-c and c-c forms of the complexes (Figure 6.15). The optimized structure of 1 together 

with their HOMO and LUMO orbitals is presented in Figure 6.16, while their structural 

compositions are showed in Table 6.1. The corresponding spectral parameters and band 

assignment are depicted in Table 6.3. From the DFT calculations, we see that a small 

hypsochromic shift in the MLCT band upon conversion from t-t to c-c form occurs which is 

in-line with our experimental spectra. Fascinatingly, the experimental absorption spectra 

obtained upon saturation, corroborates well with the c-c form obtained theoretically (Figure 

6.15). 
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Figure 6.15. Overlay of the experimental c-c form (violet solid lines) with theoretical t-c 

(wine dotted line) and c-c (dark cyan dotted line) forms of 1-3 in MeCN. 

 

 

The rate constants (kiso) and quantum yields (Φtt→cc) associated with the 

photoisomerization process are also determined using their absorption titration profiles. The 

corresponding data have been summarized in Table 6.6 and are graphically presented in 

Figure 6.17. The kiso alters between 7.3×10
-5 

and 2.6×10
-3

 s
-1

, while Φtt→cc varies between 3.4 

×10
-3

 and 0.14. It is noteworthy that the rate constants vary in the order 2>3>1, probably 

because of the difference in the electronic and steric environment induced by polyaromatic 

moiety across the stilbene bond in the complexes. 

To check for the reversibility of the isomerization process, we irradiated the 

photolyzed solutions of the complexes with UV light of 270 nm and the progress of the  
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Figure 6.16. Schematic drawings of the selective frontier molecular orbitals of t-c and c-c 

forms of 1 in MeCN. 

 

reaction is monitored through absorption and emission spectroscopy. It is evident that the 

spectra obtained upon prolonged UV irradiation almost revert back to their initial t-t forms. 

We also calculated the rate constant (kiso) and quantum yield (Φcc→tt) of the reverse process 

and the corresponding data have been compiled in Table 6.6. The reverse c-c to t-t process is 

much slower as evident by their kiso and Φcc→tt values (kiso varies in the domain of 3.6×10
-5

-

1.2×10
-4

 s
-1, 

while Φcc→tt alters within the range of 2.3×10
-5

-9.1×10
-3

).  

Previously, we noticed emission quenching upon t-t→c-c isomerization, the reason of which 

is not well understood. It is probable that upon going from t-t to t-c or c-c forms, a significant 

amount of strain is gradually imposed on the molecular backbone, which in turn may be 
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responsible for observed diminution in emission intensity. We also tried to visualize the 

probable mechanism of isomerization. It is known that for the Os-tpy complexes the lowest 

emitting excited state is 
3
MLCT in nature. We surmise that photoisomerization occurs 

through the intermediary of closely lying 
3
LLCT/

3
π-π* state, situated on the stilbene moiety, 

which in turn is in equilibrium with 
3
MLCT state (Scheme 6.1).  

Table 6.6. Quantum Yield and Rate Constants of Photoisomerization in 1-3. 

Method Time 

(Minutes) 

Rate constant  

(kiso/s
-1

)
 

Quantum yield 

(Ф) 

1 2 3 1 2 3 1 2 3 

Free form 

t-t→c-c 

542 19 511 7.3×10
-5

 2.6×10
-3

 1.1×10
-4

 3.4×10
-3

 0.14 4.3×10
-3

 

Reverse 

 c-c→t-t 

790 210 970 6.2×10
-5

 1.2×10
-4

 3.6×10
-5

 3.6×10
-5

 9.1×10
-3

 2.3×10
-5

 

CAN+hν 05 02 03 9.3×10
-3

 4.5×10
-2

 3.3×10
-2

 0.43 0.62 0.57 

Na+hν 25 14 20 2.7×10
-3

 6.2×10
-3

 4.6×10
-3

 16.6×10
-3

 15.6×10
-2

 14.8×10
-3

 

 

 

Figure 6.17. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to t-t→ c-c process of 1-3 MeCN upon irradiation with visible light of 500 nm. Inset to 

these plots give the values of rate constant of the forward photo-isomerization.  

 
 

Scheme 6.1. Simplified Jablonski diagram depicting photoisomerization together with 

competing photophysical processes in 1-3. 
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The photoisomerization behaviors of various 4d and 5d transition metal complexes, 

incorporating stilbene- and azo-appended polyheterocyclic complexes, are previously 

reported by different research groups, viz. Yam, Nishihara, Lees, and Iha, to name a few. 
41-

52,113-120 
Although extensive study has been conducted on the stilbene- and azo-appended 

bipyridine systems, especially in combination with Re and Ir carbonyl complexes, analogous 

reports based on stilbene-appended terpyridine systems are relatively sparse in the literature. 

Representative examples of the complexes exhibiting photo-induced trans-cis isomerization 

are already listed in Chapter 1. We previously reported photoisomerization behaviors of a 

new array of homo- and heteroleptic Ru(II) complexes based on stilbene-appended 

terpyridine ligands coupled with both electron donating and electron-withdrawing 

substituents (H, CH3, Ph, Cl and NO2)
54,112

 as well as polyaromatic (naphthalene, anthracene 

and pyrene) hydrocarbon
53,55

 unit at the 4'-position of the tpy moiety to modulate their optical 

behaviors as well as the rate of isomerization. Thereafter, we reported isomerization 

properties of analogous Os(II) complexes based on the said electron releasing and electron-

withdrawing groups
56

 to extend the optical and emission spectral window to the NIR domain. 

In the present work, we designed a new array of Os(II)-terpyridine complexes comprising of 

stilbene-appended naphthalene, anthracene, and pyrene motifs to enhance their emission 

spectral characteristics in the NIR domain as well as to induce fast and efficient multi-state 

photo-switching through reversible trans-cis photoisomerization under the influence of 

chemical oxidant (CAN) and reductant (Na).  

6.3.8 Enhancement of Photoisomerization Rate via Chemical Oxidation and 

Reduction. Since the rate of isomerization of the complexes is extremely slow, we are now 

interested to tune their rate and quantum yield to make the complexes useful for practical 

applications. Following our previously adopted protocol,
99

 we executed herein the photo-

isomerization studies of the complexes in their oxidized as well as reduced forms. We have 

employed ceric ammonium nitrate (CAN) for oxidation, while metallic sodium for the 

reduction of the complexes. Both the oxidation and reduction of the complexes are monitored 

through absorption and emission spectroscopy. 

The oxidation of the complexes in MeCN via CAN is presented in Figure 6.18. Upon 

gradual addition of CAN, the 
1
MLCT band at ~500 nm gradually diminishes in intensity 

along with a small increase in absorbance of the π-π* band. The decrease in 500 nm band is 

also accompanied with evolution of a broad band in the longer wavelength region of ~750-

1100 nm for all three complexes. This longer wavelength band is found to be most prominent 

for 1 and least for 3 and could be assigned as terpyridine to Os
3+

 charge transfer (LMCT) 
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transition. All the absorption spectral lines pass through clean isosbestic points, indicating 

that two species are in equilibrium with one another. Almost complete quenching of 

luminescence take place for all three complexes upon oxidation, which can be attributed to 

the electron transfer from the terpyridine-type motif(s) to the excited luminophore. Thus, by 

the use of CAN, the t-t form of the complexes in their Os
II
 oxidation states converted to the 

respective t-t forms in Os
III

 states.  

 

Figure 6.18. Absorption (left) and emission (right, ex=490 nm) spectral changes of 1-3 in 

MeCN upon treating with CAN.  

  

We are now interested to examine the photo-isomerization behaviors of the oxidized 

form of the complexes. To this end, the CAN saturated solutions are irradiated with visible 

light (500 nm) and the changes are again monitored via absorption and emission 

spectroscopy. Associated spectral changes are displayed in Figure 6.19.  A single step change  
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Figure 6.19. Change in absorption (left) and emission (right, ex =490 nm) spectra of CAN-

treated MeCN solutions of 1, 2 and 3 upon irradiating with visible light (500 nm).  

 

is noticed in all three cases. Upon shining light on the oxidized form of the complexes, it is 

observed that the MLCT band regains its intensity together with a decrease in the absorbance 

of ILCT band (Figure 6.19). All the spectral lines pass through multiple clean isosbestic 

points, indicating that the species are in equilibrium. Upon saturation, the final spectrum 

closely resembles the spectrum obtained upon photolysis of the respective complex in 

absence of CAN and also aligns well with the calculated spectrum of the c-c form of the 

complexes. It is quite remarkable to note that saturation takes place at 2 min for 2, 3 min for 

3, and 5 min for 1, which are far less compared to the time required for conversion from t-t to 

the respective c-c state of the complexes in absence of CAN (19 min for 2, 511 min for 3, and 

542 min for 1). Steady increase in emission intensity takes place upon irradiation on the 

oxidized solutions of the complexes and eventually gets saturated. In case of 3, an additional 
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new band at 622 nm is found to be generated upon light irradiation and ultimately saturates 

after ~3 min. The rate constant (kiso) and quantum yields (Φtt→cc) of isomerization for the 

oxidized form of the complexes are calculated (Figure 6.20) and tabulated in Table 6.6. kiso 

varies in the domain of 0.93-4.5×10
-2

 s
-1

 and Φtt→cc ranges within 0.43-0.62 under visible 

light.   

 

Figure 6.20. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to t-t →c-c process of 1-3 upon irradiation of the CAN treated solutions with visible light 

of 500 nm. Inset to these plots give the values of rate constant.  

 

From the above changes in the absorption and emission spectral profiles, it seems that 

light irradiation onto the oxidized form of the complexes leads to photo-excitation of Ce(III) 

to Ce(III)*, which in-turn leads to facile reduction of Os(III) to Os(II) together with  

isomerization from t-t to c-c forms and itself being oxidized to initial Ce(IV) state. The above 

observations along with their kiso values make it evident that the oxidized forms of the 

complexes undergo remarkably faster photoisomerization. Moreover, no signature of re-

oxidation of the Os(II) center is observed even after being left for several hours. Following 

oxidation, the Os center become electron deficient which in turn drag the electron density 

across the C=C bond and impart more single-bond character. As a result, light irradiation 

facilitates easy and fast rotation across the phenylene-vinylene motif in the oxidized forms of 

the complexes, which in turn is also reflected in the profoundly accelerated rate of the t-t to c-

c isomerization process (Table 6.6). Essentially, the photoisomerization of the complexes 

from their t-t to c-c forms proceeds through a three-state switching process as depicted in 

Scheme 6.2. 

The significant acceleration in the rate of photoisomerization, achieved through 

chemical oxidation, motivates us to investigate the isomerization behavior of the complexes 
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reducing agent and the reduction process of the complexes are monitored through absorption 
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and emission spectroscopy (Figure 6.21). Gradual addition of the said Na source to the 

complex solutions results in remarkable enhancement in the absorbance of π-π* band within 

the spectral domain of ~200-300 nm, while the MLCT or ILCT band intensity remains almost 

unaltered. This suggests that the electron donated by Na primarily occupies the ligand-based 

π* orbitals situated in the higher-energy region. In the emission side, within the spectral range 

of 430-650 nm, an increase in emission intensity is observed for 1 and 2 (probably due to 

radiative deactivation of 
3
ILCT

 
and/or 

3
π-π* state) while it decreases for 3, keeping the band 

intensity at 740 nm almost unaltered, although the exact reason is not very clear to us.   

 

Figure 6.21. Absorption (left) and emission (λex= 400 nm, right) spectral changes of 1-3 upon 

gradual addition of Na in MeCN.  

 

Now, the reduced form of the complexes is again irradiated with light (500 nm), and 

the resulting changes are monitored spectroscopically (Figure 6.22). Significant diminution in 

the intensity of π-π* absorptions takes place in all three cases. Additionally, for 2 and 3, the 
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blue shift in the MLCT band. The time required to reach the photostationary state lies within 

14-25 min, which is again remarkably less than the time required for isomerization in their 

free forms, but comparatively greater than that of the oxidized forms. A similar one-step 

change is also noticed in case of emission spectra for complexes 1-3. In this case, the intense 

emission band within the spectral domain of 430-650 nm gradually decreases for 1 and 2 

while it increases for 3. In addition to decrease in band intensity at ~495 nm, complex 2 

exhibits a small increase in emission at ~740 nm, probably originated from 
3
MLCT state. 

Figure 6.22. Absorption (left) and emission (λex= 400 nm, right) spectral changes upon 

irradiation of Na saturated solution of 1-3 in MeCN.  

 

 

Detailed analysis reveals that the spectrum obtained after photolysis of the sodium-

treated solution of the complex also closely resembles the c-c form of the Os(II) monomers, 

particularly in the absorption spectral profile. This suggests that, upon irradiation, the reduced 

form likely reverts to its original state together with isomerization from t-t to the c-c 

configuration. The rate constants (kiso) and quantum yields (Φtt→cc) are also calculated, 
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revealing that the isomerization process occurs significantly faster in the reduced state of the 

complexes compared to their non-reduced forms (Figure 6.23). Reduction lowers the overall 

charge in the complexes which ultimately reduces their solvation in polar solvent like MeCN. 

This in turn shrinks the effective rotor volume of the complexes, thereby facilitating the 

movement of groups across the double bond and increasing the rate of isomerization. Upon 

comparison of the rate of photoisomerization in three forms viz. free-, oxidized- and reduced 

state, it is observed that the kiso value is highest for the oxidized form and lowest for their free 

forms. Thus, substantial alteration in the kinetics of photoisomerization process is achieved 

through oxidation and reduction of the complexes. Out of the three complexes, the anthracene 

derivative is seen to undergo comparatively faster photo-induced isomerization than the 

  

 

Figure 6.23. Linear plot of log (A0-Af)/(At-Af) vs. time (t) for the absorption spectral change 

due to t-t →c-c process of 1-3 upon irradiation of the Na treated solutions with visible light of 

500 nm. Inset to these plots give the values of rate constant.  

 

 

Scheme 6.2. Multistep switching via oxidation-reduction and reversible t-t⇌c-c 

isomerization. 
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naphthalene and pyrene derivatives. Most interestingly, the photoisomerization of the 

complexes from their t-t to c-c forms proceeds through a three-state switching involving an 

oxidized or reduced form of the complex, which notably accelerates the entire process 

(Scheme 6.2). Thus, the present complexes can act as ultrafast and efficient ‘on-off’ multi-

state emission switches that function in the NIR domain in presence of a chemical 

oxidant/reductant and light. 

 

6.4 Conclusions 

A new family of luminescent homoleptic Os(II)-terpyridine complexes comprising of 

stilbene-appended naphthalene, anthracene, and pyrene motifs are designed, thoroughly 

characterized and detailed experimental and theoretical investigation on their photophysical, 

electrochemical, and photoisomerization behaviors have been made. All complexes are 

moderately emissive in the NIR region with elevated lifetimes at RT. The stilbene motifs 

facilitate reversible trans-trans to cis-cis photoisomerization under alternative treatment with 

visible and UV light, enabling the complexes to function as photo-molecular switches in the 

near-infrared domain. Interestingly, remarkable increase in the rate of photo-isomerization 

has been achieved via oxidation of the complexes by ceric ammonium nitrate (CAN) as well 

as upon reduction with metallic Na. Notably, the rate constant becomes ~2 orders of 

magnitude higher relative to their free form. In essence, prompt and efficient multi-state ‘on-

off’ photo-switching can be achieved in the NIR domain upon utilization of both chemical 

oxidant and reductant under the influence of light. Thus, the complexes could be promising 

building blocks for the fabrication of potential photochemical molecular devices. 
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7.1 Introduction 
Supramolecular interaction has garnered considerable attention in numerous areas at 

the forefront of chemistry and biology.
1-6

 Non-covalent interactions, viz. van der Waals 

forces, hydrogen bonding, electrostatic, cation-π, CH-π, anion-π and π-π stacking, to name a 

few, govern the assembly and functionality of such supramolecular architectures.
2-8

 Although 

weak, these interactions play a fundamental role in preserving the essential structures of vital 

biological molecules like DNA, RNA, and proteins.
9-12

 The significance of these weak 

interactions has also opened up new frontiers in the field of supramolecular chemistry of ions 

encompassing both anion and cation recognition, sensing, and transport.
13-20

 

Designing of phosphorescent materials emitting in the near-infrared (NIR) as well as 

IR region are now gaining great attention for their potential applications in biology, 

chemistry, and technology.
21-25

 NIR light, by virtue of its low interference and invisibility, 

could be safely used for sensing of specific anion and cations in biological systems.
21-31

 The 

chemosensors, often constructed through covalent or non-covalent coupling of binding sites 

and signaling subunits, operate as meticulously designed molecular systems. When suitably 

designed, these systems are capable of transforming guest binding interactions into 

recognizable signal accompanied with considerable change in the absorption, emission and 

redox behaviors.
21-31

 Among the various output signals, those stemming from modifications 

in emission spectral characteristics are particularly compelling, and quite a large number of 

chromogenic and fluorogenic chemosensors has already been documented for sensing of 

selected anions and cations.
32-35

  

In this work, our main objective is to utilize NIR-emissive receptors that are capable 

of multi-channel recognition of selected anions and cations through the intermediacy of 

various non-covalent interactions. In order to accomplish our objective, we employed herein 

a new class of our recently reported Os(tpy-pvp-X)2](ClO4)2 complexes consisting of a 

polyaromatic unit such as anthracene, naphthalene and pyrene at the 4' position of the 

terpyridine moiety having absorption and emission spectral window in the visible and 

stretching into the NIR domain (Chart 7.1). By virtue of the presence of extended pi-

conjugation via stilbene units together with polyaromatic hydrocarbons, the present 

complexes are expected to recognize specific anions and cations through the intermediacy of 

multiple non-covalent interactions, viz. hydrogen bonding, cation-π, CH-π, anion-π and π-π 

stacking.
  

Upon complexation with Os
2+

 ion, the terpyridine and other aromatic protons within 
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Chart 7.1. The chemdraw structures of the Os(II) complexes. 

the complex backbone are expected to become acidic to some extent, enabling them to 

participate in C-H---A
-
-type (A=anion) hydrogen bonding interactions with anions.

36-41
 Anion 

recognition and sensing are paramount due to their pivotal roles in chemical and biological 

processes. Due to the duplicious nature of fluoride ion and its relevance to both biological 

and environmental contexts, we have focused on developing chemosensors specifically 

designed to detect F
-
. A diverse array of receptor motifs incorporating hydrogen bond donors, 

such as NHUrea/Thiourea, NHImidazole/Pyrrole/Indole, NHAmide and OHPhenol/Catechol, have been 

extensively utilized as the primary binding motifs in the design of chemosensors, with their 

mechanisms and functions thoroughly explored in numerous reviews.
42-47

 Now, by virtue of 

having a delocalized π-acidic electron cloud, the present complexes are expected to interact 

with selected anions through anion-π interactions.
47-50

 Relative to ubiquitous cation-π, the 

anion-π interactions are less explored due to its ostensibly counterintuitive nature. Since these 

interactions are mostly dependent on the distance, hence anion-π interactions are 

comparatively weaker than the cation-π interactions because the van der Waals radii of 

anions are larger than cations.
51-52

 Leveraging the favourable photophysical and 

electrochemical properties, coupled with the presence of multiple acidic C-H protons and 

electron-rich π-electron delocalized polyaromatic motifs, the anion-sensing characteristics of 
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the complexes are comprehensively investigated in this work through multiple optical 

channels and spectroscopic techniques.  

Among the heavy metals, mercury (Hg) poses significant health and environmental 

risks due to its toxic, persistent, and non-biodegradable nature.
53-55

 Once released into the 

environment, mercury can accumulate into the ecosystems and contaminates soil, water, and 

food chains. This bioaccumulation of Hg can lead to severe health issues in humans, 

including neurological damage, kidney failure, Minamata disease, and developmental 

disorders, particularly when exposure occurs through contaminated water or seafood.
56-57

 Due 

to these dangers, regulatory agencies such as the World Health Organization (WHO) and the 

Environmental Protection Agency (EPA) enforce strict limits on mercury levels to minimize 

its harmful effects on both human health and the environment.
58-59

 Optical detection methods, 

such as fluorescence and colorimetric changes, are highly convenient due to their simplicity 

and sensitivity, with fluorescent probes offering the key advantage of intracellular 

detection.
60-62

 The presence of various aromatic and heteroaromatic moieties within their 

architecture renders the present complexes rich in π-electron density. Consequently, 

interaction with cationic moieties is likely to be energetically favourable. Additionally, 

cation-π interaction should also be operative, governed by electrostatic forces and cation-

induced polarization.
63

 Cation-π interactions are crucial in fields like chemistry, biology, and 

materials science, playing significant roles in processes such as steroid biosynthesis, 

acetylcholine receptor binding and ion selectivity in potassium channels.
64-67

  Initially thought 

to be purely electrostatic, these interactions also involve induction, dispersion, and covalent 

contributions, particularly in transition metal cation-π systems.
64,68-71

 While studies 

predominantly focus on main group cations like Li, Na, and K, transition metal based cation-

π interactions, especially with M
2+

---π systems, are less explored due to the complexity of 

their open-shell electronic structures.
72-77

 Despite some research on transition metal-

polyaromatic hydrocarbon complexes,
78-80

 their untapped potential in the field of toxic metal 

sensing offers a promising avenue for advancing detection technologies. Due to the toxic 

nature of Hg
2+

 ion, we have concentrated on developing chemosensors specifically tailored 

for its detection. Although there are documentation of cation-pi and very few instances of 

anion-π interactions in metal complexes,
72-80,81-85

 to the best of our knowledge, there are no 

reports of such interactions based on Os(II)-terpyridine type complexes. This is the first 

report wherein the present Os-terpyridine complexes display simultaneous anion-π and 

cation-π interactions with F
-
 and Hg

2+
, respectively. 
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 Incorporation of a stilbene unit makes room for the trans-cis photoisomerization upon 

shining light which in turn will re-orient the conformation of the polyaromatic moieties 

within the complex backbone.
86-90

 Thus, it is quite expected that the extent of both anion-π as 

well as cation-π interactions will change among the two isomeric forms of the complexes. To 

this end, we will also thoroughly investigate the anion and cation sensing experiments with 

the cis-form of the complexes. In conjunction with experimental demonstration, computation 

analysis using density functional theory as well as time-dependent DFT has been executed to 

obtain the electronic properties of the molecular systems as well as the mode of ion-receptor 

interactions.  

 

7.2 Experimental Section 

 7.2.1 Materials. Synthesis and characterization of Tpy-pvp-X (X=naphthalene, 

anthracene, and pyrene) ligands have been described in Chapter 2.
 
 

7.2.2 Synthesis of the Metal Complexes. The homoleptic Os(II)-terpyridine 

complexes are synthesized upon refluxing K2OsCl6 and the respective ligand (tpy-pvp-X) in a 

1:2 ratio under an argon atmosphere in an ethylene glycol medium followed by their ion 

exchange with using sodium perchlorate (NaClO4). Purification of the complexes is 

accomplished by column chromatography and recrystallization from appropriate solvent(s). 

The detailed synthesis and characterization of the complexes have been meticulously 

discussed in Chapter 6. 

7.2.3 Instruments and Physical Methods. Details of instruments and physico-

chemical measurements are provided in Chapter 2. 

 

7.3 Results and Discussion 

7.3.1 Anion Sensing Behaviors of the Complexes. The anion sensing characteristics 

of 1-3 are systematically investigated in MeCN via different optical channels and 

spectroscopic techniques. Tetrabutylammonium salts of F
-
, Cl

-
, Br

-
, I

-
, CN

-
, AcO

-
 and H2PO4

-
 

are utilized for this purpose. The absorption and emission spectral response of the complex 2 

in presence of studied anions are depicted in Figure 7.1. Amongst the anions, F
-
 induces the 

maximum change while the remaining anions are unable to induce any detectable change in 

their spectral profile. 
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Figure 7.1. Absorption (left) and emission (right, λex=450 nm) spectrum of 2 in MeCN 

(1.0×10
-5

 M) in absence and in presence of studied anions as their TBA salts. 

 

 To acquire quantitative insight about the receptor-anion interplay, we performed 

titration experiments upon gradual addition of F
-
 and monitor the changes via absorption and 

emission spectroscopy (Figure 7.2). In the absorption spectra, decrease in absorbance of the 

MLCT and ILCT bands occur with concomitant increase in the π-π* band intensities for both 

2 and 3. For 1, simultaneous increase in the absorbance of both ILCT and π-π* bands take 

place together with a small decrease in absorbance of the MLCT bands. The decrease in the 

absorbance of the MLCT band is the maximum for 2, while minimum for 1. All the spectral 

lines pass through one or more isosbestic points indicating the presence of two or more 

species in equilibrium with one another. Complete saturation occurs upon addition of 92 

equivalents of F
-
. On the emission side, upon excitation at 450 nm, the emission intensity of 

the peak at ~740 nm slightly decreases with concomitant rise of a new peak at ~530 nm for 

all three complexes. The peak in shorter wavelength region is generally due to the ligand-

centred emission arising out of the deactivation of 
3
ILCT state, while the lower energy band 

at longer wavelength (~740 nm) emerges due to deactivation from the 
3
MLCT state. 

Continued addition of F
- 
results in enormous intensification of the shorter wavelength peak 

and ultimately saturates at 92 equiv. An increase in the Φ value is also noticed for the F
-
 

saturated solutions. Thus, a dual emission is observed for the complexes upon F
- 
addition. We 

have also measured the lifetime values of the complexes upon F
- 

addition and the 

corresponding decays are illustrated in Figure 7.3. The lifetime values are seen to decrease in 

case of 1 and 2, while it increases for 3.  
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Figure 7.2. Absorption (left panel) and emission (λex=450 nm) (right panel) titration profiles 

of the t-t forms of 1-3 in MeCN upon gradual addition of F
-
. Insets to the figures in both left 

and right panels indicate the estimation of binding constants. 

 

To elucidate the probable mode of interaction, 
1
H NMR titration experiment is 

executed upon systematic addition of F
-
 to the DMSO-d6 solution of 1 and the corresponding 

profile is displayed in Figure 7.4. It is observed that the signals due to H3', H6 and H7 undergo  

 

Figure 7.3. The emission decay profiles (λex = 490nm) as well as lifetime values of t-t forms 

of 2 and 3 in their free and F- saturated state in MeCN. 
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Figure 7.4. 
1
H NMR spectral titration of t-t form of 1 upon incremental addition of TBAF in 

DMSO-d6. 

 

 

significant downfield shift and the extent of shift varies between 0.1 and 0.3 ppm. The well-

resolved doublets for H6 proton, initially observed at 9.13 ppm, splits into two new doublets 

at 9.21 and 9.09 ppm. As F
-
 is gradually added, one of the doublets shift towards the up-field 

region while the other one towards the downfield region as shown in Figure 7.4. Change in 

multiplicity is also observed for H8, H4, H11, H14 and H16 protons, which undergo an up-field 

shift, resulting in the formation of a multiplet. The ethylenic protons, H9 and H10, also exhibit 

a slight up-field shift. The H3 proton experiences a small up-field shift, while the H5 proton 

undergoes a small downfield shift. Upon complexation with Os
2+

, the terpyridine and other 

aromatic protons within the complexes acquired acidic properties, facilitating their 

involvement in hydrogen bonding interactions with incoming F
-
 guests. The observed 

chemical shifts in selected proton signals in presence of F
-
 ions could be due to occurrence of 

a combination of non-covalent interactions, including CH…F hydrogen bonding, CH-π, and 

anion-π interactions. It is to be noted that the integration count of total number of protons in 

the F
-
 saturated spectrum increases relative to its initial form which is indicative of some sort 

of association among the complex molecules. 
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To investigate the mode of receptor-anion interaction, we also conducted 
19

F NMR 

titration experiments by gradually adding anthracene (2) derivative to a DMSO-d6 solution of 

TBAF. The corresponding spectral profiles are shown in Figure 7.5. Free TBAF exhibits a 

strong singlet at -106.9 ppm, corresponding to the F
-
 ion. Upon addition of the complex, the 

singlet peak undergoes a slight upfield shift and gradually diminishes, indicating shielding of 

F
-
 ions due to the formation of complex---F

-
 adduct. Notably, no additional peaks appear 

during the titration, confirming the absence of covalent attachment of fluorine to the complex 

backbone. Thus, the 
19

F NMR spectral analysis strongly supports the occurrence of non-

classical interactions between the complexes and F
-
 ions. 

 

Figure 7.5. 
19

F NMR titration of 2 with F
-
 showing complex

....
F

-
 interaction in DMSO-d6 at 

RT. 

 

To determine the stoichiometry of the complex-anion interaction, Job's plot analysis is 

conducted using emission titration data of the complexes upon varying the mole fraction of 

F
-
. The point of intersection at approximately 0.5 mole fraction of F

-
 in the Job's plot 

indicates a 1:1 adduct formation between the complex and the fluoride ion (Figure 7.6). 

 

Figure 7.6. Job's plot referring to the 1:1 interaction between the complexes 1 and 3 and F
-
 in 

MeCN. 
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We further determined the binding constants (K) for the receptor-anion interactions by 

analyzing the absorption and emission titration data of the complexes, using equation 7.1 for 

1:1 stoichiometry (inset to Figure 7.2). The resulting K values are summarized in Table 7.1.  

 

 

 

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 spectral data as a function of anion concentration leads to the value of 

binding constants. The binding constants for the naphthalene (1) derivative is found to be the 

highest followed by anthracene (2), both of which are notably higher than that of the pyrene 

derivative (3). Additionally, the detection limits of the complexes for F
-
 are calculated that 

range between 8.5×10
-8 

and 7.4×10
-5 

M (Table 7.1). 

Table 7.1. Equilibrium constants (K) and detection limits for 1-3 towards F
-
 and Hg

2+
in 

MeCN. 

Increase in the integration count of total number of protons in the 
1
H NMR spectrum 

of
 
1 prompted us to conduct the dynamic light scattering (DLS) experiments {Figure 7.7}. 

The DLS spectra are acquired in MeCN for the free as well as its F
-
 saturated forms of the 

complexes. It is seen that the size of the particle increases from 3.2-84.0 to 23.0-460.5 nm 

domain on addition of F
-
. Taking into consideration that no additional solvent was used in the 

DLS experiment, the possibility of solvent-induced aggregation is eliminated. Therefore, the  

Compound Binding Constant (K) Detection Limit /M 

F
-
 Hg

2+
 F

-
 Hg

2+
 

Absorption Emission Absorption Emission Absorption Emission Absorption Emission 

1(t-t) 6.3 × 10
4
 6.7 × 10

4
 9.3 × 10

4
 9.3 × 10

4
 1.2 × 10

-7
 8.5 × 10

-8
 1.6 × 10

-7
 3.1 × 10

-8
 

2(t-t) 5.8 × 10
4
 5.4 × 10

4
 5.9 × 10

4
 5.6 × 10

4
 1.6 × 10

-7
 2.0 × 10

-7
 7.9 × 10

-7
 6.3 × 10

-7
 

3(t-t) 3.6 × 10
4
 4.2 × 10

4
 7.3 × 10

4
 7.2 × 10

4
 7.4× 10

-7
 4.9 × 10

-7
 4.0 × 10

-7
 2.9 × 10

-7
 

1(c-c) 5.4 × 10
4
 5.6 × 10

4
 5.6 × 10

4
 4.2 × 10

4
 4.1 × 10

-7
 2.4 × 10

-7
 5.6 × 10

-7
 3.9 × 10

-7
 

2(c-c) 3.3 × 10
4
 4.6 × 10

4
 6.2 × 10

4
 5.3 × 10

4
 7.1 × 10

-7
 6.0 × 10

-7
 2.8 × 10

-7
 1.6 × 10

-7
 

3(c-c) 2.9 × 10
4
 3.4 × 10

4
 3.3× 10

4
 3.4× 10

4
 9.5 × 10

-7
 9.5 × 10

-7
 1.1 × 10

-6
 1.0 × 10

-6
 

(7.1)
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Figure 7.7. DLS plot to determine the particle size distribution of 1-3 in their free (left) and 

F
-
 (right) saturated forms in MeCN.  

 

aggregation primarily occurs due to non-covalent interactions drawing the molecules closer 

together, effectively increasing their size. As aggregation is known to enhance emission 

through the restriction of intramolecular motions (RIM), the observed increase in emission 

intensity upon F
-
 addition can be attributed to this phenomenon. Despite an increase in the 

total integration count of the protons, no evidence for the formation of a dimer-type adduct 

was observed. Consequently, the results of both NMR and DLS experiments clearly suggest 

the aggregate formation mediated by F
-
 ions.  

Since the conformation of the molecules significantly alter on going from the t-t to c-c 

form, it is expected that the extent of different non-classical interactions would also be 

substantially modified. To this end, we also investigated the anion sensing characteristics of the 

c-c form of the complexes and compared with their t-t counterpart. The absorption and 
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emission spectral change in the c-c form of the complexes is monitored upon stepwise 

inclusion of F
-
 (Figure 7.8). A closer inspection reveals that there is a marked difference in 

the spectral pattern of the c-c form relative to the t-t isomer of the respective complex. In the 

absorption spectra, F
-
 addition leads to increase in absorbance of the MLCT and ILCT bands 

along with a small decrease in the π-π* band intensity. Interestingly, the spectral window 

stretches up to ~1000 nm in case of 1 and 3 in presence of F
-
. Again, all the spectral lines 

pass through clear isosbestic points indicating that two or more species are in equilibrium 

with each other. Spectral saturation takes place upon addition of 84 equiv of F
-
 for the c-c 

form of the complexes. Interestingly, the amount required to reach saturation is little less in 

comparison to their t-t analogues (92 equiv). In the emission spectra, the c-c forms of the 

complexes display two bands at ~500 and 740 nm. The former peak is attributed to the ligand 

 

Figure 7.8. Absorption (left panel) and emission (λex=450 nm) (right panel) titration profiles 

of the c-c forms of 1-3 in MeCN upon gradual addition of F
-
. Insets to the figures in both left 

and right panels indicate the estimation of binding constants. 
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centered, while the peak at 740 nm corresponds to the MLCT emission. Upon F
-
 addition, the 

MLCT peak intensity gradually decreases while the ligand-centered band increases. We have 

also measured the lifetimes of the F
-
-saturated c-c forms of complexes, wherein small 

decrease in lifetime is noticed for 1 and 2 (Figure 7.9). By contrast, F
-
 saturated solution of 3 

exhibits a bi-exponential decay together with slight increase in lifetime. 

 

Figure 7.9. The emission decay profiles (λex = 490nm) as well as lifetime values of c-c forms 

of 1 and 2 in their free and F- saturated state in MeCN. 

 

To elucidate the probable mode of interaction, 
1
H NMR titration experiment is also 

executed on the c-c form of 2 upon systematic addition of F
-
 in DMSO-d6 and the 

corresponding profile is displayed in Figure 7.10. We have already provided the 
1
H NMR 

spectra of the anthracene derivative (2) due to photoisomerization in our previous chapter. It 

is observed that two set of proton peaks exist: the residual proton signals of the complex 

moiety due to their t-t form and the proton peaks due to their isomerised c-c forms. Fluoride 

addition affects both types of protons in the NMR spectrum. The protons associated with H3' 

at 9.60 ppm and H3''' at 9.47 ppm experience a downfield shift to 9.90 and 9.67 ppm, 

respectively. The multiplet corresponding to H6 and H6', having their chemical shift position 

within 9.17-9.08 ppm, also shifts towards downfield, resulting in two doublets at 9.44 and 

9.31 ppm. The H7' proton at 8.56 ppm experiences a slight downfield shift, forming a 

multiplet within 8.88-8.76 ppm range. A significant downfield shift from 8.13 to 8.51 ppm 

also takes place for the H15' proton (singlet linked with c-c form of the anthracene moiety). 

Interestingly, apart from the H15', most of the protons associated with the anthracene moiety 

undergo an up-field shift accompanied by changes in their multiplicities. Upon addition of up 

to 25 equiv of F
-
, the H9' and H10' protons associated to the ethylenic bond exhibit a slight up-

field shift from their initial positions of 6.87 and 6.65 ppm to 6.75 and 6.48 ppm, 
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respectively. However, upon the addition of 84 equiv of F
-
, they undergo a pronounced 

downfield shift to 7.16 and 6.75 ppm, respectively. The observed down-field shift of the 

above-mentioned protons is probably due to C-H∙∙∙F
-
 hydrogen bonding interaction. The  

  

Figure 7.10. 
1
H NMR spectral titration of the c-c form of 2 upon incremental addition of 

TBAF in DMSO-d6. 

 

peaks due to terpyridine protons (H3-H6) undergo both up-field and downfield shift together 

with change in their multiplicities, indicating the occurrence of some sort of interactions 

among the complex moiety and the incoming F
-
. The observed shifts in selected proton 

signals in the presence of F
-
 can be attributed to the interplay of various non-classical 

interactions, including CH∙∙∙F hydrogen bonding, as well as CH-π and anion-π interactions. A 

significant increase in strain is induced across the complex backbone on going from their t-t 

to c-c forms. Consequently, the extent of C-H∙∙∙F
-
 interaction between the different protons 

with incoming F
- 
will alter on passing from t-t to c-c analogues.  
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upon employing equation 7.1 for 1:1 stoichiometry (presented in the inset of Figure 7.8). It is 

observed that the values of K in the c-c forms are lower compared to their analogous t-t 

isomers and the observed value for the c-c forms lie in the order 1>2>3. The enhanced 

sensitivity of the t-t forms of the complexes over their c-c isomers towards F
-
 is also reflected 

in the extent of change in their absorption and emission spectral profiles. This lowering of the 

binding value most probably arises due to the increased strain generated in the c-c form of the 

complexes. The limit of detection towards F
- 

in the c-c forms of the complexes are also 

calculated and found to range between 1.6×10
-7

 and 1.1×10
-6

 M, which are lower than that of 

their analogous t-t isomers (Table 7.1). 

 To obtain direct proof for the occurrence of non-covalent interactions, we conducted 

DFT calculations on t-t as well as on the c-c form of the complexes and calculated the energy 

values associated with each mode of interaction (Figure 7.11). We first optimized the ground 

state geometry of 1 in both of its t-t and c-c states and calculated their energy values (A and 

D respectively). Next, we computed the energy due to interaction with F
- 
at some specified 

positions of the complex. We mainly considered two types of non-covalent interactions, viz. 

CH---F
-
 hydrogen bonding and anion-π. Initially geometries involving only CH---F- 

interactions within the terpyridine and styrylbenzene moieties are optimized. Four feasible 

CH---F
-
 interactions (B and E) are identified, and their energy values are found to decrease 

relative to their free forms. This is followed by optimization of geometries including both F
-
-  

 

 

Figure 7.11. Calculated energy diagram showing decrease in energy of 1
…

F
- 
complex adduct 

due to CH----F and anion-π interactions in different forms of the complex. 

-10x10
4

-9x10
4

-9x10
4

-8x10
4

E
n
e
rg

y
/e

V

A

B E

D

C F



Chapter 7 

279 

 

π and CH---F interactions within the single entity (C and F). The energy is seen to be lower 

than the rest of the optimized structures indicating that the increase in non-covalent 

interactions stabilizes the complex…F
-
 adduct. Although the energy of the complex decreases 

upon F
-
 addition, there is not much energy difference between the different isomerized states 

of the complex.  

 7.3.2 Cation Sensing Behaviors of the Complexes. Since the complexes possess a 

delocalized π-electron cloud throughout the entire complex backbone, we are also interested 

to investigate the cation sensing characteristics of the complexes. The cation sensing 

behaviors of 1-3 are systematically investigated in MeCN via different optical channels and 

spectroscopic techniques. We tested for a wide variety of cations, viz. Li
+
, Na

+
, K

+
, Be

+2
, 

Mg
+2

, Ca
+2

, Zn
+2

, Cd
+2

 and Hg
+2

 wherein significant change in their absorption and emission 

spectra is exhibited by Hg
+2

 only (Figure 7.12).  

 

Figure 7.12. Absorption (left) and emission (right, λex=500 nm) spectrum of 1 in MeCN 

(1.0×10
-5

 M) in absence and in presence of studied cations. 

 

 Figure 7.13 shows the change in the absorption and emission spectra of the 

acetonitrile solution of the complexes upon addition of HgCl2. In the absorption spectra, a 

gradual decrease in absorbance of the MLCT band is unanimously observed in all three 

complexes while small increase in absorbance of the mixed ILCT and π-π* band takes place 

in case of 1 and 3 only. All the spectral lines pass through one or more isosbestic points 

indicating that two species are in equilibrium with each other. Interestingly, a broad band 

arises in the NIR region of ~700-1100 nm for 1. Regarding their emission properties, 1 and 3 

demonstrates a gradual decrease in emission intensity, while 2 exhibits an increase in 

emission intensity. Notably, the emission maximum (λmax) remains unchanged for all three 

complexes. We have also measured the lifetime of the complexes upon reaching saturation  
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Figure 7.13. Absorption (left) and emission (right, λex= 500 nm) spectral changes upon 

incremental addition of Hg
+2

 to the t-t form of 1-3 (1.0 × 10
-5

 M) in MeCN solution. Insets to 

the figures in both left and right panels indicate the estimation of binding constants. 

 

with Hg
+2

. Hg
+2

 induces significant decrease in lifetime values of 1 and 3, while a minor 

increase is noticed for 2 with respect to their t-t analogues (Figure 7.14). The observed 

change in spectral properties could be due to non-classical interaction among the π-electron 

cloud of the complex backbone and Hg
2+

 ion.   

  
Figure 7.14. The emission decay profiles (λex = 490nm) as well as lifetime values of t-t forms 

of 1 and 3 in their free and Hg
+2

 saturated state in MeCN. 
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To obtain a direct proof for the cation-pi interactions, we also record the 
13

C NMR 

spectrum of the t-t form of 1 in DMSO-d6 upon addition of 95 equiv of Hg
+2

 (Figure 7.15). It 

is noticed that most of the 
13

C NMR peaks of Hg
+2

-saturated solution is shifted towards the 

downfield region by ~0.20-2.71 ppm, with the most substantial downfield shift of 2.71 ppm 

occurring for the signal at 145.91 ppm. This observation is probably due to dragging of 

electron density from the C
δ- 

units in the complex framework by the Hg
+2

 ions. This change 

in 
13

C NMR peak position clearly indicates the occurrence of some sort of non-covalent 

interactions between the complex cation and Hg
+2

, thereby leading to the formation of a 

1…Hg
+2 

adduct.  

 

Figure 7.15. 
13

C NMR spectra of 1 (t-t) in their free and Hg
+2

 saturated forms in DMSO-d6. 

 

 To elucidate the stoichiometry of the complex-anion interaction, Job's plot analysis is 

again performed using emission titration data, wherein the mole fraction of mercury ion 

(Hg
+2

) was systematically varied (Figure 7.16). The analysis revealed that the point of 

maximum emission change occurs at ~0.5 mole fraction of Hg
+2

, indicating the formation of 

a 1:1 adduct between the metal complex and Hg
+2

. This 1:1 stoichiometry suggests that each 

metal center within the complex coordinates with a single Hg
+2

, most likely through non-

covalent interactions such as cation-pi as well as electrostatic interactions.  

We also carried out the DLS study of the complexes in their Hg
+2

-saturated forms to 

speculate any change in the particle size upon addition of the cation (Figure 7.17). 

Surprisingly, the particle size increases from 3.2-84.0 to 102.8-146.2 nm, indicating the 

occurrence of some sort of association upon addition of the Hg
+2 

ion. As previously  
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Figure 7.16. Job's plot referring to the 1:1 interaction between the complexes 1 and 2 and 

Hg
2+

 in MeCN. 

 

 

Figure 7.17. DLS plot to determine the particle size distribution of 1-3 in their free (left) and 

Hg
2+

 (right) saturated forms in MeCN.  
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discussed, since no other solvent is involved, the observed increase in particle size is solely 

due to the addition of Hg
+2

, which in turn induces some sort of association. This aggregation 

arises from non-covalent interactions that bring the molecules closer, increasing their size. 

 Since the structural orientations of the complexes are significantly altered on going 

from the t-t to the c-c form, we are also interested to investigate the efficacy of c-c form of 

the complexes to interact with the Hg
+2

 ions. The changes are monitored by absorption and 

emission spectroscopy (Figure 7.18). It is of interest to see that the nature of change in the 

absorption spectra is substantially altered wherein the MLCT and ILCT band lose their 

intensity together with a small increase in the π-π* band intensity. All the spectral lines pass 

through an isosbestic point indicating that two or more species are in equilibrium with one 

another. In the emission spectra, when excited at 450 nm, 1 and 2 exhibit a decrease in the 

emission intensity of the MLCT band, while the ligand-centered band remains unaffected. By 

 

Figure 7.18. Absorption (left) and emission (right, λex= 450 nm) spectral changes upon 

incremental addition of Hg
+2

 to the cis-cis form of 1-3 (1.0×10
-5

 M) in MeCN solution. Insets 

to the figures in both left and right panels indicate the estimation of binding constants. 

 

 

contrast, for 3, an increase in intensity of the MLCT band takes place with concomitant 

decrease in the ligand-centred band. The lifetime of the complexes is found to decrease upon 

addition of Hg
+2

 to their c-c forms (Figure 7.19).   
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Figure 7.19. The emission decay profiles (λex = 490nm) as well as lifetime values of c-c 

forms of 1and 3 in their free and Hg
+2

 saturated state in MeCN. 

  

To quantitatively evaluate the receptor-cation interactions, binding constants (K) are 

determined by analyzing the absorption and emission titration data of the complexes (Figure 

7.13 and 7.18 inset, Table 7.1), utilizing the 1:1 binding model as described by equation 7.1. 

While for the t-t forms, the binding constants lie in the range 5.6-9.3×10
4
, for the respective 

c-c forms, they lie in the range 3.3-6.2×10
4
. The data clearly indicate that the K values for 

receptor-mercury (Hg
+2

) interactions in their c-c forms are consistently lower relative to 

corresponding t-t isomers. This decrease in binding affinity can be attributed to the structural 

changes induced during c-c isomerization, which likely alters the spatial arrangement and 

electronic environment of the binding site, reducing its ability to interact strongly with ions. 

The order of the binding constants is 1>3>2 for the t-t form, while for the c-c form the order 

is 2>1>3. This reflects the influence of polyaromatic hydrocarbon substituents on the 

receptor's binding efficiency, suggesting that both steric and electronic effects play critical 

role in modulating the receptor's cation recognition capabilities. The detection limits of the 

complexes towards Hg
2+ 

were also found to substantially higher in their t-t form (3.1×10
-8

 to 

7.9×10
-7

 M) compared with the c-c isomers (1.6×10
-7

 to 1.1×10
-6

 M). 

 

7.4 Conclusions 

With regard to our sustained interest in designing prospective molecular sensors and switches 

that function in the near-infrared (NIR) domain, we employed herein a new array of 

homoleptic Os(II)-terpyridine complexes coupled with stilbene-appended naphthalene, 
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anthracene and pyrene motifs for simultaneous recognition of selective anion and cation. The 

complexes are found to selectively sense F
-
 among a wide range of anions as well as Hg

2+
 

amongst the cations via multiple optical channels and spectroscopic techniques. The results 

of absorption, steady-state and time-resolved emission experiments together with ¹H, 
13

C, 
19

F 

NMR spectroscopic analyses and dynamic light scattering (DLS) experiments unequivocally 

demonstrate strong association among the complexes and F
-
 as well as Hg

2+
 ions. These 

interactions arise from a sophisticated interplay of non-classical forces, including CH···F 

hydrogen bonding, CH-π, anion-π, cation-π interactions, and through-space electrostatic 

attraction between the complex and the F
-
 and Hg

2+
 ions. 

The stilbene units enable t-t→c-c photoisomerization upon exposure to light, which 

subsequently reorient the conformation of the stilbene-coupled polyaromatic moieties within 

the complex backbone. The anion and cation sensing investigations are also conducted on the 

c-c form of the complexes to examine the effect of orientation of polyaromatic moieties on 

their sensing efficacy. Substantial alteration of sensing efficacy is indeed observed on passing 

from t-t to c-c form of the complexes. In conjunction with experimental demonstration, 

computation analysis using density functional theory as well as time-dependent DFT has been 

executed to obtain the mode of ion-receptor interactions. Thus, the present complexes can be 

used as efficient sensors in the NIR region. 
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