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Abstract 
C-C bond Formation and Electron-proton 

Transfer Reactions in Unusual Media 

 
In the present thesis, we focus on the delineation of the physical forces that responsible 

for C-C bond formation reactions and electron as well as proton transfer reactions 

performed in environmental benign unconventional media. The idea of ‘‘unconventional 

solvents’’ expresses the common concern of today’s chemists to minimize the 

environmental impact resulting from the use of existing obnoxious solvents in chemical 

production. It is known that the consequence of a chemical reaction is strongly correlated 

to the mutual interactions between a reacting molecule and the solvent molecules 

surrounding it. Physico-chemical aspects of these solute-solvent interactions i.e. solvent 

effect in unusual media have been studied with reference to activation energy barrier and 

reactivity in comparison to the existing models suitable for usual solvent available in the 

literature. Throughout our research work, we have concentrated on two unusual media: 1) 

water and 2)  ionic liquid. Organic reactions have been carried out in water and mixed 

aqueous media to discern the mechanistic details from the perspective of a physico-

organic chemist. To broaden the applicability of ionic liquids in electrochemistry and 

biological processes, photophysical studies have been performed to understand the 

efficiency and dynamics of ionic liquids. Two most fundamental processes i.e. electron 

transfer and proton transfer occurring in chemistry and biology have been studied in 
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organized viscous ionic liquid media. Since the local solute-solvent interactions in 

viscous media like ionic liquids substantially differ from conventional homogeneous 

solvents, the mechanism and dynamics of photophysical processes are expected to differ 

considerably in ionic liquids.  

For the convenience of presentation, different features of the present research work have 

been discussed in eight different chapters. Brief descriptions of these chapters are given 

below.      

Chapter 1: Current chapter describes an introduction based on critical literature survey 

on green chemistry, solute-solvent interactions, carbon – carbon bond forming reactions 

in water particularly emphasizing on Diels-Alder reactions and Wittig reactions, physico-

chemical characteristics of ionic liquids, intricacies of photochemical reactions especially 

energetics and kinetics of electron and proton transfer reactions. A quantitative picture of 

thermodynamic and kinetic aspects of solute-solvent interactions has been presented here 

to validate essentiality of solvent to carry out chemical reactions. Efficacy of water has 

been described from the perspective of its use as a green solvent. Efforts have been made 

to briefly discuss the current understanding of the research related to organic reactions in 

water both in homogeneous as well as heterogeneous conditions. Particular emphasis has 

been given to uncover the role of water during organic reactions occurring at the oil-

water interface. A brief literature review comprising physico-chemical characteristics of 

ionic liquids has been introduced. The dynamic response of the surrounding solvent 

molecules to photoinduced changes of the chromophoric solute molecules has been 

briefly reviewed. Much of the significance has been given to understand dynamical and 

energetic response of the confined geometry of an organized solvent during ultrafast 

ix 
 



excited state proton transfer reactions. Kinetics of photo induced electron transfer (PET) 

reaction mechanism has been discussed in the light of Marcus theory as well as Sumi-

Marcus model. Emphasis has been given on 2-D electron transfer model while discussing 

PET since solvation dynamic response to PET in condense phase or viscous media like 

ionic liquid can be appropriately rationalized by two dimensional electron transfer 

approach (2DET) or Sumi-Marcus model.    

Chapter 2: A brief note on the objectives of the designed research as well as the 

motivation of the present work has been penned down in the context of literature survey. 

Chapter 3:  Different instrumental techniques that have been employed to carry out 

present investigations have been enumerated in this chapter. The instruments that have 

been used to provide accurate data  are gas chromatography; UV-Vis spectrophotometer; 

steady state spectrofluorimeter; time correlated single photon counting (TCSPC) 

fluorescence spectrometer and Subpicosecond ultrafast fluorescence spectrometer (Up-

conversion fluorimeter). The basic principles of all the instruments as well as 

experimental techniques to obtain data have been described precisely in the present 

chapter. 

Chapter 4: This chapter elaborates the research on delineation of physical parameters 

responsible for amazing augmentation in the reactivity as well as selectivity of Diels-

Alder reactions and Wittig reactions especially at the organic (oil)/water interface. In 

general, organic reactions at ‘on water’ condition i.e. heterogeneous condition show 

remarkable improvement both in reactivity and selectivity in comparison to ‘in water’ i.e. 

homogeneous condition as well as neat condition. However, presence of interface along 

with its role during reaction progress is not univocally supported in the present literature. 
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In the present chapter, through our systematic kinetic and thermodynamic studies we 

have established the presence of oil-water interface and quantified its assistance in 

promoting reactions keeping all other physical parameters invariant. A comparative study 

of the enthalpic and entropic activation parameters associated to homogeneous and 

heterogeneous reactions has been presented here. In the midst of unique characteristics of 

water promoted reactions viz. enforced hydrophobic interactions, cohesive energy 

density, and polarity etc., the superior role of hydrogen bonding of the interfacial water 

molecules during heterogeneous aqueous reactions has been reported in this chapter.  

Chapter 5: Present Chapter is concerned with the widening of the solvation window of 

water upon introduction of ionic liquids as co-solvents to uphold its extensive application 

for performing organic reactions. In the present chapter reactivity of Diels –Alder 

reaction has been quantified by the interactions of water and co-solvent i.e. ionic liquid 

with the reactants and the activated complex. Hydrophobic hydration plays pivotal role in 

solvation of the apolar reactants in aqueous and mixed aqueous solvent. The interactions 

of apolar solutes and mixed aqueous solvents are mainly guided by the extent of overlap 

of the hydrophobic hydration shells. Concentration of ionic liquids in water has been 

intentionally kept low to access the one to one interactions between reactants and mixed 

aqueous solvent. To estimate small range hydrophobic hydration i.e. pairwise interactions 

‘Group Additivity Approach’ and SWAG principle have been applied throughout this 

study. Observations come out of large variety of ionic liquids establishes quantitative 

efficacy of ionic liquids as co-solvents in a comparative manner. 

Chapter 6: This chapter elaborates kinetics and energetics of excited state intramolecular 

proton transfer (ESIPT) reactions of 1, 8-dihydroxyanthraquinone (18DHAQ) in ionic 

xi 
 



liquids specifically in protic ionic liquids, since proton transfer reaction in aprotic ionic 

liquids has been found to be too fast to analyze. Absence of the mirror image relationship 

between absorption and emission spectra related to tautomeric reactions of 18DHAQ in 

protic ionic liquids justifies the involvement of dissimilar energy states at the excited 

state in comparison to ground state. The changes in the dipole moment between normal 

excited form (N*) and excited tautomeric form (T*) of the dye indicate that the drastic 

solvation relaxation is accompanied by the excitation and the ESIPT process, which is 

consistent with the remarkable dynamic Stokes shift observed in the experiments. The 

unexpected increase in the emission of T* with the increasing viscosity of ionic liquids 

signifies the presence of slower reverse ESIPT along with forward ESIPT. The extent of 

backward ESIPT process dies away on moving towards higher viscous ionic liquids. First 

diffusive relaxation of the low/ moderately viscous ionic liquids causes modulation in the 

energy states of N* and T* and induces backward ESIPT. Direct observation of backward 

ESIPT in protic ionic liquids is a very important investigation of the present study. 

Chapter 7: This chapter deals with indepth analysis photoinduced intermolecular 

electron transfer reactions between coumarin dyes and aromatic amine (N, N-dimethyl 

aniline) in ionic liquids. In the present study, in the steady state fluorescence 

measurement data, the positive deviation from Stern-Volmer (SV) linearity is generally 

observed even in the absence of any ground state complex formation and is ascribed to 

the quenching involving close vicinity donor-acceptor pairs at the moment of photo-

excitation. As the closely spaced D-A pairs participate in instantaneous quenching (i.e. 

static quenching); they gradually contribute more as the quencher concentration is 

increased. In both the IL media, coumarin dyes show strong non-exponential decay 
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profiles from fluorescence up-conversion measurements in the presence of DMAN. The 

fluorescence transients were rigorously fitted by convolution method using a Gaussian 

shape for the instrument response function (IRF, ~ 200 fs) and a multi-exponential decay 

function. Correlation of the observed bimolecular quenching constant (kq) values in ionic 

liquids with the free energy changes (∆G0)  for electron transfer reactions establishes an 

inversion behaviour at the higher exergonic region, as predicted by Marcus outer sphere 

electron transfer theory.   

Chapter 8: Results and principle conclusions has been summarized in the present 

chapter. Moreover the future prospects of research works carried out in the present thesis 

has been discussed in this chapter. In a nutshell, the significant contributions from 

investigations carried out in the present thesis are as follows: 

1. The mechanistic intricacies of the ‘on water’ reactions have been demonstrated 

experimentally. The participation of the oil/water interface and contribution of extensive 

hydrogen bonding present at the interface to promote the reactions have been established 

univocally. 

2. One to one interaction between ionic liquids and reactants in the mixed-aqueous 

solvent has been delineated by invoking pairwise interactions. Quantitative comparison 

of pairwise interaction values among wide range of ionic liquids will encourage 

researchers to design reactions with minimal use of ionic liquids. 

3. Direct observation of backward ESIPT along with forward ESIPT in the low viscous 

protic ionic liquids is an imperative investigation.  
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4. The Marcus inverted region (MIR) has been demonstrated from the ultrafast electron 

transfer (ET) quenching experiments between coumarin derivatives and N, N- 

dimethylaniline in viscous ionic liquid media.  
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Chapter 1 

General Introduction 

 
‘‘The significant problems we face today cannot be solved at the same 

level of thinking we were at when we created them’’                                           

Albert Einstein 

 

 
The propensity of a chemical reaction is strongly related to the mutual interactions 

between the reacting molecules and the solvent molecules surrounding the solutes. 

This chapter aims at presenting a comprehensive literature survey on how solvent can 

control reaction rates both thermodynamically and kinetically. During discussion of 

solvent effects, special emphasis has been given on the feasibility of ‘green solvents’ 

e.g. water, ionic liquids and aqueous mixture of ionic liquids as the replacement to 

conventional volatile organic solvents. Organic reactions like Diels-Alder reactions, 

Wittig reactions having potential application in biological sciences have been studied 

in the environmental benign solvents from the perspective of a physico-organic 

chemist. To comprehend the molecular level interactions as well as dynamics of 

excited states of the reactants in ‘green solvents’, photophysical aspects have also 

been summarized in this chapter.  
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1. Towards the Ideal Chemistry: 
1.1 The Emerging Paradigm in Chemistry 

Our environment is a multifaceted nexus of interdependent dynamic activities, closely 

associated to the internal and external chemistries that sustain them. It has been 

argued that chemists pollute this environment to a fair extent by inducing an alteration 

in the supporting chemistry.1 However, chemistry reserves great responsibilities in 

shaping the human life in the hand of an artisan.2 Otherwise, random as well as 

gratuitous introduction of chemistry in human activities would lead science to 

produce waste and subsequently environmental epidemic. In this context, a new 

initiative of shaping the modern scientific developments has been put forward and the 

term ‘green’ has been introduced to emphasise researches on the interdependence 

among scientific discoveries, pollution and the environment as well as to encourage 

innovation in reducing costs of production and waste management. Paul Anastas 

(American Chemical Society’95), Director of the American Chemical Society’s Green 

Chemistry Institute (GCI) divulged “We’ll need to drill down to the molecular level, 

where you can have the most influence”.3 As chemistry involves itself in building 

molecules starting from atom, ‘green chemistry’ is essential to wisely redirect the 

chemical innovations and investigations in the way of environmental sustainability 

and acceptability.4 United Nations’ World Commission on Environment and 

Development published ‘Our Common Future’, defining sustainability as “meeting 

the needs of the present without compromising the ability of future generations to 

meet their own needs.” 5 

 ‘Green Chemistry’ can be regarded as a ‘new way of thinking’ rather than a 

new branch of chemistry.6 Green chemistry has been defined by IUPAC as “The 

invention, design and application of chemical products and processes to reduce or to 

eliminate the use and generation of hazardous substances.”3 The challenges to the 

researchers of the ‘green chemistry’ are to go through the entire existing processes of 

chemical synthesis and to discover new trail to synthesise the chemical product 

efficiently emphasising on  toxicity reduction as well as waste minimisation. A set of 

12 guiding principles advocated by Anatas and Warner abridges the vast spectrum of 

green chemistry.3,4 The first principle sets the basic goal of green chemistry by 

propagating universal idea familiar in medical sciences i.e. ‘prevention is better than 

cure’. The remaining 11 principles can be summarized under following four headings: 
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1. Atom efficiency - designing processes to maximise conversion efficiency in terms 

of atoms involved in the whole chemical process. 

2. Energy conservation – modelling the process to consume lowest possible energy 

3. Waste control – designing the strategic methodology of a process to minimise the 

waste or    to avoid waste production. 

4. Substitution –   delineating the way to keep the process away from hazardous 

reagents and   to perform the reactions in no solvent or in 

environmental benign solvents. 

 

‘Science is necessary but not sufficient’ (Maltoni and Selikoff, 1988). The new 

paradigm of chemistry is to define the whole process of chemical production in light 

of their environmental sustainability by eliminating the conventional methods having 

potential to contaminate the environment.  

 

1.2 In Quest for Green Solvent: 

The word ‘solvent’ has been derived from the original Latin ‘solvo’ which signifies ‘I 

loosen, unite, I solve’.7 Solvent indicates the class of the substances that dissolve a 

solute (chemically different liquid, solid or gas), resulting in a solution. Gas, liquids 

or solid phases can serve as the medium of chemical reactions but in comparison to all 

fluids, liquid serves as a medium for carrying our most of the chemical 

transformations. Solvents have been used for thousands of years not only as media of 

the chemical reactions but also they play pivotal role during extraction, purification, 

separations of the products.8 From the ancient times, water remains as popular to 

human being not only as a universal solvent to aid chemical transformations but also 

it serves as the natural reservoir to germinate and sustain life.9 The first man-made 

solvents were almost certainly hydrocarbons, such as turpentine derived from wood 

sources, and ethanol from wine spirits. Ancient civilizations discovered that by 

fermenting vegetable matter, such as grapes or sugar cane, they could produce 

ethanol.10a In many ways it looked and behaved like water; in other ways it was very 

different and proved invaluable for dissolving oils and resins. Organic solvents 

became a boon to the chemists due to rapid progress in the petroleum – refinery 

technology since 20th century. Previously, organic solvent signifies a generic term to 

entail a collection of common carbon based fluids those used to serve a single purpose 

i.e. to dissolve grease, oil, rubber etc.10 To a chemist, significance of a solvent 
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requires more attentions towards both macro- and micro-scopic point of view. 

Macroscopically liquids serve as the ideal medium for mass transfer and heat transfer 

during a chemical process. From the molecular point of view, solvent helps in 

dissolving solids by breaking bonds and exerts specific and non-specific forces to 

control the chemical reaction on passing from reactants to product through transition 

state.11 Therefore, for the successful completion of the chemical reactions, a chemist 

can hardly develop a methodology only by concentrating on the required reactants 

without selecting solvent to carry out the reactions. 

 

Figure 1: A pie chart displaying the percentage usage of solvent in the major areas  

(Obtained from: http://www.aaechemie.com/html/aae_solvent_information.html) 

 
Solvents are often categorised as volatile organic compounds (VOCs). VOCs 

represent a broad group of carbon based chemicals those can easily evaporate at room 

temperature. Therefore, these VOCs can form low level ozone and smog by free 

radical oxidations in the air. Some of them are highly flammable and are also 

potential to cause serious health problems depending on their concentration of 

accumulation in environment.12 There are thousands of VOCs are in our daily life; 

some of the example of VOCs is as follows: benzene, toluene, ethylene glycol, 

formaldehyde, acetone, methylene chloride, xylene, tetrahydrofuran etc. 
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Table1: E-factor of industrial production14 

 

 

 

 

 

 

                                 

Rapid growth in the population and fast urbanisation requires large scale 

industrialisation and surplus increment in the production of goods. Particularly in 

fine-chemical and pharmaceutical industries, major amount of solvents are used per 

mass of product and contribute to the heavy pollution. Recent E-factor has been used 

to access the actual amount of waste production during an industrial process. It is 

defined as E-factor = total waste (kg) / product (kg).    

The new metric (E-factor) shows that production of fine chemicals and 

pharmaceuticals evolve highest amount of waste i.e. have the highest negative 

environmental impact. These statistical inferences represent a prima facie of the 

alarming condition of the environmental pollution roughly.14,15 The researchers in the 

arena of ‘green chemistry’ has emphasised on development of ‘green solvents’ or 

solvent systems which reduce the intrinsic hazards associated with conventional 

solvents. At Green Solvents conference in Germany in October, 2010 Philip G. Jessop 

was asked a question  “If the adoption of greener solvents over the next 20–30 years 

will reduce environmental damage from human activities, then the adoption of what 

class of solvents will be responsible for the greatest reduction in environmental 

damage?”16 During selection of the green solvents, the desirable characteristics like 

inertness, non-flammability, cost-effectiveness, low-volatility, and non-toxic etc. 

serves as guiding attributes to the chemists.3,4  

The foremost goal of the present thesis is to invoke green solvents viz. water 

and ionic liquids as the reaction media and to carry out a comprehensive evaluation of 

the ‘pros’ and ‘cons’ of the new green media in comparison to traditional organic 

solvents from a physical-organic chemist’s perception. The knowledge of the physical 

forces that guide the solute-solvent interactions will be vastly beneficiary to us during 

the adoption of the green solvents during the performance of the chemical reactions as 

well as to design the new solvents or new green methodology without compromising 

Industry sector Annual 

production (ton) 

E-factor 

Oil refining 106-108 Ca. 0.1 

Bulk chemicals 104-106 <1–5 

Fine chemicals 102−104 5–50 

Pharmaceuticals 10–103 25–100 
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their environmental impacts. In this chapter, we have aimed to present a brief 

discussion based on the available literature on the physico-organic attributes of water 

as well as ionic liquids and the physical forces exerted by these green solvents during 

performance of the reactions. Our discussion will be focused on two important types 

of reactions, one is C-C bond formation reactions and another refers to the reactions 

evolves out of elementary particles. While discussing C-C bond formation reaction, 

we shall emphasise on the physical forces behind the occurrence of Diels –Alder 

reactions and Wittig reactions in water and ionic liquids. Again, we shall assess the 

photo-physics and feasibility of ionic liquids while acting as the media of 

photoinduced electron transfer reactions (PET) and excited state proton transfer 

reactions (ESIPT) during the subsequent discussion.    

1.3 Thermodynamic Aspect of Solute-solvent Interactions:  

1.3.1 Origin of Solvent Effects 

A physical perception of solution is that it is a homogeneous liquid mixture of more 

than one constituent in a variable ratio. Among these components, the excess 

component is known as the solvent and the other quantitatively small components are 

known as solute. Roult’s law as well as Henry’s law deal with the principle criteria 

behind the ideality of this mixture. However, the deviation from the ideality 

introduces interactions among solute and solvent, originated at the molecular level. 

These interactions among solute and solvent molecules are too strong to be analysed 

by the famous ‘kinetic theory of gases’ and on the other hand interactions are too 

weak to be described by the prevailing laws that govern the physics of solid-solid 

interactions. Therefore, to abridge the wide gulf between ‘gas model’ and ‘crystal 

model’ a model pertaining to liquid phase is highly essential to interpret the 

characteristics of the solutions. Due to complexity in the structure and interactions in 

liquid contrast to that of gas and solid, development of a universal set of laws is 

decidedly difficult task to the chemists.  In this direction, the first breakthrough was 

introduced by Berthelot and Saint-Gilles in 1862 through their studies on the 

esterification of acetic acid with ethanol.18 While performing the reactions between 

trialkylamines with haloalkanes in 1890, Menschutkin had also concluded that effect 

of reaction medium seems to be inseparable from the reaction itself. 19 Soon after this 

discovery, scientific community had persuaded systematic studies to delineate the 

solute-solvent interactions. Claisen’s study on the influence of the solvent on the 

6 
 



chemical equilibra directs the scientific world to concentrate on the effect of solvent 

properties during the reactions.20  

The research work on the solute –solvent interactions during reaction progress can 

be categorized into three major tasks, 

 i) to dissect the solute-solvent interactions into subdivided categories to comprehend 

the real contribution from the individual solvent components. 

ii) to define the limit of solute-solvent interactions quantitatively, and 

iii) to establish connections (at least superficially) among the observed contributions 

to the interactions arises out of structural versatility from solvents to solvents.  

1.3.2. Solute-Solvent Interactions in Terms of Solvent Properties 

A solution at equilibrium is considered as a large assembly of molecules undergoing 

incessant collisions and exchanging energy among colliding partners and among 

internal degrees of freedom. These collisions among molecules and subsequent 

exchange in energy among the constituents follow almost similar trend as in the pure 

liquid. Properties of the molecules of solvent as well as that of nearby solute 

molecules actually decide the extent of local ordering of molecules and are 

responsible for introduction of both micro- and macroscopic deviation of solution 

from pure liquid. By considering solvent as a macroscopic continuum, we often give 

sufficient stress upon the macroscopic physical properties such as boiling point, 

cohesive pressure, refractive index, relative permittivity, surface tension, vapour 

pressure, viscosity, density etc. These macroscopic properties represent only classical 

model as here use has been made of physical classical concepts, as energy, collisions 

(and, implicitly, classical moments), spatial ordering (i.e., distribution of elements in 

the space).17 

  Similar properties play key role during specification of characteristics and 

boundary of pure liquid also. To understand the local ordering and mutual interactions 

those strongly depend on the chemical composition one should ponder over semi-

classical or quantum description of the solution.21 From the microscopic point of 

view, a solution is a microheterogeneous assembly guided by the molecular properties 

of solvent like dipole moment, electronic polarizability, hydrogen bond donor (HBD) 

(α) and hydrogen-bond acceptor (HBA) capability (β), electron-pair donor (EPD) and 

electron-pair acceptor (EPA) capability which are the consequence of individual, 
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mutually interacting solvent molecules, local ordering and their molecular 

composition.21,23  

   The interactions between solute and solvent have been explained by an age old 

principle ‘like dissolves like’ for a long time. The research workers have tried to 

redefine the term ‘like’ from time to time on the basis of updated semi-classical or 

quantum chemical interpretations of the microscopic parameters. However, in the 

present context, during the discussion of solubility of ‘B’ in the solvent ‘A’, one 

stresses upon the intramolecular forces (KAA & KBB) between ‘A......A’ and ‘B......B’ 

as well as the intermolecular attractions between A & B i.e. KAB.  These 

intermolecular forces can be categorized into two types depending on their 

directionality and specificity. First category comprises hydrogen bonding, charge 

transfer, electron –proton donor acceptor forces which can be directional, specific and 

can be completely satisfied. The forces generally contribute towards deciding of the 

stoichiometry the molecule and ion interactions. The second category comprises 

dispersion and induction forces which are non directional as well as non specific in 

nature. These forces cannot be satisfied completely.17, 23  

 

1.3.3 Quantification of the Solute-Solvent Interactions by Thermodynamic and 

Kinetic Parameters     

Recent advances in spectroscopic techniques examining the dynamics and 

thermodynamics of solute-solvent interactions, along with the progress in computer 

simulations, have led to new insights into the microscopic mechanisms and solvent 

modes driving activated transitions.  

To comprehend the influence of solvent-solute physical interactions on the 

enthalpy and entropy of molecular equilibrium, let us consider the equilibrium in the 

general form 

                                               ν1A1+ ν2A2 + ......= 0,                                                 (1) 

where, the Ai denote electrically neutral reactants and  products of the equilibrium (l), 

and the υi denote the  stoichiometric coefficients, positive for products and negative 

for reactants. This notation is convenient for further considerations. The change in 

energy ∆G, or other thermodynamics functions of equilibrium (l), taking place in the 

solvent S can theoretically be calculated by quantum- chemical techniques. However, 

the accuracy of even very modern calculations is as a rule insufficient to take into 
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account the solvent effect. Both theoretical calculation and experimental results show 

that the equilibrium constants of complexation as well as equilibrium constants of 

tautomeric equilibra depend on the type of solvent, particularly on its polarity.24 It can 

be expressed by assuming that the Gibbs free-energy change ∆Gs of equilibrium (l), 

in the solvent S, can be expressed by a function P of macroscopic parameters of the 

solvent, such as its electric permittivity ε, molar volume V, etc.:  

                                           ∆Gs = ∆Go + AP(ε, V,...),                                                 (2) 

where ∆Go, denotes a constant which with appropriate definition of the function P, 

may be interpreted  as the free-energy change of the equilibrium (1) in the gas phase, 

and A denotes a proportionality coefficient. The enthalpy change of the equilibrium 

(1) can be expressed by the van‘t Hoff equation 24,25 

                                            ∆𝐻𝑠 =
𝑑�∆𝐺𝑠𝑇 �

𝑑�1𝑇�
                                         (3) 

where, T denotes the absolute temperature. Using assumption (2) one obtains 

                                  ∆𝐻𝑠 = ∆𝐻0 +  𝐴𝑃(1 − 𝑇
𝑃

 𝑑𝑝
𝑑𝑇

)                                              (4) 

 

here, ∆𝐻0 can be expressed as: ∆𝐻0 =
𝑑(∆𝐺0𝑇 )

𝑑(1𝑇)
 

Similarly, using the assumption (2) the entropy change of the reaction can be 

expressed as  

                                         ∆𝑆𝑠 =  ∆𝑆0 + 𝐴𝑑𝑝
𝑑𝑇

,                                                      (5) 

where ∆𝑆0 can be defined as:  ∆𝑆0 = ∆𝐺0
𝑇
−  ∆𝐻0

𝑇
  

Equations (4) and (5) show that, if assumption (2) is valid, both enthalpy and entropy 

of the equilibrium not only depend on solvent parameters, such as ε, V etc. but also on 

the temperature. In the dipolar approximation, Onsager model provides, A= -4πN2/3 

and P (ε, V,....) = ∆µ2 (ε-1)/(2ε-1).24 In this equation, N denotes the Avogadro 

number, ∆µ2 is the polarity of the reaction defined as  ∆𝜇2 =  ∑ v𝑖𝜇𝑖2

𝑉𝑖𝑖    where, µi and Vi 

denote the dipole moment and molar volume of the ith component of the equilibrium 

(1). The summation denotes all reactants and products involved in the equilibrium. 

From the above discussion, it is obvious that the enthalpy change ∆𝐻𝑠 , and entropy 

change ∆𝑆𝑠  due to solvation can be quantitatively obtained from the various form of 

the van’t Hoff equations. This correlation among the thermodynamic parameters and 
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the solvation parameters implies that solvent parameters like polarity, ε, V etc. plays 

pivotal role in deciding the value of ∆Gs i.e. free energy of solvation.17,26-27   

     To realize the effect of solvent polarity on the reaction in a lucid manner, we can 

represent the reaction co-ordinate of SN1 and SN2 in both polar and apolar solvent 

pictorially (Figure 2),  

 
 
Figure 2: Diagram of free energy change during SN1 and SN2 in both polar and 
apolar solvents 
 
As we all know that during neucleophilic substitution reactions, the polarity of the 

substances undergoes a wide variation in its magnitude upon moving from reactants to 

products through the transition state.28 Here in the Figure 2, ∆∆G# represents the 

difference in the activation energy between polar and non-polar solvents. It is found 

that polar protic solvent promotes the SN1 type reactions by stabilising the 

intermediate carbocation and polar aprotic solvents promotes SN2 reactions by 

introducing loose solvation shell around the neucleophile.28, 29  

If we consider the dissolution of NaCl (ionic salt) in non-polar solvent e.g. 

hexane and a polar solvent e.g. water, we can easily justify the relation between 

enthalpy change and the solvation tendency. The Na+ and Cl– ions are bound together 

in the solid through strong coulombic forces; pulling the solid apart in nonpolar 

solvent (hexane) is a highly endothermic process. In contrast, dissolution of NaCl in 

polar solvent (water) is slightly exothermic and proceeds spontaneously. This is due 

to the percolation of water having high dielectric permittivity (ε ~ 80) between two 

opposite ions, the coulombic attraction between two opposite ions lowered to 1/80 

from its normal value in solid state of NaCl.30 Thereafter, the water molecules form a 
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solvation shell around the ions (lower left), rendering them energetically 

(thermodynamically) more stable than they were in the NaCl solid.  

  

1.4 Introduction of Green Solvents and their Effect: 

Throughout the research, we have concentrated to explore the potentiality of two 

‘green solvents’ i.e. water and ionic liquid. In the later section of our thesis we shall 

focus on delineating the nature of physical forces exerted by the ‘green solvents’ 

during performance of C-C bond formation as well as elementary particles transfer 

reactions. In this section discussion on some important properties of water and ionic 

liquids highlighting their uniqueness as the solvents has been made. 

 

1.4.1 Water a Magic Solvent 

Water is called as the “matrix of life”, certainly with good reasons.9 There is no other 

solvent offering such a wealth of possibilities for the processes nourishing life. No 

doubt for this reason, finding water on the moon, on other planets and generally in 

space has high priority to justify the existence of life in the extraterrestrial bodies for 

major space agencies. Apart from its stability in oxidation processes, of obvious 

importance in aerobic life-forms, water provides an excellent reaction medium for 

many types of biological reactions. Water plays a pivotal role as a mediator in 

communications among proteins; similar perception has also recently been used in 

supramolecular chemistry of let.32 Our mother Nature has started her most complex 

chemistry of making life in her laboratory ‘earth’ by using water as a solvent.  

  Water has been considered as an ideal green solvent not only from the 

environmental standpoint but also from the economic point of view since it is most 

abundantly available in nature. However, though water is nature’s first choice as 

solvent; chemists are reluctant to use water during the reactions since most of the 

organic/nonpolar reagents show very low solubility or simply insoluble.33-35 In 

addition to these solubility problems, water promotes undesired reactions with the 

water-sensitive intermediates and products also. 

                 However, in early 1980, Breslow and co-workers have revisited the 

concept of using water as a solvent for organic reactions. Followed by final discovery 

by Breslow and co-wokers, in the past about 25 years the latent potentials of using 

aqueous media have been recognized, and reactions including pericyclic reactions, 

Michael additions, and organometallic reactions have been documented and in some 
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cases water has increased the selectivity and reaction rate.36,37 Compared with 

common organic solvents, the unique and unusual physical properties such as high 

specific heat, high surface tension, high dielectric constant, large cohesive energy 

density and unusual chemical properties like ability to form hydrogen bonds and 

amphoteric nature of water can in principle influence positively the reactivity and 

selectivity of chemical reactions.38 The most important advantages of using water can 

be summarized through the following points:  

 i) its suppleness to form strong hydrogen bonds that give it a significant surface 

tension (three times that of liquid ammonia) –which could facilitate the aggregation 

of reactants, 

ii) small structure of water molecules is advantageous for their swift orientations to 

form hydrogen bonding,  

iii) its ability to form weak non-covalent bonds with other compounds, and 

iv) its ability to engage in electron and proton transfer reactions exemplified by many 

biological and synthetic systems. 38, 39 

The macroscopic properties of water discussed above are the consequences of 

the microscopic molecular arrangement of water. Several experimental techniques as 

well as theoretical approaches have been used to correlate these molecular properties 

with the structural features of water. The most trustworthy approach of delineating the 

molecular structure of water is probably offered by X-ray and neutron scattering 

techniques. X-ray absorption spectroscopy and sum frequency generation 

spectroscopic studies have pointed out significant disparities among electronic 

structures between water and ice as well as vapour.33, 40 In liquid state water deviates 

from ice as well as vapour in terms of properties due to the variation in number of 

broken H-bonds on the H-donating site of the water molecule. In agreement with this 

observed change in electronic structure upon hydrogen-bond formation, a gradual 

change of hydrogen bonding structure and strength towards that of bulk water was 

observed for clusters of water molecules going from dimers up to nonamers.41 

However, even within the liquid, not all hydrogen bonds are the same; a range of 

hydrogen-bonded structures with different hydrogen-bond lengths and hence different 

hydrogen-bond strengths exists. The relatively high molar heat capacity of water is 

also related to the characteristics of hydrogen bonding. Polarisation effects 

accompanying hydrogen bonding cause the dipole moment of water to be very 

different in the gas and solution phases; the gas phase dipole moment is 1.86 D (6.20 
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x 10-30 C m) whereas the dipole moment in the liquid is 2.9±0.6 D (9.67±2.0 x 10-30 C 

m) at 24.45±0.05°C. Femtosecond mid-infrared pump-probe studies indicate that the 

re-orientational lifetime of water molecules is longer for stronger hydrogen bonds. In 

fact, lengthening of the O-H···O bond is a prerequisite for reorientation.39 These fast 

dynamics indicate a highly dynamic liquid whereas the relatively strong directionally-

sensitive hydrogen bonds provide a certain extent of structuring.) 

However, chemistry of water is a field of widespread debate. To some extent, 

the debate arises from the use of diverse quantum chemical calculations, 39c different 

thermodynamic schemes and the various limitations in collecting definite data 

adhered to different techniques.39b Still, water remains a trendy research problem and 

resulting in an extraordinary large volume of reports to unfold the incredible potency 

of water. 

 

1.4.2. Potentiality of Water as the Solvent for Organic Reactions 

Chemists’ dislike towards using water as a solvent for carrying out organic reactions 

has already been discussed in the previous section. Among several rationales, the very 

low solubility of the reactants in water has been coined as the standard hindrance next 

to wide acceptability of solvent water among chemists. With the pioneering research 

by Breslow and Guo on the enhancement of rates of Diels-Alder reactions in water, 

extensive works have been carried out to explore the efficacy of water in promoting 

organic reactions.36,37 Spectacular enhancement in rate of the organic reactions along 

with enhanced regio- and stereo-selectivities has been highlighted by the researchers 

for major organic reactions.42 The most abominable fact i.e. low solubility has been 

established as the source of the ‘hydrophobic effect’ which has been considered as the 

prime cause behind the astonishing increment in rates of the reactions in water. 

‘Hydrophobic effect’ can be precisely defined as that property which can be highly 

beneficial for carrying out bimolecular or higher molecular reactions  as it assists in 

the enhancement of local concentration of the reactants i.e. bringing reactants closer 

to each other for further collisions, a prerequisite for each reaction.43 In term of 

thermodynamics, low solubility of apolar molecules can be ascribed as the positive 

Gibbs free energy of transfer deters the solution process spontaneously. However, the 

directional sensitivity of the strong intermolecular interactions of water molecules 

provides a room in water to welcome the apolar molecules, called hydrophobic 
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hydration, which minimises the (unfavourable) Gibbs energy change of solvation in 

water, and causes a pronounced thermodynamic signature. 44, 46 

The hydration has two contributions: the endothermic creation of a cavity and 

the exothermic addition of a molecule. The solvation entropy as well as the solvation 

enthalpy both are negative at room temperature water. The solvation entropy 

supersedes the solvation enthalpy while water remains at room temperature (298.15 

K) and plays dominating role in deciding the faith of hydrophobic hydration at this 

temperature. With increase in the temperature of water the solvation enthalpy starts 

increasing and at higher temperature (~ 65 deg C) it dominates over solvation 

entropy.46 The strong temperature dependence of both ∆G and ∆S is a result of the 

different heat capacities of the two phases. Over the whole T range there is a large 

positive heat capacity change upon transfer to water. The facile switch from entropy 

control to enthalpy dominance is the basis of the high heat capacity of hydration of 

non-polar molecules. This high value of negative entropy can be thought as the 

consequence of a packing effect (translational entropy) and is particularly large in 

water due to its small size. 

 

 
 

Figure 3: Free energy of transfer of pentane from the bulk liquid to aqueous 

solution.47 

 
‘Hydrophobic hydration’ is the term used at the molecular level to express 

reorganisation among surrounding that take place in bulk water when a single non-

polar molecule is transferred into it.45 However, the size and shape of the solutes also 
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play major role in deciding the parameters of Gibbs energy of transfer. Additionally 

the dissolution of aromatic and aliphatic molecules in water also shows pronounce 

effect in the parameters of Gibbs energy of transfer.   But convincing experimental 

probes of vicinal water structure around the hydrated apolar molecule are insufficient, 

largely because of the low solute concentrations involved.46a,48 Subsequent to 

‘hydrophobic hydration’, a non-covalent force operates among the hydrated molecule 

to drive them to form an assembly of nonpolar molecules to minimise the contact 

surface with water. This non-covalent force leading to inter-molecular interactions 

among sparingly soluble molecules in water is termed as hydrophobic interactions. 

Though ‘hydrophobic hydration’ is not a spontaneous process but ‘hydrophobic 

interaction’ is a spontaneous process. The origin of hydrophobic interaction can be 

thought as the consequences of the special type i.e. tangential orientation of water 

molecules around the hydrated apolar molecules. From thermodynamic point of view, 

the change in enthalpy (∆H) is positive due to breaking of some pre-existing bonds in 

hydrophobic hydration shell. However, entropy of the system increases due to tearing 

down of the individual hydration shell of apolar molecules.46b Due to this favourable 

entropy contribution, ∆G becomes negative together with a negative heat capacity and 

the association process leads to spontaneity.  

 

                                          
 

   

 
  Figure 4: Comparative view of hydrophobic hydration and hydrophobic interactions 

 

The hydrophobic interactions depend on temperature of the solution, number of 

carbon atoms on the hydrophobe and the shape of the hydrophobe. Hydrophobic 

interactions can take place in the form of solvent separated pairs and contact pairs 

(Fig. 5).46 

△H = negative 
△S= negative 
△ G= Positive 

△H = Positive 
△S= Positive 
△ G= negative 
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Figure 5:  Cartoon displaying solvent separated pairs and contact pairs 

The hydrophobic interactions have been classified into pairwise and bulk 

interactions.48 Pairwise hydrophobic interactions are 1:1 interactions between 

individually hydrated nonpolar particles in aqueous solution where the solute 

concentration is below the so-called critical aggregation concentration. In aqueous 

solution, pairwise hydrophobic interactions occur via “hydrophobic encounters” 

indicating that the molecules only associate transiently. Interactions involving large 

clusters of nonpolar molecules for instance can be found in bilayer vesicles, micelles 

etc. has been categorized as ‘bulk hydrophobic interaction’. Hydrophobic interactions 

seem to be the major force behind protein folding.46c Hydrophobic interactions plays 

pivotal role in rate enhancements of organic reaction in aqueous media       

1.4.3. Ionic liquid: A Room Temperature Molten Salt Solution 

Ionic Liquid, an emerging new class of solvent, continually attracting the attention 

from both academia and industries in this era of ‘green chemistry’. Though the history 

of ionic liquids started with evolution of ethyl ammonium nitrate ([EtNH3][NO3] 

(m.p. 13-140C) as well as subsequent studies on its property, the major scientific 

exploration on ‘ionic liquids’ flourishes since past decade only.49 A practical 

definition of ionic liquid is that it is a semi organic salt with a melting temperature 

below the boiling point of water (373K) at ambient pressure. Ionic liquids are the 

substances solely composed of ions in which cation is usually of organic in nature and 

the anion may be of inorganic /organic in nature.50 Besides the fact that ionic liquids 

enjoy high liquidus range, most of them exhibit relatively high ionic-conductivity, 

exceptional thermal and electrochemical steadiness, nonflammability, high heat 

capacity, cohesive energy density and very low vapor pressure.51-52 In summary, most 

ionic liquids  possess low hazard levels and are benign for environment.  
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Why does ionic liquids draw maximum attention of the research community in 

context of green chemistry, while molten salts which are known to the scientific world 

before 100 years for their extensive use in metallurgy and fuel cells possessing 

maximum of these properties? The main reason behind the popularity of ionic liquids 

over molten salts is that though molten salts are entirely composed of ions and do 

possess similar properties like Ionic liquids, they remain as liquid only at elevated 

temperature not at STP (Standard temperature and pressure). From the structural 

perspective, molten salts being entirely composed of ions shows higher order of 

crystalinity in their liquid state favoured by the long range coulombic interactions 

among ions. However, built in molecular asymmetry in the structure of Ionic liquids 

reduces the enormity as well as the range of coulombic interactions among the 

constituent ions, that results in properties more akin to normal liquids.53-54 Moreover, 

presence of hydrogen bonding network among cations and anions induces co-

operative effect and structural directionality (entropic effect) in the Ionic liquids. 

Hydrogen bonds are absent in molten salts. The most important property of ionic 

liquid is its tunability. In the synthesis of ionic-liquids, people are flexible to choose 

cations and anions suitable to their desired applications viz. reaction media, battery 

fuel, nano particle synthesis etc.55 To be mentioned here that the first generation of 

ionic liquids i.e. choloroaluminate-based ionic liquids, were sensitive to water and 

prone to explosion through exothermic reactions with water. Due to this reason, 

researches on ionic liquids did not progress further until the advent of the second 

generation of ionic liquids. These second generation of ionic liquids are air and water 

stable and with their appearance in chemical literature, scientists have meticulously 

concentrated in exploring these ionic liquids very extensively.49-51 Cations in these 

ionic liquids mainly classified into different groups e.g. five membered heterocyclic 

rings (imidazolium, pyrolidinium, etc.), six membered heterocyclic rings (pyridinium, 

pipyridinium etc.) and acyclic cations (ammonium, phosphonium and sulphonium 

based cations). Now a day’s ionic liquids having chiral cations have been synthesised 

and in asymmetric synthesis these ionic liquids find potential applications.54 Anions 

of these ionic liquids can be of two types depending on their miscibility with water 

i.e. hydrophilic and hydrophobic. Generally the anions of hydrophilic ionic liquids are 

[BF4] -, [Br]-, [NO3]-, [EtSO4]-, [SCN]-  etc. and that of hydrophobic ionic liquids are 

[NTf2]-, [PF6]- etc. The efficiency of a solvent may be examined on the basis of 

following properties.  
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1.4.4. Assessment of Ionic Liquids as a Solvent  

1.4.4.1. Vapour Pressure and Thermal Stability 

Ionic liquids have extremely low vapor pressure. From a process engineering point of 

view this is an exceptional advantage due to the fact that normal distillation may be 

used for isolation of products following the process. The well known problem of 

azeotrope formation between solvent and product does not arise. The limitations of 

the thermal stability of ionic liquids are due to their heteroatom-carbon and 

heteroatom-hydrogen bonds. Ionic liquids synthesised via the direct protonation of an 

amine or phosphane display significantly restricted thermal stability. While 150°C has 

to be considered as the maximum working temperature for the vast majority of the 

quaternary ammonium chloride salts, [Emim]BF4 has been reported to be stable at 

300°C 50-52 and [Emim](CF3SO3)2N is stable up to 400°C,53-54 which allows for 

further exploration into their synthetic utility. 

1.4.4.2. Polarity of Ionic Liquids 

Solvent polarity is the most commonly used solvent classification. In words of 

Reichardt, solvent polarity is a complex issue arises during solvation of the reactants, 

activated complex and products as a consequence of the specific or non specific 

intermolecular interactions among solutes and solvent, Coulombic forces between the 

dipolar/charged species, inductive effect, dispersion forces, hydrogen bonding 

interactions, charge transfer processes etc. Due to these combinatorial effects, the 

quantification of “solvent polarity” by unique method is not possible. Reichardt had 

also pointed out that the macroscopic measurement of the dielectric constants alone 

does not fully reflect the polarity of the solvent.27 Diverse solvent sensitive references 

have been assessed to define the polarity of the solvent. The terms polar, nonpolar and 

apolar are used indiscriminately to apply values of dielectric constants, dipole 

moments and polarizabilities, even though none of these are directly correlated in a 

simple way. The simplest definition of a polar solvent is a solvent that will dissolve 

and stabilise dipolar or charged solutes, and thus it is presumed that ionic liquids will 

be polar solvents. This method of assessing the solvent polarity following 

spectroscopic technique is known as “Solvatochromism” in the literature. 27,56 

Hypsochromic and Bathochromic shifts in the peak position of the probe in the 

solvents are termed as “negative solvatochromism” and “positive solvatochromism” 

respectively.18 The principle cause behind the occurrence of the solvatochromism is 

18 
 



the differential solvation of the ground state and the first excited state of the probe 

molecule due to disparity in their electronic arrangements by the solvent.56b  One of 

the most useful probes for measuring the polarity of a solvent is the Reichardt’s Dye 

(2,4,6-triphenylpyridinium) N-4-(2,6-diphenylphenoxide) betaine. ET(30) value for a 

given solvent is defined as the molar transition energy (in kcal mol-1) of the Reichrdt’s 

dye (1) at NTP, i.e., 298 K and 1 bar pressure, and can be written in the form of 

equation (4).57 

                                   ET (30) = hcν (1)maxNA = 2.8591ν (1)max                                 (7) 

To avoid the use of non-SI units, in 1983 a normalized, dimensionless ET
N scale was 

introduced. This scale uses water (ET
N = 1.00) and TMS (ET

N = 0.00) as the reference 

solvents and can be expressed as equation (5).58 

                     ET
N = [ET (solvent) – ET (TMS)]/[ET(water) – ET(TMS)] 

                           = [ET (solvent) – 30.7]/32.4                                                             (8) 

A statistical correlation of ET
30 values obtained from the experiments in various 

solvents with the physico-chemical properties helps the researchers that the most of 

the solvents can be divided into two classes i.e. with acidity or anion solvating 

tendency and with basicity or cation solvating tendency.59-60 According to Reichardt 

the dye molecule is not capable of interacting specifically and significantly with EPD 

(electron pair donor) solvents, i.e., the Lewis basicity of the solvents is not registered 

by this probe.56 To overcome this snag Krygowski et. al. introduced a two parameter 

equation,61 which includes a second empirical parameter, the donor number (DN) of 

Gutmann et. al.61-63 , as a measure of the Lewis basicity of solvents. If P is the 

measured physicochemical property of the solvent under investigation (i.e. log K, log 

k, hυ etc.), the equation can be written as  

                                              P = P0 +α ET
30 + β (DN)                                              (9) 

Here P and P0 are the physicochemical properties under investigation obtained in 

solution and in gas phase or in inert solvent, respectively. α and β are the regression 

coefficients describing the relative sensitivity of the solute property P to electrophilic 

(Lewis acidic) and nucleophilic (Lewis basic) solvent properties, respectively. The 

acidity and basicity can also be correlated with the transfer of proton between the 

solute and solvent. The adduct formation between solute and solvent can be treated as 

a consequence of hydrogen bonding or diploe-diploe interactions without altering the 

chemical integrity of the solute. In this context the sum of (α + β) can be treated as a 
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new measure of polarity.23 Kamlet and Taft in 1976 had introduced following 

equation, for correlation of the physicochemical properties on the basis of the derived 

from the analysis of equation to express solute-solvent interactions.23 

                                   P = P0 + s(𝜋𝜋* + dδ) + a⍺ + bβ + mδH
2                                      (10) 

The basis of this equation is the realization of Kamlet et al.23 established that the 

effect of a solvent on the reaction rate should be dependent on the following 

properties: i) the behaviour of the solvent as a dielectric, facilitating the separation of 

opposite charges in the transition state, ii) the ability of the solvent to donate a proton 

in a solvent-to-solute hydrogen bond and iii) the ability of the solvent to donate an 

electron pair, by way of solute to solvent hydrogen bond. The parameter π* in eq. 10 

is an appropriate measure of the first property, while the second and the third 

properties are governed by the effects of the solvent acidity and basicity, 

quantitatively expressed by the parameters α and β, respectively. The δ term in 

equation 10 is a polarizability factor (equal to 0.0 for non-chlorinated aliphatic 

solvents, 0.5 for polychlorinated aliphatics, and 1.0 for aromatic solvents).23,57 The 

equation includes a fourth term so-called cavity term, δH
2, which represents a 

physical solvent quantity called cohesive pressure (or cohesive energy density).31 This 

quantity is related to Hildebrand's solubility parameter, δH, which is given by δH = 

(△H°- RT/Vm)1/2 where △H° is the molar standard enthalpy of vaporization of the 

solvent to a gas of zero pressure, and Vm is the molar volume of the solvent.32 But for 

solvatochromic correlations the term mδH
2 has been dropped later from this equation 

as the there is no volume change during electronic transitions.15,18 So for ET(30) 

values the correlation can be defined as equation (11) 

                                ET(30) = [ET(30)]0 + s(π* + dδ) + aα + bβ                               

(11) 

π* Parameter: 

This parameter, a normalized scale of polarity/polarizability (using DMSO π* = 1.00 

and cyclohexane π* = 0.00 as the reference solvents) is calculated by the 

solvatochromic shifts in the λmax values of N, N-diethyl-4-nitroaniline dye (2) using 

equation (12).62 

                      

                                            ν(2)max = 27.52 - 3.182π*                                              (12) 
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Figure 6: Reichardt’s dye (1), N,N-diethyl-4-nitroaniline (2), and 4-nitroaniline (3) 

used as probe molecules for the determination of polarity parameters. 

 

α Parameter: 

Though number of equations have been proposed by different workers based on 

ET(30) and π* values. The equation which is most accepted and applied to most 

number of solvents is the following.23, 62 

                                     α = 0.0649 ET(30) - 0.72π* - 2.03                                        (13) 

β Parameter: 

The hydrogen bond acceptor or β parameter is determined by the equation (14) using 

the spectroscopic shift of 4-nitroaniline (3) with respect to N,N-diethyl-4-nitroaniline 

(2).23 

                                     ν(2)max = 1.035ν(3)max - 2.8β + 2.64                                    (14) 

 

Table 2: Empirical equations used to determine the polarity parameters.58, 60, 64,65 

Polarity Parameters Empirical Equations 

Electronic transition energy parameter ET(30) 2.8591 ν(1)max 

Normalized electronic transition energy ET
N [ET(30)solvent - 30.7]/32.4 

Hydrogen bond donor acidity (α) α = 0.0649 ET(30) - 0.72π* - 2.03 

Hydrogen bond acceptor basicity (β) ν(2)max = 1.035ν(3)max - 2.8β + 2.64 

Polarity/polarizability parameter (π*) ν(3)max = 27.52 - 3.182π* 
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To compare the values of the solvent polarity parameter, we have tabulated values for 

some of the pure ionic liquids in Table 3.   

Table 3: Polarity parameters of the pure ionic liquids 65 

Ionic Liquid ET
N α β π* 

[Bmim]Br 0.62 0.42 0.70 1.17 

[Bmim][BF4] 0.69 0.64 0.64 1.08 

[Bmim][PF6] 0.68 0.64 0.19 1.04 

[Bmim][NTf2] 0.66 0.64 0.17 0.98 

 

Here, in Table 3, α value for [Bmim]Br is significantly less than other ionic liquids. β 

values for hydrophilic ionic liquids ([Bmim]Br and [Bmim][BF4]) are significantly 

higher than that of hydrophobic ionic liquids ([Bmim][PF6] and [Bmim][NTf2]). 

Examining at the β values of [Bmim][BF4], [Bmim][PF6] and [Bmim][NTf2], it is 

easy to understand that there is not significant contribution of basicity to the ET
N 

values, which supports the statement proposed by Reichardt.18 The π* values obtained 

for the ionic liquids follow the order of hydrophilicity in these ionic liquids. The 

definition of the parameter, i.e., polarity/polarizability,62,67 suggests that more the 

polarizability less the value for π* parameter, is seen in the case of the ionic liquids 

studied. The above discussion suggests that 

1. ET
N and α values follow the same trends in pure ionic liquids 

2. Effect of β values is not significant to the ET
N values of ionic liquids 

3. β and π* values follow the order of hydrophilicity for the given ionic liquids 

1.4.4.3. Viscosity of Ionic Liquids 

‘Viscosity’ is the property to define the resistance to flow of a liquid. It is also the 

consequence of intermolecular interactions among the molecules in a liquid. These 

intermolecular forces depend both on size as well as electronic arrangements of the 

involved molecules.66 Again, from a chemical process designer point of view, 

processes involving heat, mass, or momentum transfer, or dissolution or absorption of 

compounds in liquid strongly dependent on viscosities of used fluid. Therefore, 

viscosity should be accurately known as a function of pressure and temperature over 

the full range of expected process conditions.66-67 
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Generally it has been observed that ionic liquids are much more viscous than that of 

conventional organic solvents, e.g. viscosities of benzene is 0.6 cP at room 

temperature, where as viscosity of [Emim]NTf2 is 38 cP.68 It is shown that one of 

most important property of ionic liquids is its tunability. It implies that a large number 

of possible judicious combinations of the cation-anion can yield a variety of ionic 

liquids having very different viscous behaviours. The range of these viscosities may 

be from very low value, analogous to organic solvents to very high values i.e. glass 

like viscosities. Viscosities of ionic liquids are related to the cation-anion pairing as 

well as the structural characteristics of ionic liquids such as size and shape of the 

cations, presence of flexible groups like ether on the side chain, length and branching 

in the substituted groups (especially alkyl groups) and stereo-nature along with size of 

the associated anions.69,70 In general, the temperature and pressure dependence of 

viscosity of ionic liquids show non-Arrhenius nature due to its glass forming nature 

with respect to variation in temperature and pressure.71c, d However, modified Vogel-

Fulcher-Tammann (VFT) equation given by, η = A exp (B/T-T0) has been used to 

define temperature dependence of the ILs’ viscosity in most of the cases.71, 72 

However, Harris et. al. have correlated their viscosity data with two-coefficient 

Litovitz equation given by η = A exp(B/RT3). While assessing the viscous properties 

of ionic liquids accurately, following points should be stressed upon, i) ultra pure 

sample (otherwise impurities should be properly characterised for unavoidable cases) 

of ionic liquids are required (ii) measurements should be done for a wide range of 

pressure and temperature without compromising the purity of the sample and (iii) 

experimental results should be analysed from the molecular point of view. 

It has been observed that the anions associated to ionic liquids are seemed to have 

much influence on the viscous nature of ionic liquids than that of the cation. Again 

symmetry of anions has also been regarded as an additional parameter to influence 

viscosity values. For imidazolium based ionic liquids, keeping cation same, changes 

in viscosity follow the order: [Br] - > [SCN] - > [BF4] - > [NTf2] -.  

 

Table 4: Viscosity of ionic liquids at 298.15 K 71 

     

 

 

Ionic liquids η/cP 

[Bmim]BF4 115 

[Bmim][NTf2] 49 
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The aim of gaining a deeper understanding of the interactions between the 

components leads researchers to delineate the change in the viscous nature of ionic 

liquids from pure state to its mixture with other solvents. It has been observed that 

there is a significant decrease in the viscosity of ionic liquids by the presence of polar 

and apolar solvents in it. The degree of decrease in viscosity of ionic liquids in mixed 

state depends on the relative permittivity of the added cosolvents. Solvents with 

higher dielectric constant will help in ‘solvating’ the constituent ions of ionic liquids 

and thus presence of such type of solvents in ionic liquids will hinder the process of 

aggregation of ions in ionic liquids. The change in the viscosity of ionic liquids turns 

out to be higher in magnitude in presence of acetonitrile in comparison to presence of 

similar quantity of benzene.72 It is to be mentioned here that effect of water (ε~81) has 

been observed more for hydrophilic ionic liquids compared to hydrophobic one. 

Following extensive investigations on the variation of viscosities of binary or ternary 

mixture of ionic liquids attempts have been made to correlate the viscosity change 

with the amount as well as polarity of the cosolvents present. It has been found that 

polar solvents show greater interactions with the constituents of ionic liquids than 

apolar counterpart.  

     Along with these macroscopic properties, the extensive applicability of ionic 

liquids  (e.g. dye sensitized solar cells, batteries etc.) cannot be justified without 

digging out the microscopic milieu corresponding to molecular nature of ionic 

liquids.73 In this context, conscious attempt has been made to dig out the information 

related to microscopic mechanisms of ionic liquids in solvation as well as reactions.  

1.4.5. Solvation Dynamics of Ionic Liquids 

Dynamics play crucial role in determining mass and heat transport properties of ionic 

liquids.  

Solvation dynamics can be defined as a process of molecular reorganizations in 

response to a perturbation in the geometric or electronic structure of a solute and are 

particularly important for charge-transfer reactions whose kinetic rates are determined 

almost exclusively by solvent reorganization. Thus, study of solvation dynamics is 

particularly important for charge transfer reactions whose kinetic rates and 

mechanisms of chemical reactions which involve polar transition states.74  Time 

dependent fluorescence Stokes shift (TDFSS) of the emission spectrum of the solute 
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molecule has been exercised as a standard procedure to measure the instantaneous 

vibronic energy of solute (coumarin, Nile red or pordan).74-75  

  

 
Figure 7: Schematic diagram fluorescence stokes shift 

 

During TDFSS experiments, fluorescence probe molecules are being used to evaluate 

the response of the solvent to an instantaneous variation in the electronic state of 

probe molecule.  Precisely, after electronically excitation of the probe molecule with 

LASER pulse [v(0)], the molecular geometry of the probe molecule remain 

unaffected, but its charge distribution is considerably altered. Followed by the initial 

excitation, the solvent in the environment begins to reorganize to accommodate the 

new charge distribution. The reorganization stabilizes the excited electronic state of 

the probe relative with respect to its ground electronic state, and subsequent to 

fluorescence, v(t), is red shifted with respect to the initial fluorescence, v(0). The time 

dependence of the rearrangement of the solvent environment is revealed through 

continuous red shift of the emission spectrum.76 

The time scale of solvent reorganisation can be obtained by following equation: 

                                        𝑆(𝑡) = 𝜈(𝑡)−𝜈(∞)
𝜈(0)−𝜈(∞)

≡ 𝜈(𝑡)
𝜈(0)                                                    (15) 

where, 𝜈(𝑡) denotes time dependent fluorescence emission frequency of solute,  𝜈(0) 

is the frequency related to initial fluorescence at t=0 and 𝜈(∞) is the emission 

frequency after attainment of complete equilibrium.  
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The perturbation to the excited solute molecules from the surrounding solvent 

molecules is responded through following three factors: a) translational displacement, 

b) rotational motion and c) vibrational motion of the solvent molecules.  

The majority of the solvation dynamics measurements on ionic liquids have been 

carried out by time-correlated single photon counting technique (TCSPC) subsequent 

to the excitation of the fluorescence probe molecule dissolved in ionic liquids. 

 

 
Figure 8: Schematic of solvation dynamics 

 

TCSPC measurement is restricted to 20-50 ps; therefore the solvation dynamics lower 

than this limit has been investigated by employing ultrafast fluorescence 

upconverstion technique. It means that solvation dynamics of ionic liquids from ~10 

fs to ~10 ns has been elucidated upon combining both the techniques.77 Along with 

the experimental techniques, there is a number of simulation and molecular dynamics 

studies to reveal response of ionic liquids to the perturbation. Following the work by 

Maroncelli et al.,  on the response of ionic liquids to the solvation of coumarin 153 

(C153); it can be summarized that within the region between 1 to 10 ps, kinetic profile 

is non-exponential in nature and do posses a plateau region.78 Furthermore, it is 

obvious from the results obtained from a series of ionic liquids that slowest timescale 

can be correlated with the viscosity of the ionic liquids. Berg et al.79 has reported that 

the solvation dynamics of ionic liquids occurs on two widely different time scales 

which is very analogous to the observation in imidazolium based ionic liquids by 

Arzhantsev et al.80 The response was found to consist of an unresolved fast 

component, ascribed to ‘inertial’ or ‘phonon-induced’ motion, along with a 

comparatively slower component associated to ‘diffusive’ relaxation. Point to be 

mentioned here that ionic liquids having ammonium or phosphonium cations don’t 
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show pronounce ultrafast component like imidazolium based ionic liquids. 

Irrespective of the nature of mathematical fit to the decay profile, Kobrak had stressed 

on the molecular picture of ionic liquid-probe system to delineate the solvation 

dynamics.81b Kobrak highlighted that the translational motion of the ions exhibits 

maximum contribution to ultrafast solvent response. However, this behaviour is 

highly contrasted to the short-time solvation dynamics exhibited by normal polar 

solvents since the dynamics is dominated by rotational motion.81 To be mentioned 

here, translational motion of the constituent ions will play pivotal role in comprising 

solvation response since ion-dipole interactions are the most prominent interactions in 

case of ionic liquids. However, considering large size of ions and high polarizability, 

it can be predicted that orientational relaxations of free ions also have significant 

contribution. However, nature of physical motion and their individual contributions to 

the solvation response is the subject of high debate.78, 79  

Simulation studies have indicated that the complex ionic liquid dynamics is 

equivalent to super cooled liquids. Presence of structural heterogeneity i.e. existence 

of polar and nonpolar domains, in ionic liquids has been widely accepted by the 

researchers. This microheterogeneous nature of ionic liquids is supposed to contribute 

additional complexity in mechanism of solvent reorganisation process. This structural 

heterogeneity is important while rationalising the existence of large solubility window 

(i.e. can dissolve large range of molecules) of ionic liquids.  Solvatochromic studies to 

obtain solvent polarity parameters (ET
30 , ET

33 etc.) by using solvatochromic probes 

(like Reichardt’s dye, Nile Red etc.) shows that polarity scale of ionic liquids 

(especially imidazolium, pyrolidinium based ILs) are similar to that of small chain 

aliphatic alcohols. Point to be mentioned here that though there are large differences 

in the structure of ionic liquids, the solvent polarity of ionic liquids shows small 

variation. This discrepancy can be rationalised if we admit the presence of micro-

heterogeneity i.e. polar and nonpolar domain of local composition coexist in the ionic 

liquids. Normally, all liquids shows ballistic motions at short time scale and then 

motion shows Gaussian behaviour when time extends to perpetuity. However, on the 

contrary, ionic liquids display non-Gaussian diffusivity for a certain timescale 

depending on their individual structure and frequently this time scale coincides with 

that for chemical or photochemical reactivity. To pursue this abnormality, correlation 

of the data with van Hove correlation function reveals the existence of two dissimilar 

subensembles of ions in ionic liquids.82 Van Hove equation is given by, 
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                         𝐺𝑠(𝑟, 𝑡) = 1
𝑁
〈∑ 𝛿(𝑟 − |𝑟𝑖𝑁

𝑖=1 (𝑡) − 𝑟𝑖(0)�)〉                                      (16) 

It is found that among these subensembles one diffuses at very faster rate than 

expected from Fick’s law and another ensemble of ions diffuse slower than predicted 

by Fick’s law. It is to be pointed out here that diffusion of particles in normal liquid 

follows Fick’s law. Fick’s diffusion equation in standard Gaussian function can be 

expressed as, 

                                  𝐺𝑠0(r, t)  = � 3
2𝜋[𝑟2 (𝑡)]�  

3
2𝑒−

3𝑟2

2〈𝑟2(𝑡)〉 2                                          (17) 

These local environments not necessarily related to polar/nonpolar regions of ionic 

liquids but may correspond to generic domains of solvent that do not significantly 

change on timescale relevant to chemical or optical spectroscopy. Samanta and co-

workers have successfully established the presence of this local solvent heterogeneity 

and slow dynamics through the observation of excitation-wavelength dependent 

emission spectrum i.e. red edge effect which is not allowed by Kasha’s rule.77, 83 

Margulis et al. observed an initial transient behaviour after photo excitation of the 

probe in ionic liquids.84 Following this transient effect, there is no sign of generation 

of the electric field by solvent as well as change in the dipole moment of the excited 

probe. They have emphasised on the site specific perturbation of each molecule as 

well as hindered nature of the solute rotations for behaviour in ionic liquids. The red 

edge effect along with the presence of local heterogeneity on time scale makes 

properties of ionic liquid different from the conventional solvents.   

1.5 Water Promoted Organic Reactions: 

Indeed, about two decades ago chemists began to retrieve the benefits of water as a 

vivacious substitute to the conventional solvents, as far as not only is the environment 

concerned but also the organic reaction outcome. Solventless or neat reactions, solid 

state reactions, ultrasound and microwave-promoted aqueous reactions, reactions in 

ionic liquids, and reactions in supercritical fluids (SCF) such as the supercritical CO2 

were also conceived as friendly alternatives.10,13-14 Rather evidently, on seeing 

omnipresent of water and being aware of its unique properties, chemists would have 

been undoubtedly enticed or wished to use it as a medium, but the persistent belief of 

its man-created enmity for organic reactions encumbered any attempt.  This enmity 

may be the consequence of the detrimental effects of hydrolysis and lessons from 

alchemists that the reactions must be in solution for chemical reactions to occur.33 

Breslow and co-workers first resuscitated the use of water as a medium in Diels- 
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Alder (DA) reactions; they had carried out the cycloaddition of cyclopentadiene with 

methyl vinyl ketone in water and found its rate to be surprisingly enhanced by a factor 

of more than 100 times compared with the reaction in isooctane.36,37 However, 

switching to water should be deemed not as a significant achievement but a rational 

and normal return to the realm of life, that is, to follow the nature lead. Therefore, we 

should not be surprised by the fact that water-promoted in vitro organic reactions 

afford better results compared with those in organic solvents, as a number of in vivo 

organic reactions occur entirely in water from the inception of life in earth. In fact, 

new terms and new reactivity coupled with some new effects that are thought to be 

the promoting forces for the reactions course, has cropped up in the literature. Among 

these effects hydrophobic effect, hydrophobic packing, antihydrophobic effect, pro-

hydrophobic effect, dichotomous salts effect are predominant factors behind the water 

promoted organic reactions.42,43 Rate enhancement of organic reactions in water is 

explained by hydrophobic effect of water.42 Addition of organic apolar reactants in 

water causes repelling of water and on a reaction to these repelling forces apolar 

molecules tend to aggregate among themselves to reduce the contact surface area with 

water.48b,33 Consequently, these aggregations cause formation of cavity inside water 

against high cohesive energy density of water. Thereafter, bulk water molecules try to 

reorient around the aggregates to form hydration layer which is often termed as 

hydrophobic hydration. In this hydrophobic hydration layer translational movement of 

water is restricted for the first layer of solvent cage but elevated hydrogen bonding 

potential of water directs some water molecules to reorient to maintain hydrogen 

bonding network around the hydration shell.48 Hydrophobic interactions lead these 

aggregates to come closer and resulting into overlap of overlap of the shells as well as 

further abstraction of water molecules at the overlapped region to promote collisions 

among the reactants. The mechanism of hydrophobic hydration and hydrophobic 

interaction is very complicated procedure and several interpretations are available in 

literature to explain the phenomenon.  Engberts and co-workers have designated these 

aggregates of organic molecules as forced aggregates i.e. these aggregates are much 

closer in energy with respect to activated complex compared to their unaggregated 

ground state energy.43a They have coined the term ‘enforced hydrophobic hydration’ 

to specify this mechanism of organic reaction accelerations. Engberts and co-workers 

introduced the concept of enforced hydrophobic hydration. In this process the 

hydrophobicity of diene and dienophile is decreased during the process of 
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activation.43, 45 Diene and dienophile do not aggregate spontaneously under the 

reaction conditions. This observation is expressed by the term ‘enforced’. To account 

for the large effect of water on Diels-Alder reactions, the enforced hydrophobic 

binding process is more favourable in water than in conventional organic solvents. On 

the basis of the Gibbs energy associated with the direct diene-dienophile pair potential 

and the rearrangement of water molecules accompanying the enforced hydrophobic 

hydration, it is possible to state that the reduction of the hydrophobic surface and 

hydrated volume during the activation process leads to a large gain of the entropy and 

a large loss of the enthalpy of water molecules. Addition to this hydrophobic factor, 

Jorgensen has pointed out that the activated complex especially in case of pericyclic 

reactions will be energetically stabilised if it possess hydrogen bonding acceptor sites. 

Polarisable nature of water as well as its extensive hydrogen bonding capability will 

help in reducing the activation energy of moderately polar or polar activated complex 

and will promote the reaction with faster rate. The separate contributions from the 

hydrophobic effect and hydrogen bonding effect towards rate acceleration in water 

vary from reaction to reactions. Breslow and follow up researches revealed  that 

lithium chloride (LiCl) and guanidinium chloride (GnCl) acted, respectively, as pro- 

and anti-hydrophobic agents in the cycloaddition reaction, otherwise termed as 

salting-out and salting-in agents; while the former promotes the water structure by 

increasing the number of hydrogen bonds and accelerates the reaction, the latter 

disrupts it and slows down the reaction.44 Since salting in agents increases the surface 

tension of water, the energy of cavitation to accommodate salt in water also increases. 

Therefore, these salting-in agents must be directly contributing to the solvation in 

water of apolar solutes likes cyclohexane, benzene etc. probably by a direct 

interaction. However salting out salts decreases the surface tension of the water as 

well as eases the cavity formation. Thus addition of salting out salts promotes direct 

solvation of the substrates in water by diminishing the solvation free energy. 46d 

However, arguments exist there in the literature regarding the mechanism of aqueous 

salt solution in promoting organic reactions. The spectroscopic studies revealed that 

antihydrophobic salts act as bridging agent between water and apolar solutes rather 

than disrupting water structure.48c It has been found that for most bimolecular 

pericyclic reactions the activation volume (i.e. difference between the molar volume 

of transitions state and that of ground state reactants) of the reactions is negative. The 

increased steroselectivity of the products in water has been thought to be a the 
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consequence of high internal cohesive pressure on the negative activation volume of 

the reactions.43,44 Generally the transition state having less volume is stabilised more 

compared other possible transition states due to hydrophobic effect exerted by water. 

Organic reactions in water have mostly been performed using a co-solvent to 

stimulate solubility to some extent. A number of researches have been carried out to 

explain the rate enhancement of Diels-Alder reactions in aqueous solutions of 

alcohols by quantifying the components of the enforced hydrophobic hydration and 

hydrogen bonding proficiency of aqueous-alcohol mixture.85, 86 The rate 

enhancements of Claisen rearrangements in water have been studied in detail and the 

results have also contributed to a better understanding of the aqueous acceleration of 

the DA reaction. The initial kinetic studies showed a rate enhancement in water up to 

a factor 200. This result led investigators to propose a dipolar mechanism. However, it 

was quickly recognised that a true dipolar mechanism would certainly lead to even 

more impressive rate enhancements.87 Secondary deuterium kinetic isotope effect 

provided further evidence against an ionic mechanism and a meticulous analysis of 

the solvent effect pinpointed hydrogen bonding as the prime accelerating factor. 

Computational techniques have confirmed the notion that enhanced hydrogen bonding 

of water to the activated complex is dominant in the aqueous acceleration. Today's 

status, the insolubility of organic reactants in water, once considered a drawback, 

turns out to be advantageously a leading factor for the success of organic reactions in 

pure water. In 2005 Sharpless and co-workers introduced new type of reactions where 

water insoluble reactants endorse high yield in product at faster rate than water 

soluble condition.88 Sharpless has coined term ‘on water reaction’ to describe these 

new type of water promoted reactions. The group had carried out some pericyclic 

reactions in aqueous suspension (on-water systems) and found that both kinetics and 

yields were extremely enhanced in most cases, compared with those in organic 

solvents. 
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Scheme 1: Reaction of quadricyclane with dimethyl azodicarboxylate (DMAD) to 

yield 1, 2-diazetidines. 
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For the [2σ +2σ+2π] cycloaddition reaction of quadricyclane with dimethyl 

azodicarboxylate (DMAD) to yield 1,2-diazetidines the reaction time had been 

reduced from 48h to 10 min on switching from neat condition to on water condition.88 

Several reports describing the enhancement of reactivity and selectivity of the organic 

reactions at ‘on water’ condition have been available in literature. Tiwari and Kumar 

have reported the on-water Wittig reaction of insoluble aromatic and aliphatic 

aldehydes with phosphorus ylides at 298 K.90 

 
Table 5: Comparative representations reaction time and yield of the reaction Scheme 

1 in different solvents.* 

Solvent Time (h) Yield (%) 

Toluene 144 79 

MeCN >144 43 

Neat 10 82 

On water 8 81 

 

* The table has been reproduced with permission from WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim (permission number 3431340413982) 

 

It has been found that alkali metal salts (LiCl and NaCl) decreases the rate of Wittig 

reaction. However, the rate of the reaction was measurable, when the same salts were 

utilized at 338K, and guanidinium chloride (anti-hydrophobic salt) decreased the rate 

of reactions in neat water. To understand the reasons behind this unusual increase in 

the rate of the reaction even more than ‘in water’ condition, several theoretical and 

experimental explanations are available in the literature.42-45 Yung and Marcus had 

pointed that in both the homogeneous i.e. in water and heterogeneous i.e. on water 

reactions the reasons like hydrophobic packing, enforced hydrophobic interaction, 

cohesive energy density, polarity etc. act in the similar fashion since in both types of 

the reactions water medium is common.91 They have theoretically advocated the 

presence of ‘free OH’ groups at the water surface and identified that the ease of 

hydrogen bonding with this ‘free OH’ groups helps in accelerating reactions. The 

presence of unsatisfied or unbound –OH group at the water interface has been also 

experimentally confirmed by surface sensitive spectroscopic techniques also.92 
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However, their contribution in promoting organic reactions at heterogeneous 

condition is still a matter of debate.93 Multicomponent reactions like Passerini and 

Ugi reactions at on water condition have also been found faster than the homogeneous 

condition. Pirrung and Sarma have experimentally demonstrated that the acceleration 

of these organic reactions in aqueous media mainly depends on the polarity and 

mixing methods (stirring).93b, 94 Beattie et al has emphasised on the possibility of acid 

catalysis by the strongly adsorbed hydroxide ions at the oil-water interfaces in 

acceleration of the reactions.93a Theoretically ‘on water’ reactions are found 

advantageous over their ‘in water’ counterpart in terms of the orientation aspect also. 

Interfacial anchoring of at least on the reactants will introduce compulsory relative 

reorientation of another reactant to form transition state of the reaction.91, 93 Geometry 

of the reactants is also responsible in controlling the steroselectivity of the 

heterogeneous reactions. In summary, heterogeneous catalysis of the organic reactions 

possess several dissimilarities compared to homogeneous one. The main problem 

associated to the investigations of the heterogeneous reaction is that separation of the 

contribution of the interface from the bulk one. Moreover, maximum forces which 

promote the homogeneous reactions are also involved during heterogeneous reactions 

also.  We shall exploit the mechanistic overview of the on water mechanism in the 

light of the presence of free OH groups at the interface through our research works in 

the appropriate chapter of this thesis. 

1.6 Ionic liquids as Elementary Particle Transfer Reaction Medium: 

1.6.1 Photophysical Process 

The interaction of light and matter which may be a natural phenomenon and/or as an 

artificial process pervades most spectrum of science, from medicine to material 

science. 94 The significance of the interaction with photons in the natural world can 

hardly be overruled. It forms the basis for photosynthesis converting carbon dioxide 

and water into more complex plant-associated structures. Photophysics involves the 

absorption, transfer, movement, and emission of electromagnetic, light, energy 

without chemical reactions. By comparison, photochemistry involves the interaction 

of electromagnetic energy that results in chemical reactions.95 We are encircled by 

substances that are produced by natural or artificial photochemical reactions. Many of 

the most common functions exploited in our technological environment, from signal 

processing, storage and display to the use of pigments, sensors and sensitizers are 

based on the interaction of light with matter. It was realized at the beginning of the 
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century that only the light that is absorbed by a chemical species can produce changes 

in the molecules. This could easily be explained with the advent of quantum theory. 

When a molecule absorbs light, only those photons (wavelengths) of the correct 

energy are able to produce excitation of the molecule. Thus the interaction of light 

with a molecular system is generally an interaction between one photon and one 

molecule, *AhA →+ ν , where, A denotes the ground state molecule, hν the absorbed 

photon, and A* the molecule in an electronically excited state. As the equation 

implies, the excited molecule A* is the molecule A with an extra energy hν.94a 

The absorption of light to promote a ground state molecule to its singlet-

excited state (S1) is often manifested by profound changes in the electronic and 

nuclear configuration of the molecule, which can open up new reactive pathways not 

available to the ground state species. In order to be able to predict the fates of excited 

states, it is important to understand the basic processes that can occur during the 

lifetime of the excited state.96 The most important of such processes are summarized 

in the Jablonski diagram presented in Figure 9.  

 

 
Figure 9: Jablonski diagram and photo physical processes 

 

These pathways include intersystem crossing (ISC, a change in multiplicity), internal 

conversion (IC, vibrational relaxation), and fluorescence (emission of a photon). 

These processes are often very fast, and as a result, few excited singlet state species 

have lifetimes longer than 10 nanoseconds. Triplet excited states tend to be longer 

lived, many having lifetimes of several microseconds or longer. Of particular interest 

to organic chemists are chemical reactions that can occur from excited states (singlet 

or triplet) to give new products. Reactions from excited states must be very fast in 

order to compete with the other deactivation pathways, especially for singlet excited 
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states. There are several well studied reaction types that are known to  proceed from 

excited states, including isomerizations, electron and proton transfers, pericyclic 

reactions, fragmentations, hydrogen abstractions, dimerizations, and others. A number 

of experimental methods exist that can offer insight into the fate of the excited states 

produced. Standard characterization methods (NMR, MS, IR, UV-vis, etc.)  can be 

carried out on the products of photochemical reactions. Steady-state fluorescence 

spectroscopy gives information on the proportion of excited states that deactivate 

through emission of a photon, and provides information regarding the changes in 

nuclear configuration of the molecule on excitation.97 Time-resolved fluorescence 

offers information regarding the rate of fluorescence and the lifetime of the excited 

state. 

Excitation of a molecule to S1, leads to the rapid promotion of an electron from the 

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO). According to the Franck-Condon (FC) principle, the motion of 

electrons is fast (k ~1015 s-1) relative to the motion of nuclei (k~1013-1011 s-1).  

 

 
Figure 10: Frank Condon principle and progress of solvation co-ordinate 

 

Therefore, immediately following excitation, the molecule has the same nuclear 

configuration and solvent cage as it did prior to excitation.  A molecule in this state, 

termed the FC excited state, rapidly undergoes thermal relaxation to its lowest 

vibrational level (k~1013-1014 s-1). This is followed by a reorganization of its nuclear 

geometry and solvent cage (k~1011 - 1013 s-1) to accommodate the electronic 

perturbation. Once this reorganization is complete, the molecule is said to be in its 

equilibrium excited state, and it is this state which we refer to when we say singlet 

excited state or S1. It is from the equilibrium excited state that the relevant 
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photophysical and photochemical processes take place. Most of the compounds show 

fluorescence emission maximum at energies that are at longer wavelengths (lower 

energies) than the corresponding absorption spectrum.98 The magnitude of the shift in 

the absorption and emission maxima, termed the Stokes shift, is indicative of the 

extent to which the excited state geometry has changed from the ground state 

geometry. Inspection of the absorption and fluorescence spectra for a given molecule 

remains the most reliable source for information on its excited state geometry. 

1.6.2 Excited state proton transfer reactions  

Proton transfer reactions are the significant example of elementary particle transfer 

processes and they possess the relevance of solvation dynamics to reactivity.99 It is 

now well established that in bulk solvents the reaction coordinate for a PT reaction is 

a collective solvent coordinate similar to that describing the solvation dynamics.100 It 

is then not surprising that PT reactions are strongly affected by confinement of the 

surrounding solvent. Depending on the characteristic of the systems, various types of 

proton transfer reactions occur in the ground- or excited-states, either adiabatically or 

non-adiabatically. Among all these processes, excited-state intramolecular proton 

transfer (ESIPT) in particular has engrossed interest from both theoretical and 

experimental standpoints since it exhibits an exclusively large Stokes’ shifted 

fluorescence emission without self-reabsorption as well as an easy population 

inversion in the proton transferred keto form, which are attributed to its intrinsic four-

level photocycle scheme implemented by the enol (N) – keto (T) 

phototautomerization (N →N* →T ∗ →T → ... ) process.101  

 

 
Figure 11: Illustrative diagram of ESIPT dynamics 
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ESIPT can be precisely defined as a phototautomerization process occurring in the 

electronic excited state of a molecule, where a heterocyclic ring is formed by the 

intramolecular hydrogen bond between a hydroxyl group and a neighboring proton 

acceptor. In 1950s, Weller had first reported about ESIPT process in salicylic acids, o-

anicic acid.102 We have already discussed about the unique solvation dynamics of 

ionic liquids and there have been many studies on solvation in relation to the use of 

ionic liquids as chemical reaction media. Traditional solvatochromism studies have 

been performed to delineate the electronic interaction parameters ET
30, π*, α, and β.23, 

62 Significant characteristics of solvation dynamics in ionic liquids is the wide 

distribution of solvation time scales from sub-picoseconds to nanoseconds. Since 

ionic liquids are composed of dipolar head group as well as non-polar tail, two types 

of forces predominate in ionic liquids viz. Coulombic interaction between ion-rich 

polar domains induced by the ions and van der Waals interactions among tails.51-54 

From the macroscopic structural point of view heterogeneity prevails in the 

ionic liquids. However, solvation heterogeneity and its relation to structural 

heterogeneity required to be investigated properly to unearth huge applicability of 

ionic liquids in charge transfer devices. Permittivity of the ionic liquids is the 

consequences of the interplay of polar and non-polar domains as recent investigations 

through neutron scattering and molecular dynamics studies have confirmed the 

presence of small domains differing in the possessing of charges. In case of highly 

viscous ionic liquids observation of the red edge effect (REE) also confirm the 

inhomogeneity of ionic liquids. During REE, the solute is excited near the 0-0 

transition or at longer wavelengths; the wavelength of the emission intensity maxima 

depends on excitation wavelength.103 Although there have been several studies on 

charge transfer dynamics in ionic liquids available in the literature, systematic 

exploration of the role of heterogeneous solvation dynamics on the reaction rate in 

ionic liquids has been rarely investigated. Chou and his group during their study on 

ESIPT /ESICT dynamics of 4’-N, N-Diethylamino-3-hydroxyflavone (DEAHF) in 

polar and non-polar solvents noted that proton transfer occurs on two time scales 

(sub-ps and a few tens of ps) in polar solvents.104 They have justified their result by 

invoking the idea that perturbation via solvent polarity might have played pivotal role 

in modifying the energetic pathway of ESIPT mechanism. It should be kept in mind 

that during ESIPT, considerable amount of difference in dipole moment exists 

between excited normal (N*) and excited tautomeric (T*) forms. Such large dipolar 
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change combined with solvent polarization governs the solvation dynamics of proton 

transfer reaction. 

 

 
           Scheme 3:   Excited State Intramolecular Proton Transfer reaction of DEAHF 

 

Ab Initio study on ESIPT reaction of DEAHF in [Bmim][PF6] also have confirmed  

drastic increase in the dipole moment upon excitation the HOMO localised at aniline 

moiety  ( right hand side of DEAHF) to LUMO at chromene moiety (left hand side). 

This corresponds to dynamic stokes shift of the peak consigned to the excited normal 

form of DEAHF.104,105 Variation in alkyl chain length or anions of the ionic liquids 

affects normal/tautomeric ratio and excitation wavelength dependence during 

tautomerization reaction. However, ion concentration of ionic liquids which is thought 

as one of the responsible factor for polarity of ionic liquids does not show prominent 

effect on proton transfer energetics.104a The evaluation of the proton transfer potential 

in ionic liquids gives following insights into the mechanism i) normal form (N) is 

more stable in the ground state than excited state (N*) (ii) two minima are found in 

the excited state which is consistent with time evolution study of the dynamics. 
      

 
Figure 12: Proposed diagram of solvent stabilization of excited normal form of the 

probe    
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After initial excitation of the probe molecule the barrier of proton transfer process 

remain relatively small and thus proton transfer reactions moves forward. With time 

evolution, as solvation relaxation to excited normal state proceeds, the barrier of 

proton transfer increases to resist further transformation of N* to T*.105a   

1.6.3. Electron Transfer Reaction 

Electrons are such movable elementary particles that their spatial movement in 

condensed phases from one host species (donor) to another receptor species (acceptor) 

can either be driven by thermal fluctuations or by external photochemical 

excitation.106 The most competent way to promote electron transfer  is through light 

irradiation, wherein one of the species (donor or acceptor)  is excited to a higher 

electronic state, depending upon the accessibility of the higher electronic excited 

state,  followed by transfer of an electron to the acceptor through vibronic coupling.107 

The superiority of the photoinduced electron transfer over thermally activated electron 

transfer lies the fact that an excited molecule is more redox reactive than the ground 

state in the higher electronic coupling among donor excited state wave function and 

the ground state and the coupling of the electronic wave functions is better if one of 

the reactant is in excited state because the excited state wave functions are more 

disseminated compared to that of ground state.  

1.6.3.1 Theory of Electron Transfer Reaction 

As energy-rich species, excited states are, as a whole, expected to be more reactive 

than the corresponding ground states, deactivation of the excited state may be 

achieved through the following intermolecular processes in addition to the other 

photochemical like radioactive and non-radioactive deexcitation: 

A* +  B A++ B-

A* +  B A- + B+

A* +  B A + B*

oxidative electron transfer

reductive electron transfer

energy
 transfer

 

Scheme 4: Probable pathways of de-excitation of excited states 

 

Although the electron transfer or energy transfer from a donor to an acceptor 

apparently seems to be a very simple process, the actual intricacies involved in most 

of the systems involving ET reactions are so complex that the detailed understanding 

of the factors governing this reaction in different systems/conditions are yet to be 
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explored properly.108 A substantial amount of research has been carried out in the 

development of ET theory, a very notable contribution to which due to Prof. R A 

Marcus.109 As the electronically excited state of the species possess very different 

characteristics compared to that of the ground state of the molecule, both the 

thermodynamic and the kinetic aspects of the PET reactions must be thoroughly 

examined. 

From the thermodynamic point of view, the free energy difference between excited 

and ground state of the molecule: 

                                 ∆G (A*, A) = ∆E (A*, A) - T∆S (A*, A)                                (18) 

The energy difference between the ground and excited state both taken at their zero 

vibrational levels E00 (A*, A) can be equated to ∆E in condensed phase such that, at 1 

atm and 0 K, ∆E = NE00 (A*, A). This relation also holds at the room temperature if 

there is small difference between the vibrational partition function of the two states.110  

Change in the entropy on going from ground state to excited state can be truly 

calculated from the Stokes shifts between absorption and emission band. Often during 

electron transfer reactions, Stokes shift remains small in value since for the reaction it 

is necessary condition to have the excited state with longer lifetime. In this milieu, the 

entropy contribution can be neglected during most of the electron transfer cases. Now 

free energy change can be written as, 

                                      ∆G0 (A*, A) ≈ NE00 (A*, A)                                               (19) 

The redox potentials for the excited state couples can be calculated from the 

standard potentials of the ground state couples considering the one electron potential 

corresponding to the zero –zero spectroscopic energy (i.e. the E00 value in eV): 

                                          E0 (A+/A*) = E0 (A+/A) – E00                                                            (20a) 

                                         E0 (A*/A-) = E0 (A/A-) + E00                                                                (20b) 

The excited state is both a stronger reductant and a stronger oxidant than the ground 

state since it possesses extra energy.109b 

From the viewpoint of the fundamental kinetic aspects of bimolecular processes 

involving excited states, bimolecular electron transfer between A and B under the 

diffusive condition can be summarised by following scheme: 
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A* + B

A + B

kd

k-d

kd

k-d

A*.....B

A.....B

A-......B+ A- + B+

Product

ke

k-e

k-e (g)

ke(g)

kp
k'p

k'-d

k'd
1/τ0hν

 
                 Scheme 5: Kinetic mechanism for photoinduced electron transfer reactions 

 

In scheme 5,  kd, k-d, k′d, and k′-d are rate constants for formation and dissociation of 

the outer-sphere encounter complex in the ground and excited states, ke and k-e are 

unimolecular rate constants for the electron transfer step involving the excited state, 

and ke(g) and k-e(g) are the corresponding rate constants for the ground state electron 

transfer step. 

For photoinduced processes requiring diffusion and formation of encounters, 

we can use the Stern–Volmer model which assumes statistical encounter between A* 

and B. The simplest case is that of a species A* that decays via some inherent 

intramolecular paths and, in fluid solution, can also encounter a quencher B. The 

excited state lifetimes in the absence (τ0) and in the presence (τ) of the quencher B are 

then given by,  

                                                   τ0 = 1/(kr + knr)                                             
(21) 

                                       τ = 1/(kr + knr + kq [B])                                      
(22) 
where, kq is the bimolecular constant of the quenching process, leading to ET reaction 

in present context. 

Upon dividing 21 by 22, we can write the following equation, 

                                              τ0/τ  = 1 + kq τ0[B]                                                   (23) 

This is the well known Stern-Volmer equation and   kq can be calculated from the 

slope of the τ0/τ vs. [B] plot, if τ0 is known.  

The key step of the processes depicted in Scheme 5  is the electron transfer 

step (ket) in the encounter complex (A*.......B). Prof. Rudloph A. Marcus was awarded 

with the Nobel Prize in the year 1992 for his phenomenal contribution in 
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understanding the energetics and kinetics of the electron transfer reactions (ket).109 In 

the frame work of the Eyring theory of the transition state, the value of the electron 

transfer rate constant can be expressed both in classical as well as semi classical form 

as:  

                                                                       𝑘𝑒𝑡 = � ℎ𝜐
𝑘𝐵𝑇

� exp(−Δ𝐺∗

𝑘𝐵𝑇
)                                                                   (24)       

Here, ν is the product of nuclear frequency factor νn and the electronic transmission 

coefficient κel. In the classical form κel is normally considered as unity. In the semi-

classical form, κel is related to Vel (electronic coupling at the transition state i.e. 

crossing point of the reactant and product surfaces) by  

                                                        𝒦𝑒𝑙 = 1

1+�
4𝜋𝑉𝑒𝑙

2 𝜏𝑠  
ℏ𝜆 �

                                      (25) 

where, λ is the reorganisation energy, discussed below. For strong electronic coupling 

of the ET reaction (Vel >200cm-1), the parameter κel closes to unity and this condition 

is called adiabatic electron transfer and for weak coupling cases i.e. Vel << 100cm-1 

electron transfer will pass through the non-adiabatic regime, with the ET probability < 

1 while reactant state passes through transition state.   

The most striking feature of Marcus theory is the redefinition of the activation 

energy (∆G*) in terms of the vertical and horizontal displacements of the potential 

energy surfaces during the electron transfer reactions (Fig. 13). He had invoked the 

idea that free energies (∆GR
0 and ∆Gp

0) of the reactant (R) and product (P) states 

follow quadratic functions with the changes in the reaction co-ordinate (X).  

 
 

Figure 13: Schematics of the potential energy surfaces the reactant (R) and product 

(P) states following classical and semi-classical treatment 
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The free energy of activation (∆G*) can thus be defined as: 

                                                Δ𝐺∗ =  (𝜆+Δ𝐺0)2

4𝜆𝑅𝑇
                                                        (26) 

By using the above quadratic expression for ∆G*, the general form of the electron 

transfer rate constant can be rewritten as:  

                                            𝑘𝑒𝑡 = � ℎ𝜐
𝑘𝐵𝑇

� exp − (𝜆+Δ𝐺0)2

4𝜆𝑘𝐵𝑇                                                       (27) 

Here in the equation λ is the reorganisation energy required in changing the 

equilibrium configuration of R state to P state as shown in Fig. 13 and is the sum of 

combinations of solvent (λs) and intermolecular (λ i) contributions i.e. λ = λs + λ i. λ is 

a positive quantity. The driving force (∆G0) of the ET process can be measured 

experimentally or calculated theoretically. For example, when solvation after the 

process of producing photoinduced charge pairing is rapid, ∆G0 can be approximately 

estimated by the following equation: 108 

                      Δ𝐺0 =  𝐸𝐷/𝐷+  −  �𝐸𝐴/𝐴−   +  𝐸00 � −
𝑒2

𝜀
(𝑟𝐷+  +  𝑟𝐴−  )                     (28) 

where 𝐸𝐷/𝐷+   and 𝐸𝐴/𝐴−   are the standard redox potentials of the donor and acceptor, 

respectively, 𝐸00  is the energy of the donor exited state, 𝑟𝐷+   and 𝑟𝐴−   are the radii of 

the donor and acceptor, respectively, and ɛ is the medium dielectric constant. 

In summary, the classical Marcus equation is valid in the following conditions: 
108, 109 

i) All reactive nuclear modes, that is, local nuclear modes, solvent inertial polarization 

modes, and some other kinds of collective modes, are purely classical. The electronic 

transition in the ET process is via the minimum energy at the crossing of the initial 

and final state potential surfaces. 

(ii) The potential surfaces are essentially diabatic surfaces with insignificant splitting 

at the crossing and of parabolic shape. The latter reflects harmonic molecular motion 

with equilibrium nuclear coordinate displacement and a linear environmental medium 

response. 

(iii) The vibrational frequencies and the normal modes are the same in the initial and 

final states 

The energy gap dependence of the ET rate constant can be separated into three 

regions: i) -∆G0 < λs (normal Marcus region), the ET reaction moves faster as ∆G0 
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becomes more negative. (b) -∆G0 = λs, such a situation shows fastest ET reaction 

since the activation barrier of ET reaction vanishes. (c) -∆G0 > λs (Marcus inverted 

region) since ∆G* increases with the increasing exergonicity (-∆G0) and consequently 

the ET reaction rate decreases. Therefore, the ET rate constant (ket) shows a bell 

shape dependence on the free energy gap (∆G0) (see fig. 14). 

 

 

Figure 14: Free energy gap (∆G0) dependence of ket 

 

Since Prof. Marcus had formulated ET theory in 1956, extensive researches have been 

carried out to find out the experimental substantiation of the Marcus inverted region 

as well as the possibility of further development of the theory. In spite of tremendous 

efforts towards satisfying the quests, after about thirty years Miller and co-workers 

had successfully observed the Marcus inversion behaviour following intramolecular 

charge shift reaction in the donor-spacer-acceptor (D-S-A) kind of bi-functional 

molecules in 1984.112 There have been a large number of follow up researches on 

several donor –acceptor systems to ensure the inversion behaviour at higher exergonic 

region i.e. -∆G0 > λs.  

It is to be mentioned here that though the experimental validation of Marcus 

theory on ET is proved univocally for various systems, the minutiae related to the 

inversion behaviour is still not well understood. For example, on the basis of Marcus’ 

prediction on quadratic functional dependence of the free energy of activation, the ket 

vs. ∆G0 plots should be perfectly bell- shaped curve. However, the changes in the ket 

vs. ∆G0 plots are found to be relatively less stiff in the inversion region (high 
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exergonicity region) than in the normal region i.e. the curve is not symmetric with 

respect to -∆G0 = λs region. It implies that the ET reaction moves faster in the 

inverted region compared to that of normal region which is in contrary to the Marcus 

theory. Besides these anomalies, observations of inversion region are only limited to 

these two cases (i) the charge separation (CS) reactions in the ion pairs involving 

intramolecular ET systems and (ii) the charge recombination (CR) reactions involving 

either intramolecular or intermolecular ET systems. For bimolecular or intermolecular 

ET reactions, the observation of the inversion behaviour is not only rare but also not 

convincing in most of the studies. For CS reactions involving intermolecular or 

bimolecular ET systems in homogeneous condition, the observed rate constant (kobs) 

initially increases with reaction exergonicity (-∆G0) at the lower exergonicity region 

but the extent of increase gradually reduces as the ∆G0 becomes more and more 

negative and finally the kobs levels off at a saturation limit at the higher exergonicity 

region. This behaviour of the ket vs. ∆G0 plot is commonly known as Rehm-Weller 

behaviour followed by their first observation in 1970. kobs values at the saturation 

limit i.e. at higher exergonic region are often found to be quite similar to that of 

bimolecular diffusion controlled rate constant (kd). It entails that diffusion of the 

donor and acceptor molecules in the solutions limits the rate of electron transfer 

reactions at the higher exergonic region. The main reason for not observing such an 

inversion in intermolecular ET reactions is supposed to be due to the limiting of the 

bimolecular reaction rates by the diffusion of reactants, which effectively masks the 

expected inversion behaviour. Following the observations of the diffusion controlled 

electron transfer reactions, Rehm-Weller had redefined the activation energy of ET 

by:  

                                          ∆𝐺∗ = �∆𝐺
0

2 � + �(∆𝐺
0

2 )2 + (𝜆4)2�  1/2                                    (29) 

It is clear that ∆G* defined by Rehm-Weller is drastically different than the 

quadratic functional form advocated by Marcus.113 Except few cases of bimolecular 

ET at homogeneous condition, this Rehm-Weller equation mostly fails for the cases 

where quencher concentrations are not sufficiently low to avoid transient effect. 

Theoretical and experimental studies on ET for 40 years have ensured that all types of 

ET reactions irrespective of intramolecular or intermolecular can be better realized by 

applying Marcus ET theory, might not be in its classical form but certainly after 

modification following semi-classical, quantum mechanical or some other advanced 
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perceptions.114 To be mentioned here that the incorporation of the factors like 

participation of high frequency vibrational modes and the reaction exergonicity 

dependent changes in reactant distributions, Vel and interaction distance (r), solvent 

polarization contributions etc. while evaluating the rate ET reactions will certainly 

help one in understanding the intricacies of the ET reactions in real systems. 

1.6.3.2 Two Dimensional Electron Transfer theory   

Following the discussions in the previous section, it is obvious that the diffusion of 

the reactants plays pivotal role in determining the kinetics of the bimolecular ET 

reaction in homogeneous solution. Intermolecular ET in the micro-heterogeneous 

media, e.g. in micelles, reverse micelles, ionic liquids, etc.  could be a good candidate 

to cause the ET reaction occur effectively under non-diffusive condition such that the 

influence of reactant diffusion on the observed ET rates and thus to observe the 

predicted Marcus’ inversion at higher exergonicity of the reactions.115 Further in the 

restricted media, the solvent relaxation dynamics can also be much slower in 

comparison to that in the conventional solvents and thus can effectively shift the 

expected inversion at relatively lower exergonicity region, making it easier to observe 

experimentally. With these presumptions, we have investigated the photoinduced ET 

interactions of coumarin dyes with an aromatic amine donor in different ionic liquids. 

Our idea of delineating ET reactions in ionic liquids is being inspired by the graceful 

strategy adopted by Yoshihara and co-workers to investigate bimolecular ET reactions 

under non-diffusive condition where neat electron-donating solvents (different liquid 

amines, e.g. N-methylaniline (MAN), N, N-dimethylaniline (DMAN), etc.) had been 

used directly as the electron donors in combination with number of suitable 

chromophoric dyes (coumarin and oxazine dyes) as the electron acceptors.116  

The two important observations made by Yoshihara and co-workers while 

investigating bimolecular electron transfer reactions in electron donating solvent are 

(i) the non-exponential ET kinetics and (ii) the ET rates faster than solvent relaxation 

dynamics.115 This non-exponential nature in the ET kinetics can be understood if one 

applies the two-dimensional ET (2DET) model to correlate the observations where ET 

rates are faster than solvent relaxation. This 2DET model has been advanced by Sumi 

and Marcus and sometimes this model is also known as Sumi-Marcus model also.114 

In this model along with the solvation co-ordinate ‘X’, a second coordinate ‘q’ that 

describes the intramolecular reorganisation for the reactants (nuclear coordinate) has 
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also been considered to describe ET reactions the free energy surfaces of the reactant 

and product states as shown in Fig. 15 by contour diagrams. 

Conceptually the changes in the bond lengths and bond angles for the reactants 

that is accompanied with the progress of the reactions is defined by normalised 

nuclear coordinate ‘q’ and the another coordinate ‘X’ determines the extent of 

solvation relaxation during ET reaction. Based on the above model, free energy 

functions of the reactants and products are expressed as,  

                                               Gr (X,q) = λsX2 + λ iq2                                                                      

(29a) 

                                    Gp (X,q) = λs(X-1)2 + λ i(q-1)2 +∆G0                                                    

(29b) 

 

 
Figure 15: Isoenergy contours of potential energy surfaces drawn in two dimensional 

planes for reactant and product  

 

Where, λs and λ i are the solvent reorganisation energy and intramolecular 

reorganisation energy respectively. It is to mentioned here that the (X,q) coordinates 

for reactants and product states for their equilibrium configuration are (0.0) and (1,1) 

respectively. In 2-DET model, the relaxation across the nuclear coordinate ‘q’ is 

assumed to occur much faster than that along the solvent coordinate ‘X’. It implies 

that the distribution of reactants and products will always maintain equilibrium along 

‘q’ coordinate and on the contrary achieving  equilibrium distribution of reactants and 

products will be unachievable along ‘X’ coordinate will be impossible during the ET 

reaction.  Therefore, ET reaction will effectively occur along ‘q’ for varying ‘X’ 

C

C

Product

Reactant

X

q
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coordinate, which progressively evolve with time due to progress in solvation. By 

using Smoluchowski equation, the time dependent probability distribution of the 

reactant along ‘X’ coordinate can be expressed as: 

                    𝜕𝑝(𝑋,𝑡)
𝜕𝑡

= 𝐷 𝜕
𝜕𝑋
� 𝜕
𝜕𝑥

+  1
𝑘𝐵𝑇

𝜕𝐺𝑟(𝑋)
𝜕𝑋

� 𝑝(𝑋, 𝑡) − 𝑘(𝑥)𝑝(𝑋, 𝑡)                        (30) 

where, D represents the solvent polarization diffusion coefficient and is given by 

kBT/(2λsτs).The first term in the right hand side of the equation descries the diffusive 

motion along solvation coordinate ‘X’ and the last term denotes ET reaction progress 

along the nuclear coordinate ‘q’.116 

When the reaction is non-adiabatic, the ET rate constant at any point of ‘X’ 

can be expressed as, 

                                𝑘𝑁𝐴(𝑋) = � 2𝜋𝑉𝑒𝑙
2

ℏ(4𝜋𝜆𝑠𝑘𝐵𝑇)1/2� exp �−Δ𝐺
∗(𝑋)

𝑘𝐵𝑇
�                                    (31)     

From the free energy functions of the reactants and products i.e. equation 29a and 29b 

and assuming no participation of higher frequency modes, we can write ∆G*(X) in the 

following way,     

                                      Δ𝐺∗ (𝑋) = �𝜆𝑠(1−2𝑋)+Δ𝐺0(𝑋)+𝜆𝑖� 2

4𝜆𝑖
                                        (32) 

The quasi particle on the free energy surface moves along q due to thermal 

fluctuations and a transition from the reactant to product occurs with some probability 

at a certain point of ‘q’ for a given solvent coordinate ‘X’. In our systems of study, it 

is expected that the initial ‘X’ coordinate of the reactant state, say ‘Xg’ , where system 

is initially present after photoexciation, is quite away from the equilibrium position 

(X=0) for the reactant. In this situation, if the solvent relaxes very slowly (as ionic 

liquids are highly viscous), in the ultrafast ET process only the (1-2Xg) fraction of λs 

can contribute to G*(X).  

 

 

 

 

 

 

 

 

                              Figure 16: Wide reaction window and narrow reaction window 
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Fig. 16 describes typical cases for the ET reaction based on the 2DET model. If the 

transition curve C is parallel to the ‘X’ axis (for λi/λs >>1), the reaction takes place 

through a ‘wide window’.118 It implies that the energy barrier ∆G*(X) will be the 

same at any ‘X’ and total population of the reactant follow exponential decay kinetics. 

In case of λ i/λs << 1, the reaction takes place through a ‘narrow window’. In this case 

barrier ∆G*(X) varies with respect to its position on ‘X’ coordinate. In such cases, 

decay follows a non exponential kinetics.  

At initial stage, the population distributed near to the low energy barrier region 

will react faster along ‘q’ coordinate, while the reactants near the bottom of the free 

energy surface will be left behind. These remaining reactants near the bottom of the 

free energy barrier will follow two pathways: (a) reactants may cross directly the high 

energy barrier along the nuclear coordinate ‘q’, or (b) they may move long the 

solvation coordinate ‘X’ first to a position with low energy barrier and then cross the 

activation barrier to undergo the ET reaction. In summary, in this case there will be a 

time dependent alteration in the distribution of the reactants and accordingly a non-

equilibrium ET kinetics.  

 
1.6.3.3 Hybrid Model for 2DET: Incorporation of High Frequency Vibrational 

Modes 

In ‘Sumi-Marcus’ 2-DET model, frequency of all the vibration modes for solvent 

coordinate ‘X’ and nuclear coordinate q are considered to be much lower than the 

thermal energy (hν << kBT). In the real system, along with classical low frequency 

modes, some high frequency modes (hν >> kBT) might also participates during the ET 

reaction.114-118 After incorporation of the high frequency modes in the 2-DET model 

the free energy function of the product can be rewritten as: 

                                 Gp,n (X,q) = λs(X-1)2 + λ i(q-1)2 +∆G0 + nhνn                          

(33) 

where n is the vibrational quantum number. 

In the non-adiabatic ET process, the rate constant can be presented as, 

                                𝑘𝑁𝐴(𝑋) = � 2𝜋𝑉𝑒𝑙,𝑛
2

ℏ(4𝜋𝜆1𝑘𝐵𝑇)1/2� exp �−Δ𝐺
∗(𝑛,𝑋)
𝑘𝐵𝑇

�                             (34) 

Here, crossing of the reactant and product surfaces corresponding to different 

vibrational levels of the high frequency modes are considered separately and ET rate 
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is considered as the sum of all the possible ET channels. The situation has been 

qualitatively described in the Figure 17, where a number of free energy surfaces for 

the product state have been considered for a high frequency vibrational mode. 

                             
Figure 17: Solvation coordinate involving high frequency mode of solvent and 

asymmetric MIR plot 

 

During ET study, the high frequency modes possess significance only at very high 

exergonic region i.e. for into the inverted region, since at this region the energy 

released during ET process is sufficient to excite the product to higher vibrational 

levels.116 Due to the involvement of these high frequency modes, the bell-shaped ket 

vs. ∆G0 plots often appeared as asymmetric in nature.117 This hybrid model of 2DET 

finds its significance in the situation where nuclear tunnelling is possible. At room 

temperature, the probability of tunnelling mechanism is significantly low. 

 Point to be mentioned here that this hybrid model of 2DET has been 

discussed here for completeness of the theoretical background of the electron transfer 

only. In our systems of study, incorporation of this model has been judiciously 

avoided since all the studies have been carried out in room temperature and at 

reasonably lower exergonicity region. Moreover, a rigorous quantitative calculation 

based upon the hybrid model of 2DET is impossible in our cases due to non-

availability of many parameters associated to our systems. The Sumi-Marcus model 

has been incorporated during the analysis of our results. 
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Chapter 2 
Aims and Objectives 

 
 “Our aim as scientists is objective truth; more truth, more interesting truth, more 
intelligible truth.”                                                                                                                     
Karl Popper 

 
 

 
 
A brief outline of the aims and objectives of the proposed research works described in 
the present thesis has been provided in the current chapter. 
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2. Aims and Objectives: 
 
The principle objective of the studies presented through this thesis is to understand the 

viability of water and ionic liquid as alternative solvents to the conventional solvents 

through the perspective of a physico-organic chemist. The aim of this thesis is two-

fold, but both objectives are inter-connected since both of them propagate the 

physico-chemical intricacies lie behind the employment of unusual solvents.  The first 

endeavour of this work is to explore the origins of the aqueous accelerations of C-C 

bond formation reactions especially emphasising on the Diels-Alder reactions (DA), 

Wittig reactions etc. and to represent a comparative picture to understand the features 

of heterogeneous and homogeneous aqueous reactions as well as their inter-

connections. Water-induced accelerations of both the Wittig reactions and the DA 

reactions are attributed to specific mechanistic features which are shared by other 

reactions as well. A number of relatively simple reacting systems have been chosen 

which all differ in a specific way during the whole study.  

The second aim is to explore the mechanistic details of the elementary 

particles (e.g. photo induced electron and proton) transfer reactions in ionic liquids. 

To be mentioned here that a large volume of reports on photo induced electron and 

proton transfer reactions in conventional organic media is available in literature. 

However, mechanistic intricacies of these lasers induced elementary particles transfer 

reactions in confined and viscous media like ionic liquids are hardly studied.   In the 

context of emergent relevance of the ionic liquids in the fields of photovoltaic cells, 

solar cell, fuel cell etc., it is highly significant to examine up to which extent our 

acquired knowledge on electron and proton transfer reactions in conventional solvents 

is transferrable to that in case of ionic liquids. Through the works portrayed in the 

present thesis, solvation dynamics in terms of energetics and kinetics of the photo-

physical processes carried out in a range of protic and aprotic ionic liquids has been 

explored. 

In view of aforementioned general features gathered from the literature 

survey, following were the salient objectives for the works, aimed to provide a broad 

outline of the future course of research: 

64 
 



 To discern the inevitability of presence of organic/ water interface in ‘on water’ 

organic reaction experimentally. Information acquired through the investigation 

will help researchers to comprehend the underpinnings of increased reactivity and 

selectivity at aqueous interface. Moreover, revelation that existence of interface 

with desirable characteristics instead of solubility is the prerequisite to reactivity 

will be a strong step towards cleaner chemistry.  

 

  To elucidate the applicability of pairwise interactions to quantify variation in 

reactivity of organic reaction specifically a Diels-Alder reaction in water upon 

addition of ionic liquids encompassing broad difference in structure and property 

as co-solvents. Quantitative data of one to one interactions among reactants as 

well as their activated forms with co-solvent ionic liquid acquired during this 

study will assist researchers to tailor ionic liquids as per requirement of reactions 

under purview in future. Additionally, introduction of ionic liquids instead of 

usual organic co-solvents viz. alcohols, carbohydrates, ether etc. in water will 

widen the solubility window of water medium for a large variety of reactions 

otherwise whose reactivity seems to be negligible due to unavailability of 

sufficient concentration of reactants. 

 

 To delineate the kinetics and energetics of excited state photoinduced proton 

transfer in ionic liquids especially in protic ionic liquids. Ionic liquids being 

highly viscous and moderately polar in nature is constitutionally different from 

the existing organic solvents. Study of excited state intramolecular proton transfer 

reactions which serve as key reactions in many important biological processes in 

confined and viscous media like ionic liquids will vividly elucidate the delicate 

balance between two important properties i.e. viscosity and polarity of protic 

ionic liquids in controlling their solvation dynamics during such type of reactions 

involving excited states. 

 

 To investigate the correlation between the bimolecular photoinduced electron 

transfer (PET) dynamics and the associated energetics in heterogeneous media 

like ionic liquids. Study of bimolecular PET in viscous media like ionic liquids 

will attract researchers in order to comprehend the effect of topology of ionic 

liquids media on photochemical reactions and to assess how to control kinetics of 
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a reaction upon manipulating microscopic environment. Moreover, this 

investigation will expound the prospect of the appearance of Marcus inverted 

region in the restricted media like ionic liquids during bimolecular electron 

transfer reactions upon overcoming diffusion mediated electron transfer i.e. 

Rehm-Weller type of electron transfer kinetics.               
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Chapter 3 

Instrumentation Techniques 

“Experiment is the sole source of truth. It alone can teach us something new; it alone 
can give certainty”                                                             
                                                                                                                 Henri Poincare 
 
 

In the present chapter the basic principles of different instrumental techniques used in 

the current investigation are briefly discussed. Instrumental performance is one of the 

main factors that affect the accuracy and reproducibility of measurements. The 

characterization and results described in this thesis have been obtained using 

different experimental techniques viz. gas chromatography, UV/Vis 

Spectrophotometer, Steady state fluorimeter (SSF), Time correlated single photon 

counting (TCSPC) fluorimeter, and Up-Conversion fluorimeter. Basic principles of 

each experimental technique have been described here followed by a common 

discussion to obtain desired results. Some important components of the instruments 

used in the present work are also briefly described in the present chapter. 
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3.1 Introduction: 

This chapter gives an overview of the various experimental methods and instrumental 

techniques that have been used to carry out the research work pertaining to the present 

thesis. To understand the kinetic details and thermodynamic aspects of C-C bond 

formation reactions (e.g. Diels-Alder reaction, Wittig reaction etc.), photoinduced 

electron transfer reactions and ultrafast proton transfer processes in the 

environmentally benign solvents e.g. water and ionic liquids, several steady-state and 

time-resolved techniques have been used in the present study. For the estimation of 

the rate constants and quantification of the reactants and the products explicitly, we 

have also used gas chromatographic technique and UV/Vis spectroscopic techniques, 

based on the characteristics of the reactants and products involved. To understand the 

dynamical and energetic processes during proton transfer and electron transfer 

reactions in ionic liquids both steady-state and time-resolved photophysical 

measurements were carried out using absorption and fluorescence based techniques. 

Rotational correlation times were also evaluated using time-resolved fluorescence 

anisotropy measurements to understand the rotational diffusion of the probes in the 

ionic liquids. Basic aspects of all these techniques are briefly given in the following 

sections.    

3.2 Basic Principle of Gas Chromatographic Analysis: 

Gas Chromatography (GC) follows the main principle of chromatography that is the 

separation of components in a mixture based on the different distribution of the 

analytes between mobile and stationary phase, resulting the differences in the 

migration velocities of the components trough the column. Here in especially for GC 

techniques the mobile phase (e.g. carrier gas) is comprised of an inert gas i.e., helium, 

argon, or nitrogen.1 The stationary phase consists of a packed column where the 

packing or solid support itself acts as stationary phase, or is coated with the liquid 

stationary phase (e.g. high boiling polymer). Most analytical gas chromatographs use 

capillary columns, where the stationary phase coats the walls of a small-diameter tube 

directly (i.e., 0.25 m film in a 0.32 mm tube).2 Movement of analytes is exclusively 

done by mobile gas phase and separation process occurs through the stationary phase. 

The movement of the analytes are through the chromatographic column, is called 

chromatographic development. Elution development principle is generally followed in 
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GC technique. Elution development scheme is the continuous series of absorption-

extraction processes i.e. washing of analytes through the stationary column with 

addition of fresh solution. The quality of the separation is basically determined by the 

interaction time between mobile and stationary phase. The stronger the interaction is, 

the longer the compound interacts with the stationary phase, and the more time it 

takes to migrate through the column (e.g. longer retention time).3  The strength of 

interactions mainly depends on the polarity as well as boiling point of the analytes. 

The analytes having comparable polarity with the stationary phase will be retained for 

longer time. Boiling point of the component plays crucial role during separation with 

GC.4 Low boiling point solutes will have high vapour pressure and will remain more 

in the gas phase i.e. mobile phase and will show less interactions with stationary 

phase.5 Consequently these low boiling components will appear earlier in the 

chromatogram. 

3.3 UV/Vis Absorption Spectrophotometer and Ground State Absorption 

Measurement: 

Ultraviolet (UV) and visible spectroscopy provides information about presence and 

absence of unsaturated functional groups and their interactions with the environment. 

The UV and visible radiation encompass only a small portion (300–700 nm) of the 

electromagnetic spectrum, which includes other forms of radiation like radio, infrared 

(IR), cosmic, and X rays.6 

During absorption of light having energy in UV/Visible range, valance electron 

acquires enough energy to cause transitions between different electronic energy 

levels. The wavelength of light absorbed is that having the energy required to move 

an electron from a lower energy level to a higher energy level. Energy absorption is 

most typically associated with transitions induced in electrons involved in bonding 

orbitals, and the atoms involved are, for the most part, those containing s + p 

electrons.7 The full series of permitted electronic transitions (by UV/Vis absorption) 

are given in Figure 1:  
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               Figure 1: Electronic transitions due to absorption of light at UV/Vis region 

 

As Figure 1 indicates, the σ            σ* and n          σ* transitions require relatively 

higher energy and are therefore associated with shorter wavelength radiation 

(ultraviolet). The lower energy n          π*  and  π          π* are ultraviolet or visible 

induced transitions. The probability that transition (and therefore absorption) will 

occur is closely related to molecular orbital structure. Following the Beer-Lambert 

law it can be written that the concentration of a substance in solution is directly 

proportional to the 'absorbance ', A, of the solution.6  

             Absorbance A = constant x concentration x cell length  

     Absorbance = A= log (I0 / I) = log (100/T) = εcℓ and Absorption coefficient  = ε  

3.4 Fluorescence Spectroscopy: 

The measurement of fluorescence signals provides a sensitive method to monitor 

various photochemical processes that occur in the excited state of the chromophoric 

molecules. Fluorescence is a spectrochemical method of analysis where the 

chromophoric molecules of the analyte are excited by light having definite 

wavelength and thereafter the excited molecules give off additional energy by 

emission of light at different wavelength.8 Photons having energies in the ultraviolet 

to the blue-green region of the spectrum are needed to trigger an electronic transition. 

Further, since the energy gap between the excited and ground electronic states is 

significantly larger than the thermal energy, thermodynamics predicts that molecule 

predominately reside in the electronic ground state (Figure ).8,9  
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                                                     Figure 2: Jablonski diagram  

It entails that external irradiation is necessary to promote molecules from ground state 

to excited states. The simplified Jablonski diagram conveniently represents photonic 

processes that involve transitions between electronic and vibronic levels at the excited 

state of the molecule.  The emission spectrum provides information for both 

qualitative and quantitative analysis. The excited electronic state is usually the first 

excited singlet state, S1 as well as hardly for some cases the second excited singlet 

state, S2. Once the molecule reaches at the excited state, relaxation can occur via 

several processes as depicted in Figure 2. Fluorescence is one of these processes and 

results in the emission of light. Generally, fluorescence occurs when a molecule 

absorbs photons from the UV-visible light spectrum (300-700nm), causing transition 

to a high-energy electronic state and then emits photons as it returns to its ground 

state, in less than 10-9 sec. Some energy, within the molecule, is lost through thermal 

or vibrational collision so that energy of the emitted photon remains lower than that of 

excitation energy; i.e., the emission wavelength is always longer than the excitation 

wavelength. This difference between the excitation and emission wavelengths is 

called the Stokes shift.9,10 

3.4.1. Steady State Fluorescence Measurement 

In the present study, steady-state fluorescence measurements (either excitation 

spectra, emission spectra or fluorescence intensity) were carried out using a Hitachi 

model F-4500 fluorescence spectrometer.9 The instrument uses a 150 watt continuous 

powered high pressure xenon lamp as the excitation source and R-928F (Hamamatsu) 

photomultiplier tube (PMT) as the photo detector. Measurement can be done for the 

wavelength range of 220 to 800 nm in the present instrument.8   Samples have been 

71 
 



excited in a 1 mm x 1 mm quartz cuvette and fluorescence measurement has been 

carried out in the perpendicular geometry with respect to the excitation beam. The 

schematic of the steady-state spectrofluorimeter is shown in Figure 3. 

. 

  

Figure 3: Schematics of steady state fluorimeter and the sample holder   

3.4.2. Fluorescence Life Time Measurements 

Fluorescence of a molecule mostly originates from its S1 state and the process mostly 

occurs in the nanosecond time scale.8 The average-time for which excited molecule 

stays in the S1 state is defined as the lifetime of the state, which is also commonly 

called the fluorescence lifetime, τf. Measurement of τf not only helps one to 

understand different de-excitation processes of the excited molecules but also 

provides us the insight of different chemical and physicochemical interactions that 

take place in the S1 state of the molecule, either with the environment surrounding it 

or with other chemical reagents present in the system. Though, in the absence of any 

complex photochemical processes, the fluorescence decay follows a single-

exponential function, the decay often becomes multi-exponential in the presence of 

complex photochemical processes. Thus, in general, the fluorescence decay of a 

sample can be expressed as a sum of exponentials as  

I(t) = Σ Bi exp (-t/τi) 

where, Bi is the pre-exponential factor/fluorescence intensity at time zero and τi is the 

fluorescence lifetime of the ith component of the measured decay. Present study has 

been carried out with TCSPC instrument obtained from Horiba Jobin Yvon IBH, UK, Model 

Data station Hub.  
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3.4.3 Basic Principle of TCSPC Technique 

The best method for time-resolved fluorescence measurements in the nanosecond to 

picoseconds time scale is the Time Correlated Single Photon Counting (TCSPC) 

technique.12  
              
 

 

 

 

 

 

 

 

 
 
 
 

Figure 4: Schematic diagram of a time correlated  single photon counting 
spectrometer. 

 

 

 

 

 

 

 

 

 

 

 

The electrical signal from start PMT is fed to the START input of a Time to 

Amplitude Converter (TAC). On receiving this START signal the TAC starts its 

charging process, which increases linearly with time till the stop PMT receives a 

fluorescence photon and send an electrical stop signal to the STOP input of TAC.12,14 

With the latter event the charging process in TAC stops and TAC generates an 

 

 

Figure 5: Functioning of TAC. start signal initiates the charging process. stop signal 
arrives at any time between start and reset. 
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electrical output (VTAC) having its amplitude proportional to the time difference (∆t) 

between the START and STOP pulses (cf. Figure 5).  

The VTAC signal is then fed to a Multichannel Analyzer (MCA) via an analog to 

digital (AD) converter. The AD converter converts VTAC to a numerical value n∆t and 

selects a corresponding nth channel in MCA where a count is just added up. Above 

cycle is repeated for very large number of times till a histogram is built up in MCA 

with about 5 to 10 thousand counts at the channel corresponding to maximum of the 

histogram (cf. Figure 6).  
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Figure 6: Histogram of counts in the MCA channels 

During experiment, the data collection rate is kept very low, <0.02 photons/excitation 

pulse. Under this situation the histogram represents the fluorescence decay of the 

sample.15 Time calibration of the MCA channels is done separately using a suitable 

method. TCSPC is one of the most sensitive techniques for time-resolved 

fluorescence measurements. 

Thus, a very low intensity excitation source can be used for TCSPC detection. 

Samples having quite low fluorescence quantum yield can also be measured by 

measured by this technique. Unlike most other methods, TCSPC detection is not 

limited by the rise time of the PMT. TCSPC is based on a well-defined (Poison) 

statistics and thus fruitfulness of the data analysis can be thoroughly judged. With H2 

and D2 filled flash lamps of having nanosecond pulse widths, the fluorescence 

lifetimes lower than nanosecond range cannot be measured by this technique.13 

However, by using ultrafast lasers sources in combination with MCP-PMT detector, 

the lifetime in the pico-second range can be measured suitably by TCSPC method.15 

Since the collection rate in TCSPC detection is to be kept very low, measurements 

usually take quite long time, especially for low fluorescence quantum yield samples. 

In the present measurements, diode lasers (~100 ps, 1 MHz repetition rate) were used 

as the excitation source and a special photomultiplier tube (MCP-PMT)-based 
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detection module supplied by Horiba Jobin Yvon IBH was used for the fluorescence 

detection. 

 

3.4.4 Analysis of TCSPC Data 

If the width of light pulses used to excite the sample is infinitely narrow (δ-pulse) and 

the response of the detection system used is exceedingly fast, the observed decay 

curve (the MCA histogram) would simply represent the true fluorescence decay of the 

sample, G(t).16-18 However, during our experiments, the light pulses used for 

excitation do have a finite time width and also the detection system has its finite 

response time. The observed decay curve I(t) in the TCSPC measurement is thus 

actually a convolution of the true decay curve G(t) and the effective instrument 

response function P(t).16,17 From a simple consideration it can be shown that the 

function I(t), G(t) and P(t) can be correlated by the following convolution integral  

𝐼(𝑡) = � 𝑃(𝑡′)𝐺(𝑡 − 𝑡′)𝑑𝑡′
𝑡

0
 

Experimentally one can record both I(t) and P(t). Thus, considering a suitable 

functional form for G(t), a convoluted function Y(t) is calculated according to 

equation 1 and using the experimentally measured P(t), which is then compared with 

the experimentally measured decay curve I(t) for the kind of fitting. It has already 

been mentioned that G(t) can be expressed  as the sum of exponentials given as, 

𝐺(𝑡) = ∑ 𝐵𝑖𝑖 exp( 𝑡
𝜏𝑖

)  where, Bi represents the pre-exponential factor of ith component 

and τi signifies the corresponding fluorescence lifetime.18 The accuracy of the 

analysis is defined by analysing following two statistical parameters. 

3.4.4.1 Reduced Chi Square (χr
2) Value  

We have judged the goodness of a re-convolution analysis of an observed 

fluorescence decay curve using TCSPC measurement by noting the reduced chi-

square ( χr
2 ) value for the fit, defined as16,19-20 

                                    

                                                         𝜒𝑟 
2 =  ∑ 𝑊𝑖�𝑌(𝑖)− 𝐼(𝑖) }2𝑖

��𝑛2 –𝑛1+1�−𝑃�
 

 

where Wi is the weighting factor of the counts I(i) in the ith channel and is defined as  

wi = 1/I(i), n1 and n2 are the first and last channel numbers for the section of the 
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decay that is used for the analysis, and p is the number of degrees of freedom in the 

fitting procedure, which is equal to the number of fitting parameters involved, 

namely, the degrees of freedom is three for a single exponential analysis.19 In the 

actual analysis the parameters Bi, τi and A are gradually varied following nonlinear 

least-square iterative re-convolution method till the minimum value for the χr
2 

parameter is obtained. A χr
2 value close to unity (χr

2 ≈ 1-1.2) represents a good fit for 

the observed fluorescence decay. 

3.4.4.2 Distribution of Weighted Residuals 

Another important statistical function that is widely used in combination with χr
2 

values to judge the goodness of a re-convolution analysis of an observed decay is the 

distribution of the weighted residuals among the data channels used. The weighted 

residual ri for the ith channel of the fitted TCSPC data is defined as 21 

𝑟𝑖 = �𝑊𝑖 {𝑌(𝑖)− 𝐼(𝑖)} 

For a good fit the weighted residuals among the data channels should be randomly 

distributed about zero and should also follow a Gaussian distribution such that the 

68%, 95%, 99.7% and 100% of the weighted residuals should respectively be within 

±1, ±2, ±3 and ±4.  

 
3.5 Fluorescence Up-conversion Measurements: 

By using time-correlated single-photon-counting (TCSPC) in conjunction with a fast 

photomultiplier or MCPPMT, it is possible to improve the time resolution down up to 

~30 ps but in this connection a careful deconvolution is also required for accurate 

estimation of lifetime.22 Another important technique for obtaining fluorescence 

lifetime shorter than 100 ps has been to use a streak camera.22-23 Single shot streak 

cameras offer a time-resolution better than ~10 ps. One of the major disadvantages of 

using streak camera is the spectral response of its photocathode which cannot be used 

beyond 900nm. In this context, researchers rely on the use of indirect nonlinear 

optical detection principles to achieve highest possible resolution of fluorescence 

detection. The up-conversion technique is based on the principle of the optical gating 

of the fluorescence emission through a non linear crystal.24 During the measurement 

of fluorescence up-conversion, the incoherent fluorescence photons excited by an 

ultrashot laser pulse is focused on a non-linear crystal. Another suitably delayed 

ultrashot laser pulse (probe) is focused on the same non-linear crystal, spatially 

overlapped with the fluorescence beam, to generate sum frequency signal. This non-
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linear frequency mixing crystal acts as a sampling shutter for a very short duration of 

the gate pulse. 

3.5.5.1 Brief Description of the Up-conversion Instrument Used 

Figure 6 represents the schematic diagram of the femtosecond fluorescence up-

conversion instrument assembled in house. A mode-locked Ti: sapphire oscillator 

(from CDP Inc. Russia), optically pumped by a diode pumped solid state laser from 

Coherent (Verdi, 5W at 532 nm), has been used as the source to produce ultra short 

laser pulses possessing  the wavelength around 800nm.  

 
Figure 6: The diagram of the femtosecond fluorescence Up-conversion instrument 

developed in the department (RPCD, BARC). 

 

The pulse duration of the present Ti: sapphire laser system is ~50 fs and it operates 

with a repetition rate of 82 MHz. In this up-conversion instrument the laser beam is 

first passed through a beta barium borate (BBO) crystals to produce 2nd (~ 400nm) or 

3rd (~ 266nm) harmonic of the source laser through proper tuning of optical axis and 

required phase matching.   

A dichroic mirror is used to avoid the residual of fundamental light of the Ti: 

sapphire source. The higher degree harmonic light is used to excite the sample of our 

interest. Point to be mentioned here that the intensity of this light is normally kept low 

to ensure the linear dependence of the fluorescence intensity with the excitation 

pulses. To minimize the photo-degradation of the samples during measurements of 

fluorescence decays, the sample solution is kept in a rotating quartz cell of 1 mm 

thickness in our experimental arrangement. Continuous rotation of the sample cell 

during measurements helps in avoidance of the localized heating of the sample and 
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consequently photo-decomposition is minimized.  To check the residual excitation 

light and/or Raman light to reach the detection system a cut off filter is used just after 

the sample cell. Thereafter, the short-lived fluorescence originating from the samples 

is focused onto the non-linear frequency mixing crystal (i.e. 0.5 mm thick BBO 

crystal), using two elliptical mirrors.19,20 The residual fundamental beam, used as the 

gate pulse, is first directed to an optical delay line and subsequently focused onto the 

up-conversion crystal to overlap with the fluorescence spot.25,26 Generated up-

conversion intensity is given by, 

𝐼𝑠𝑢𝑚(𝜏) = �𝐼𝑓𝑙 (𝜏)𝐼𝑝𝑟𝑜𝑏𝑒 (𝑡 − 𝜏)𝑑𝑡 

In this equation, Isum , Ifl and I probe are the intensities of the sum-frequency, the 

fluorescence light and the probe beam, respectively.  

 
Figure 7: Collection of fluorescence data from Up-conversion instrument 

This equation clearly depicts the fact that the sum-frequency signal is only present 

when the fluorescence photons and the probe pulse are coincident on the non-linear 

crystal, both spatially and temporarily. Moreover, since the intensity of the probe 

pulse always remains constant, the intensity of the sum-frequency light is directly 

proportional to the fluorescence intensity encountered by the gate pulse. 

Additionally, since the probe pulse is much shorter than the time dependent 

fluorescence, the former acts as the optical gate to the up-conversion signal. The 

fineness of the time resolution of the measurement thus depends on the temporal 

width of the probe pulse.                             
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Chapter 4 
 

An Insight into the Mechanism of ‘On 

Water’ Organic Reactions 
 
“It is life, I think, to watch the water. A man can learn so many things.”  
                                                                                                              Nicholas Sparks  
 
The exhaustive experiments described in this chapter have been performed in order to 
elucidate the role of interfacial water molecules in acceleration of C-C bond 
formation organic reactions with the emphasis on Diels-Alder reactions and Wittig 
reaction. Attention has been paid to justify the delicate balance between two 
important foundations of water promoted reactions i.e. hydrophobic interactions and 
hydrogen bonding prospects. Sensitive techniques have established the preferential 
solvation of polarizable ions at the water surface. The experimental schemes have 
been developed to control the molecular structure of oil−water interface in situ. 
Temperature-dependent analysis has also been presented to comprehend the 
enthalpic and entropic modifications of bonding with interfacial water molecules 
during a heterogeneous reaction. The systematic kinetic and thermodynamic studies 
described in the present chapter univocally unravel mechanistic intricacies pertaining 
to the participation of interfacial water during ‘on water’ organic reactions.  
 

 

 

 

 

 

 
 

 

 

81 
 

http://www.goodreads.com/author/show/2345.Nicholas_Sparks


4.1 Introduction: 

Synthetic organic chemists mainly focus on two principle type of reactions: one is 

carbon-carbon bond formation reactions and another is transformation as well as 

addition of functional groups to the main organic moiety. 1 C-C bond formation 

reactions have been termed as the foundation of organic synthesis since it gives a 

boon to the organic chemists to synthesise compounds having structure ranging from 

simple to complex.2 Although anthropologic data as well as scientific researches 

confirm that water has been used by Mother Nature as a medium to nourish the 

synthesis of essential proteins, peptides etc. essential to germinate early sign of life in 

the world, chemists usually avoid water as a solvent for common organic reactions. 3 

The superiority of water as solvent to promote organic reactions has been pioneered 

by Breslow and his group in 1980.4 Mention should also be made of another 

important contribution by Grieco and co–workers who highlighted the significance of 

water as a solvent media in organic synthesis.5 Since then, there have been a number 

of researches in this field to understand the potentiality of water as solvent during 

organic reactions.6  

 To unravel the principle forces behind the dramatic acceleration of Diels-

Alder reactions in water, researchers have come across with a number of 

explanations.6-8 Since the proposed mechanism of Diels-Alder reactions follow the 

suprafacial interaction of a 4π electron system with a 2π electron system through 

cyclic transition state without any intermediate,  are usually thought to be insensitive 

to high polarity of water, the contribution of the polarity of water could be used to 

rationalize the acceleration of the reaction rate.1,7 In the present scenario, Breslow had 

invoked the idea of ‘hydrophobicity’ to rationalize his observations related to 

unprecedented acceleration of Diels-Alder reactions in water.3,9 This theory suggests 

that non-polar molecules/reactants i.e. molecules insoluble in water come together to 

increase local concentration followed by greater probability of collisions among 

reactants to avoid mutual repulsion to the solvent water.6-9 A number of papers and 

reviews have been appeared in the literature to assess this concept of hydrophobicity 

and associated parameters during water promoted reactions.2-8 Researchers have used 

prohydrophobic salts (GnCl, LiClO4 etc.) and anti hydrophobic salts (LiCl, KCl etc.) 

to delineate the role of hydrophobic hydration in the water promoted reactions. 6-9 As 

a consequence of rigorous studies it has been revealed that along with hydrophobic 

acceleration,7-9 several other properties like enforced hydrophobic interactions,10 
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enhanced hydrogen bonding capability of water,8,11 high cohesive energy density of 

water,12 and polarity of water7 etc. are also responsible in promotion of organic 

reactions in water. Contribution of each property varies from reaction to reaction 

depending upon the molecular structure of the reactants.5, 7 One of the significant 

criteria of these works is that all the reactants are taken in water in such a manner that 

entire reaction mixture does not exhibit any interface. This means that the reactants 

are completely solubilised in water. This type of reactions is termed as ‘in water 

reaction’.4, 5   

 In 2005, Sharpless and co-workers during their study on cycloaddition of 

strained cyclic systems i.e. [2σ+2σ+2π] cycloaddition of quadricyclane and 

dimethylazodicarboxylate (DMAD) in presence of excess concentration of reactants 

in water observed that rate of the reaction was nearly 400 times accelerated compared 

to that of homogeneous reaction condition in water.13 The yield of this reaction at 

heterogeneous condition was also reported very high compared to same reaction in 

water at homogeneous condition. It is important  to be mentioned here that repetition 

of the same reaction in solvent free i.e. in ‘neat condition’ failed to show acceleration 

in rate at per observed that in water at heterogeneous condition. Later, the 

observations have been justified in the way that the excess concentration of the 

reactants (i.e. beyond the solubility limit of water) as well as newly created organic/ 

water interface play pivotal role in acceleration during these new types of reactions.13, 

14 Moreover, water appears to be the privileged medium for carrying out organic 

reactions, since similar reactions performed in perfluorohexane at heterogeneous 

condition proceeded at rates comparable to the homogeneous organic conditions. 13, 15 

These new types of reaction has been categorised as ‘on water’ reactions.13 Limited 

attention has been paid to the kinetics of organic reactions under heterogeneous 

aqueous conditions, when the reactants float on water. Here, the conditions being 

heterogeneous, with the reaction occurring on the surface of water i.e. water act here a 

medium to float, and so the hydrophobic effect seemingly does not play crucial role in 

these types of reactions.15, 16 Importantly, vigorous mixing to form a suspension or 

vortex formation has been proposed to be necessary condition for the reaction to 

proceed further.  

 Yung and Marcus had emphasised on the catalysing effect of ‘dangling OH’ 

present at the water/organic interface as one of the principal factor behind the 

enhanced reactivity of ‘on water’ reactions through their DFT calculation.16, 18 
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Vigorous stirring, pressure as well as enforced hydrophobic interactions has been 

envisaged as necessary conditions for higher acceleration of ‘on water’ reactions by 

recent studies.17 Some researches revealed the acidic surface of water as an 

accelerator of the reactions.19,21 Though in the literature, several example of 

heterogeneous water promoted reactions are available, principle forces lies behind this 

acceleration of ‘on water’ conditions is not without controversy.19-21   

 In this chapter, attempts have been taken to clarify the role of ‘dangling OH’ 

by performing C-C bond forming reactions i.e. Diels-Alder reactions and Wittig 

reactions at the organic /water interface. These two reactions have been chosen since 

both of these reactions have been used to synthesise organic compounds with higher 

number of carbon-carbon bonds compared to that of reactants.1,2 Moreover, Diels-

Alder reactions have been proved to be an essential methodology to synthesise 6-

membered or higher acyclic compounds possessing higher degree of stereo- and 

regio- selectivity.1, 19a Efforts will be focused on the delineation of physical forces 

responsible for promotion of rate of organic reactions at heterogeneous condition in 

comparison to that of homogeneous reactions in water.  

 

4.2. Experimental Section: 

4.2.1 Materials 

Cyclopentadiene 1 was freshly cracked from dicyclopentadiene prior to its use, while 

methyl acrylate 2a, ethyl acrylate 2b, and butyl acrylate 2c were distilled prior to their 

use. Benzaldehyde 4 was freshly distilled prior to its use. All commercially available 

salts –KF, KCl, KBr and KI were dried under vacuum for 6h prior to their use in the 

reactions. All chemicals were procured from M/S Merck Chem. Extra pure ammonia 

solution (30%v/v) was supplied by M/s. Loba Chemie. 

4.2.2 Synthesis of Ylide 

Triphenylphosphine was stirred in 50 ml water and ethyl bromoacetate was added 

drop wise to the solution. The resultant solution was stirred for 30 min at room 

temperature. The reaction mixture was then washed with ether to remove the excess 

reactants and then washed for several times. It was dried in vacuum for 6h to remove 

volatile impurities. 1H NMR was taken to check the purity of the compound. 

4.2.3. Kinetic Analysis  

In a standard kinetic run, reaction was initiated by adding methyl acrylate (1 molar 

concentration) to the reaction mixture of cyclopentadiene (1 molar) in 25 ml of water 
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at 298 K. The temperature was controlled by a Julabo constant temperature bath with 

an accuracy of ± 0.01 K. The reaction progress was monitored by GC (Varian CP-

3800 gas chromatograph) by withdrawing 1 ml of reaction mixture after each interval 

of time followed by the extraction with ether. k2 values were measured after 

measuring the relative peak area of the product with respect to time. Before 

performance of the reaction the relative peak area was calibrated with respect to the 

amount of product. 

10 mmol of aldehyde 4 and 10 mmol of ylide 5 (Scheme 2) were dissolved in 1 ml of 

water, the mixture was subjected to vigorous stirring to avoid aggregation of ylide. 

The decrease in concentration of aldehyde with respect to time was observed by using 

UV/visible spectrophotometer. From the decrease in the absorbance value with 

respect to the progress of the reaction, the k2 value was measured.  

 In both the cases, each experiment was carried out in triplicate with a standard 

error in second order rate constant, k2 as ± 6%. The reaction was also performed at 

temperatures from 298 K to 318 K using the single cell Peltier supplied with 

spectrophotometer. 

4.2.4. Drop-size Measurement 

First, the size of a capillary was measured to correlate the pixel of Redlake High 

Speed Camera with 512 x 512 pixel in order to treat this as a reference for further 

measurements. The pictures were captured at the speed 230 frame per second at 

different rpm values. The snapshots were taken for a particular bubble at a specific 

rpm over few seconds and radius was measured at different points. An average of five 

bubbles was treated as the radious of the bubble in question.  

 

4.3 Results and Discussion: 

4.3.1 Does the Reaction Occur at Interface? 

During investigation of the insights of mechanism of ‘on water’ reactions, researchers 

have emphasised on the presence of micro-interface in between organic reactants and 

water medium.13, 16, 18 The presence of interface has been coined as a prime difference 

between ‘homogeneous’ or ‘in water’ type reactions and ‘heterogeneous’ or ‘on 

water’ type reactions.15, 16 There were a few literature available to justify the presence 

of interface and its role during ‘on water’ reaction. Throughout the investigation, 

motive of the study is to validate the role of interface during heterogeneous water 

promoted reaction.  
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During selection of the reactants in order to carry out the desired study, 

preference has been given to choose those reactions where reactants show very low 

aqueous solubility. Selection of the reactants in terms of their aqueous solubility has 

been inspired from the previous investigations done by several groups.12-15 The 

performance of the reaction between cyclopentadiene 1 and methyl acrylate 2a 

(Scheme 1)  with stirring and  without stirring yields second order rate constant (k2) 

as 1.21 x 10-5 M-1s-1 and 2.86 x 10-7 M-1s-1 respectively at 298.15 K. 

COOR

COOR

O

O
R

1 2 3a 3b

2a-R= Me

2b-R= Et

2c-R=Bu  

Scheme 1. The reaction of Cyclopentadiene 1 and Alkyl acrylate 2. 

The value of k2 obtained during reaction condition without stirring i.e. 2.86 x 10-7 M-

1s-1 is almost equivalent to rate constant (k2) of the same reaction at homogeneous 

condition in water. It should be mentioned here that micro-interface i.e. the formation 

of bubbles of reactants in water is not possible without vigorous stirring. Physical 

emergence of bubble during vigorous stirring results in formation of interface 

between organic reactant and water. Therefore, observations suggest that appearance 

of organic bubbles is one of the necessary characteristic for heterogeneous reactions. 

The reaction (Scheme 1) has been carried out at ‘on water condition’ at varying 

stirring speed by keeping all other physical parameters constant.   
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Figure 1:  A plot showing the variation of the k2 values vs. rpm values for the reaction 

of 1 with 2a, the connecting line is shown to guide the reader eye. 
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Figure 1 shows that k2 value increases with increasing RPM (Rotation per minute) 

value of the stirrer. It is known that increased value of rotation of the magnetic stirrer 

will stimulate disintegration of oil bubbles i.e. from a big bubble a number of smaller 

bubbles will be created and thus the total surface area of bubble will be increased. The 

area of the bubbles has been calculated from the radius value (r) obtained during each 

RPM value of the magnetic stirrer (A= π r2 with A and r being the area and radius, 

respectively of the bubble). Total area during stirring at each RPM has been measured 

by fixing the volume of the added reactants to water (c/f. see experimental section for 

elaborate procedure). Since throughout the experiments with except RPM value all 

other physical parameters were kept constant, we can safely conclude that oil/water 

interfacial area plays certain role in promotion of the reaction during ‘on water’ 

reaction.   
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Figure 2:  A plot describing the change in interfacial area against the RPM value of 

the stirrer for the reaction between 1 with 2a; the connecting line is shown to guide 

the reader’s eye. 

It should be mentioned here that an introduction of interface creates asymmetry in the 

continuum dielectric field and interface possess large amount of energy compared to 

continuous field. Since water-water hydrogen bond energy is 20 kJ/mol which is 10 

times higher in energy than normal thermal strength of bond at 298.15 K (kT, where k 

being the Boltzmann constant, invoking interface requires breaking of existing 

hydrogen bonds in water.22    
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 To reveal the existence of interface of water, the reaction at heterogeneous 

condition has been carried out between 1 and 2a (Scheme 1) in presence of hexane as 

a replacement of water at 298.15 K. The second order rate constant (k2) for the 

reaction in hexane is 1.528 x 10-8 M-1s-1, which is about hundred times slower than that 

of under ‘on water’ condition. However, heterogeneous condition has been created by 

dissolving reactants in hexane more than its solvation capability. The k2 value in 

hexane justifies the fact that not only presence of interface is necessary for promotion 

of the reaction but also part of interface should be comprised of water.  During ‘in 

water’ reaction enforced hydrophobic interactions play pivotal role in promoting 

organic reactions. During enforced hydrophobic interaction, entropy driven 

hydrophobic hydration of the reactants turns to enthalpy driven hydrophobic 

interaction. Results obtained in hexane establishes the fact that hydrophobic 

interaction is also necessary for heterogeneous reactions, since hydrophobicity that 

offered by water is not present in hexane.    

 The reactions (Scheme 1) of 1 with 2a, 2b and 2c possessing varying 

hydrogen bonding ability has been carried out to assess the contribution of hydrogen 

bonding. Hydrogen bonding capacity of the alkyl acrylate decreases from 2a to 2c.21 

To reveal the variation in the contributions from enthalpy as well as entropy of 

activation, reactions have been performed (Scheme 1) both in homogeneous and 

heterogeneous conditions. The results shown in Table 1 throws light on the 

contribution of hydrogen bonding towards activated complex of the reaction in terms 

of change in the entropy of activation and the enthalpy of activation. A closer look of 

the data suggests that the hydrogen bonding ability of the reactants with the 

neighboring water molecules of the droplets calls upon changes at the heterogeneous 

conditions of the reaction. As the reactants have been varied from 2a to 2b to 2c, the 

hydrogen bonding ability of the reactants have been  indirectly diminishing; the 

comparative values make it obvious that the enthalpy values in the case of 

homogeneous reactions i.e. ‘in water reactions’ are not too sensitive to the hydrogen 

bonding competence of reactants. 
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Table1: Activation Parameters Derived from the Reaction between 1 with 2a, 2b, 2c 

(Scheme 1) 

 

However, a closer look on the enthalpy and entropy values of the reactions in 

heterogeneous conditions establish the fact that with the decreasing potential of 

hydrogen bonding exothermic nature of the enthalpy is reduced.  It should be stated 

here that the bond formation is assisted by exothermic variation in the enthalpy and 

the decrease in the entropy.  This ascertains that our results highlight the value of the 

change in enthalpies i.e. the energy is effectively used in bonding in due course of the 

reactions to modify the activation energy diagram in favour of positive catalysis by 

the interface. The observation by Liang and his group concerning the accumulation of 

aromatics at the oil-water interface supports our experimental observation of the 

formation of hydrogen bonding with the reactants and the transition state at the 

interface.23 The researchers have investigated that the lowering of surface tension in 

the presence of aromatics with the introduction of weak hydrogen bonding between 

water at the interface and the aromatic molecules like benzene and toluene.23a  

4.3.2. Role of the Micro Oil-water Interface 

After ascertaining the fact that aqueous interface serves as an indispensable 

component for promoting ‘on water’ reaction, focuses have been given on the 

participating parameters those present at the interfacial water molecules to catalyse 

the reaction. In this respect, experiments have been designed in such a manner that the 

structural arrangement and availability of water molecules in situ has been tuned.  

 Co-operative nature of water-water hydrogen bonding and subsequent increase 

in the strength of hydrogen bonding about 20% is the consequence of mutual 

polarization among water molecules.24 Introduction of an external reagent in water 

that can modify this mutual polarization among water molecules will come out with 

the information of bonding at the interface. We have carried out Wittig reaction 

Type of  

reaction 

1+2a         1+2b          1+2c 

∆# S 

(Jmol-1K-1) 

∆#H 

(kJ mol-1) 

∆#S 

(Jmol-1K-1) 

∆#H 

(kJ mol-1) 

∆#S 

(Jmol-1K-1) 

∆#H 

(kJ mol-

1) 

Homogeneous -75.65 88.32 -72.16 89.79 -66.37 88.39 

Heterogeneous -147.24 57.18 -134.52 60.74 -113.9 67.49 
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between benzaldehyde 4 and ylide 5 at on water condition to analyse the parameters 

associated to the water interface in promotion of the organic reaction.  

 

CHO

C2H5OOCHC=PPh3

H COOC2H5

H

4 5

O PPh3

6a 6b
 

Scheme 2: A Wittig reaction between benzaldehyde 4 and phosphonium ylide 5 at 

298.15k at heterogeneous condition.  

 

4.3.4. Addition of Polarisable Salts  

To perturb mutual polarization among water molecules, a series of halide salts 

consists of anions with increasing order of polarizability had been added to the 

reaction between 4 and 5 in water (Scheme 2). The polarizability and size of the 

halide anions increase in manner F- < Cl- < Br-< I-. 25, 26 The experimentally estimated 

rate constants in presence of potassium halide salts have been plotted against the 

respective polarizability of halide anions of the added salts (Figure 3). 

 

Figure 3:  A plot showing the variation of k2 vs. polarizability for the reaction of 4 

with 5 at 298.15 K. 

To comprehend a decrease in rate constants with increasing polarizability of added 

anions (Figure 3) in the reaction (Scheme 2), one should consider the ions’ specificity 

at the water surface. The trend can be discussed upon correlation with the observation 
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made by McFearin and Richmond that the hydrophobic organic molecules experience 

some hydrogen bonding through the water molecules present at the interface and that 

the presence of monovalent and divalent anions affects the nature of hydrogen 

bonding.25   According to the Gibbs adsorption equation pioneered by Onsager shows 

that ions are repelled from the surface since surface tension measurement exhibits that 

there is a net increase in the surface tension of the salt solution in water.27 In 1990, it 

was recommended that the statement on repulsion of ions from the water surface 

should be revisited.25, 26 Recent molecular dynamics simulation 28 and photoelectron 

spectroscopy and very recently SFG study on the propensity of the ions at air/water 

interface that alkali metal cations and halide anions have certain specificity for the 

air/water interface.28, 29 The propensity of ions at the surface is a complexed function 

of polarity, polarizability, size of the ions of which polarizability is predominant.30 

The halide anions are soft and easily polarisable than their counter ion i.e. alkali metal 

cations and therefore the propensity of the halide anions for the surface is much larger 

than their alkali metal cations counterpart. 29 

 

Figure 4: Diagram showing the water molecules around a small ion in bulk and large 

polarizable ion at interface. 

The principal cause of the observed variance in the surface propensity of ions can be 

explained in terms of electrostatic interactions among dissolved ions and surrounding 

water molecules. Anions having small size and low polarizability remain at the bulk 

surrounded by the water molecules pointing their dipoles towards the anion.28 The 

surrounding water molecules will try to induce dipole moment in the solvated anion. 

As the polarizability of the anion is very small, this induced effect can be safely ruled 
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out. If the polarizability of the solvated anion rises, the surrounding water molecules 

will induce large amount of dipole moment in the solvated anion. Large polarisable 

anions, therefore try to move towards the interface in order to get rid of the above 

unfavourable situation caused by dipole-induced dipole moment. The significant 

dipole moment present at the interface will induce an electrical interaction in the large 

polarisable anion. 29 This induces sufficient stabilization at the interface, which will 

overcome the loss of energy due to ion-water electrostatic interactions. In accordance 

with the polarizability and size of the halide anions, the propensity of the anions to 

remain near the interface increases in the order  F-> Cl- > Br- > I-. 31 The enhancement 

of iodide ions at the interface layer is clearly supported by a decrease in the intensity 

of SFG peak the dangling OH group, which is a clear evidence of clean surface of 

water.30 The same reaction (Scheme 2) has been carried out in presence of increasing 

molarity of KI also. Following Figure 5, it is obvious that with increasing 

concentration of KI the rate of the reaction decreases. The trend represented in Figure 

5 implies that enhancement of iodide ions at the interface layer is clearly decrease in 

the intensity of  the dangling OH group which is a clear notion of  clean surface of 

water. Though the observation that k2 values decrease with increasing concentration 

of KI in water confirms our explanations related to the propensity of ions at the 

interface, the results also had raised the concern whether our investigations are the 

consequences of the only salt effect instead of surface sensitive effects.32 

 

Figure 5:  A Plot depicting the change in the k2 vs. the concentration of ki salt for the 

reaction between 4 and 5. 
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Since KI serves as a salting in agent, the structure breaking property of KI acts as 

antihydrophobic agent in the water promoted reactions.8b  

 

Figure 6: A plot showing the variation in values of k2 values with addition of KCl 

salt for the reaction of 4 with 5. 

Therefore, the same experiment has been repeated (Scheme 2) in the presence of 

increasing amount of KCl, a salting out agent.33 KCl being a prohydrophobic salt 

enhance the hydrophobicity of the reaction medium. If during ‘on water’ reactions 

hydrophobicity plays pivotal role, then k2 values should increases up with the addition 

of increasing amount of prohydrophobic salts like KCl. Figure 6 shows the 

consequences on k2 with the addition of KCl in the reaction (scheme 2). Figure 6 

entails that k2 decreases upon increasing concentration of KCl in water during 

heterogeneous reaction. It implies that the justification on effect of anions at the 

interfacial water structure presented above is mainly guided by surface sensitive 

factors. Here, if only the salt effect had played the guiding role to modify the oil-

water interface structure then introduction of KCl salt could lead to the increase in the 

k2 values instead of their decreasing. The photo detachment spectroscopic studies 

have recently established that with increasing concentration I- ions accumulate at the 

surface in an increasing order.32  

4.3.5. Introduction of Polarizable Cation 

Important point in the present context is that not only anions show their effect at the 

aqueous interface, but also cations alter the structure of the interface. The presence of 

93 
 



polarisable cation H+ in the form of H3O+ modifies the interfacial arrangement of 

water, but in our case added inorganic acid reacts with one of the reactant and leads to 

side products.26b To keep away from these undesired side reactions, the reaction 

(Scheme 2) had been repeated in the presence of ammonia-water. Here ammonium 

cation being large in size compared to H3O+ is highly polarizable and behaves as inert 

reagent in the studied reaction condition (Scheme 2). Choice of introduction of 

ammonia in the reaction medium stems from the fact that ammonia possesses high 

surface affinity because of high energy cost for water to solvate ammonia.34 

Formation of a surface layer of ammonia is consistent with the minimum free energy 

of ammonia.34, 35 Ammonia generally bond to a surface via lone pair of nitrogen atom 

with C3 molecular axis perpendicular to the surface plane.34 The consequence of the 

addition of ammonia with successive increasing concentration in water has been 

described in Figure 6. A careful examination up of the data shows that there is 

disparity in terms of sensitivity of the rate of the reaction with respect to the added 

concentration of ammonia.  

 From Figure 7, a 10-fold decrease in the k2 values at the very low 

concentrations of ammonia has been observed. A meticulous observation of the graph 

confirms that the k2 values are insensitive to the higher concentrations of ammonia in 

the reaction medium. Observed result can be correlated with the data acquired from 

atmospheric chemistry a branch of chemistry mainly deals with the sensitivity of the 

air water interface towards the exposure of gas from the air.34, 35 

 

Figure 7: A plot of the k2 values against [NH3] for the reaction of 4 with 5 
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        Figure 8: The diagram illustrates the capping of ammonia with the free OH 

groups 

During adsorption of the gases, the exchanged gas modifies the thermodynamics of 

the surface by forming microemulsions and controls the further dynamics of the gas 

adsorption on water surface. At very low concentration the NH3 molecules simply 

bind with a small portion of water molecule at the interface through hydrogen 

bonding.35 Since ammonia molecule itself acts as weak hydrogen bond donor to the 

water molecule, it simply occupies the free hydrogen bonding sites of water at the oil-

water interface the process. 34 The cartoon in the Figure 8 gives a vivid description to 

the mechanism of adsorption at low concentration of ammonia in water. The process 

continues till the saturation of the interface with ammonia molecules. Davidovits et al. 

showed that transport across the interface requires the displacement of the solvent 

molecules at the subsurface layer, which required a comparative mass accumulation 

of the ammonia molecule at the interface.36 After saturating the surface, the hydrogen 

atoms of the ammonia as well as the nitrogen atoms begin to form aggregates among 

themselves through hydrogen bonding.36 These ammonia molecules following 

aggregation up to a critical value (where the surface free energy creates a 

thermodynamic barrier to the growth of the nucleus initially) serve as nuclei for 

further clustering. High molecular density at the interfacial region indicates that the 

interfacial molecules are somehow interconnected and bound (Figure 9).37 It implies 

that the cluster can assume various forms of arrangements at the interface of the 

oil−water. The recent sum frequency generation (SFG) study at the air/ water 

interface puts a spectroscopic justification on the above explanation.36, 37 

Consequently, the ammonia clusters form a barrier between the organic reactants and 

the water.  
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Figure 9: Diagram showing cluster of ammonia at the surface of water at moderate 

concentration of ammonia in water 

A comparison of kinetic data experimentally obtained during carrying out of Wittig 

reaction   ( Scheme 2) upon addition of ammonia-water in reaction medium  discloses 

the fact that the reaction in the presence of higher concentrations of ammonia is 

equivalent to the reaction occurring under neat conditions as ammonia clusters hinder 

organic droplets to come in contact with water molecules. One may note here that the 

organic bubbles can have the assistance from hydrogen bonding imparted by 

ammonia molecules, which are present as aggregates in between organic and water 

layers, but the trend in the values of the k2 values for the Wittig reaction (Figure7) 

reveals that though ammonia molecules can stabilize the reactants as well as the 

transition state through hydrogen bonding, the other responsible factors essential for 

water promoted reactions8-10 cannot be covered by these ammonium ions present at 

the oil−water interface. This experimental finding has again confirmed our previous 

finding with hexane regarding the essential presence of water as well as its 

hydrophobic property. It implies that ‘on water’ reactions are accelerated more than 

‘in water’ reactions for the presence ‘free OH’ groups at oil/interface but the this 

hydrogen bonding should be accompanied by hydrophobic interactions.  

4.3.6. Addition of D2O in the Reaction Medium 

Till now all the experimental criterion performed to delineate the effect of oil/water 

interface during heterogeneous reactions had shown that upon addition of external 

substances number the interfacial water molecules decreases. With the purpose of 

increasing probability of assistance from hydrogen bonding, D2O has been introduced 

in the reaction medium (Scheme 2). Upon addition of D2O, a smooth decrease in k2 

values with the rise of concentration of D2O up to 1.5 M has been observed. A sharp 
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inversion in the k2 values have been observed in figure 7 after 1.5 M of D2O. The 

clear intersection point in this graph is at ∼1.8 M corresponding to the value of k2 as 

0.97 M−1 s−1.  

 
Figure 10:  A plot showing the variation in the k2 vs. concentration of D2O in the 

reaction of 4 with 5. 

The decrease in the k2 values at the initial stage can be easily explained by the 

enhanced viscosity of solution upon the addition of D2O. 13,16, 40 However, the 

increment is surprising to us. To discern the reason for a sudden change in the k2 

values at about 1.8 M, we carried out temperature dependent kinetic studies in the 

concentration range of 1 to 2 M D2O that is near the inversion point of Figure10.  

 

Table 2: Activation parameters derived for the reaction of 4 and 5 in 1.0, 1.5 and 2.0 

M of D2O, respectively 

 

 

 

 

Conc. of D2O 
(M) 

∆#H 

kJmol-1 

∆#S 

J mol-1 K-1 

1.0 51.47 -147.65 

1.5 57.73 -126.78 

2.0 40.66 -179.76 
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From the enthalpic and entropic data tubulised in Table 2,   it is obvious that at the 

transition point enthalpy of the system favours the reaction (less endothermic). 

However the system becomes entropically unfavourable. Considering the concept of 

hydrophobic hydration which is a process of dissolution of hydrophobic molecules in 

water, thermodynamically it is associated with the large and negative value of ∆S#.9,10 

It can be concluded that some of the degrees of freedom of the reactants and also of 

the transition state get restricted, leading to a rise in entropy.  

 

Figure 11: Diagram displaying the effect on addition of D2O  

However, on careful assessment of the activation enthalpy values (Table 2), it can 

safely be justified that the transition state of the Wittig reaction is stabilized through 

new bond formation at the water-heavy water interface. The dangling OD group 

actively participates together with the dangling OH group in stabilization of the 

transition state at the interface (Figure 11). Alternatively the exchange of hydrogen of 

ylide by deuterium at the higher concentration of D2O cannot be ruled out.41  It should 

be noted based upon the neutron and X-ray diffraction studies that intramolecular 

hydrogen bonding in D2O can lead to OD---D bond may get stronger at the transition 

state. 40 

Kinetic and thermodynamic studies help us to analyze the requirement of the interface 

and the role of water in case of ‘on water’ reactions.  The development of specific 

attributes of the polarizable salts, ammonia−water solution, and D2O during the study 

of the on water reactions can be validated from their contribution in altering the 

interfacial structure at the molecular level. The recent observation of the support of 
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the ‘on water’ reaction by the adsorption of OH− at the oil−water interface through the 

reaction of the reactant and surface water molecule can be argued because of the high 

cost of energy to adsorption and the enhanced selectivity toward hydroxide ions.42, 43  

4.4. Conclusions:  

In summary, we have attempted to demonstrate the free OH group present at the 

oil/water interface in promoting the reaction at “on water condition”. Our work shows 

experimentally the role of these unsatisfied bonds at the interface. Comparing the 

experimental results and subsequent discussions, the following conclusions can safely 

be drawn. First, the presence of micro-interface is vital criteria for the ‘on water’ 

reactions. Second, the nature of the interface should be figured out in a way to 

maximize the contact between the reactant and the water. Eventually, the most 

decisive conclusion of our investigations is that the ease of the hydrogen bonding with 

the reactants and the transition state at the interface from the water molecules due to 

the presence of free –OH groups at reactant/ water interface serve as imperative 

requirements along with hydrophobicity and cohesive energy density offered by small 

water molecules. This study, it is hoped, will lead to studies of complicated liquid-

liquid interfaces. Such a study will help us in promoting water as the greener solvent 

and otherwise to design new green solvent possessing the structural features of water 

and large reaction window.  
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Chapter 5 

Pairwise Interactions to Access the Efficacy 
of Ionic Liquids as Co-solvents in Diels-

Alder Reaction 
 
“The meeting of two personalities is like the contact of two chemical substances: if 

there is any reaction, both are transformed.”                                               Carl Jung 

 

 

Ionic liquids have been introduced as co-solvents during water promoted Diels-Alder reactions with 

the objective of increasing solubility window of solvent water. The dependence of the second order rate 

constants for Diels-Alder reaction between anthracene-9-carbinol and N-ethylmaleimide on the 

molality of added co-solvent is analyzed in terms of pairwise Gibbs function interaction parameters. 

Additivity of pairwise group interaction parameters (SWAG procedure) is applied, and the validity of 

additivity is critically examined during analysis. Pairwise Gibbs functions have been calculated for a 

variety of ionic liquids to comprehend the efficacy of ionic liquids as co-solvents. A comparative kinetic 

and thermodynamic study has been presented to guide the tailorability of ionic liquids as co-solvents 

during cycloaddition reaction in water.  
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5.1 Introduction: 

Liquid water is an extraordinary solvent, both polar and apolar solutes are reasonably 

soluble in it.1 Water is miscible with other liquids despite often remarkable variation 

in properties. From the discussion of the previous chapter, it is obvious that water 

supports chemical reactions involving a vast range of mechanisms and processes.1 

Though the ‘on water’ reactions serve as modification over the ‘in water’ type 

reaction by letting off the barrier low solubility range as in this case water does not act 

as solvent but  as a reaction media, this type of reactions requires the criteria of 

presence of atoms in the reactants having the capability of hydrogen bonding.2 Again 

the transition state of these heterogeneous types of the reactions in water must be 

more stabilized than that of the corresponding reactants.3-6 So the letting off the 

barrier of the solubility in case of on water reactions invites new constraints of the 

essentiality of the presence of hydrogen bonding in the reactants.7,8 Consequently, the 

performance of several organic reactions with structural and synthetic complications 

remains unsuccessful attempt in water only solvent media.9  

The introduction of minute amount of organic liquids viz. alcohols, carbohydrate 

etc. as co-solvents to the water leads the reactions to success by promoting the 

solubility of the non-polar reactants.10, 11 Interests have been concentrated on the 

kinetics of chemical reactions in which water and related aqueous system are used as 

solvents. Rate constants for chemical reactions in aqueous solutions are often 

particularly sensitive to the nature and mole fraction of added co-solvent.11 This 

sensitivity reflects impact of added co-solvent on the initial and transition states. In 

fact this sensitivity is not unexpected because it is well established, that, for example, 

the solubilities of solutes such as rare gases and hydrocarbons are strongly dependent 

on the characteristics and mole fraction of added co-solvent.11, 12  

However this method of involving alcohols or other volatile organic substances as 

co-solvents along with water give rises to a serious question on the retention of the 

green nature of solvent water as the water in the due process is being contaminated 

with toxic and volatile organic solvents. Our main aim through this study is to find out 

alternative chemical substances to the hazardous conventional organic co-solvents 

without sacrificing the clean and green nature of water driven reactions. Ionic liquids 

comprising both organic cation and organic/inorganic anion13 can offer similar 

proficiency than that of usual organic co-solvents. The beneficial properties like 

chemical internees, non-volatility, large solubility window and wide thermal and 
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electrochemical stability of the ionic liquids14 which have been appeared in several 

classical and quantum mechanical studies induce us to reveal their effectiveness as co-

solvents in the aqueous reactions. 15By bringing in the ionic-liquids in water two 

purposes can be served:  

i)  the solubility window widens up for a large range of polar to apolar reactants  

ii)  the green ionic liquids will not interfere with the eco-friendly nature of the water.  

In this study a variety of ionic liquids has been employed as co-solvents in the water-

promoted Diels-Alder reaction which serves as the noteworthy step in synthesizing 

large cyclic organic compounds.  

       A major problem in physical organic and physical inorganic chemistry is 

concerned with finding a link between kinetic data and the thermodynamic properties 

of aqueous solutions. Here this link is formed using transition state theory. 

Nevertheless quantitative descriptions of kinetic solvents effects are not 

straightforward.  

5.1.1 Theoretical Overview  

Throughout the study the concentration of the ionic liquids has been kept in a range 

that the ionic liquids should not interfere with the structural property of the water. It 

means the reaction medium is the water rich solution of ionic liquids. At low co-

solvent mole fractions x2 (where liquid-2=the co-solvent, and liquid-1 = water), 

water-water cooperative hydrogen bonding is enhanced. As more co-solvent is added 

(Le. x2 increases, and so x1 decreases), there is insufficient water to maintain 

extensive hydrogen bonded networks.16 Nevertheless, transient domains exist where 

some domains arc water-rich and others co-solvent-rich. Hertz and co-workers had 

shown, for example, that in this composition range, aqueous mixtures are 

microheterogeneous.17  

5.1.1.1 Pairwise Interactions   

An interaction structure explains who interacts with whom. It denotes for each agent a 

set of neighbours, the set of agents with whom the agent interacts. As a consequence, 

an “interaction structure” is modelled as an undirected finite graph whose vertices or 

nodes are the members of the player population.18 Two players are neighbours, if they 

form an edge of the graph. Global interaction prevails if any two players are 

neighbours. Otherwise, interaction is local. Very significant insights have been gained 
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from studying pairwise interaction under the assumption of a fixed interaction 

structure.19,20 

During the application of this concept the pairwise interactions can only be 

restricted to very dilute region. Here, the reaction mixture is so dilute that the water 

molecules prevent the aggregation of apolar solutes. During bulk hydrophobic 

interactions, clusters of apolar molecules are formed at their higher concentrations in 

water. It is thermodynamically quite difficult to separate out all the interactions during 

bulk interactions21. 

In our present study a reaction as depicted in Scheme 1 was used. Here 

anthracene- 9 carbinol 1 and N-ethyl maleimide 2 are the two reactants and water is 

the medium of reaction (w) and ionic liquid is the co-solvent (c).  This bimolecular 

Diels-Alder reaction can fairly be mimicked by using following diagrammatic 

representation: 

                                          𝑹𝒂 R + 𝑹𝐛             TSC≠                   Product  

HO

O

O

N
Water , RT

Ionic Liquid Cosolvent

O

O N
HO

 

                    1                                    2                                                              3 

Scheme 1: The reaction between anthracene- 9-carbinol 1 and N-ethyl maleimide 2 

where, ‘Ra’ and ‘Rb’ represent the reactants 1 and 2, respectively; TSC≠ stands for the 

transition state complex of the reaction. Following the transition state theory of the 

reactions the reactants and activated complex are in equilibrium with each other. Then 

the chemical potential 22 of the above reaction follows 

                                                µ 𝑅𝑎+ µ𝑅𝑏 R  = µTSC                                                                                     (1) 

For chemical reaction involving solute-X proceeding through a transition state 

(TS# ), the rate constant in an ideal aqueous solutions is given by eqn. (3) where ∆P

≠G0 

is the activation Gibbs energy. (kB refers to Boltzmann constant and h is Planck’s 

constant).       
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k = 𝑘𝐵  𝑇
ℎ

 exp (−∆≠𝐺°
𝑅𝑇

)                                                       (2) 

where, ∆P

≠G° can be expressed as , 23. 

∆P

≠G° = µ° (TSC, aq) - µ° (IS𝑅𝑎𝑅𝑏 R, aq) 

The ∆P

≠G° value encompasses of all the chemical potentials of all the 

components and their interaction present in the reaction mixture. 

The ion-ion pair interaction potential in the co-sphere overlap model proposed by 

Friedman and co-workers is given by, 24 

                 uij (r) = (ei ej)/(Dr) + CORij + CAVij + GURij                                             

(3) 

where in the equation 3, the first term represents the Coulomb interaction of ions of 

charges ei and ej at distance r in a solvent of dielectric constant D. The second term is 

a repulsive core potential, and the third term is a cavity effect in a dielectric medium. 

The fourth term, called the Gurney potential, represents the effect of the overlap of the 

co-spheres when the ions come close together, and is in aqueous solution the solutes 

present in the reaction media can be treated as surrounded by the water molecules. In 

the present system, one has to look forward of four different solutes are interacting 

with one-another i.e. two of them are from the two reactants, another is co-solvent and 

the remaining one is of activated complex arises out during reaction.17 Following 

cartoon (Figure 1) is the vivid representation of the model in the reaction medium.  

Ra Rb

c c

 

                                        Initial state                           Transition state 

Figure1: The cartoon of interactions between co-solvent with reactants and activated 

complex during the reaction. 

Our main focus in this work is to establish the nature of interactions in the 

aqueous Diels-Alder reactions in the presence of ionic liquid as a co-solvent in very 

dilute region. For simplicity present system can be divided in two sections for 
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comparison: i) the reaction medium without the presence of co-solvents (molality 

(mc=0)) and ii) in the presence of ionic liquid co-solvents (mc≠0).  

Following the equation relating rate constant (k) and equilibrium constant (𝐾#), for 

normal aqueous reaction can be written as follows: 23 

                                           k (mc=0 = 𝑘𝐵  𝑇
ℎ

 𝐾#                                                           (4) 

Since the ionic liquid is added to the reaction medium, the added ionic liquid imparts 

interactions with reactants and the activated complex and system will no longer 

behave as ideal solution. The change in the chemical potential in the presence of ionic 

liquids can be ascribed through the calculation of the activity coefficient of the 

activated complex and reactants. The term activity coefficient (γ) of the reactants and 

activated complex will indicate the non-ideality introduced by the addition of 

ionicliquids.26, 27 This activity coefficient (γ) is related to the excess Gibbs function 

(GE) of the total solution by the following differential equation:  

                                                ln γ = 1
𝑅𝑇

. 𝑑𝐺
𝐸

𝑑𝑚
                                                              (5) 

Now in the presence of co-solvent, the rate constant (k) can be equated with  

                                        k(mc≠0)=  𝑘𝐵  𝑇
ℎ

γ𝑅𝑎γ𝑅𝑏
γ𝑇𝑆𝐶

. K#
P

                                                   (6)       

where γ𝑅𝑎 , γ
𝑅𝑏

and γTSC are the activity coefficient  of initial state of the reactants and 

transition state, respectively and have been introduced due to invoked non-ideality 

with the addition of ionic liquids in water. By taking logarithm of Equations (4) and 

(6), thereafter dividing Equation (6) by Equation (4), the following relationship 

between rate constant and the activity coefficient is obtained: 

                                   ln [ 𝑘𝑚𝑐
𝑘𝑚𝑐=0

] = lnγ𝑅𝑎 + lnγ𝑅𝑏 R  - lnγTSC                                                                (7) 

The excess Gibbs energy (GE) of the solution can be equated with the expansion 

series of thermodynamic properties like molality of the solute using virial 

coefficient.28 The arrangement of co-solvents around solutes in the solution has been 

quantitatively determined with the theory developed by Kirkwood and Buff 29and 

which has been further modified by Newman30 and Ben-Naim.31 Following the 

equation advanced by Cassel and Wood excess Gibbs energy can be expressed in 

terms of pairwise Gibbs energy solute interaction parameter 32 (gij; i and j denotes any 

component those are interaction with each other in the dilute reaction medium) by the 

equation  
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If the solution is dilute, the excess Gibbs function, GE (aq; T;P) can be 

expressed in terms of pairwise Gibbs function interaction parameters: m0 ,mi ,m j , 19 

                        𝐺𝐸 (𝑎𝑞;𝑇;𝑝) = 𝑔𝑖𝑖 �
𝑚𝑖
𝑚0
�
2

+ 2𝑔𝑖𝑗𝑚𝑖𝑚𝑗

𝑚0 2
+ 𝑔𝑖𝑗 �

𝑚𝑗

𝑚0
�
2

                                  (8) 

Here i, j, k are the interacting components present in the solutions, m0 is the standard              

1 mol/kg of water and mi is the molality of the ith solute in the solution. Here, the 

heterotactic interactions have been considered (gij) and the homotactic interactions 

(gii) are ignored to simplify the system of the study. This equation can be expanded to 

pairwise, triplet or higher order terms. While dealing with dilute solutions, restriction 

should be imposed up to first term only. 

According to Savage and Wood additivity principle, the pairwise Gibbs 

energy solute interaction parameter can further be simplified to 20 

                                𝑔𝑖𝑗 =  ∑  ∑ 𝑛𝑥𝑖 𝑛𝑦
𝑗  𝐺 (𝑋 ↔ 𝑌)𝑦𝑥                                                              (9) 

where,  𝑛𝑥𝑖  ; 𝑛𝑦
𝑗  denotes  the number of interacting  groups in the solutes x and y in the 

solution G (X ↔ Y)  is known as pairwise Gibbs energy group interaction parameter.17 

Following Equation 4 and taking derivative of the excess Gibbs energy (Equation 7) 

with respect to molality (restriction of the  expansion up to first term only), the 

activity coefficient γi  is given by;  

                                                   𝑅𝑇 ln 𝛾𝑖 = 2𝑔𝑖𝑗𝑚𝑖
(𝑚 0)2                                                      (10) 

Since it is obvious that logarithmic comparison of rate constants of the reaction can be 

expressed by the following equation:  

                ln � 𝑘(𝑚𝑖 )
𝑘(𝑚𝑖=0)� = −𝑙𝑛𝛾(𝑇𝑆) + 𝑙𝑛𝛾(𝐼𝑆), where the γ is the activity coefficients 

of the corresponding states. Now on comparing Equation 9 and 10, it can be written 

that, 

 ln � 𝑘(𝑚𝑖)
𝑘(𝑚𝑖=0)� = � 2

𝑅𝑇(𝑚0) 2
� �∑  𝑥 ∑  𝑛𝑥𝑖𝑦  𝑛𝑦𝐼𝑆 𝐺(𝑋 ↔ 𝑌) − ∑  𝑥 ∑  𝑛𝑥𝑖𝑦  𝑛𝑦𝑇𝑆 𝐺(𝑋 ↔ 𝑌)�𝑚𝑖     (11) 

Now by replacing the value lnγ of Equation 10 in Equation 11 the following 

relationship is obtained: 

          ln � 𝑘𝑚𝑐
𝑘𝑚𝑐=0

� =  2
𝑅𝑇𝑚0

2 (g [Ra⇾ 𝐶] R+ g[Rb⇾ 𝐶]¯ g[TSC⇾ 𝐶] )mc                       (12) 

The equation can be rewritten as by substituting the value in Equation 9 as, 

                                         ln � 𝑘𝑚𝑐
𝑘𝑚𝑐=0

� =  2
𝑅𝑇𝑚0

2 𝐺R c mc                                                (13) 
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Herein Gc is the representation of the pairwise group interaction arising out of the 

addition of ionic liquids as co-solvents in the water promoted Diels-Alder reaction. As 

the consequence of the co-solvent and solute interactions, we get a concentration 

dependent thermodynamic property which varies with the change in the molality of 

the added ionic liquid in the reaction mixture by  plotting 𝑙𝑛 � 𝑘
𝑘0
� vs. molality of the 

co-solvent (m) [where, k = 𝑘𝑚𝑐  and k0 = 𝑘𝑚𝑐=0  ]. As we are restricted to pairwise 

interaction only by keeping the solution in extremely dilute condition, we will ignore, 

in the interest of simplicity, the second, third i.e. any subsequent higher order 

interactions during experimental data analysis. 

5.2 Experimental Procedure:  

5.2.1 Materials and Synthesis of Ionic Liquids 

N-methyl imidazole, N-methyl pyrrolidine, 1-bromobutane, 1-bromohexane, 1-

bromoethane 1-chlorobutane and 1-iodobutane were purchased from M/s. Sigma 

Aldrich and were further distilled prior to their use. Analytical grade pure (99%) 

potassium tetrafluoroborate, sodium thiocyanide, sodium nitrate salts were used as 

purchased. Pyridine was obtained from M/s. Spectrochem and was distilled prior to its 

use. N-ethylmaleimide and anthracene-9-carbinol were purchased from M/s. Sigma 

Aldrich and was used as obtained. All the experiments were conducted using 

deionized water. The ionic liquids which have been used during the analysis were 

synthesized in our laboratory following standard reported procedures.12, 36 The ionic 

liquids were synthesized following the two steps:  The first step was the 

quaternization, which had involved the synthesis of organic cation and the second step 

was metathesis, where the desired anion replaces the existing one by using 

corresponding salt. The purity of the ionic liquids was characterized by 1H-NMR 

spectroscopy. The ionic liquids were dried under high vacuum for at least 6 h prior to 

their use in reactions in order to remove excess water as well as undesired solvents. 

To ensure the dryness and purity, the water content of the ionic liquids was measured 

before making solution for reactions by a Karl Fischer coulometer which did not 

exceed 30 ppm for any case. 
5.2.2 Kinetic Measurements  
A 0.044 g of anthracene -9-carbinol 1 was dissolved in 10 mL of methanol prior to its 

use to give a 0.021 M stock solution. A 0.140 g of N-ethyl maleimide 2 was dissolved 
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in 10 mL of methanol to yield a 0.112 M stock solution of the reactant 2. Methanol 

was used for solubilizing the reactants in turn preparing a homogeneous solution. 

Otherwise, anthracene-9-carbinol will remain suspended on the surface water-ionic 

liquid solvent medium. The reaction was monitored by UV-visible spectrophotometer. 

During each experiment 100 μL out of stock solution of 1 and 2 were introduced into 

two independent round bottom flasks each containing 0.5 mL of the binary mixture of 

ionic liquids in water. Methanol, which was present in very small quantity (100 μL) of 

each reactant dissolved in 0.5 mL of aqueous ionic liquid solution) is removed under 

reduced pressure at 308K. After thermal equilibration of the solution at 298K, the 

mixture of 2 in ionic liquid-water solution is taken into a UV-cuvette (3ml). The 

reaction is initiated by introducing the solution of 1. The progress of the reaction was 

monitored by noting the decay in the absorbance peak of anthracene-9-carbinol at 

λmax = 330 nm, which has the direct correlation with left over concentration of 1 with 

the progress of the reaction.  The decay in the absorbance was used to calculate the 

pseudo-first-order rate constants, k0. The reported rate constants here in this work are 

an average of at least three kinetic runs on different samples and were reproducible to 

within (± 5%). The temperature of the cell was controlled by using the single cell 

Peltier accessory having an accuracy of (± 0.01oC). 

The surface pressure, which is a difference of the net downward forces on the 

Whilmay plate experienced in contact with pure water and aqueous -ionic liquid 

solutions was measured at 298.15 K with KSV NIMA Langmuir Trough instrument 

for each molal solution of the aqueous- ionic liquid mixtures The surface pressure was 

determined by partially dipping the Whilmay plate into the aqueous- ionic liquid 

solutions. During the measurement the area of the Whilmay Plate was calibrated with 

156.2 cm2. The accuracy of the measurements remains within ± 0.2 mN/m. 

5.3 Results and Discussion: 

5.3.1 Addition of Ionic Liquids in the Reaction Media 

5.3.1.1 Effect of Substituted Alkyl Groups Attached to Cation of the Ionic 

Liquids  

With the addition of ionic liquids with increasing alkyl chain length adhered to the 

imidazolium moiety in the reaction between anthracene-9-carbinol 1 and N-

ethylmaleimide (2) (Scheme 1), the pairwise interactions values acquire progressive 

negative values (c. f. Table 4 in the discussions section). It implies that the rate of the 
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reaction decreases with ionic liquids having higher alkyl chain length in their cations 

compared to that of lower one. If we scrutinize the graph (Figure 2), it can be noted 

that  at very low concentrations (≤ 0.04 m) of the ionic liquids i.e. [Bmim]Br, 

[Hmim]Br and [Omim]Br the effect of the alkyl groups does not show visible 

distinction  in the rate constant values. But at the higher concentration the ionic 

liquids, rate decreasing effect is prominent (Figure 2) with increase in alkyl chain 

length. The viscosity may have detrimental effect as the alkyl chain length is 

increasing34. But in our reaction medium the concentration of ionic liquids used 

remain extremely small (maximum 0.1 M only), therefore the possibility of alteration 

in viscosity cannot modify the reaction rates can be obviated. On the other hand the 

addition of alkyl groups in the chain contributes to the hydrophobicity of the 

corresponding ionic liquids, keeping all other effects unaltered.   

One of the reasons for the decrease in the rate constants can be thought as 

destabilization of the transition state compared to initial state of the reactants. The 

transition state of the Diels Alder reaction possesses somewhat polar in nature 

compared to complete non-polar 35.  

 
Figure 2: A comparative plot showing the ln (k/k0) variation with molality of ionic 

liquids having variation in alkyl chain length at imidazolium cations i.e. [■] 

[Bmim]Br; [•] [Hmim]Br; [▲] [Omim]Br. 

The rationale behind the drop in the rate constants with increasing chain length 

in the ionic liquid cations is that the alkyl groups in the cationic part interacts more 

with the initial state of the reactants which are apolar in nature compared to the 
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transition state of the reaction as the cations with higher alkyl chain lengths posses 

more hydrophobicity36. 

5.3.1.2 Influence of Anions of the Ionic Liquids in Deciding Pairwise Interactions 

 

 

 

 

 

 

 

 

 
Figure 3:  The concentration dependence of  ln(k/k0) data for [■] [Bmim]Br, 

[•] [Bmim]I , [▲] [Bmim]Cl , [▼][Bmim][CH3COO], 
[♦][Bmim][BF4], [◄] [Bmim][NO3], [►] [Bmim][SCN] 

From Figure 3, it is clear that the linearity of the ln [𝑘(𝑚𝑐 )/𝑘(𝑚𝑐=0) ]   vs. molality 

of the co-solvent which is the essential criteria for determining the pair wise 

interactions is not retained for [Bmim][SCN], [Bmim]I and [Bmim][NO3]. During 

this set of experiments, varied the anions have been varied keeping pace with the 

Hofmeister series keeping the cation [Bmim] constant.  

 

 

 

 

 

 

 

 

 

     Figure 4: The ln(k/k0) plotted against the concentrations for [■] [Bmim]I,                        

[•] [Bmim][NO3], [▲] [Bmim][SCN] at very low concentration region of these ionic 
liquids. 
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The effect seen in these observations is that though the anions follow a specific 

relationship in terms of their surface tensions if associated with alkali cations viz. 

Na+, K+ etc. but their association with organic cation to produce ionic liquid observes 

no clear relationship with the Hofmeister series.37 Again present studies suggests that 

the kind of associations with the reactants and the transition state vary from one ionic 

liquid to another depend solely the nature of the anions associated with the same 

cation.  

In order to get the quantitative idea about the range of the aforesaid ionic-

liquids, the reaction have been performed (Scheme 1) at lower molal range (not more 

than m = 0.015) of [Bmim]I, [Bmim][NO3], [Bmim][SCN]..At lower value of the 

concentrations, these ionic liquids (Figure 4) show that the  ln � 𝑘𝑚𝑐
𝑘𝑚𝑐=0

�  vs. molality 

plots trail linearity. But from the previous graph (Figure 3), parabolic variation of the 

points clarifies the fact that these three ionic liquids adopt bulk interactions along with 

the pair wise interactions. 38, 17  

Tabular form of the data of the Gc values (Table 2) of various ionic liquids 

proclaim the fact that with increase in the polarity of the water by the addition of ionic 

liquids with higher polarity the reactivity of the ionic liquid–water system decreases 

very sharply. Though the nature of the transition state of the Diels-Alder reaction 

assumes somewhat polar but hydrophobicity plays the principal role in occurrence of 

such type of the reactions2, 3 which decreases with the addition of the more polar ionic 

liquids in water as co-solvent. It is notable that for the ionic liquids having highly 

polarizable surface area do not act as supporting surface for the semi polar transition 

state of the reaction also. means this short range one to one interaction occurring 

between the groups of the ionic liquids and the corresponding group presents in the 

substance mainly apolar in nature i.e. the presence of the polar groups in the ionic 

liquids and that of in the substance do not contribute too much to overshadow the 

interactions among apolar moieties. 

5.3.1.3 Effect of Aromatic Ring Based Cation of Ionic Liquid 

In these set of experiments, we have focused on the influence of the planer aromatic 

cation based ionic liquid in comparison to their nonaromatic and non-planer 

counterparts. Here, imidazolium based ionic liquid has been chosen as aromatic one 

and the pyrrolidinium based ionic liquid as the non aromatic one.  
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Delocalization of electron in cation has very small effect on the cation – anion 

interactions of the ionic liquids but the difference in bond orders of imidazolium and 

pyrrolidinium based ionic liquids as well as the steric hindrance manipulate the 

thermodynamic interactions with surrounding.39 

Table 2: The Gc values calculated for the [Bmim] based ionic liquids with different 

anions 

 

 

 

 

 

 

 

 

Table 3: The Gc values of interactions due to the presence of aromatic and non- 

aromatic ionic liquids during the reaction between 1 and 2 

 
 

 
 

 

 

 

 

 

 

 

Figure 5: The comparative rate plots for ionic liquids [■] [Bpyrr]Br, [•] [Bmim]Br. 

 

Ionic liquids Gc (kJ mol-1) 
[Bmim]Ac -6.00 
[Bmim]Cl -13.35 

[Bmim]BF4 -14.19 
[Bmim]Br -19.74 

[Bmim]NO3 -72.62 
[Bmim]I -74.86 

[Bmim]SCN -83.14 

Ionic liquids Gc  (kJ mol-

1) 

[Bpyrr]Br -11.748 

[Bmim]Br -19.176 
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The comparison of the graph (Figure 5) and the Gc values (Table 3) for 

[Bmim]Br and [Bpyrr]Br justifies our view of the nature of the pairwise interactions. 

As nonaromatic ionic liquids are less polarizable than aromatic ionic liquids, 

[Bpyrr]Br interacts more strongly with apolar reactants  than their corresponding 

transition state.40 

As well as, the hydrophobicity of the water–ionic liquid system decreases here with 

introduction of the less polarizable non- aromatic ionic liquid. 

5.3.1.4 Consequence of Replacing Aprotic Ionic Liquid with Protic One 

Result obtained (Figure 6) from the comparison of the protic and aprotic ionic liquids 

stress on the fact that protic ionic liquids being more polar in comparison to their 

aprotic counterpart due to the presence of proton in the cation contribute more to 

decrease the reactivity of the water promoted Diels-Alder reactions. 

As the protic ionic liquids possess more polarity in comparison to their aprotic 

counterpart due to the presence of proton in the cation, they contribute more to 

decrease the reactivity of the water promoted Diels-Alder reactions.  

If one is curious to follow the effect of these two types of ionic liquids, the 

graphical plot (Figure 6) of the data results in a parabolic nature at near 0.02 molal of 

the protic ionic liquid. On the other hand, the pairwise interaction prevails up to 0.10 

molal concentration of its aprotic counterpart. From the equation 7 it is clear that the 

introduction of the bulk interactions along with pairwise interactions contributes to 

the curvature of the graphical plot for the protic ionic liquids.  

 
Figure 6: The graph showing the dependence of ln (k/k0) on the variation in 

concentration for    [■] [H-mim] Ac (Protic ionic liquid); [•][Bmim] Ac  (Aprotic 
ionic liquid). The dotted line is to help the reader to note the nature of straight line for 
calculating pairwise interactions. 
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          Figure 7:  The comparative rate plot for protic ionic liquids viz.  

[▲][H-py][CH3COO],  [•][H-mim] [CH3COO] ,[■][H-bpyrr] [CH3COO] 
 

From the above graphical plot (Figure 6), it is obvious that the presence of acidic 

proton at the cation helps in suppressing the rate constants of the water promoted 

reactions. Assessing the strength of the molecular interactions among the protic ionic 

liquids with varying properties is the present interest.  

[H-mim][CH3COO], [H-bpyrr][CH3COO] and [H-py][CH3COO] ionic 

liquids have been chosen for comparison, which varied from each other in terms of 

aromaticity and the size of the ring in the cations. The graph regarding the kinetic 

analysis with several protic ionic liquids in Figure 7 emphasizes that [H-

py][CH3COO]is less interacting with the reacting substrates in the reaction between 

anthracene-9-carbinol 1 and N-ethyl maleimide 2 than other two protic ionic liquids 

i.e.  [H-mim][CH3COO], [H-bpyrr][CH3COO] due to stable aromatic structure of the 

pyridine. The one to one interaction prevails for a sufficient range of the molality of 

[H-py][CH3COO] (Figure7). To validate the presence pairwise interaction with the 

introduction of the ionic liquids we have carried out temperature dependent study 

upon varying the molality of the [Bmim]Br ionic liquid. 

5.3.1.5 Mixture of Ionic Liquids as Co-solvent  

To determine whether there is more potentiality in ionic liquids, we repeated the 

reaction with a variety of ionic liquids. By keeping cationic part fixed, anion has been 

varied from Br- to [BF4] -. The Gc value implies that these water/ionic-liquid mixtures 

under highly dilute conditions remain as normal non-interacting mixtures. However, 
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when the cation is changed and the anion is fixed, the mixture appears to possess 

additional interactions and this is reflected by the Gc value of 16.09 kJ mol-1. 
 

 

 

 

 

 

 

 

 

 

     

 Figure10: The dependence of ln(k/k0) on the molaities of the mixtures of  ionic 

liquids (1:1 w/w) : (a) mixture of [Bmim]Br and [Bmim][BF4] and (b) [Bmim]Br and 

[BMpyrr]Br. 

It was shown that water formed hydrogen bonds with the anions in the ionic liquid 

mixture when the cation was kept unchanged (Figure 10).36 Although there is no 

direct evidence of the use of a dilute water/ionic-liquid mixtures, we varied the cation 

of the ionic liquid (Gc= 24.31 kJ mol-1) and our results can be correlated with recent 

findings, showing that the rate of hydrolysis becomes faster as a result of decreased 

hydrogen bonding in the water/ionic liquid mixture. 

5.3.1.6 Temperature Dependent Study 

 
Figure 11: A plot showing the excess thermodynamic properties of the water and 

[Bmim]Br mixture. Where, ΔY# refers to [•] Δ# G i.e excess molal Gibbs energy, 
[▲] –TΔ#S i.e. excess molal entropy and [■] Δ#H i.e. excess molal enthalpy. 
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By simply dividing the Gibbs potential with respect to temperature, one can obtain 

pairwise enthalpy and entropy. These values will provide deeper insights into the 

solvent – solute interactions. The graph (Figure 11) of thermodynamic activation 

parameters with respect to the molality of added [Bmim]Br reveals the fact that with 

the increase in the molal concentration of the ionic liquid (-T∆S) decrease whereas 

enthalpy of the system increases. It means the system tends to more endothermicity. 

5.4 Discussions: 

The peculiar trend in the activation parameters on molality attracts our attention to the 

molecular arrangement of ionic liquids around the apolar reactants and the activated 

complex. 

Table 4: The Gc values for different ionic liquids with varying alkyl chain length 

with imidazolium cation 

 

 

 

 

Table 5: Surface pressure data for [Bmim] cation based ionic liquids: 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

                            a surface area of the LB tray was 1.594 x 10-2 m2. 

Ionic liquids Gc (kJ mol-1) 
[Omim]Br -19.74 
[Hmim]Br -13.22 

[Bmim]Br -9.89 

Ionic Liquids      m 
(mol kg-1) 

Surface Pressure with a 
(mN/m) ± 0.2 

[Bmim][SCN] 0.02 

0.1 

49.4 

42.9 

[Bmim]I 0.02 
0.1 

49.1 
47.4 

[Bmim]Br 0.02 

0.1 

45.1 

39.4 

[Bmim][NO3] 0.02 

0.10 

50.5 

47.2 

[Bmim]Cl 0.02 

0.1 

53.3 

47.5 

[Bmim][CH3COO] 0.02 

0.1 

49.8 

40.6 
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Ionic liquids composed of purely ions have both ionic and non-ionic roles to play in 

the reaction medium. The values in Table 4 emphasize that with added 

hydrophobicity in cation, van der Waals interactions predominate over the ionic 

interactions of the ionic liquids after certain concentration of the ionic liquids. If we 

consider the change in the structure of imidazolium cation based ionic liquids moving 

from butyl to hexyl and then to octyl, we find that in each case [CH3-CH2] group adds 

with their immediate precursor. From Table 4, the change in the Gc values do not 

follow a regular trend.  

With the addition of the [CH3-CH2] to [Hmim]Br ionic liquid for making [Omim]Br 

ionic liquid, the change in the pairwise interaction value becomes almost double i.e. - 

6.52 kJ mol-1 in comparison to that of - 3.33 kJ mol-1 noted while going from 

[Bmim]Br to [Hmim]Br. It implies that the addition of the alkyl group to the ionic 

liquid cation not only increase the van der Waals interactions but also the spatial 

arrangement of the alkyl groups control the degree of the interactions with the 

reactants and transition state during the reaction. For this reason the separation of the 

cumulative pairwise interactions into group contribution is not effortless exercise. The 

change in the surface pressure data (Table 5) with respect to the concentration of each 

ionic liquid follows an order in their magnitudes. 41 The data represented in Table 5 

are the surface pressures of the ionic liquid-water mixtures. This suggests that the 

surface pressure decreases as the molality of the ionic liquid increases in water. This 

also suggests that on increasing the molality of the ionic liquid, the ionic liquid will 

remain more and more at the surface under our condition of experiments. But a 

correlation of the Gc values tabulated in the Table 5 with the corresponding series of 

surface tension data of ionic liquids in the order of Hofmeister series does not find 

any trend in the values of the pairwise interactions. It reveals the fact that pairwise 

interaction does not solely depend on the molecular arrangement of the surface of the 

solvent and co-solvent residing around the reaction solutes.     A change in the 

bonding and nature of the surface of the ionic-liquids contribute significantly towards 

the pairwise interactions. A closer look on the Pairwise interaction values of [Bpyrr] 

Br and [Bmim] Br supports our view in the way that introduction of  electron 

delocalization as well as planarity towards the ionic liquids  in the ring of cation have 

noteworthy effect to facilitate the reaction dynamics. As previously from the 

experiment with ionic liquids having varying alkyl chain length we have concluded 

that the spatial arrangement of the ionic liquids is also a governing factor to calculate 
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the pairwise interactions. However, the planarity of the ionic liquids as well as their 

polarizability significantly suppress the reaction rate though both [Bpyrr]Br and 

[Bmim]Br have the cation with five member carbon rings.  Polarity of the co-solvents 

appears to be the main guiding property to characterize the solubility of the reactants 

and the activated complexes. Protic ionic liquids at the same concentration with 

aprotic ionic liquids adopt complex forms of pairwise interactions whereas ln � 𝑘𝑚𝑐
𝑘𝑚𝑐=0

�  

vs. molality trend for aprotic ionic liquids follow clear straight line (Figure 6). As the 

anions for the both protic and aprotic ionic liquids are the same in our case, it can be 

concluded from the graph (Figure 6) that the higher order interactions at very low 

molality of the protic ionic liquids emerge from their structure and bonding in the 

cationic part of the ionic liquids. 42 

To know the role of the cation of the protic ionic liquid in guiding the interactions 

during reactions efforts have been made to find out an explanation by carrying out 

experiments with protic ionic liquids having varying spatial and configurational 

arrangement. It is known that a six membered ring is highly stable than its five 

member counterpart. A cursory view of the nature of the comparative data points in 

Figure 7 represents us an insight into the origin of higher order interactions with five 

membered cation based-protic ionic liquids in comparison to their six membered 

counterparts. 

The π-electrons in the pyridinium cation follow a more stable electron cloud on the 

six- membered ring than in comparison to imidazolium based protic ionic liquid 

which have five-member ring. 39,43 Consequently in comparison to imidazolium based 

protic ionic liquid pyridinium based ionic liquid imparts less amount of catalytic 

interaction to change the reaction co-ordinate. It clears the fact that if the constituent 

cation or anion is energetically stabilized by itself due to impartial distribution of 

electrons throughout the structure then it has little tendency to interact with another 

molecule. It is well established spectroscopically and theoretically that ionic liquids 

remain as ion-pairs in very dilute solution and impart effect more like apolar moiety 

rather than dissociation into constituent ions like normal salts viz. NaCl, MgSO4 etc. 
44 

 Our experiment of enthalpy and entropy compensation (Figure 11) guides us 

to visualize the arrangement of ionic liquids and reformation in bonding environment 

around the reactants during the reaction. This compensation can be directly analyzed 
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by the arrangement of water molecules around apolar solutes during hydrophobic 

hydration. The solvation of reactants in dilute solution of ionic liquids must follow 

two steps as in the case of dissolution of apolar groups in water. Firstly, the creation 

of cavity in the solvent going against the cohesive energy density of the solvent to 

accommodate the incoming solute molecule, which is followed by the reorganization 

of the bonding arrangement among the solute and solvent to stabilize the solute. In 

connection to hydrophobic hydration, Lee emphasized on the reorganization of the 

hydrogen bonds contribute mostly towards the entropy enthalpy contribution45. A 

scrutiny to our data suggests that with an increase in the molality of ionic liquid in 

water, the entropy decreases and the enthalpy increases and this enthalpy contributes 

more towards the activation free energy. Here the value of activation enthalpy moves 

towards more endothermic while the activation entropy moves towards more positive 

values with increase in the molality of the ionic liquids in water. From the behavior of 

the entropy it is clear that in our system one of the constituents is achieving higher 

degree of freedom as a consequence of the breaking of bonds as indicated by the 

endothermic nature of the activation enthalpy values with the addition of more ionic 

liquid in the reaction system.  

Our result can be supported by the finding of Janado et al that the spontaneous 

transfer of apolar molecules likes biphenyl from water to sugar solution when sugar is 

added as co-solvent to the solution.45c This is also supported by the endothermic 

nature of the enthalpy. 45c It is discussed that ionic liquid behave like as apolar moiety 

in its dilute solution. Therefore upon increasing the molality of the ionic liquid in the 

reaction medium, more apolar environment was introduced in the reaction medium. 

The decrease in the rate constants with introduction of ionic liquid in water implies 

the stabilization of reactants in ionic liquid throughout this investigation. This 

enthalpy- entropy compensation is the direct consequence of the transfer of the 

reactants from water by breaking hydrophobic arrangement from to apolar ionic liquid 

co-solvents. Following Lee45 and other authors43, the compensation behaviour cannot 

be fully described as the consequence of the rearrangement of H-bonding as ionic 

liquids do posses hydrogen bonding but the same is not too extensive to contribute 

fully towards compensation. Again it can be safely attributed that the size of ionic 

liquids disfavors the easy reorientation of ionic liquids around the solute molecule as 

like water do in case of hydrophobic hydration. 
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5.5 Conclusions: 

Finally, through this paper that a simplistic attempt to calculate one to one molecular 

interactions between an ionic liquid has been presented and the substrates during the 

reaction progress. Though in all cases the reactions undergo through slower pathway 

than without presence of the ionic liquid co-solvent, the use in minute amount will 

multiply the width of the solubility window of water. A wide variety of ionic liquids 

here have been exercised as co-solvents during carbon - carbon bond formation 

reaction. Here from above analysis, it is clear that the high viscosity and long range 

interactions between cation and anions of the ionic liquids determine the interaction 

strategy among ionic liquids and the organic reactants. These comparative studies will 

help the researchers to tailor ionic liquids specific for specific reactions. The use of 

ionic liquid as the co-solvent in water-driven reactions will encourage the researchers 

to go for replacing conventional volatile organic solvents during complex organic 

synthesis. Further a systematic investigation including both long and short range 

interactions offered by ionic liquids during reactions will lead to better appreciation of 

structure-activity relationships. 
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Chapter 6 

Excited State Intramolecular Proton 
Transfer Reactions in Protic Ionic Liquids 

 
“The world of chemical reactions is like a stage, on which scene after scene is 

ceaselessly played. The actors on it are the elements.”                  Clemens A. Winkler 

 

 
The comprehension of hydrogen dynamics is of decisive significance in chemistry and 
molecular biology. Excited state intramolecular proton transfer (ESIPT) is in 
particular well suited to understand the role of transferring hydrogen due to its 
intramolecular character ESIPT can be investigated under well defined conditions 
and it can be directly initiated by absorption of photons from a laser pulse. Changes 
in the electronic transition/energy levels and consequent modulations in the ESIPT 
process of 1, 8-dihydroxy-9,10-anthraquinone (18DHAQ) dye in protic ionic liquids 
(PILs) were investigated using both steady-state (SS) and time-resolved (TR) 
fluorescence measurements. SS fluorescence studies show large modulation in the 
intensities for normal (N*) and tautomeric (T*) emissions on changing the solvent 
viscosity. Interestingly, T* emission increases largely with solvent viscosity at the 
expense of N* emission, which seems apparently unusual, as the dye is photoexcited 
to N* first converts to T*. Observed results suggest that subsequent to initial ultrafast 
forward ESIPT, there is a relatively slower backward ESIPT process whose 
propensity decreases with solvent viscosity as it is guided by diffusive solvent 
relaxation of the PILs and the resulting differential stabilizations of N* and T* 
energies as their dipole moments are largely different. Evidence of both forward and 
backward ESIPT has been obtained from femtosecond fluorescence up-conversion 
studies. While forward ESIPT is evident in all the PILs studied, backward ESIPT is 
observed only in the lower viscosity PILs, where diffusive solvent relaxation is 
relatively faster. Qualitative PE diagrams have been presented to envisage the solvent 
relaxation guided ESIPT process for the studied dye. 
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6.1 Introduction: 

Transfer of proton from acid to base, one of the most basic reaction, draws 

considerable attention for its crucial role in many important processes spanning from 

chemistry to biology.1 The present understanding of proton transfer reactions deeply 

rooted on the inferences drawn on the basis of a few time honoured achievements viz. 

Bronsted relation, Eigen mechanism, Westheimer’s postulate, Swain-Schaad relations 

etc.1e,1f All these postulates are based on the comparative analysis of proton transfer 

rates in various solvents and known time scale associated to the solvents under study. 

Excited state intramolecular proton transfer (ESIPT) reactions have drawn enormous 

interests among researchers, since studies of ESIPT provide intrinsic view that how 

solvents directly response to PT reactions following dynamics from the perspective of 

reactants and products.2-4 ESIPT attracts attention because this process has served as 

an alternate tool to get rid of the radiation less deactivation of many essential organic 

luminescent compounds viz.  photo stabilizers,1b bio imaging and labelling,1c 

fluorescent molecular probes,2c ultraviolet stabilizers,2d proton as well as metal ion 

sensors and so forth.1b Representative compound that exhibit ESIPT, such as 3 

flavones, 4 imidazoles,5 or imidazo[1,2-a]pyridines, hydroxyphenylbenzoxazoles etc. 

possess proton donating (PD) and proton accepting (PA) substituent in the same 

molecule and show large stokes’s shift.5 Essential criteria for most of cases to exhibit 

ESIPT is the presence of strong intramolecular hydrogen bond between C=O groups 

(or pyridinic nitrogen) and O-H groups (or N-H), in which involvement of 1ππ* state 

during intrinsic proton transfer follows very low or barrier less activation energy 

pathway in nonpolar solvent.5 ESIPT may continue for the period of low frequency, 

large amplitude vibrational motions associated with the pre-existing hydrogen bond, 

or coherently as proposed by Elsaesser, and in recent times by Tahara and co-

workers.6 

Following excitation of the chromophoric probe dye, the acid-base character 

of the PD and the PA groups commonly  endures a turnaround , i.e. PD becomes PA 

and vice versa, causing the initially photoexcited normal (N*) form at higher energy 

than the conjugate excited tautomeric (T*) form and accordingly ESIPT process takes 

place along the preexisting hydrogen bond, converting N* to T*.7-12 During most of 

the cases emission spectra from both N* and T* shows significant contributions in the 

observed emission spectra, it is hence possible to associate the shorter or lower 

129 
 



wavelength emission band (LWEB) as originated from the locally excited or normal 

excited form (N*) and the red shifted higher wavelength emission band (HWEB) with 

the product of the proton transfer i.e. excited tautotomeric form (T*).8,9 Due to excited 

state charge transfer property, the equilibrated normal ground state (N) possess a 

significantly different dipole moment (magnitude and orientation of dipole) with 

respect to that of excited normal state (N*). Thus ESIPT is an energetically favorable 

process at the Frank-Condon excited N*, and rate of ESIPT process is competitive in 

comparison to the solvation relaxation process.10 The relative intensities of HWEB 

and LWEB as well as the dynamics of ESIPT can be modulated upon varying the 

solvent parameters like polarity, viscosity, experimental temperature, and so forth.  

In the present chapter, efforts have been made to present and discuss the 

results of the study on ESIPT process in room temperature protic ionic liquids (PILs) 

by using 1, 8-dihydroxy-9,10-anthraquinone (18DHAQ) dye as a chromophoric probe 

molecule. Our choice of quinines stems from their extensive prevalence in many 

forms in nature and their wide range of applicability in biology especially during 

energy conversion in living organism. Dihydroxy derivatives of anthraquinones draw 

interest among researchers for liquid crystal displays as well as the parent molecules 

for anthracycline antitumor drugs.13 Even though intersystem crossing (ISC) has 

noticeable relevance to the overall photophysics of hydroxyanthraquinone, during our 

study we will neglect the involvement of ISC since timescales involved in singlet 

state proton transfer are well separated from those contributed due to ISC. The 

anthraquinone nucleus of 18DHAQ is suitable probe for investigating ESIPT, since 

prevalent intramolecular hydrogen bond between –OH group and C=O group in 

anthraquinone frame work leads to near planarity structure in the ring.13-14 Steady 

state fluorescence of 18DHAQ exhibits dual emission. A number of experiments have 

been carried out to understand the spectroscopic properties as well as time resolved 

characteristics of the photochemical processes adhering to 18DHAQ. However, all 

these experimental studies mainly limited to involvement of organic solvents only. In 

the present work, we have engrossed ourselves to investigate the ESIPT process of 

18DHAQ in room temperature protic ionic liquids (PILs). Although room temperature 

protic ionic liquids posses many similar properties like high viscosity, low vapor 

pressure, moderate polarity etc. which are common characteristics of room 

temperature ionic liquids (RTILs), presence of exchangeable proton in protic ionic 

liquids (PILs) makes a distinct class for PILs.19 Since PILs are entirely composed of 
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cations and anions, these solvents can offer intrinsic conductivity with wide potential 

windows. Thus PILs can offer as suitable substitution to water for proton conduction 

in polymer-membrane based fuel cells or in Li-ion based battery.20-21 Again solvation 

dynamics study in ionic liquids indicates wide distribution of solvation time scales. 

Simulation study of RTILs advocated that the fastest component of time dependent 

dynamics can be attributed to translational motions of ions in the vicinity of solute 

molecules. However, prevalence of strong Coulombic interactions among constituents 

of ionic liquids inhibits correct picture of electronic distribution of a solute in ionic 

liquids through theoretical approach (QM/MM).19,20 Amid scenario, we have tried to 

delineate the femtosecond time resolved fluorescence dynamics of 18DHAQ in PILs 

in relation to kinetics as well as energetic course of ESIPT processes.  

Our preliminary studies on 18DHAQ dyes in different ionic liquids ranging 

from aprotic to protic ones clarifies the fact that relative intensities of LWEB and 

HWEB do not show any perceptible alterations on varying the nature of aprotic ionic 

liquids. On the contrary, significant variations in the intensities of both the emission 

bands were found in protic ionic liquid solvents possessing differences in viscosities 

and polarities. Inspiring from our preliminary observations, we have carried out 

detailed investigations of ESIPT process of 18DHAQ in different PILs and PIL 

mixtures with the aim to comprehend the effect of both polarity and viscosity of PILs 

on kinetics and energetics of ESIPT process. 

Scheme 1: Chemical structures of 18DHAQ dye and the PILs used in the present   

research work. 

6.2 Experimental Section: 
 
6.2.1 Compounds 

 18DHAQ dye had been obtained from Tokyo Kasei Kogyo (TCI), Japan. The dye 

was purified through repeated crystallization from cyclohexane.22 Purity of the crystal 
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of 18DHAQ was established by comparing the absorption and emission fluorescence 

spectra of the dye in standard organic solvent.23-26 

1-methylimidazole and acetic acid were purchased from M/s. Sigma Aldrich Co. 1-

Methylimidazole was distilled under reduced pressure prior to use. Propionic acid, 

formic acid, sulphuric acid were procured from M/s. Merck Co. All the acids were of 

GR grade and used in the synthesis of PILs were purchased from the commercial 

form. 

6.2.2 Synthesis of PILs  

Following the single step atom economic reaction condition21 the protic ionic liquids 

(PILs) were synthesized by adding equimolar quantities of the appropriate Bronsted 

acid in a drop wise fashion to the Bronsted base, 1-Methylimidazolium (HmIm), taken 

in a round bottom flask. During this addition, the round bottom flask containing the 

Bronsted base was placed in an ice bath. After addition of the acid to the base, the 

reaction mixture was stirred for 6 hrs vigorously. Thereafter the volatile impurities 

were removed from the product by using a rotary evaporator. Traces of water were 

removed by keeping the prepared PILs under high vacuum for 12 h. The PILs 

synthesized and used in this work are, [HmIm] propionate, [HmIm] acetate, 

[HmIm]formate, and [HmIm]bisulphate, where the abbreviation [HmIm] refers to the 

1-Methylimidazolium cation.  

The 1H-NMR spectra were recorded to characterize the PILs synthesized and 

used in this work. These measurements were carried out using a 200 MHz and 400 

MHz (as per suitable for the samples) NMR spectrometer from Bruker India Pvt. Ltd.  

6.2.3 Determination of Polarity and Viscosity of Ionic Liquids 
 
Wherever available, the polarity and viscosity values of the studied PILs were 

obtained from the published literatures.20,21 In the other cases these values were 

independently estimated in the present work. Thus, the viscosity values for the 

required solvents and solvent mixtures were measured by using a Brookfield ultra 

rheometer, keeping the temperature constant at 298 K by using a Julabo Water bath. 

Each measurement was repeated three times to check the reproducibility, which is 

found to be within 1% of the average value noted. For solvent mixtures their polarity 

parameters (ET
N) were estimated using the following relation, 

                           )()()( BEfAEfMSE N
TB

N
TA

N
T +=                (1) 
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where Af  and Bf  are the volume fractions and )(AE N
T  and )(BE N

T  are the polarity 

parameters of the co-solvents A and B, respectively.23,27 The organic solvents used in 

the present study were of spectroscopic grade, obtained either from Spectrochem 

(Mumbai, India) or Fluka (Buchs, Switzerland), and used as received.  

6.2.4 Spectroscopic Measurements 

Absorption spectra were recorded using a JASCO UV-vis spectrophotometer (model 

V-530, Tokyo, Japan). Steady-state (SS) fluorescence spectra were recorded using a 

Hitachi spectrofluorimeter (model F-4010, Tokyo, Japan). Fluorescence decays of 

18DHAQ dye in different PILs and PIL mixtures were measured using a time-

resolved (TR) spectrofluorimeter (Horiba Jobin Yvon IBH, Scotland, UK) that works 

on the time-correlated-single-photon-counting (TCSPC) principle.28 In the present 

study a 445 nm diode laser (~100 ps, 1 MHz repetition rate) was used as the 

excitation source and a special photomultiplier tube (PMT)-based detection module 

supplied by Horiba Jobin Yvon IBH was used for the fluorescence detection. All the 

measurements were carried out at magic angle configuration to eliminate the effect of 

rotational anisotropy on the observed fluorescence decays. Measured decays were 

analyzed using a re-convolution procedure.28 Instrument response function (IRF) for 

the TCSPC setup was obtained by replacing the sample cell with a dilute scatterer 

solution (suspended TiO2 particles in water). In the decay analysis the reduced chi-

square (χ2) values (close to unity) and the distribution of the weighted residuals 

(random distribution among the data channels) were used to judge the goodness of the 

fits.28 The full-width at half-maximum for a typical IRF for the present TCSPC setup 

is ~140 ps. The shortest fluorescence lifetime (τf) thus measurable using the present 

setup following re-convolution analysis is about 30 ps. In the fluorescence 

measurements, the absorbance of the sample solution at the excitation wavelengths 

was always kept quite low, only about 0.1, to avoid any self absorption or inner filter 

effect. All the absorption and fluorescence measurements in the present study were 

carried out at ambient temperature (298±1 K). 

Ultrafast fluorescence kinetic traces in the sub-picosecond to picosecond time 

domain were measured using a femtosecond fluorescence up-conversion instrument 

(model FOG 100, from CDP Inc., Russia). The details of this experimental setup are 

given elsewhere.29, 30 Briefly, the second harmonic light (400 nm) of a 50 fs 

Ti:sapphire laser is used for the excitation of the sample taken in a thin (0.4 mm) 
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rotating cell and the residual fundamental (800 nm) of the Ti:sapphire laser is used as 

the gate pulse to up-convert the fluorescence light in a 0.5 mm BBO crystal. The up-

converted light is detected using a Hamamatshu PMT (model 5000U-09) operated in 

the photon counting mode. The IRF of the present setup is found to have a Gaussian 

intensity profile with a FWHM of about 220 fs.  

6.3 Results and Discussion: 

6.3.1 Ground State Absorption and Steady State Fluorescence Studies 

The absorption and steady-state fluorescence emission spectra of 18DHAQ in 

different PILs (used in this study) have been shown in Figure 1.  
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Figure 1: (A) Ground state absorption spectra and (B) Steady-state Fluorescence 

Spectra of 18DHAQ dye in different PILs studied: [HmIm]propanoate (Black), 

[HmIm]acetate (Magenta), [HmIm]formate (Green) and [HmIm]bisulphate (Orange). 

 

From Figure 1A, it is obvious that lowest energy absorption bands in different PILs 

are almost similar to each other and all the absorption spectra of the dye show peak 

around 430nm which is analogous to observations in many conventional organic 

solvents for 18DHAQ.This absorption band can be assigned to   S0 → S1 charge 

transfer type transition with dominant π-π* character. A study of polarization with 

stretched polymer signifies that this transition is polarized along the longer axis of the 

molecule.22b-24, 31, 32  

In Figure 2B, steady state fluorescence emission spectra of 18DHAQ in 

different PILs excited at 430nm are shown. From the Figure 2B, it is evident that 

there is no mirror image relationship between absorption and emission spectra. It is 

known to us that presence of mirror image symmetry between absorption and 

emission bands signifies that the nuclear configuration of the probe molecule and 

134 
 



surrounding solvent does not exhibit change with respect to that of ground state 

within the timescale of excited state lifetime.10-12 

 
Figure 2: Changes in the Steady-State Fluorescence Spectra of 18DHAQ dye in the 

mixtures of [Hmim]Formate and [Hmim]Bisulphate solvents. Spectra 1-8 correspond 

to 0%, 10%, 15%, 30%, 60%, 80%, 90% and 100% [HmIm]bisulphate In the solvent 

mixtures, Respectively. Inset shows the variation in the intensity ratios for the HWEB 

to LWEB as a function of volume percentage of [HmIm]bisulphate in the solvent 

mixtures. 

 

Quite identical nature of the absorption spectra in all the PILs implies that the dye 

exclusively exist in a single conformation in the ground state i.e. the dye remains at 

normal form (N) in which the quinonoid oxygen at 9-position is hydrogen bonded to 

the hydroxyl groups at 1 and 8 positions of the dye through intramolecular hydrogen 

bond. (Scheme2). However, the consequences of the excited state proton transfer on 

the Frank-Condon factors are significant enough to remove the mirror image 

symmetry and to cause a substantial red shift of the fluorescence spectra with respect 

to absorption band. Dual emission i.e. one with peak at around 505-515nm and the 

other one having peak at around 580-615nm, hereafter assigned as the LWEB and 

HWEB, respectively, by 18DHAQ in PILs is obvious from figure 1B.2-3, 26 From the 

perspective of observed results in figure 1B as well as on the basis of inferences 

drawn in the related reports, following mechanism of ESIPT of 18DHAQ can be 

safely proposed. 
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Upon photo excitation, the dye initially attains excited normal state (N*) from 

normal ground state (N). Thereafter, N* undergoes very fast ESIPT to produce 

excited state tautomeric form (T*).  

 
Scheme 2: ESIPT in 18DHAQ occurring along the pre-existing hydrogen 

bond in the ground state between the phenolic OH group and the quinonoid oxygen of 

the dye. 

Table 1: The solvent polarity and viscosity parameters of the PILs and PIL mixtures 

used in the present study. 

Protic Ionic Liquids Polarity (ET
N)b Viscosity (cP)c 

[HmIm]propanoate 0.50b 5.5 

[HmIm]acetate 0.61b 5.6 

[HmIm]formate 0.78b 6.7 

[HmIm]bisulphate 1.02b 406 

10% [HmIm]bisulphatea 0.804 36 

15% [HmIm]bisulphatea 0.816 68 

30% [HmIm]bisulphatea 0.852 175 

60% [HmIm]bisulphatea 0.924 276 

80% [HmIm]bisulphatea 0.972 350 

90% [HmIm]bisulphatea 0.996 385 

During this process, one of the hydroxyl hydrogen (either from position 1 or from 8 of 

the dye) is transferred from the hydroxyl group to quinonoid oxygen through the co-

ordinate of preexisting hydrogen bond.2-3, 26, 31 
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Following ESIPT process, the T* form relaxes to ground state of the 

tautomeric form (T) by emitting at HWEB. In the SS spectra (Figure 1B), the 

emission band from the N* form of the dye has been ascribed as LWEB. A cursory 

view of the emission spectra (Figure 1B) reveals that the intensities of LWEB and 

HWEB of dye vary with the variation of PILs. It implies that solvent relaxation 

process in different PILs causes substantial modulation in the population of N* and 

T* forms of the dye through invoking largely different stabilization for both the 

excited form. A conscious attempt to justify the variation in stabilization of the 

excited isomers of the dye in different PIL solvents directs us to correlate the 

observations with two most important properties viz. polarity and viscosity of PILs.  
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Figure 3: Variation in the relative intensity of the HWEB to LWEB for 18DHAQ 

dyes as a Function of (A) the ET
N values and (B) the viscosities of the PILs and PIL 

mixtures studied. [Open Circles Keep up a correspondence to the pure PILs and 

closed diamonds correspond to the [HmIm]formate and [HmIm]bisulphate solvent 

mixtures (cf. Table 1). 
 

Comparing the observation in Figure 1B with values presented in Table 1, it 

can be concluded that increase in the intensity of HWEB as well as consequential 

decrease in LWEB seems to have a concurrence with both increasing trend of  

polarity and viscosity of PILs. To validate this concurrence SS fluorescence 

measurements have been carried out in a series of [Hmim]formate and 

[Hmim]bisulfate solvent mixtures with 18DHAQ dye, where both the parameters i.e. 

viscosity and polarity have shown a systematic variation in their values. The SS 

fluorescence emission spectra for the mixtures of [Hmim]formate and 

[Hmim]bisulfate has been shown in Figure 2.  
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From the Figure 2, it is obvious that with the increase in the % volume of 

[Hmim] bisulfate in the mixture studied here, intensity of HWEB gradually increases 

at the expenses of the intensity of LWEB. Upon comparison with the polarity and 

viscosity values of the mixtures (Table 1), it is ambiguous to emphasize on one of the 

properties responsible for such differential stabilization of the isomers since both the 

polarity and viscosity of the PILs mixtures varies concurrently. To distinguish the 

effect of solvent polarity (ET
N) and solvent viscosity (η) on intensities of HWEB and 

LWEB, intensity ratio i.e. (I590 /I510) of two emission band has been plotted with 

respect to solvent polarity (ET
N) and solvent viscosity (η) separately (Figure 3).  

Figure 3A depicts the variation of (I590 /I510) ratio with respect to polarity 

(ET
N) of the studied PILs and their mixture. From Figure 3A, it is obvious that the 

intensity ratio shows a nominal change with change in the polarity at earlier values of 

polarity of the solvents but ahead of a critical polarity value (~0.8) there is a steep rise 

in the intensity ratio with respect to (ET
N). Presence of such switching point in the 

Figure 3A seems to be only possible if there is a polarity dependent huge change in 

the configuration of dye at either of the excited forms (N* or T*). From the reported 

literature on stability and conformation of 18DHAQ and the emission spectra 

obtained during our study, it can be safely concluded that predicted change in the 

configuration at the excited state from Figure 3A is impossible. In addition to that 

solvent dependent stabilization of both the excited forms (N* and T*) of the dye is 

expected to guide population in both the states such that emission contribution of both 

N* and T* would follow smooth linear relationship with solvent polarity. Again 

according to the previous reports, N* possesses higher dipole moment compared to 

T* of the dye.31, 32 Correlating the observations with this fact, it can be inferred that 

N* form will be much more stabilized than T* form at the excited state with the 

increase in the ET
N values of the PILs and their mixture. It implies that the intensity of 

LWEB should increase at the expense of HWEB i.e. a reverse proportionality 

relationship between (I590 /I510) with ET
N should be observed if solvent polarity plays 

pivotal role in guiding population ratio in the excited state of the dye in this study. 

Experimental observations justifies that solvent polarity is not playing the central role 

in guiding the difference in population at the excited state. 

Figure 3B displays the variation of the intensity ratios (I590 /I510) with respect 

to the viscosity values (η) of the PILs and mixture of PILs studied here. A cursory 

138 
 



view of the variation shown in the Figure 3B reveals that there is a linear relationship 

among intensity ratios with respect to viscosity values of the solvents studied. It 

univocally implies that the population distribution at both the excited states is a 

diffusion controlled phenomena. Salient feature of this correlation is that relative 

population of the excited tautomeric form (T*) of the dye raises upon increase in the 

viscosity of the solvent. From the normal viewpoint, it can be anticipated that the rate 

of ESIPT i.e. conversion from N* to T* would be retarded with the enhancement of 

viscosity of the solvent if solvent diffusive motions have been coupled with the 

forward ESIPT process, which is contrary to the observed fact. To justify the 

observed results, thus, one should consider that subsequent to the forward ESIPT 

process there seems to be some back transfer from T* to N* by the participation of a 

back ESIPT process and the latter process is actually controlled by the solvent 

diffusive motions than the former. This in other words suggest that the forward ESIPT 

occurs with an unusually fast rate and hence without any influence of the solvent 

diffusion.2c-d, 9 The back ESIPT process, however, occurs with a relatively slower rate, 

influenced largely by the solvent diffusive motions and accordingly the extend of the 

back ESIPT reduces largely on increasing the solvent viscosity, resulting in an 

increase in the contribution of the T* form, as indicated in Figure 2 and 3B.  

As one can appreciate that the directing force for the back ESIPT process will 

actually be the differential solvent stabilizations (PE stabilizations) for the N* and T* 

forms, caused by the diffusive solvent relaxations, the latter being known to be 

convincingly slow for ionic liquids.35-37,41 Since the dipole moment of N* is higher 

than that of T*,31-32  as long as the solvent relaxation rate is competitive with the de-

excitation rates of N* and T*, the former will cause a more time-dependent 

stabilization for N* than T*, sustaining the back ESIPT process. The basis behind this 

assertion is that for ILs the solvent relaxation process in general occurs for a very long 

period of time span, with time constants for the relaxation components ranging from 

picoseconds to nanoseconds, and the longer components in these cases are found to be 

strongly dependent on the viscosity of the solvent used.35-37 Therefore, one world 

expect that while in lower viscosity PILs the back ESIPT will be quite efficient (due 

to faster diffusive solvent relaxation), in very high viscosity PILs the back ESIPT 

process will be practically improbable (due to very slow diffusive solvent relaxation) 

leading to a large increase in the relative population of T*. A support for this 

proposition is in fact obtained from fluorescence up-conversion results for the dye in 
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different PILs and will be discussed later. In the present milieu, however, it is evident 

that the solvent viscosity plays a pivotal role in determining the relative population of 

N* and T* forms of the dye, though a minor role of the solvent polarity on this aspect 

cannot be overlooked entirely. 

6.3.2 Time Resolved Fluorescence studies with TCSPC 

The fluorescent lifetimes of 18DHAQ dye in PILs and in their mixtures were 

measured using a picosecond time correlated single photon counting (TCSPC) setup. 

From measured fluorescent decay traces it can be observed that a long decay trail as 

well as contribution from unusually fast decay component constitutes the whole decay 

traces for all the solvent studied here. Point to be mentioned here that all the PILs 

used in this study had shown a weak inherent fluorescence for the timescale of 

observation in the TCSPC measurements, due to the presence of imidazolium cation 

as one of the constituents of the PILs.37, 38 However, this inherent fluorescence being 

too weak cannot cause any significant modulations in the spectral feature of the dye. 

Nevertheless, this inherent fluorescence evidently introduces additional decay 

components in the observed fluorescence decays. To distinguish fluorescence shown 

by dye in PILs from the decay components shown by PILs alone, we have also carried 

out time resolved fluorescence studies with PILs alone without adding any dye. Non-

exponential fluorescence decays along with long tail shown by PILs alone were 

almost similar to that observed in case of 18DHAQ dye in PILs solvents. Therefore, it 

is obvious that long decay tail observed during experiments with 18DHAQ in PIL 

solvents are actually due to the inherent decay of PILs. Accordingly, it has been 

inferred that for the dye in the ionic liquids the observed decays are due to the 

combination of the unusually fast fluorescence decay component of 18DHAQ and the 

relatively long fluorescence decay components from the ionic liquids alone. 
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Figure 4: Fluorescence decays for 18DHAQ dye in different PILs and PIL mixtures 
(indicated in the panels) as measured at 510 nm (LWEB) and 610 nm (HWEB) using 
TCSPC technique. The inherent fluorescence decays for the PILs and PIL mixtures at 
the respective wavelengths are also shown in the respective panels. The true 
fluorescence decays for the dye at 510 nm (LWEB) and 610 nm (HWEB) were 
obtained by the subtracting the tail-matched solvent decays from the sample decays 
and are shown in the respective panels in this figure. 
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Table 2: Fluorescence lifetimes (τf) of 18DHAQ estimated at the HWEB (515 nm) 
and LWEB (590 nm) of the dye in different PILs used using TCSPC Measurements. 
Samples were Excited with 445 nm Diode Laser.  

Solvent η / cP λem / nm τf (pS) 

[HmIm]propanoate 5.5 

 

515 59 

590 64 

[HmIm]acetate 5.6 515 66 

590 62 

[HmIm]formate 6.7 515 70 

590 65 

15% [HmIm]bisulphate 55 

 

515 114 

590 113 

30% [HmIm]bisulphate 120 515 146 

590 150 

60% [HmIm]bisulphate 255 515 286 

590 290 

[HmIm]bisulphate 406 515 422 

590 430 
 

Therefore, the true fluorescence decays of 18DHAQ dye in different ionic liquids 

were obtained by subtracting the tail-matched decays of the ionic liquids alone from 

the observed decays of the dye solution at two selected wavelengths, namely 510 nm 

and 610 nm, corresponding to the lower wavelength emission band (LWEB) and the 

higher wavelength emission band (HWEB) of the dye. The two panels in Figure 4 

show the representative fluorescence decays of 18DHAQ dye, tail-matched decays of 

the ionic liquids alone and the true fluorescence decays of the dye obtained in 

[Hmim]bisulphate ionic liquid, recorded at 510 nm and 610 nm emission 

wavelengths, respectively, as obtained in the present study. The actual fluorescence 

decays (both LWEB and HWEB), obtained following the subtraction of the tail 

matched inherent decays of the PILs from that of the dye in the respective PIL 

solvents, are shown in Figure 5A and 5B, respectively, for the emission wavelengths 

of 510 nm and 610 nm. These decays could be fitted well with a single exponential 

function and the fluorescence lifetime values thus estimated are listed in Table 2.  
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Figure 5: Comparison of the fluorescence decays at (A) the LWEB (measured at 510 

Nm) and (B) the HWEB (measured at 510 Nm) Of 18DHAQ dye in different PILs 

and PIL Solvent Mixtures, As measured using TCSPC technique (Cf. Section S2 Of 

SI). The decays 1 to 7 correspond to [Hmim] propanoate, [Hmim] acetate, [Hmim] 

formate, 15% [Hmim] bisulphate, 30%[Hmim]bisulphate, 60% [Hmim]bisulphate,  

and [Hmim] bisulphate (Cf. Table 1). The Instruments Response Functions (IRF) are 

also shown in the respective Panels.  

From Figure 5 and Table 2 it is vivid that the fluorescence decays for both the LWEB 

and HWEB of the dye are very fast. It implies that like many other hydroxyl- and 

amino-substituted quinines, the deexitation process of both N* and T* forms of 

18DHAQ dye are unusually fast due to the involvement of very efficient non-radiative 

deexcitation arising through the fast IC process, which is strongly coupled to the 

motions associated to the intramolecular and intermolecular hydrogen bonds present 

in these molecules.22b-25a The true fluorescence decays of dye in all the PILs and 

mixture of PILs after recovery from solvents’ impurity were fitted with reasonable 
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accuracy with a single-exponential function. Closeness of the τf  values (in Table 2) at 

both the LWEB (510nm) and HWEB (590nm) of the dye implies a kind of kinetic 

equilibrium between the two forms i.e. N* and T* forms of the excited dye within the 

timescale probed by the TCSPC measurements. Substantial changes in the τf  values 

with the changing PILs and their mixtures incited us to plot these τf  values at both 

LWEB and HWEB of the dye as a function of polarity (ET
N) and viscosity (η) values 

of the solvents studied to find any physically meaningful correlation. The plots thus 

obtained for the changes in the τf values with the changing ET
N and η values of the 

solvents are shown in Figure 5A and 5B, respectively.  
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Figure 6: Variation in the τf Values for 18DHAQ Dye with (A) the ET
N Values and 

(B) the viscosities of the PILs and PIL mixtures studied. The symbols  and  

represent the τf values estimated at the LWEB and HWEB of 18DHAQ dye. 

Variation of τf values with respect to ET
N values of the PILs and their mixtures shows 

a deviation from expected linearity but displays a sudden break at an intermediate 
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polarity solvents used. Observation of such a break in Figure 6A which is quite 

similar to that observed in Figure 3A and is of no physical significance because the 

variation of polarity of the solvents cannot induce any major conformational change 

in the structure of studied dye to lead to such a break in the τf values.30b-c However, 

the changes of τf values as a function of viscosity of the studied PILs and their 

mixtures follow a linear correlation (Figure 6B) which is quite similar to the trend 

shown by Figure 3B. At this juncture, it can be safely concluded from the combined 

observations of both Figure 5B and Figure 3B that diffusion component of the solvent 

not only guide the population distribution at both the excited states i.e. N* and T* but 

also the decay kinetics of these states. Our proposition is being supported by the 

observation of Smulevich et al.39 where it had been examined in conventional organic 

solvents that while the steady-state emission spectra of the dye at room temperature 

have a much higher intensity for LWEB, the spectra almost exclusively exhibit the 

HWEB in Spolski matrix at very low temperature (10 K) with very negligible 

emission for LWEB. Therefore, both the excited isomers of 18DHAQ dye undergo 

time dependent modulation, guided by solvent diffusive relaxation, before attaining a 

steady state situation with in the timescale of the TCSPC measurements 

6.3.3 Up-conversion Measurements to Study Ultrafast Component of the 

Fluorescence Decay  

Femtosecond time resolved  fluorescence kinetic traces were measured for 18DHAQ 

dye in different PILs, recorded using femtosecond fluorescence up-conversion 

measurements, to realize the time-evolutions of N* and T* forms of the dye at real 

time scales. The kinetic traces thus obtained for the dye measured at LWEB and 

HWEB in different PILs are shown in Figure 6A and B, respectively.  

In all the cases, at least a tri-exponential function was necessary with appropriate 

decay and growth components to satisfactorily fit the kinetic traces. The time 

constants (τi) of the three components and their respective contributions (Ai) as 

obtained from the tri-exponential analysis of the kinetic traces measured at LWEB 

and HWEB of the dye in different PILs are listed in Table 3.  
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Table 3: Time constants (τi), corresponding relative contributions (ai) for 18DHAQ 

dye estimated at LWEB and HWEB in different PILs using fluorescence Up-

Conversion Measurements. Samples were excited with 400 nm LASER Pulses. 

Ionic Liquids λem 

nm 
A1 τ1 (ps) A2 τ2 (ps) A3 (ps) τ3 

(ps)a 

[HmIm]propanoate 510  112.1 0.22 39.4 3.4 46.6 60 

590  -27.9 0.20 51.6 3.4 83.9 60 

[HmIm]acetate 510  105.4 0.21 41.9 3.3 48.1 60 

590  -18.1 0.19 51.3 3.5 83.6 60 

[HmIm]formate 510  85.6 0.24 38.8 3.3 54.1 60 

590  -25.8 0.29 49.8 3.9 84.7 60 

15% 
[HmIm]bisulphate 

510  95.2 0.24 39.4 3.3 52.5 90 

590  -24.8 0.23 27.1 5.2 101.6 90 

30% 
[HmIm]bisulphate 

510  83.2 0.26 43.0 3.5 54.6 135 

590  -21.8 0.25 24.1 8.5 103.2 135 

60% 
[HmIm]bisulphate 

510  62.7 0.26 25.2 3.4 78.7 290 

 590  -19.9 0.27 2.5 18 123.0 290 

[HmIm]bisulphate 510  48.5 0.27 26.5 3.2 83.4 425 

 590  -19.0 0.27 2.4 22 122.3 425 

 
In all the cases, a tri-exponential function was uniformity used to analyze the 

observed traces. To be mentioned here that in these analyses we justifiably kept the 

longest time constant (τ3) fixed as equal to the average τf values estimated from 

TCSPC measurements (cf. Table 2). As indicated from Table 3, for all the kinetic 

traces recorded at 510 nm, irrespective of the solvents used, there is an ultrafast decay 

component τ1, having time constant in the range of 0.2-0.3 ps.  
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Figure 7: Comparison of the fluorescence kinetic traces (for shorter time span) as 

measured at (A) the LWEB (recorded at 510 nm) and (B) the HWEB (recorded at 590 

nm) of 18DHAQ dye in Different PILs and PILs mixtures using Up-conversion 

technique. The Traces 1 to 7 Correspond to [HmIm] propanoate, [HmIm] acetate, 

[HmIm] formate, 15% [HmIm] bisulphate, 30% [HmIm]bisulphate, 60% 

[HmIm]bisulphate,  and [HmIm] bisulphate (cf. Table 1). The Instruments Response 

Functions (IRF) are also shown in the respective panels. 

  

Based on the reports that in most ESIPT dyes the process occurs with an 

unusually fast rate, the τ1 decay component observed at 510 nm is justifiably assigned 

to ultrafast forward ESIPT process (conversion of initially photo produced N* to 

T*).2c-d, 3a These results thus are in accordance with our proposition of the presence of 

an unusually fast component for the forward ESIPT process. Another point to be 

noted from Table 3 is that apparently there is a small increase in the τ1 values as the 
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solvent viscosity is increased (cf. Table 1). Though we cannot give much of emphasis 

to this increase as the changes are almost within the time-resolution of the present 

experimental setup, yet a small effect of viscosity of the PIL solvents on the ultrafast 

forward ESIPT process cannot be ruled out. The presence of the unusually fast 

forward ESIPT components in the studied systems suggests that the conversion N* to 

T* of 18DHAQ dye essentially occurs along a barrierless PE surface. 2c-d,3a 

0 100 200 300 4000

5

10

15

20

25

 

 

τ 2
 / 

ps
 

(A)

η / cP
 

0.5 0.6 0.7 0.8 0.9 1.00

5

10

15

20

25

 

 

τ 2
 (5

90
nm

) /
 p

s

ET
N

(B)

 
Figure 8: Correlation of the τ2 decay component at 590 nm with (A) the viscosity (η) 

and (B) the polarity (ET
N) of the solvents studied. While the τ2 correlates more or less 

linearly with the solvent viscosity, it does not show a single correlation for the whole 

range of the solvent Polarities Studied.  

For the 510 nm kinetic traces, in addition to the ultrafast τ1 decay component, 

there is a second relatively slower decay component τ2 with time constants in the 

range of 3.2-3.5 ps, in all the solvents studied. Presence of this τ2 decay component at 

510 nm clearly advocates that in the studied PILs the forward ESIPT process in 

18DHAQ dye is not a single-step ultrafast process (corresponding to τ1) but actually 

occurs following a non-single-exponential kinetics that can effectively be fitted in 

terms of the two decay components τ1 and τ2. Interesting point to note from the up-

conversion results is that relating to the τ2 decay component at 510 nm there is no 

corresponding growth component present in the kinetic traces at 590 nm. In the 

contrary, we actually find a distinctly different decay component τ2 in the traces at 

590 nm which clearly does not match with the τ2 component observed at 510 nm. 

Moreover, unlike the τ2 component at 510 nm, the τ2 component at 590 nm shows a 

clear and significant increase on increasing the viscosity of the solvents. In fact a plot 
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of these τ2 values at 590 nm with the viscosity of the solvents shows a reasonably 

linear correlation, as shown in Figure 8A, suggesting that the diffusive solvent motion 

has a direct influence on the observed τ2 component at 590 nm. However, τ2 values at 

590 nm with the polarity of the solvents (Figure 8B) follow the trend observed in case 

of Figure 3B and Figure 6A. It implies that polarity of the PILs is not playing any 

direct or crucial role in guiding the energy stabilization of the excited tautomeric 

states as a consequence of very fast ESIPT in 18DHAQ.  

 The viscosity dependent differential stabilizations of the excited state arises 

out of forward and reverse ESIPT can schematically be presented as in Figure 9 

depending upon the time constants obtained from the up-conversion studies.  

In Figure 9, the topmost curves in both the left and right panels (left panel for 

lower viscosity solvents and right panel for very high viscosity solvents) qualitatively 

represent the PE changes for the excited dye as a function of the ESIPT coordinate as 

it happens just immediately after the ultrafast ESIPT process, irrespective of the 

viscosity of the solvent. The PE curves for the excited dye in the left and right panels, 

however, represent different extent of relaxation for the N* and T* states, in the lower 

and higher viscosity solvents, as are elaborated above. In relation to the presentation 

in Figure 9, following photoexciation the dye is initially placed at a very high PE 

configuration of N*, wherefrom the excited dye undergoes quick relaxation along the 

ESIPT coordinate sliding down the barrierless PE curve, eventually converting to the 

T* conformation, causing the forward ESIPT process to be ultrafast in nature. 

Subsequent to this initial effect, however, there could be more time-dependent 

evolutions for the N* and T* forms if the nature of the PE changes with time. 

As reported in the literature, 31-32 the N* form of the dye possess a higher 

dipole moment than its T* form. Thus, one would expect that with progresses of time, 

subsequent to the ultrafast forward ESIPT, there will be more stabilization for the 

energy of the N* form than T* form, as would be caused by the time-dependent 

diffusive relaxation of the solvent around the excited dye. Such a differential 

stabilization in the energies of the N* and T* forms can thus eventually make the 

energy of the N* form to become lower than T* and thus driving a back ESIPT 

process that will convert part of T* population formed by the ultrafast forward ESIPT 

to return back to N*. Such a situation can be represented by the differentially 

lowering the energies corresponding to the N* and T* forms, as qualitatively shown 
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by the lower PE curves for the excited state in the left and right panels of Figure 9 for 

low viscosity and high viscosity solvents, respectively.  According to this 

presentation, subsequent to the ultrafast forward ESIPT, there will be a continuous 

time-dependent modulation in the populations of the N* and T* forms in the 

intermediate time scales, before attaining a kind of steady-state situation for the 

relative populations of the two forms as accessed by the TCSPC measurements. 

 

Figure 9: Qualitative potential energy diagrams to represent the solvent relaxation 

guided differential stabilization of the excited N* And T* forms of 18DHAQ dye and 

the consequent involvement or non-involvement of the back ESIPT Process. Left 

panel shows The Situation prevailing to the lower viscosity PILs and the right panel 

shows the situation prevailing to the high viscosity PILs. 

From the observed fluorescence up-conversion results, it is quite intuitive to assume 

that during the initial ultra-short time span representing τ1 component, there is not 

much of modulation in the PE surfaces for the excited dye, which is in accordance 

with the fact that the ultrafast inertial solvation component contributes only to a small 

extent in the overall solvent relaxation dynamics in IL solvents.33-37 In other words, it 

is expected that during the ultrafast forward ESIPT process the energy of N* 

essentially remains higher than that of T* and most of the modulations in the excited 

state energies of the dye in effect occurs during the diffusive component of the solvent 

relaxation, which is known to be quite slow in the  ILs. Thus, the PE diagrams in 

Figure 9 in corroboration with the ultrafast fluorescence up-conversion results nicely 

explains all the ESIPT results obtained for 1,8DHAQ dye in PIL solvents. 
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6.4 Conclusions: 

Steady-state (SS) and time-resolved (TR) fluorescence studies of 1,8-

dihydroxyanthraquinone (18DHAQ) dye in protic ionic liquid (PIL) solvents unravel 

the interesting aspects of excited state intramolecular proton transfer (ESIPT) kinetics 

of the dye that could not be observed unambiguously in the earlier studies using time-

resolved fluorescence or absorption measurements. The fact that the intensity ratios 

for tautomeric (T*) to normal (N*) forms of the excited dye increases with increasing 

solvent viscosity, as observed in SS fluorescence measurements, and is apparently 

unusual as the N* is the initial photoexcited state that converts to T*, impelled us to 

invoke the participation of a relatively slower backward ESIPT process following the 

initial ultrafast forward ESIPT. Interestingly, the evidence for both ultrafast forward 

ESIPT and relatively slower backward ESIPT has been convincingly obtained from 

the kinetic traces recorded using femtosecond fluorescence up-conversion 

measurements. From the observed results it is clearly indicated that the backward 

ESIPT process can contribute efficiently in lower viscosity PILs but the process 

cannot simply take part in very high viscosity solvents. Based on the experimental 

finding and the literature reports on the viscosity dependent changes in the solvent 

relaxation dynamics, it is proposed that the backward ESIPT process is actually 

guided by the differential stabilization of the energies for N* and T* forms during the 

progress of the diffusive solvent relaxation, subsequent to the ultrafast forward 

ESIPT, as the dipole moments of N* and T* forms are largely different. Due to a 

relatively faster diffusive solvent relaxation, the potential energy (PE) of N* form can 

quickly come down below that of T* in lower viscosity PILs, triggering the backward 

ESIPT process. In very high viscosity PILs, an extremely slow diffusive solvent 

relaxation can never bring down the PE of N* below T* and hence backward ESIPT 

becomes improbable. Accordingly, qualitative PE diagrams have been proposed to 

represent the solvent relaxation guided stabilizations of the N* and T* forms and the 

consequent involvement or non-involvement of the backward ESIPT depending on 

the viscosity of the PILs studied. Present study clearly demonstrates the participation 

of the backward ESIPT process for 18DHAQ dye from the direct measurements of the 

N* and T* emissions, which could not be unambiguously established in any of the 

earlier studies in common organic solvents, though resonant pump third-order Raman 

spectroscopy indirectly indicated the presence of this process. It is evident from the 

present study that not only the ultrafast forward ESIPT but also a reasonably fast 
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backward ESIPT plays a role in determining the relative contributions of the N* and 

T* forms of the excited dye, especially in lower viscosity solvents, and this backward 

ESIPT is the main cause for the unusually higher N* emissions observed in most of 

the conventional solvents, including organic solvents, even if the forward ESIPT for 

the dye is understood to be unusually fast in all these cases.  
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Chapter 7 

Bimolecular Photoinduced Electron 

Transfer Reactions in Ionic Liquids 

 
“There is one simplification at least. Electrons behave ... in exactly the same way as photons; 

they are both screwy, but in exactly in the same way...”                          — Richard P. Feynman 

 

Steady-state and time-resolved fluorescence measurements have been carried out to 

monitor the bimolecular electron transfer reactions between the electron acceptor 

coumarins in its S1 state and the donor N, N-dimethylaniline in two ionic liquids 

having differences in their viscosity and polarity. The Marcus inverted region (MIR) 

has been demonstrated from the ultrafast electron transfer (ET) quenching 

experiments between coumarin derivatives and dimethylaniline in the studied viscous 

solvent media. The intrinsic ET rates estimated for the studied systems are faster than 

or competitive with the solvent reorganization and do not involve any significant 

diffusion of the reactants. It is inferred from the observed results that the inversion for 

the ET rates at higher exergonicity is a general phenomenon for bimolecular ET 

reactions in viscous media having exceedingly slow solvent relaxation. The two 

dimensional ET model that considers an extremely slow relaxing solvent coordinate 

and a fast relaxing intramolecular coordinate to assist the ET reaction is inferred as 

the most appropriate mechanistic model to account for the observed facts for the ET 

reactions in present viscous ionic liquid media. 
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7.1 Introduction: 

Electron transfer (ET) is one of the most important and fundamental reactions 

having diverse applications in biological, physical, inorganic, and organic chemical 

systems.1,2 Thus, understanding and manipulating the nature and the rates of ET 

processes has become a very active research area in chemical sciences.3-5 Many 

electron donor-acceptor pairs which do not give good ET reactions in their ground 

states often undergo efficient ET reactions when either of them is excited to the higher 

excited state.6 ET reactions involving an excited donor or an excited acceptor are thus 

commonly classified as the photoinduced electron transfer (PET) processes and most 

of the dynamic studies on the ET reactions in fact deal with these PET reactions.2,7 

One of the plus points with the PET reactions is that the ET can be triggered by an 

ultra short excitation light source (ultrafast lasers) and the dynamics of the subsequent 

ET process can be investigated efficiently in real time.6,7 For PET to take place 

between an excited donor and a ground state acceptor (or an excited acceptor and a 

ground state donor) in solution, the reactants are required to come within the 

interaction distance via diffusion process to form the encounter complex (R, also 

called the precursor complex). The ET then takes place in the encounter complex to 

form the ion-pair state (P, also called the successor complex).9 One of the most 

illustrious predictions of the ET theory given by Prof. R. A. Marcus is that the rate of 

the ET reaction should decrease with the exergonicity (-∆G0) of the reaction as the 

exergonicity is increased beyond a certain value.8 Following the simple classical 

approach to obtain rate constant for chemical reactions, the rate of an ET reaction can 

also be expressed as,  

                            ket = νn κn κel                (1) 

where, νn is the nuclear frequency, i.e. the frequency at which the reactant state 

oscillates at the transition state (TS), κn is the nuclear factor, which is a measure of 

the thermodynamic probability of the reactants of having excess energy to reach the 

TS and κel is the transition probability of the reactants at the TS to cross to the 

product energy surface. The transition probability factor κel is given as, κel = exp (-

∆G*/RT), where ∆G* is the free energy of activation. According to Marcus ET 

theory, 8 ∆G*= (∆G0 + λ) 2 /4λ; where ∆G0 is the free energy change for the ET 

reaction and λ is total reorganization energy. If the value of |∆G0| exceeds more than 

the value of λ, Marcus inversion region (MIR) can be observed during electron 
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transfer reaction. In all these cases, the distance between the donor and acceptor is 

assumed to be constant, thus the diffusion of reactants is avoided, making the ET 

reaction a unimolecular process. Unexpectedly, experiments pertaining to bimolecular 

electron transfer reactions where donor and acceptor are two separate entities in order 

to ascertain the existence of the Marcus's inverted region ends up with consequences 

pioneered by D. Rehm and A. Weller.9 It has been observed that the ET rate constant 

vs. ∆G0 plots initially increases as ∆G0 becomes more and more negative and 

ultimately reach to a plateau value at the highly exergonic region (highly negative 

∆G0). Such behaviour of the ket vs. ∆G0 plots is commonly known as the Rehm-

Weller behaviour, as shown in Figure 1. The Marcus predicted bell shaped curve is 

also shown in Figure 1 for a comparison with the Rehm-Weller plot. To explain the 

experimentally observed behaviour for the ket vs. ∆G0 plots, Rehm and Weller 

proposed an empirical expression for ∆G*, as given in equation 2:9  

                                               
                                                             (2) 

ln (k     )

− ∆ G 0

et
Marcus

Rehm-Weller
Diffusion  Rate 

 

Figure 1: Conversion of the Marcus plot to the Rehm-Weller plot due to the effect of 
diffusion. 

  

A cognisant attempt to circumvent the limiting situation arising from reactant 

diffusion as well as the non-availability of highly exergonic reactant pairs towards the 

observation of MIR in bimolecular ET reactions has been the judicious selection of 

systems with donor/acceptor distances fixed by protein frameworks, 12-14 covalent 

networks of rigid spacers,10,11 frozen media,13,14 and so on. In the cases of micelles 

and reverse micelles as the reaction media, due to the entanglement of the reactants 

with the surfactant chains and the slower solvent reorganization inside these media, or 
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in the excess of using electron donating solvents directly as a reactant, the  availability 

of the donors within the reaction sphere of the excited acceptor, the MIR is 

interestingly found to appear at much lower exergonicity (~ 0.7 eV) than expected in 

conventional homogeneous solvents of similar polarity.17,18 The results have been 

rationalized by invoking the two-dimensional ET (2DET) model,19,20where solvent 

and intramolecular reorganizations are suggested to occur independently to each 

other. To be mentioned here that in classical ET model the solvent and intramolecular 

reorganizations are coupled to each other and occur so fast that the reactant state is 

always in thermal equilibrium during the course of the ET reaction. In such cases 

thus, the effective reorganization energy that contributes in determining the free 

energy of activation (∆G*) for the ET reaction is the total reorganization energy λ, 

which is the sum of the intramolecular reorganization energy λi and the solvent 

reorganization energy λs, and is given as, 

                                                   λ = (λs + λi)                                                                   (3) 

In the case of 2DET, however, as the solvent relaxation is considered to be slow, 

depending upon the propensity of this relaxation in comparison to ET rate, the λs can 

contribute only partially to the ∆G* of the ET reaction, though λi contributes 

completely towards ∆G*, as the intramolecular reorganization is considered to be 

faster than the ET reaction. 

Coumarin dyes are good electron acceptors in their excited singlet states 

(S1).21,22 Since last decade, significant research has been carried out on PET reactions 

involving different amines as the electron donors and various coumarin dyes as the 

electron acceptors,  enriching our knowledge on the kinetics and mechanism of ET 

reactions under different reaction environments. Many of these pervasive 

investigations on PET reactions using amine donors and coumarin acceptors have 

been concentrated mainly in conventional homogeneous solvents or in 

microheterogeneous media like micelles, reverse micelles, etc.17,18,22,23 To 

comprehend the effect of highly viscous solvent media on ET reactions, ionic liquids 

(ILs) have been chosen as the reaction media in the present study, as the PET studies 

in ILs are very limited and also because these solvents have attracted remarkable 

attention in recent years, due to their interesting properties like, low volatility, 

intrinsic conductivity, high thermal stability, tailorability of the constituents, and so 

on.24-26 Currently, applications of ILs as solvents permeate most fields of chemistry. 
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Among other applications, ionic liquids are being used as electrolytes in photovoltaic 

cells and super-capacitors, as green solvents for synthesis and catalysis, as separation 

tools for mixtures, and as media for storage and transport of toxic gases.24a,26b For all 

of these emerging applications, an understanding of the basic physical chemistry of 

ILs and how they behave as solvent media for chemical reactions is of utmost 

importance.24c,26a Most chemical reactions take place in solution, which makes it very 

important to choose a proper solvent for the given reaction. The tailorability of ILs 

makes them to stand out as the “designer solvents”.25 For example, the alkyl chains of 

the cation, or less commonly the anion, can be easily varied to make a solvent of the 

desired size, viscosity and polarity,26 may be useful to modulate the reactions of our 

interest. 

Of late, several groups have reported the MIR in bimolecular ET reactions in 

various organized assemblies.27 Similar observation of MIR has also been reported by 

many groups in different high viscosity room temperature ILs, where solvent 

reorganization is generally very slow.28 In most of these studies on bimolecular ET 

reactions, the fluorescence quenching kinetics is mostly applied following steady-state 

(SS) and time resolved (TR) time-correlated single photon counting (TCSPC) 

measurements.29 In the SS data, the positive deviation from Stern-Volmer (SV) 

linearity is generally observed in such systems, even in the absence of any ground 

state complex formation, and is ascribed to the quenching involving close vicinity D-

A pairs at the moment of photo-excitation. As the closely spaced D-A pairs participate 

in instantaneous quenching (i.e. static quenching); they gradually contribute more to 

the observed quenching as the quencher concentration is increased.27a-j Contrary to SS 

results, however, linear SV plots are mostly observed for the same set of the reaction 

pairs, where average lifetime values obtained from TCSPC measurements are 

correlated with the quencher concentration following SV analysis. Accordingly, such 

SV analysis is used to estimate the quenching constant kq (a measure of the ET rate in 

such systems), which mainly reflects the dynamic part of the quenching process, with 

negligible contributions from static or transient quenching, even if the latter are not 

absent completely.27a-d In view of that, simple Smoluchowski approach for predicting 

effective kq values derived from linear SV plots of the lifetime data are in general 

been considered to visualize the Marcus correlation (free energy dependent changes 

in the ET rates) and thus to comprehend the kinetics and energetic aspects of the 

studied ET reactions. In all these studies the MIR has been clearly observed and 

160 
 



interestingly it is found that the exergonicity for the onset of MIR in these cases is 

dependent on the relative propensity of the solvation relaxation dynamics and ET 

rates. 

With the expanding theoretical approach to account for the quenching 

dynamics, encompassing the static quenching at early time scales to the diffusion 

limited conditions at the longer times, quantitative analysis of different quenching 

components is in principle possible as an alternative to SV analysis in a viscous media 

where the effect of retarded reactant diffusion would be very much pronounced on the 

reaction rates. Important to mention here that based on the conventional Marcus 

formulation coupled with differential encounter theory (DET),30 to account for all the 

stages of bimolecular ET quenching in the viscous ILs and dimethyl sulfoxide 

(DMSO)/glycerol (GLY) mixed solvents, it has been recently concluded by Vauthey 

& coworkers31 that the MIR observed in such viscous media apparently arises from 

(1) the neglect of different quenching regimes (i.e. static, transient and stationary 

regimes) in the simple SV equation and (2) the differential excited state lifetimes (τ0) 

of the fluorophores considered in the donor-acceptor series. It is thus important and 

essential to explore the merit of these claims of the authors that counter the well 

studied observation of MIR in viscous media, which is also one of the goals in the 

present study to carryout bimolecular ET reactions in viscous IL solvents. 

Though the first argument of Vauthey & coworkers31 regarding transient 

effects on ET reactions is theoretically well established for long and certainly can lead 

to overestimation of the quenching rates following SV analysis of the sub-nanosecond 

resolved TCSPC data in a viscous medium and thus can influence the Marcus 

correlation curve to some extent when there is a broad distribution of fluorophore 

lifetimes, but, these aspects would necessarily not affect the intrinsic ET rate (k0, in 

the static quenching regime), measured using a ultrafast technique like fluorescence 

up-conversion (FU), and thus will mainly be modulated by the energetics of the 

reacting D-A pairs. To be mentioned that with ultrafast quenching experiments, 

performed using FU measurements, the MIR has already been reported for k0 in 

various micelles, where D and A are maintained to be at the interaction distance (at 

close constant or at close proximity) prior to the photoexcitation.27c,27d Such situations 

were realized either by using the surfactant directly as the electron acceptor, e.g. in 

cetyl pyridinium chloride (CPC) micelles, or using high concentration of the quencher 
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(amine donor) in normal micelles, e.g. in TX-100 micelle.27c,27d Typical results in 

these systems displaying clear MIR are shown in Figure 2.27c,27d To address the 

second issue, i..e. the effect of τ0 of the fluorophores on the observed MIR, it is 

essential to carry out measurements involving a large number of fluorophores using 

both FU and TCSPC measurements and thus to see if there is in fact any correlation 

between the estimated ET rates and the τ0 of the fluorophores used. Thus to explore 

the merit of the arguments put forward by Vauthey & coworkers31 and also to 

independently investigate if MIR for bimolecular ET reactions is indeed a unique 

observation in viscous reaction media, in the present work we have investigated the 

fluorescence quenching studies involving a series of coumarin dyes (Chart 1) as the 

acceptors and N,N-dimethylaniline (DMAN) as the donor in two IL solvents, e.g. 

[Emim][NTf2] (IL1, η~37cP) and [Hmim][NTf2] (IL2, η~81cP). In the present study, 

time resolved fluorescence experiments were performed; (1) with FU measurements 

to explore the early stages of the quenching kinetics and (2) with TCSPC 

measurements to explore the longer time quenching kinetics for the studied systems, 

as discussed in the following sections. 
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Figure 2: Marcus correlation for coumarin-DMAN systems in CPC and TX-100 

micelles. Revised plot from Ref 27c, 27d. 
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7.2 Experimental Procedures: 

7.2.1 Synthesis of Ionic Liquids 

7.2.1.1 Materials  

Laser grade coumarin dyes were obtained from Exciton, USA. N-methyl imidazole, 1-

bromohexane, 1-bromoethane were procured from M/s. Sigma Aldrich and were 

further distilled prior to their use. LiNTF2 was purchased from M/s. Sigma Aldrich 

and dried in vacuum for 6 hr. prior to its use.  

7.2.1.2 Preparation of Ionic Liquid 

 Ionic liquids,[Emim][NTf2] (IL1) and [Hmim][NTf2] (IL2) have been synthesized 

following the standard procedures.24a-b We have followed two principle steps to 

synthesize these ILs. In the first step, known as quartanization, imidaziolium based 

organic cation has been prepared by mixing N-methyl imidazole and N-alkyl bromide 

at 1:1.1 molar ratios. Excess alkyl bromide was removed by washing with ethyl 

acetate for several times. In the second step, metathesis was followed to replace the 

bromide anion by bis(trifluoromethylsulfonyl)imide [NTf2
-]. Here the organic cation 

synthesized during first step was mixed with LiNTf2 at equimolar ratio in water. 

Thereafter, the mixture was subjected to 12 h stirring. The synthesized ILs were 

extracted in dichloromethane (DCM) and followed by the solvent removal with rotary 

vapour at reduced pressure. To remove the trace amount of water, the ILs were 

desiccated under high vacuum for 12h prior to their use. The ILs were purged with 

nitrogen gas during their storage. The water content, as estimated by Karl-Fischer 

titration, was around 20 ppm for both the ILs. Purity of the prepared ILs was ensured 

by 1H-NMR (recorded at 200 MHz with Bruker Spectrometer). 

7.2.2 Steady-State and Time-Resolved Fluorescence Measurements  

Ground-state absorption spectra were recorded using a JASCO model V530 

spectrophotometer (Tokyo, Japan). Steady-state fluorescence spectra were recorded 

using a HITACHI model F-4010 spectrofluorimeter (Tokyo, Japan).  

Ultrafast fluorescence decays were recorded using the femtosecond 

fluorescence up-conversion (FU) measurements. Briefly, in the present FU setup 

(FOG 100, CDP Inc., Russia), the coumarin dyes were excited close to their 

absorption maxima (~390-425 nm) in IL solutions using the second harmonic (SH) of 

a mode locked Ti: Sapphire laser (CDP Inc., Russia, 50 fs, 82.2 MHz repetition rate), 

pumped by a 5W DPSS laser. The SH was generated in a type-I BBO angle-tuned 

phase-matched nonlinear crystal with 0.5 mm thickness. Optical delay between the 
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excitation and the gate pulses was varied using a delay rail (with smallest steps of 6.6 

fs) at the path of the gate pulse. The up-converted signal (using a 0.5 mm Type-I BBO 

crystal) corresponding to the emission maxima of the dyes (~490-535 nm) was 

measured with a photon counter, after passing through a proper band-pass filter and a 

double monochromator. For each of the decays, at least three scans were taken to 

check the reproducibility of the decays as well as for averaging. In all these 

measurements, the samples were taken in a rotating cell (0.4 mm path length) to have 

a better heat dissipation and thus to avoid photo-degradation of the dyes. For the 

measurements of the fluorescence decays, the polarization of the excitation beam was 

set to magic angle (54.70) with respect to the horizontally polarized gate light pulses 

using the Berek wave plate arrangement5 (CDP Inc., Russia). A cross-correlation of 

the fundamental and the SH displayed a full width at half maxima (FWHM) of ~210 

fs for the instrument response function (IRF). Femtosecond transients were fitted by 

convolution analysis using a Gaussian shape for the IRF. In case of fluorescence 

anisotropy measurements, samples were excited with vertically and horizontally 

polarized SH pulses using appropriate angles for the Berek’s wave plate. In the 

present setup, since the horizontally polarized fluorescence is mixed with the 

horizontally polarized gate pulses in the up-conversion crystal, the measured sum 

frequency signal for horizontally polarized excitation measures III and that for 

vertically polarized excitation measures I⊥. Accordingly, fluorescence anisotropy 

decay, r(t), was calculated as, r(t)=(III-I⊥)/(III+2I⊥). 

The nanosecond fluorescence decays for the coumarin dyes in the absence and 

presence of the quencher were measured using a diode laser (374 and 408 nm, <100 

ps, 1 MHz) based time-correlated single photon counting (TCSPC) setup (IBH, UK). 

In the present work, a MCP-PMT detector (IBH, UK) was used for the fluorescence 

decay measurements. The instrument response function for this setup is ~130 ps at 

FWHM. All the experiments were carried out with magic angle configuration and at 

ambient temperature of 298± 1 K.  

7.3. Scheme of the Study:  

In the present study, our main goal is to investigate electron transfer reactions 

between coumarin dyes (abbreviated with C and followed by the respective numbers 

as used in their commercial names) and N,N-dimethyl aniline (DAMN) using 

[Emim][NTf2] (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; IL1) 
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and [Hmim][NTf2] (1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; 

IL2) as the reaction media.  

 

Scheme 1: Chemical structure of N, N-dimethyl aniline (electron donor), coumarin 

dyes (electron acceptors) and ionic liquids (solvent media) used in the present study 

are shown. 

 

 

7.4 Results and Discussion: 

7.4.1 Inversion in the Intrinsic ET Rates  
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Ultrafast fluorescence decays obtained from FU measurements for the coumarin dyes 

in the presence of DMAN in both IL1 and IL2 solvents are strongly non-exponential 

in nature, as shown in Figure 3 and 4, respectively.  
 

   

   

  

 

 
Figure 3: Ultrafast fluorescence decays of the coumarin dyes (O) in the presence of 

DMAN, recorded in IL1 solvent following up-conversion measurements. The tri-

exponential fits (line) of these decays following convolution analysis are also shown. 

Insets show the expanded initial part of the decays to indicate the quality of the fits at 

the early time scales. 
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Figure 4: Ultrafast fluorescence decays of the coumarin dyes (O) in the presence of 

DMAN, recorded in IL2 solvent following up-conversion measurements. The tri-

exponential fits (line) of these decays following convolution analysis are also shown. 

Insets show the expanded initial part of the decays to indicate the quality of the fits at 

the early time scales. 

 

These decays were fitted by convolution method using Gaussian shape for the 

instrument response function (IRF, ~200 fs) and assuming tri-exponential function for 

the decays, expressed in general as, 𝐼(𝑡) =  ∑𝐴𝑖 exp(−𝑡/𝜏𝑖) ,  where, τi  is the 

fluorescence lifetime and Ai is the pre-exponential factor for the i-th component.35  

The fitting parameters obtained from the analysis of the ultrafast fluorescence 

decays of the coumarin dyes in IL1 and IL2 are listed in Table 1. Fluorescence 
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lifetime (τ0) of the coumarin dyes in the studied solvents in the absence of the DMAN 

quencher were estimated following TCSPC measurements and are also listed in Table 

1 for a comparison. As indicated from Table 1, the shortest fluorescence lifetime 

components (τ1) of the ultrafast decays for the dyes in the presence of the quencher, 

which ranges between 1-10 ps (henceforth designated as τfast), are several orders of 

magnitude shorter than the τ0 of the dyes in the absence of quenchers. Though all the 

three time constants estimated from the ultrafast decays cannot be attributed directly 

to specific physical processes related to the diffusion influenced quenching dynamics, 

yet the observed fastest decay time constant (τfast) in the presence of DMAN quencher 

can safely be assigned to the ultrafast ET process, as the diffusion of the reactants 

would be negligible during this time scale. Consequently, the inverse of this shortest 

time constant is considered as the measure of the intrinsic ET rate ( 1
0 fastk τ −= ) for the 

respective donor-acceptor systems. This is similar to the earlier reports, where ET is 

effectively dominated by the intrinsic quenching for the initial about few ps time-

spans following photo-excitation.31,33, 36 

  For the studied donor-acceptor systems in IL solvents, the reaction free energy 

(∆G0) values were estimated using the following Rehm-Weller expression, 9 

          ∆𝐺𝐺0 = 𝐸𝐸( 𝐷
𝐷+

) − 𝐸𝐸� 𝐴
𝐴−�

− 𝐸𝐸00 −
𝑒2

4𝜋𝜀0𝜀𝐼𝐿𝑅0
     (4) 

where, E00 is the excitation energy of the coumarin dyes in the S1 state, e is the charge 

of an electron; εIL is the static dielectric constants of the reaction medium.32,34 The R0 

(=RA+ RD) is the center to center distance between the interacting coumarin (RA) and 

DMAN (RD). The E00 values were estimated from the crossing wavelength of the 

normalized absorption and fluorescence spectra of the dyes in the respective cases. 

The RA and RD values were estimated using Edward’s volume addition method.36 The 

εIL values were obtained from the reported literatures.34 The calculated free energy 

values for different systems are listed in Table 1. 
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Table 1: Fluorescence decay and ET parameters of Coumarin-DAMN systems in ILs 
at 298.15±1 K, as estimated using fluorescence up-conversion measurements. 

 

Ionic 
Liquid 

Coumarin τ0,  nsa Decay time constants 
(τ i), ps (%)b 

E(A/Ac), 
eV 

E00, V ∆G0, eVd  kq x 108,  
M-1s-1 e 

IL1 C153 5.81 10.26 (0.91), 55.42 
(9.99), 298.18 (89.10) 

-1.69 2.55 -0.155 4.10 

 C522 5.86 2.8 (0.41), 29.23 (9.36), 
294.01 (90.23) 

-1.63 2.64 -0.306 7.98 

 C481 1.43 3.54 (0.76), 25.63 
(11.03), 185.10 (88.21) 

-1.66 2.70 -0.340 4.90 

 C152 2.74 2.07 (0.62), 25.56 
(12.57), 218.33 (86.81) 

-1.63 2.71 -0.380 9.01 

 C500 4.81 1.15 (0.52), 24.91 
(13.34), 239.96 (86.14) 

-1.61 2.79 -0.477 9.11 

 C307 5.45 1.49 (0.99), 34.63 
(18.28), 220.3 (80.73) 

-1.68 3.01 -0.628 3.71 

 C151 5.50 1.29 (0.86), 22.52 
(12.83), 249.1 (86.31) 

-1.57 2.92 -0.644 6.87 

 C120 3.70 3.97 (1.91), 38.69 
(90.44), 302.1 (67.65) 

-1.61 3.14 -0.827 1.32 

 

IL2 C153 5.74 10.01 (0.03), 55.28 (0.17), 
189.07 (99.80) 

-1.69 2.57 -0.175 2.86 

 C522 5.65 3.50 (0.15), 32.02 (12.92), 
180.55 (86.93) 

-1.63 2.64 -0.304 4.61 

 C481 1.81 3.80 (0.98), 31.67 (10.93), 
134.57 (88.09) 

-1.66 2.69 -0.324 8.29 

 C152 2.95 2.18 (0.31), 24.88 (13.03), 
159.61 (86.66) 

-1.63 2.70 -0.362 6.59 

 C500 5.13 1.14 (0.64), 23.07 (13.58), 
125.22 (85.78) 

-1.61 2.80 -0.487 7.23 

 C307 5.83 1.58 (0.95), 30.59 (21.97), 
180.01 (77.08) 

-1.68 2.98 -0.598 7.89 

 C151 4.98 2.24 (2.46), 36.02 (26.86), 
130.2 (70.68) 

-1.57 2.93 -0.658 6.90 

 C120 3.69 6.90 (6.44), 52.28 (56.33), 
198.7 (37.33) 

-1.61 3.12 -0.807 1.51 
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The variations of k0 (= τfast
-1) with ∆G0 values for coumarin-DMAN systems in 

two IL solvents are shown in Figure 3. It is very evident from this figure that the ET 

rate increases initially with an increase in the reaction exergonicity (-∆G0), reaches a 

maximum value around the free energy change of about -0.5 eV and then the ET rate 

gradually decreases again as the reaction exergonicity is made even higher. Thus MIR 

and the full bell-shaped Marcus correlation curve for bimolecular ET are clearly 

evident for the studied electron donor-acceptor systems in the IL solvents, similar to 

that reported earlier for different micellar media.18, 23, 27 Figure 5 also shows the plots 

of the inverse of the second fastest decay constants (τ2) obtained for the present 

donor-acceptor systems in the two ILs as a function of the (-∆G0) values of the 

reaction. Interestingly, the MIR and bell-shaped correlation is also clearly seen for 

this τ2 component, which occur in the range of 20-60 ps and obviously are in between 

the static and transient regimes of the diffusion process.31,46 

 

Figure 5: Plots of 1
fastτ −  (=k0) and 1

2τ −  (=k1) vs. ∆G0 for coumarin-DMAN systems in 

the two IL solvents, represented by solid and open squares, respectively. 

 

7.4.2 Calculation of Diffusion Coefficient and Diffusion Rate 

The relative diffusion coefficients (D, m2s-1) were calculated following Stokes-

Einstein relationship,  
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𝐷 = 𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
;           where, 𝑅ℎ = 1

𝑅𝐷
−1+𝑅𝐴

−1                                               (5) 

where, kB is the Boltzmann constant, T is the absolute temperature, η is viscosity of 

the solvent and Rh is the effective hydrodynamic radius; RD and RA being the radii of 

coumarin and DMAN, respectively. The values for RD and RA were estimated using 

Edward’s volume addition method.36 The η values were taken as 37 and 81 cP for IL1 

and IL2 respectively, as reported in the literature.37,38 Considering the average Rh 

value for the donor-acceptor systems used in this work, the relative diffusion 

coefficients are estimated to be ~3.41 x 10-11 and ~1.56 x 10-11 m2s-1 in IL1 and IL 2, 

respectively. Following Smoluchowski prediction and considering average Rh value 

for the donor-acceptor systems used, the diffusion-limited rate constant (kD, M-1s-1) 

for present systems were estimated using the following equation,  

                                    
𝑘𝐷 = 4𝜋𝑁0𝑅ℎ𝐷

1000 𝜂
≈ 8×106𝑅𝑇

3𝜂                  
(6)

     
where, N0 is the Avogadro’s number and R is the universal gas constant. Thus, the kD 

values in IL1 and IL2 solvents are thus found to be ~1.8 x 108 M-1s-1 and ~0.8 x 108 

M-1s-1 respectively.  

The time scale for the ultrafast quenching observed for the present systems is 

similar to the earlier reports, where ET is effectively dominated by static quenching 

for the initial about few ps time-spans following photoexcitation.39-41 The root mean 

square distance that a quencher can diffuse ( 2Dτ ,29 where D is the relative 

diffusion coefficient) within 10 ps is only ~0.26 Å in [Emim][NTf2] and ~0.18 Å in 

[Hmim][NTf2]. These distances are much smaller than the average molecular 

diameter of the coumarin dyes used (∼7.4 Å, following Edward’s volume addition 

method36). Hence, the effect of reactant diffusion during the ultra-short time scale of 

the τfast component can simply be neglected for the present systems. 

7.4.3 Fluorescence Anisotropy Decay and Reorientational Motion of Reactants 

In the current perspective, it is also important to see if the reorientational motion of 

the reactants can have any possible influence in modulating the estimated intrinsic ET 

dynamics (k0) estimated from ultrafast fluorescence measurements.33 Thus, rotational 

correlation times (τr) of the coumarin dyes were estimated in the two IL solvents, 

using both FU measurements for the faster time scales and TCSPC measurements for 

the slower time scales. Typical of these anisotropy decays for C153 dye in IL1 solvent 

171 
 



is shown in Figure 6, where faster part was measured using FU and latter part was 

measured using TCSPC technique.  

 

 
Figure 6: Fluorescence anisotropy decay of C153 in [Emim][NTf2] (IL1). The faster 
part of the decay (blue) was measured using FU technique and the latter part of the 

decay (red) was measured using TCSPC technique. 
 

Both the initial and the latter parts of the anisotropy decays, as measured by 

FU and TCSPC techniques, respectively, are seen to independently fit well with a 

single-exponential function. Accordingly, the faster and the slower components of the 

rotational time constants are estimated as τr1 ~100-150 ps and τr2 ~1800-2200 ps, 

respectively. Thus, considering the rotational time constants as estimated in the 

present work for the coumarin dyes in the studied ILs (cf. Figure 6), it is evident that 

even the shortest τr1 values are orders of magnitude longer than the fastest ET 

components (k0) observed for the studied donor-acceptor systems. These results 

clearly suggest that in high viscous media like the ones used in the present study an 

excited fluorophore undergoes an ultrafast ET reaction with one of the closely placed 

pre-existing quencher molecules that gives a sizable donor–acceptor electronic 

coupling and this ultrafast interaction effectively occurs under the non-diffusive 

conditions, without involving any translational and rotational motions of the 

reactants.27c  

In addition to the MIR observed in the present cases, the other interesting 

observation is that the inversion appears at a much lower exergonicity than one would 

expect considering the conventional Marcus ET model, where solvent relaxation is 
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considered to be very fast. Solvent reorganization time in ILs is known to span from 

sub-ps to few ns and the contribution of the ultrafast solvation component with <10 ps 

relaxation time is only around 10-20% of the total solvent relaxation.45 As a 

consequence, in ILs the slow diffusive solvent reorganization has to compete with 

ultrafast ET dynamics. Moreover, since this solvent relaxation is very slow, according 

to 2-DET model its role towards the free energy of activation (∆G*) for the ET 

reaction will be less effective than one would expect from the the conventional ET 

theory, where due to very fast solvent relaxation the reactant will always be in thermal 

equilibrium along the solvent coordinate. It implies that in the slow solvent relaxation 

cases, the ET has to occur along the q coordinate, from a large distribution of 

temporally evolving non-equilibrated reactant states in the X coordinate, as 

schematically  presented in Figure 7.21,48 Therefore, it is evident that not only the 

time-dependent donor-acceptor separation as it evolves by the diffusional motion of 

the reactants, but also the temporal evolution of the solvent configuration plays an 

immense role in determining the bi-molecular ET dynamics in a viscous media, where 

diffusion of reactants as well as solvent reorganization are retarded very largely. 

 

 
Figure 7: Isoenergy contours of the potential energy surfaces drawn in a two-
dimensional plane for the reactant and product states in relation to the two-
dimensional ET model. In this scheme, X representing the solvent coordinate and q 
representing the nuclear coordinate. The line C-C represents the transition state curve 
corresponding to the crossing of the reactant and product state potential energy 
surfaces. ET occurs along the q coordinate for any solvent configuration (X), as are 
shown by arrows parallel to q coordinate. The point E corresponds to the single 
crossing point of the reactant and product state potential energy surfaces along the X 
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axis and represents the unique transition state as to be consideered following the 
conventional ET theory. 
 

It is pertinent at this juncture to compare the observation of MIR as we made 

in this study in high viscous and slow relaxing media with the one of the recent result 

reported on Marcus inversion behaviour for bimolecular ET interaction in normal fast 

relaxing solvent like ACN.46 In this latter case, the intrinsic ET rates (static 

quenching) have been theoretically estimated by fitting of the ultrafast fluorescence 

decays incorporating the diffusion assisted conventional Marcus ET model but using 

the finite dielectric response of the solvent. However, with an average solvation time 

of 260 fs46 and the derived fastest ET time of ~ 250 fs (approximately corresponding 

to k0 value of 40x1011 M-1s-1 at ~1 M quencher concentration 46) under non-adiabatic 

condition (Vel ~ 72 cm-1), the ET reaction is certainly competitive with solvation 

process. Hence, Sumi-Marcus 2-DET model would have been better equipped to 

illustrate such ET reaction, as discussed earlier, than the semi-classical Marcus ET 

model used in reported study. Besides, the inability of the model to fit the initial part 

of the ultrafast decays (i.e. about initial 1 ps of the data) perhaps also suggests the 

possibility of even faster ET rate than solvation rate, as considered under 2DET 

model. 

7.4.4 Sumi-Marcus 2DET Model and Observation of MIR in the Present ET 

Systems   

Although a brief theoretical foundation has been discussed in the introduction 

part of the thesis, yet a logical approximation of the system parameters can certainly 

be obtained to appreciate the insights of the ET dynamics and even to attain a semi-

quantitative relationship among the ET results in the viscous ionic liquids solvents. 

Following the Marcus ET theory, the rate constant ket for an outer sphere ET reaction 

under non-adiabatic condition can be given by the following general quadratic 

equation,  

                         
𝑘𝑒𝑡(𝑁𝐴) = 2𝜋

ℏ
𝑉𝑒𝑙
2

�4𝜋𝜆𝑠𝑇𝑘𝐵 
𝑒𝑥𝑝 �Δ𝐺

∗

𝑘𝐵𝑇
�   (7) 

where each term corresponds to their standard meaning. In the 2DET model, the free 

energy of activation ∆G*(X) for the ET reaction becomes a function of the non-

equilibrium solvation coordinate X and can be expressed as 21,22,49 
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G X

λ λ
λ

 ∆ + − + ∆ =                        (8) 

In the present photoinduced ET reactions, it is obvious that the initial X 

coordinate for the reactant state produced through photo-excitation, say Xg, would be 

quite away from the equilibrium X coordinate (X=0) for the reactant, as the dipolar 

nature of the fluorophore changes very substantially in the excited state compared to 

that in the ground state. Let this non-equilibrium X coordinate is Xg. Under the 

present situation, if the solvent relaxation process is significantly slow, as would be 

the case in relation to the ultrafast ET component in ILs, only the (1−2Xg) fraction of 

λs {i.e. (1 )eff
s g sXλ λ= − } can contribute to ∆G*(X). Accordingly MIR would show its 

onset at a much lower exergonicity (|∆G0 | << λs) than what it would have been under 

the conventional ET model (|∆G0 | >> λs).  

The value of Xg for the studied D-A systems can roughly be estimated from 

the observed differences in the Stokes shifts (∆ν) for the coumarin dyes between the 

concerned IL media and a nonpolar reference solvent (e.g. hexane), where the 

dielectric solvation can be assumed negligible. The ∆(∆ν) and Xg values are related by 

the following equation,21-23 

                                                
2( ) 2 s gXν λ∆ ∆ =                   (9) 

An estimate of the average Xg parameter thus obtained as ~0.29 for the present ET 

systems (cf. Table 2) which translates the contribution of λs towards the free energy 

of activation for the initially prepared reactant state following photo excitation as 

about 0.42 eV in the two studied ILs, much lower than the total solvent reorganization 

energy of ~1 eV. Interestingly, this value is slightly lower than the effective 

exergonicity (~ 0.5 eV) indicated for the onset of MIR for the studied systems (cf. Fig. 

4). This small difference, we propose is due to the contribution of the intramolecular 

reorganization energy λ i. From the above considerations it is therefore quite justified 

to assume that the ultrafast component (τfast) of the ET process in the studied ILs is 

mainly governed by the 2DET mechanism where solvent reorganization contributes 

only partially to the effective free-energy of activation. 
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Table 2: Average 2DET parameters for the coumarin-DMAN systems studied in IL 

solvents. 

 <λs>, cm-1 ∆<∆ν>, cm-1 Xg λs
eff, cm-1 

ILs 8067 

(1 eV) 

1367 

(0.17 eV) 

0.29 3370.7 

(0.42 eV) 

 

In the present context, mention should be made that the conventional Marcus 

ET model can also not justify the observation of MIR reported in the literature for ET 

reactions between intercalated dye and the nucleobases in a DNA scaffold at ∆G0 ~ -

0.4 eV,50 although the observation can be justifiably explained by using the Sumi-

Marcus 2-DET model. Moreover, the later model, can also in principle justify the 

observation of MIR at much lower exergonicity than expected from the value of 

solvent reorganization energy, as observed in the present study and also reported 

earlier for bimolecular ET reactions in micelles, reverse micelles, vesicles, 

supramolecular aggregates and other ionic liquids.17,18,22,23,27,28,43 

7.4.5 Differential Lifetimes of the Probes and Observed MIR  

As stated earlier, the influence of transient (or non-stationary) contribution on 

the ET reaction can possibly lead to a higher estimate for the kq values obtained from 

the simple Stern-Volmer (SV) analysis of the TCSPC and/or SS data. However, the 

extent of this influence will depend upon the observed time-window for which the 

quenching data have been collected using a fluorescence probe. As it is indicated from 

Table 1 that the range of the fluorescence lifetime (τ0) values for the coumarin dyes 

used in this study is not very narrow but is spreading over ~1.4 - 5.8 ns. Consequently 

one may argue that a somewhat higher ET rate can be exhibited by the dyes having 

shorter lifetime values (e.g. C481 & C152) compared to those having longer lifetimes. 

To look into this aspect critically and thus to ensure that the observed MIR in viscous 

media is genuinely stems from the energetics of the ET reactions than due to the 

differences in the τ0 values of the dyes, we plotted the τ0
-1 values of the studied 

coumarin dyes against ∆G0 values for the concerned ET systems, as shown in Figure 

8. As observed from this figure, the τ0
-1 vs. ∆G0 plot lacks any resemblance to the 

bell-shaped Marcus correlation shown in Figure 5 as obtained by plotting the k0 

values against the ∆G0 values. 
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Figure 8: Plot of natural fluorescence decay rate (τ0

-1) in absence of quencher as a 
function reaction free energy for coumarin-DMAN systems. 

 

  For the present ET systems, the  kq values were also estimated using the 

time-resolved fluorescence quenching data obtained from TCSPC measurements 

where the average fluorescence lifetime (<τ>) of the dyes in the presence of DMAN 

quencher were correlated with DMAN concentration following the usual SV analysis 

as,29 

                    0
01 [ ]qk DMANτ τ

τ
= +

< >
               (10) 

Figure 9 shows the plots of the kq values thus estimated from the SV analysis of the 

TCSPC data against ∆G0 values of ET systems. As indicated from this figure, a clear 

bell shaped correlation is also indicated for the kq values in both IL1 and IL2 solvents, 

similar to those reported by many groups in number of restricted reaction 

environments (with respect to reactant diffusion & solvent relaxation).17,18,22,23,27,28,43 

Comparison of the correlation plots in Figure 5, Figure 8 and Figure 9 it is quite 

evident to conclude that the energetics of the ET reaction actually play the dominant 

role in the observation of MIR in viscous media. Interesting to mention here that even 

though the lifetime of C481 dye (τ0 ≈ 1.4 ns) is much shorter than that of C500 (τ0 ≈ 

5.0 ns), the later dye encounters quite a comparable or a higher value for kq and k0, 

respectively, in the two IL solvents studied. This observation is in stark contrast to the 

argument of Vauthey and co-workers,31 suggesting the differential lifetimes of the 

probe dyes as the reason for the observed MIR in viscous media.  
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Figure 9: Plot of the kq values estimated from the TCSPC data against the free energy 
changes of the ET systems in the IL1 and IL2 solvents studied. The dashed lines 
represent the diffusion rate expected from the viscosity of the IL1 and IL2 solvent 
media. 

 

With respect to the present study, following a conservative approach, the 

diffusion limited rate constant (kd) can approximately be estimated as ~1.8x108 M-1s-1 

in IL1 and 0.8x109 M-1s-1 in IL2 solvents, which are much smaller than the kq values 

noted at the maxima of the Marcus correlation plots shown in Figure 9.  Considering 

that the kq values for the present coumarin-DMAN systems in the two IL solvents are 

in the range of about (1-10) x 109 M-1s-1, assuming a typical quencher concentration 

of one molar, which is the highest DMAN concentration range used in the present 

study, the span of the quenching times (τq = {kq[DMAN]}-1) for the present systems 

is expected to be in the range of  1-10 ns. This range of the τq values is well within 

the observation time window using the TCSPC measurements (from ~100 ps to 

around five times of τ0 values), even for the shortest lifetime dye (τ0 =1.43 ns) used in 

the present study. Therefore, it is understandable that the major part of the non-

stationary regime will certainly be monitored by all the fluorophores used in this 

study, giving a reasonably accurate estimate of the average kq values. To be 

mentioned that the contribution of the small portion of the quenching in the non-

stationary quenching regime, which is monitored additionally by the longer lifetime 

coumarin probes at the boundary of non-stationary and stationary regimes, but 

possibly be missed by using the shorter lifetime dyes, will be quite nominal and hence 

cannot influence the estimated average kq values any significantly. This is in fact 

quite evident from a comparison of Figure 8 and Figure 9, demonstrating beyond 
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doubt that the shallow distribution of the fluorescence lifetimes of the coumarin dyes 

used in this study does not obscure the observation of Marcus inversion under 

restricted reaction environment of the viscous IL solvents used in this investigation. 

Furthermore, the absence of any clear correlation in the plot of k0 vs. τ0
-1, as shown in 

Figure 10, also substantiates that the ultrafast ET component is completely 

independent of the fluorophore lifetimes.  

 
Figure 10: Plot of the k0 values for the ET systems studied against the τ0

-1 values of 

the coumarin dyes. There is no obvious correlation between the two parameters. 

Therefore, it we strongly feel that the distribution of fluorophore lifetimes (at least for 

the studied coumarin dye systems) does not have any significant influences on the 

observed MIR for the studied ET reactions in the present IL solvents.  It is to be 

mentioned here that no pronounced influence of the chemical structures of two types 

of coumarin dyes used in this study, one with unsubstituted amino groups (C500, 

C307, C151 & C120) and the other with alkyl or julolidinyl substitutions (C153, 

C522, C481 & C152), could  also been observed on the estimated ET/quenching rates 

in the studied systems. It is thus evident that the observed MIR in the present ET 

systems certainly arises due to the energetic and kinetic reasons of the ET reactions, 

which can be well understood and correlated on the basis of the 2DET model, as the 

ET reaction in the present cases occur under the constrained condition of the viscous 

IL media where both reactant diffusion and solvent relaxation are exceedingly slow. 

7.5 Conclusion: 

In conclusion, present study demonstrates with conviction that the MIR for 

bimolecular ET reactions in viscous media using ultrafast fluorescence up-conversion 
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measurement, where ET rates are measured directly as the static quenching 

component, is a genuine observation. Observed results convincingly establish that the 

MIR for the ET reactions in the studied IL solvents arises mainly due to the energetics 

and dynamics of the ET reactions and is not influenced any significantly by the 

differential fluorescence lifetimes of the probe dyes used in the study. It is understood 

that as the solvation dynamics in the viscous IL solvents are significantly slow, in 

these solvents the ET reaction actually follows a 2DET model, where the reactant 

state converts to the product state along the intramolecular vibrational coordinate 

keeping quite a non-equilibrium situation for the reactants along solvent coordinate, 

as the thermal equilibration along this coordinate is slower than the ET reaction. 

Evidently, the conventional Marcus ET model, where the reactant state maintains a 

thermal equilibrium for both solvent and intramolecular coordinates (due to 

exceptionally fast relaxation along both coordinates), cannot explain the easy 

observation of MIR in constrained media, especially its appearance at an unusually 

lower exergonicity (-∆G0), much lower than the solvent reorganization energy. In 

regard to the theoretical modelling of the ET kinetics in viscous media, as adopted by 

Vauthey and co-workers31 raising a doubt on the observation of MIR, is understood to 

be clearly due to the improper choice of the conventional Marcus ET formulation into 

the diffusive reaction equation. From the observations of the present study we 

strongly feel that the incorporation of the 2DET formulation into the spherically 

symmetric diffusion equation will probably be able to theoretically model the ET 

kinetics properly in viscous media and thus would be able to apprehend the 

observation of MIR as well as its appearance at exceedingly lower exergonicity, as 

observed experimentally for the ET reactions in viscous media like ionic liquids and 

in constrained organized assemblies like micelles, reverse micelles, and so on. 
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Chapter 8   
Conclusions 

 
“Reasoning draws a conclusion, but does not make the conclusion certain, unless the 
mind discovers it by the path of experience.”                                           Roger Bacon 
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8. Conclusion: 

The studies presented in the thesis focused on the effect of solvent on organic 

reactions and photo-physical reactions in water and ionic liquids. The solvents have 

been chosen since their ecological impact of chemical methodologies stresses upon 

their economical viability and environmental affability. The method of investigations 

pursued kinetic and photo physical studies which facilitated estimation of crucial 

thermodynamic and kinetic parameters. 

 From initial studies on the mechanism of ‘on water’ reactions in 

heterogeneous condition it has been experimentally proved that the interface created 

due to vigorous stirring due to the formation of bubbles of reactions in water plays 

pivotal role in promotion of ‘on water’ type reaction. Moreover delineation of the 

responsible physical forces present at the oil/water interface has emphasised on the 

role of accessible hydrogen bonding offered by the dangling OH groups present at the 

water surface in stabilizing both reactants and transition states of Diels-Alder and 

Wittig reaction and thereby decreasing the activation energy.   

  While water has been emerged as a better reaction medium, immiscibility 

reactants as well as the absence of hydrogen bonding capability of most of the organic 

reactants in water logically encouraged us to use ionic liquids as co-solvents to 

overcome the limited solubility of the reactants. In addition to this instead of using 

carcinogenic and volatile organic co-solvents, the introduction of ionic liquids as co-

solvents is justifiable in terms of maintaining the greenness of medium water. To 

address selection of apposite ionic liquids as co-solvents for appropriate organic 

reactions, investigations have been directed to calculate ionic liquid- reactants and 

ionic liquids–activated state interactions in terms of pairwise interactions. The value 

of pairwise interactions parameter (Gc) with respect to structural variation of ionic 

liquids obtained from the present study described in the thesis can act as yardstick for 

using ionic liquids as co-solvents in future. 

 The study of excited state proton transfer reactions (ESIPT) in protic ionic 

liquids has revealed the role of ionic liquids during intramolecular proton transfer 

reactions. Careful observations of associated energetics and kinetics of proton transfer 

reactions confirmed the viscosity guided reverse proton transfer along with forward 

movement of proton. In addition to this emphasis has been given on slow and unusual 

dynamics of ionic liquids throughout the intra molecular proton transfer study. A 

qualitative diagram has been given to portray the change in the stability of the excited 
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states during transfer of proton to facilitate tautomerism reaction in protic ionic 

liquids based on the estimated kinetic parameters obtained through spectroscopic 

investigations. 

 Investigations of bimolecular electron transfer (ET) reactions in ionic liquids 

having variation in the viscosity values address the role of chemical activation energy 

over solvent diffusion components. On the basis of estimated results, it has been 

concluded that not only is the appearance of Marcus Inversion Region particularly 

indisputable but also the mechanistic model essential to elucidate the observed 

evidence for the bimolecular ET reactions in a viscous medium is the two-

dimensional ET description, which deals with an extremely slow relaxing solvent 

coordinate and a fast relaxing intramolecular coordinate to describe the ET reactions.

     

The methodical investigations of solvent effects offer the twin advantages  of 

expansion of the fundamental understanding of the subject and assuring better 

‘solution’ for practical applications in near future. 

187 
 



Appendix A 
NMR Spectra  

 
 
A1 The NMR spectra of the product of the reaction of cyclopentadiene with methyl 
acrylate: Methyl bicyclo [2.2.1] hept-5-ene-2-carboxylate  1H-NMR (200 MHz, 
CDCl3): 1.22 (d, 1H), 1.39 (m, 2H), 1.67 (m, 1H), 2.78 (m, 2H), 3.14 (s, 1H), 3.57 (s, 
3H), 5.97 (bs, 2H). 
 

 
 
A2 The NMR spectra of the product of Anthracene-9-carbinol (4) with N-ethyl 
maleimide (5) : adduct (6) 1H-NMR (200 MHz, CDCl3): δ 7.61 (d, 1H), 7.39 (d, 1H), 
7.11−7.33 (m, 6H), 5.16 (d, 1H), 4.98 (d, 1H), 4.77 (d, 1H), 3.34 (m, 1H), 3.17 (q, 
2H), 0.41 (t, 3H) 
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A3 The 1H-NMR spectra of [HmIm]propionate in CDCl3 at 200 MHz  
 

 
 
 
A4 The 1H NMR spectra of [HmIm]acetate in CDCl3 at 200 MHz 
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A5 The 1H NMR spectra of [HmIm]formate in CDCl3 at 200 MHz 
 

 
 
 
 
A6 The 1H NMR spectra of [HmIm] bisulfate in DMSO-d6

 at 200 MHz 
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A7 The 1H NMR spectra of [Emim]NTf2 in CDCl3 at 200 MHz 
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A8 The 1H NMR spectra of [Hmim]NTf2 in CDCl3 at 200 MHz 
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A9 The 1H NMR spectra of [Bmim]BF4 in CDCl3 at 200 MHz 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A10  The 1H NMR spectra of [Bmim]NO3 in CDCl3 at 200 MHz 
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A11 The 1H NMR spectra of [Bmim]Br in CDCl3 at 200 MHz 
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Appendix B 
Gas Chromatography Parameters  

 
 
B. The Detailed GC Method:  
   

 The following parameters were set for a typical kinetic analysis for the product methyl 
acrylate methyl acrylate:Methyl bicyclo [2.2.1] hept-5-ene-2-carboxylate  reaction of       
cyclopentadiene with methyl acrylate methyl acrylate  

      Column make: CP SIL 5CB 
      Column length: 15m 
      Internal diameter: 0.25 mm 
      Film thickness: 0.25-micron 
      Flow rate: 0.8 ml/min of nitrogen 
      Injector temperature: 200oC 
      Detector temperature: 250oC. 
    Total run time 18.51 min (Hold at 70oC for 5 min., ramp at 4oC, then maintain at 
100oC for 0  min., ramp     at 790C and then maintain at 1800Cfor 5 min.) 

      
Internal Standard (IS): Chlorobenzene 
    
The following parameters were set for a typical kinetic analysis for The NMR spectra 
of the product of Anthracene-9-carbinol (4) with N-ethyl maleimide (5) : adduct (6) 

       Column make: CP SIL 5CB 
      Column length: 15m 
      Internal diameter: 0.25 mm 
      Film thickness: 0.25-micron 
      Flow rate: 0.8 ml/min of nitrogen 
      Injector temperature: 200oC 
      Detector temperature: 280oC. 
     
The GC method was calibrated with respect to the product concentrations using pure 
samples of the   products. The amount of product formed as a function of time gave 
the extent of the reaction (x).   
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