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This thesis substantially outlines the genesis of synergistic behavior in alcohol-chlorinated

methane binary solvent mixtures, by using steady-state, ultrafast spectroscopic methods

and analytical models. Usually, the impact of pure or mixed solvents on spectra of the

chromophoric dyes is termed as solvatochromism which is by virtue of the solute/solvent

nonspecific and specific interactions, comprising dipole/dipole, dipole-induced/dipole, disper-

sion interactions, and hydrogen bonding. An emphasis has been given here to understand the

symptoms of solvent-solvent interactions which occurs in mixed solvent system, where probe

molecules are used to examine their inscrutable molecular interactions, since, their solution

in mixed solvent have a distinct and vivid spectroscopic evidence compare to pure solvent

cases. Further, the study of the binary solvent mixture shed light on the relative importance of

the solvation mechanism in different physical processes. Conclusively, the pioneer theme of

this dissertation is to understand the nature of solvation and the role of molecular interactions

among different solvent components along with their effects on photo-physical processes

such as photo-induced electron transfer, solvation dyanmics and chemical kinetics, and also

to establish that the intermolecular solvent association plays a pivotal role in mixed solvent

chemistry which demonstrates improvement in product yield and affects the rate of chemical

processes. This clearly is an offbeat approach in solvation chemistry and has also reasonably

intensified the importance of binary solvent mixtures in green chemistry.
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Summary of the Work Done

(a) Spectroscopic Evidence of Synergism in Binary Solvent Mixtures

Properties of solvent mixtures often differ from that of pure solvent systems because

of the non-ideal nature of solutions. However, sometimes specific interactions amongst

the different solvent components lead to strong synergistic change is the properties of the

mixture, which is very different from pure solvent cases. We have studied a few such systems

made of hydrogen bond donating and accepting solvent pairs. It has been observed that

the static solvation of a molecule in various alcohol (e.g. methanol (MeOH), tert-buthanol

(t-BuOH)) – chlorinated methane (i.e. chloroform (CHCl3), dichloromethane (CH2Cl2 or

DCM)) binary solvent mixtures show a strong synergistic behavior, which is explained in the

backdrop of hydrogen bond mediated solvent–solvent interactions. Proton NMR analysis,

molar refractivity, solvent exchange model and fluorescence quenching suggested that the

maximum extent of hydrogen-bonding interactions prevails at different composition of the

different solvent mixture. The solvation behavior of MeOH–CHCl3 mixture also shows

probe dependence with no synergism observed in p-nitroaniline. Interestingly, the strong

synergistic signature observed through spectrophotometric measurement is absent when

studied by fluorescence spectroscopy. Following these experiment, it has been concluded

that the strength of solvent-solvent interactions are weak in nature. Analysis of 1H-NMR

of MeOH-CHCl3 binary solvent mixture indicated the existence of solvent association in

the stoichiometric ratio of 1:2.15, while in other MeOH-DCM and t-BuOH-DCM mixed

solvent systems, the ratio has been observed to be 1:1.33 and 1:1.12 respectively. Further,

the solvent exchange model has been formulated to determine the feasibility of synergistic

behavior and also polarity parameter of the mixed solvent structure of alcohols-chlorinated

methanes binary solvent mixtures.

(b) Dynamics in MeOH-CHCl3 Binary Solvent Mixture

This work aims at elucidating the mechanism of solvation of 4-(dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran (pyran dye) in different composition of MeOH-

CHCl3 binary solvent mixture using femtosecond transient absorption pump-probe spec-

troscpic technique. Also, this study abundantly supplies information about the intermediary
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response between the ground state and excited state. Unprecedented slowdown of solva-

tion time of pyran dye is probably due to the slow diffusion of solvent molecules in the

MeOH-CHCl3 mixture-rich first solvation shell followed by hydrogen bond solvent-solvent

rearrangements around the solute dipole. On the other hand, fast solvation of pyran molecule

occurs by the fast reorganization dynamics of pure solvents (i.e. Methanol and chloroform)

around the solute dipole. Interestingly, a remarkable solvent polarity dependency in solvation

dynamics was observed in the case of MeOH-CHCl3 binary solvent rather than pure solvents

and achieved slower solvent dynamics at the point where ET shift is observed highest, termed

as synergistic effect. Overall interactions present within the MeOH and CHCl3 binary solvent

mixture furnishes a clear evidence of solvent association interplay aspect of weak hydrogen

bonding.

(c) Photo-induced Electron Transfer Process in MeOH-CH2Cl2 Solvent Mixture

The origin of ground state synergism in MeOH-DCM binary solvent mixture is explained

in the frame of solvent-solvent interactions through UV-vis absorption, 1H-NMR study,

molar refractivity measurement and solvent exchange model in chapter 3. The study of

photo-induced electron transfer (PET) process in MeOH-DCM binary solvent mixture infers

that the intermolecular solvent association is responsible for such synergistic effect in the

MeOH-DCM mixture. A slow solvation in mixed solvent environment gives rise to higher

degree of reorganization of reactant molecules before PET reaction. In the binary mixture

with XMeOH = 0.40, we have observed the lowest rate of PET (ket) with highest reorganization

energy (λs), as predicted from the observed highest synergistic effect. In the presence of

extended hydrogen-bonding network structure, the binary solvent system enforces slowing

down of the rate of diffusion of reactant molecules which hinder the formation of encounter

complex and consequently lowers the rate of PET process.

(d) Facile Reaction in t-BuOH-CH2Cl2 Binary Solvent Mixture

A remark of ground state synergetic behaviour in t-BuOH-DCM binary solvent mixture

was observed in steady state UV-visible absorption measurement by using solvatochromic

probe and accounts the solvent-solvent specific interactions led by weak hydrogen bond

networking, which has been confirmed by proton NMR in chapter 3. Also, the feasibility of

the synergistic nature in mixed solvent system has been verified by solvent exchange model.

These aspects suggested that the intermolecular association and polarity of the binary solvent
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mixture must accelerate chemical reaction that goes through the polar transient state. The

unique mixed solvent environment results lower rate of photo-decolourization of merocyanine

compound compared to the bulk solvents, and is explained by the extended intermolecular

hydrogen bond networking. Additionally, we observed that the solvent mixture of particular

proportion at which maximum synergism is observed acts as an ideal medium for the efficient

solubilization of TetMe-IBX reagent and increases the yield of oxidation reaction 4 times as

compared to that in t-BuOH. Hence the binary solvent mixtures may provide platform for

reactions to proceed at faster rates with higher yields. Present study apparently established

that the intermolecular association plays a deciding role in the binary solvent mixture to show

an improvement in product yield and effects the rate of chemical processes, which is due

to the synergistic effect. This clearly is a greener approach with intensified application in

chemistry.

(e) Concluding Remarks Future Outlook

In this part, we summarizes over all the work presented above and draws on the future

possible research directions from this thesis.
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THESIS OUTLINE

All the details of thesis is splitted into following chapters

Chapter 1.
This chapter comprehensively describes the basic approach of solvation of solute/probe

molecule in pure/binary solvent systems and also explains the consequence of solvation on

the electronic transition of solvatochromic molecules. At the end of prologue is presented in

detail, the appearance two distinguished solvation phenomenon in binary solvent mixture

investigates through spectroscopic and analytical methods.

Chapter 2.
This chapter basically throws light on the different experimentals and also analytical

methods which explore the appearance distinguished solvation in binary solvent systems and

their consequence on photo-physical processes.

Chapter 3.
This chapter describes preliminary interpretation of permanence of synergistic solvation

in steady state absorption study of three distinct binary solvent systems (i.e. MeOH-CHCl3,

MeOH-DCM, and t-BuOH-DCM) and also examine same phenomenon through 1H-NMR

analysis, solvent exchange model and fluorescence quenching study, however, such solvation

phenomenon was found absent in MeOH-CCl4 binary solvent mixture. In continuation, we

also discussed the impact of other factors over synergistic solvation exclusively.

Chapter 4.
In this chapter, we have discussed, here, the solvent polarity dependent solvation dynamics

of Pyran dye by using femtosecond transient absorption spectroscopy and also filled the gap

between the ground state and excited state response in MeOH-CHCl3 binary solvent system.

An effectiveness of polarity results slower dynamics in mixture compared to pure solvent

cases.
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Chapter 5.
This chapter reports the spectroscopic evidence of the presence of Marcus inverted region

in MeOH-DCM binary solvent mixture. The unique mixed solvent environment gives rise to

higher degree of solvent reorganization energy and lower rate compared to the pure solvent

case.

Chapter 6.
This chapter clearly enunciated the role of solvent polarity in t-BuOH-DCM mixed

solvents on kinetics of photo-chemical reaction and also intensified greener application of

binary solvent mixture in chemistry.

Chapter 7.
This chapter summarizes overall conclusion of all chapters and draws on the future

aspects and possibilities of research outlook from this thesis.
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1.1 Introduction
An enormous application of spectroscopic techniques towards the understanding of chem-

ical, physical and biological processes has been witnessed in the last several decades. [1–11]

Often, the properties of pure condensed phases were investigated spectroscopically with

great details. [7–11] However, the nature of mixed solvent systems was not thoroughly studied

in the literature. [12–24] Despite of thermodynamic awareness of the solvent mixtures [25–37],

our understanding remains rather circumscribed in regards to the how(s) and why(s) static

and dynamic properties of solvent mixture differ from their pure solvents. The static and

dynamic properties of solvent mixture give an elementary insight at the molecular level and

one can indeed begin to speculate the structure of network that persist in the mixed state of

solvents. Additionally, it is imperative to let in time dependent behaviour of solvent mixture

(solvent dynamics) into the interactive network paradigm in order to better understand how

mixed solvents structures come into action. The dynamical nature of solvent mixtures is a

comparatively complex process compared to pure solvent cases and evolves multidimensional

distinguished interactions over a wide range of time and space. The advancement in the

spectroscopic techniques has brought more attention on solvation chemistry recently, with

solvent mixtures being of great concern for theoreticians and experimentalists. [38–49] Varying

the solvent mixture composition immediately affects the microscopic structure of solvent

mixture, causing the influence on chemical or photochemical reactivity, the reaction rate, and

yield, sometimes efficaciously. Physical chemists are always inquisitive about why and how

solvent mixture changes the colour of a solvatochromic/dye molecule. The spectroscopic

techniques are quite auxiliary for answering such questions. Answering such substantial

issues in physical chemistry requires a characterization of solvent mixtures with molecular

specificity. The spectroscopic characterization of a binary solvent replies multidimensional

molecular interactions and also satisfies present demands of research purposes.

1.2 Theory of Solvation
The term solvation is explicably defined in many literatures, and books in its more

colloquial sense. [50–61] From the statistical thermodynamic view point, the solvation is

defined as a physical process of a particle (atom, ion or molecule) moving from a fixed

position of an ideal gas phase to a fixed new position in the condense or solvent state,

where the moiety is being solvated by the surrounding solvent molecules. [50,51,56,59] This

solute molecule may even be considered similar as solvent molecules itself, with the entire

phenomenon being a condensation process from the vapor state. Mostly, solvents are pure
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liquids, or a mixture of some liquids. In short, solvation may be defined the process of

interactions of the solvated particle with the surrounding solvent molecules. The whole

process of solvation is exempted from translational degrees of freedom of solute particle.

Thus the solute particle occupies a different volume in liquid state. With this convention, we

take care of different standard states and various concentration scales of solute particle in

liquid or mixed solvent state. [50–56] Hence, the thermodynamics of the solvation process may

completely relevant to

1. The primary interactions of solute particle with its surrounding environment in the

solvent state, which is completely deprived of an ideal gas phase.

2. The initiation of solvent effects induced by the effect of solute particle on its surround-

ing environment.

3. The molecular interactions that occur between solute particles and surrounding solvent

molecules cause the change in its internal degree of freedom.

Under the thought process, the solvation of a particle (atom, ion or molecule) in any solvent

or solvent mixture may proceed in the following virtual steps. [50–56]

1. The solute particle generates the cavity of an appropriate size and shape to accommo-

date it in the solvent environment.

2. The cavity is occupied by the solute particle, without having any interaction with its

surroundings.

3. In the cavity, solute particle reaches its equilibrium state in the solution by mean of

change in polarization and molecular configuration.

4. The surrounding solvent molecules around the solute particle commutates through

dispersion and dipole-induced dipole or dipole-dipole interactions.

5. The molecules of solvent or solvent mixture adjacent to the solute particle, in their

midst start adjusting themselves.

Indeed, all these steps occur simultaneously, but thermodynamically, it may be thought of as

being separated and considered to be additive, as shown in Fig. 1.1.

Most common factor of solvent effects depends upon the distance between the solute and

solvent molecules. [50–56,58–61] Some interactions or effects are considered to be long range,

if the solvent is a solution containing ions. The columbic interactions generally act on longer

ranges and admit as a stronger in nature than those developing from dispersion alone. The

energies of columbic interactions (ion-ion and ion-dipole interactions) depend on 1
r and 1

r2 ,
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Fig. 1.1

Schematic representation of process of solvation, (a) solute particle (blue circle) present in an ideal

gas phase, (b) solute shaped cavity in gas phase is induced in the solvent, (c) the solute charge density

is placed in the solute cavity, (d) solvent molecules start to reorient and polarize in response to the

solute charge density, (e) the solute particle is solvated by solvent molecules.

respectively. On the other hand, there are number of interactions (like dipole-dipole, dipole-

induced dipole and dispersive interactions), which actually work at very short distances with

energies expected to be a function of 1
r3 , 1

r4 , and 1
r6 respectively.

Plenteous models, theories and computational strategies have been developed by the-

oretical chemists over many years. [50–61] Most studies furnish better understanding to the

complex phenomenon of solvation. Altogether, there are three common approaches available

which may be used for the theoretical descriptions of solute-solvent interactions;

1. When the solvent is dealt as a continuous and homogeneous medium (or structureless).

The solute particle is surrounded by structureless media, characterized solely by its

relative permittivity(εr). The solvated solute (ion, atom or molecule) induces polar-

ization effects on the environment of surrounding continuous media that successively

furnish an additional electric field in the vicinity of the solute, which is recognized by

quantum-chemical continuum models and also called (Onsager) reaction fields. [61–63]

2. Supramolecular models treat solvent media and solute, both as discrete particle in an

ensemble of solute and solvent molecules by using Monte Carlo statistical mechanics

or molecular dynamics methods. [61,64,65]

3. When the direct electrostatic solute/solvent interactions are calculated quantum me-

chanically within the first solvation shell and remaining position or part of solvent

media retains the reaction field contribution, such a model underlies semicontinuum

quantum-chemical models. [61,66–68]
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From last few decades, much progress has been consecrated to remove their limitations

and flaws in the theoretical description of solvation by introducing new ideas and views.

The recent computational compilation approaches are (a) implicit solvation models, (b)

micro-solvation models and (c) hybrid solvation models. [61,69]

1.3 Theory of Solvent Effects on UV/Vis Absorption Spectra
The process of solvation in liquid medium has been well established, where the solute

particles dissolved in any solvent experiences intermolecular force/interactions with the

surrounding solvent molecules. Consequently, the electronic absorption transition of the

solute molecules will change more or less, depending on the type of molecular interaction

with the surrounding environment. Hence, the electronic transition of solutes in solvent

media is somewhat unlike that of solutes in the gas phase state.

It is obvious now that the characteristics of the molecular electronic state such as electron

distribution, dipole moment, and spatial configuration changes when electronic transition

occurs between two electronic states. In general say, the solute-solvent interaction efficiency

must bring the change in the molecular electronic transition between the two electronic states.

As a consequence of solvent effect on electronic transition, the band position, band shape,

and intensity of spectra in solution is not the same as those of a free solute in the vapor

phase. Therefore, effect of solvents on the spectra of a solute molecule was thoroughly

discussed in the details by former studies. [70–79] Most of the research groups have adopted

the fundamental ideas of Onsager reaction field, which can be used in order to shed light on

molecular interactions due to solvation. [72–79] Under this reaction field, the solute particle is

reduced to a point dipole at the centre of a spherical cavity dissolved in a homogenous solvent

media which acts as an effective electric field on the solute particles. [70,73,74] McRae [73,74] has

defined this electric field in terms of the reaction field (R) and the magnitude of the reaction

field relates to inductive and orientation polarizations of homogenous solvent dielectric owing

to the solute dipole (µ). The polarizing molecule generates the reaction field (R) in solvent

dielectric, is formulated as

(1.1)R =
2µ

a3

(
ε − 1
ε + 2

)
where µ , ε and a are the dipole moment, static dielectric constant, and cavity radius of the

solute molecule, respectively. Additionally, the reaction field also arises due to the inductive

polarization, expressed similar as equation 1.1, but the term ε replaced by n2, which is the
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optical dielectric constant.

(1.2)R =
2µ

a3

(
n2 − 1
n2 + 2

)
In the case of polar solvent, there involves an extra reaction field term owing to both the

electrostatic (ε) and inductive (n2) polarizations, called orientation polarization (Ror) and is

expressed as

(1.3)R =
2µ

a3

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)
It is important to note that solvent orientation around the solute molecule at excited state

(Franck-Condon state) is assumed to be the same contribution as that in the ground equilib-

rium state in the case of absorption spectra.

In the presence of radiation field, the transition dipole induced in the molecule and is

stabilized by the reaction field of solvent molecules which sieges the solute, as a result,

induced the change in absorption spectrum of free solute in the vapor phase. As a conse-

quence, the solvent effect causes a shift in absorption band towards the red side of spectrum,

which strongly depends on polarity of the solvent as shown in Fig. 1.2. In other words,

the favorable intermolecular interaction between the solute and solvent media leads the

low energy transition induced in the solute molecule and appear as a red shifted absorption

spectrum. Therefore, the sensitivity of solute molecule depends on the polarity of the solvent.

It is expressed in term of energy of absorption, and is given by

(1.4)
∆E − ∆Ere f =

(µ00)
2 − (µii)

2

a3

[
n2 − 1
2n2 + 2

]
+ 2

((µ00)− (µii))µii

a3

[
ε − 1
ε + 2

− n2 − 1
n2 + 2

]
where ∆Ere f , µ00 and µii represent the energy or frequency shift induced by a non-polar

reference solvent or vacuum, ground and excited state dipole moment of solute molecule

solvated by solvent molecules, respectively. Other terms have usual meaning described

earlier.

In short, it is commonly stated in the literatures [70,75–79] that solvent molecules near the

dipolar solute molecules are organized, and as a result, brought the shift in the absorption

spectra of solute molecules which indicates that this phenomenon could possibly be used to

quantitative measurement of the solvent or solvent mixture polarity.
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Fig. 1.2

Schematic qualitative representation of solvent effects on the electronic transition energy of dipolar

solute in vacuum and solvents with increasing polarity. µ00 and µii, are the dipole of the ground state

and excited of the solute. Egs and Ees are the energies of molecule in ground and excited states (in

case of vacuum and solvent) and ∆EA,v and ∆EA,s are the absorption transition energies in vacuum

and solvents, respectively.

1.4 The Nature of Binary Solvent Mixture
It has been briefly discussed in literature how the nature of solvents influence the physical

properties of solute molecules. [60,61,70,80–84] At the same time, there have been many in-

stances in the past where many groups looked into the nature of binary mixture, as a solution.

Conversely, major challenges in the study of binary solvent mixture have always been the

determination of mutual intermolecular interactions, association or aggregation and specific

solvent structuring amongst different solvent pairs and remains as a current research interest.
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Binary mixtures of different solvent pairs have been extensively studied in the past and

motivated to discuss the equilibrium properties of liquid mixtures. In several experiments on

liquid mixtures, it has established that the ideal or non-ideal behavior of liquid mixture in

term of partial vapor pressure. The ratio of the partial vapor pressure of each component to

its vapor pressure as a pure liquid is approximately equal to the mole function of the liquid

mixture is termed as an ideal solution, and this is established as rule recognized as Raoult’s

law. [80–90]

(1.5)pS2 = XS2 p∗S2

where pS2 and p∗S2
are, respectively, the partial and total vapor pressure of solvent S2 and XS2

is the mole fraction of solvent in liquid mixture.

There are some solutions that departed noticeably from the Raoult’s law as shown in Fig.

1.3, called non-ideal solution or real solution. In other words, if the measured property of

Fig. 1.3

Schematic representation of positive and negative deviation from Raoult’s law.

liquids mixture depends nonlinearly on the local composition of solvent component, such

nonlinearity behavior is known as Non-Raoult’s variation and is of two types. When the vapor

pressure of a solvent mixture is lower than that predicted by Raoult’s law, this is known to be

a negative deviation. Such nonlinearity behavior is a property of mixture composition and

degree of association. This testifies that the adhesive forces between different components

of mixed liquid are expected to be stronger than the average cohesive forces among the

same components of liquid. In the wake of this, each component is held in the liquid phase
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by attractive forces which are found to be stronger than in the pure solvent case so that its

partial vapor pressure is lower. On the contrary, if the average cohesive forces amongst same

molecules of solvent are expected to be greater than the adhesive forces, the dissimilar nature

makes both solvent components immiscible in a mixed state. Hence, the vapor pressure would

be higher than expected from the Raoult’s law, exhibiting the positive deviation. Nonlinearity

in liquid mixture is evidence to distinct molecular environments in the mixture compared to

its pure case. This detailed study has been extended to explain the solvent mixture properties

like the degree of molecular association or aggregation and specific solvent structure.

1.5 Behaviour of Interactive Solvents in Electronic Transition
The physical and thermodynamical properties of many solvent have been well known

and extensively studied. Such a particular knowledge suggests that the organization of

solvent molecules around the solute constitutes low entropy structures or cages. Under

such circumstances, the adjustment of solvent structure changes the physical properties of

the solute (such as electronic transition probability), sometime, to a greater degree than

expected. Although, there are many studies on the effect of pure solvent structure around

the solute cage, as far as we know, the composition in the neighborhood of the indicator

solute in binary solvent mixture may, however differ from the pure solvent cases and the

proper awareness of the microscopic solvent structure of a binary solvent system being

involved in solvation has been found delimited. In this part, we setup equations that relate

the behavior of solute or solvatochromic indicators with the composition of binary solvent

mixtures. These equations take into account the effect of solvent-solvent interaction on the

electronic transition probability of solvatochromic indicator. In other words, the equilibrium

composition of binary solvent mixture in the immediate vicinity of indicator solute molecule

will be determined by the criterion of modification in electronic transition probability of

the solute molecule. In a mixing of molecules of solvent A and B, the interactions amongst

unlike neighbors (UAB) and like neighbors UAA and UBB must be of the same average strength

and the longer-range interactions must be considered almost zero. If the intermolecular

forces are considered to be same between AA, AB and BB, i.e. UAB = UAA = UBB, then

the mixture is automatically known as ideal mixture. For an ideal behaved solvation, the

electronic transition probability of solute indicator in a binary solvent mixture is not only the

function of inductive and orientation polarizations of a particular solvent as earlier discussed,

but also depends on the mole fraction of solvent used in binary solvent system. Thus, the

sensitivity of a solute molecule depends linearly on the polarity of the binary solvent mixture
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where the mean strength of the interactions is the same between all the molecules of the

mixture, is expressed in term of energy of absorption, is given by

(1.6)
∆Eabs =

[
P
(

n2 − 1
2n2 + 2

)
+ R

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)]
XA

+

[
P
(

n2 − 1
2n2 + 2

)
+ R

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)]
XB

where P = (µ00)
2−(µii)

2

a3 and R = 2 ((µ00)−(µii))µii
a3 terms involved are discussed earlier. All terms

involved in equation have their usual meaning as already described. XA and XB are a mole

fraction of solvent A and B respectively. From this equation, it follows that in an ideal binary

solvent mixture, the variation of as a function of mole fraction of any component should

always be a linear dependence.

However, generally in most of the cases, the variation are not linear, which points toward

the existence of some specific/nonspecific interactions between both components of solvent

mixture. In other words, if the enthalpy of the mixture (or enthalpy of mixing) is nonzero,

the nonzero enthalpy turns the solution to a non-ideal behaved mixture. More formally, for

mingling of molecules of solvent A and B, the interactions amongst unlike neighbors (UAB)

must be different from average strength of like neighbors UAA and UBB. Additionally, the

dissimilar behavior of solvent A and B cause the expected deviation from the ideality. Hence,

the sensitivity of a solute molecule depends on the behavior of the binary solvent mixture

and also involved the average interaction strength between all the molecules of the mixture,

is expressed in term of energy of absorption, is given as

(1.7)

∆Eabs =

[
P
(

n2 − 1
2n2 + 2

)
+ R

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)]
XA

+

[
P
(

n2 − 1
2n2 + 2

)
+ R

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)]
XB

+

[
P
(

n2 − 1
2n2 + 2

)
+ R

(
ε − 1
ε + 2

− n2 − 1
n2 + 2

)]
XAB

All terms have their usual meaning as described earlier. XAB is the mole fraction of two

different interactive solvent pairs. From the above equation, the variation of ∆Eabs as a

function of mole fraction of any component of binary mixture may adopt a nonlinear nature.

This reflects that solvent-solvent interactions in binary solvent mixtures are the main major

factor based on the fact that one solvent component in a binary solvent mixture interacts with
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another component either by specific interactions such as hydrogen bonding or nonspecific

interactions. Such interactive solvent system or network alters the electronic structure and

dipole moment of solute indicator.

1.6 Type of Solvation
In spite of considerable study into the nature of solvent-solvent interactions in binary

solvent mixture at the molecular level, it still seems to be more intricate subject compared to

the pure solvent. In a pure solvent case, the composition of the microsphere of solvation of a

solute indicator called cybotactic region. However, the composition of the binary solvent

mixture in this microsphere can be expected more complex. The degree of solvent-solvent

interactions in solvent mixture may strongly or weakly affect the physical properties of a

solute molecule, and this effect is directly reflected in the modification of the microsphere

of solvation. Since, the solvatochromic solute indicator is used to study the solvent-solvent

interactions, and the electron transition energy of the solute indicator counts on the micro-

sphere of solvation composition and properties. Such a method is much more efficient to

probe the information about mixed solvent properties like polarity and hydrogen bonding

capabilities. The modification in solvent-solvent interactions by varying the composition of

mixture of neat solvent to microsphere of solvation of a solute is therefore categorized into

two parts.

1.6.1 Preferential Solvation
A prognostic description of solvation of solute indicator in solvent mixture is always

found challenging and more complicated. In addition, the interactions amongst unlike solvent

molecules play substantial role in the microsphere of solvation. This contributes to deviation

from the ideal behaviour as predicted by Raoult’s law of partial vapor pressure of the binary

solvent mixture. Hence, the physical properties of solvent mixture can exhibit adequate and

noticeable distinct when compared with their respective pure solvent components. From

investigations, in some cases, there is an excess of one solvent component, leading to an

inadequacy of the other solvent component in a binary solvent mixture in microsphere of

solvation shell relative to the bulk composition, or one solvent component solvates the solute

predominantly than the other. This is designated as “preferential solvation” or “selective

solvation” as shown in Fig. 1.4a. [23] This is generally accompanied by more negative entropy

of solvation.

Consider a solute molecule has some extent of similar characteristics to one component
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of a solvent mixture. In normal condition, a molecule requires (a) a cavity to fit inside the

mixed solvent atmosphere, (b) accommodating its configuration to have neighboring solvent

molecules, (c) organize around a solvation shell and (d) affect interactions between the

solvent molecules in its surroundings. The microscopic local environment of solute generates

inhomogeneity in a multi-component solvent mixture, which is generally described as (i)

specific solute/solvent interactions caused by hydrogen bonding (ii) nonspecific interaction

such as dielectric enrichment in the solvation shell of a solute molecule. Besides, the

redundancies and deficiencies of solvent molecules in a certain region of microsphere of

solvation around a given solute indicator can be distinguished by structure determination

methods such as X-ray or neutron diffraction, or the complete picture may be discerned by

molecular dynamic (MD) simulation.

Fig. 1.4

Schematic representation of (a) preferential and (b) synergistic solvation in binary solvent system.

1.6.2 Synergistic Solvation
The modification of free energy of a solute molecule in the vicinity of solvent molecules

is more chronic and cardinal problem in physical chemistry. As a result of most studies,

the characterization of several modes of interactions of pure solvent with a solute molecule

has been established, and the modifications in free energy of microscopic solvation shell

reveals a linear dependence on the parameters being involved in different modes. [91–95] It

has been cleared from studies that the solvent-solvent interactions play underlying role in the

collective process of solvation. Moreover, there may be some possibilities of distinction in

the characteristic of interactions of a solute molecule with two solvent components. These

sophisticated possibilities may lead to preferential solvation of the solute molecule where

the local composition of the solvation shell surrounding the solute molecule is distinct

from the average solvent composition. In other words, there are always some possibilities
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of a combined interaction of mixed solvent providing entirely distinct solvation, which is

recognized as “synergistic solvation” or “cooperative solvation”, as shown in Fig. 1.4b. The

objective of the latest researches is to study solute-solvent and solvent-solvent interactions

in a solution by mean of solute solubility. [91–95] Moreover, solvation in binary solvent

mixture attributes to non-ideal behavior and solvent-solvent interaction plays a critical and a

deterministic role in the solubility and the microscopic solvent structure situated around the

solute molecule. [95]

For an interactive solvent mixtures, probing specific/nonspecific interactions are decisive

for structural and dynamical aspects and also shed light on the nature of intermolecular

association, which has not been well characterized and brought as a subject of research

interest.

1.7 Overview of Alcohol-Chlorinated Methane Mixtures studies
The different binary solvent pairs of alcohols and chlorinated methanes have been widely

and exclusively discussed often many times in many literatures. It exhibits a distinct micro-

scopic environment in a solution resulting from specific interactions e.g. hydrogen bonding

or from nonspecific interaction, such as dipole-dipole, dipole-induced dipole interactions

leading to a unique property.

The nature of the environment and degree of associations in different solvent pairs has

been investigated into a large extend through various thermodynamic and spectroscopic

method. Singh et al. [96] determined the excess Gibbs free energy of mixing, GE values, and

excess enthaly of mixing, HE values, which have been obtained from the measured vapor

pressure of methanol-chloroform binary mixture. Additionally, the ideal associated model

has been found to be suitable approach to describe the general behavior of HE over the entire

range of chloroform mole fraction in methanol-chloroform binary mixture. According to

the analysis, the mixture has been characterized by the occurrence of different molecular

associative species in solution state. Since, Tkadlecova et al. [97] gave tetramerization model

and the reasonable agreement of this model accord with experiment data of 1H NMR and

the excess thermodynamic function of methanol-chloroform binary mixture and pointed

to the high degree of organization that results from the formation of associated species in

solution via H-bonding between acidic hydrogen in chloroform and the oxygen atom of

methanol. The excess viscosities of a mixture of chloroform with different alcohols were

measured at different temperature by Crabtree et al. [98] On the other hand, the endothermic

heat of mixing at region of large chloroform mole fraction has been explained by break-
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ing of hydrogen bonds between the alcohol molecules. Besides, in a low mole fraction

of chloroform, the exothermic heat of mixing is due to the formation of ROH-CHCl3 in-

teraction. Sameti et al. [99] and Orchilles et al. [100] determined the excess thermodynamic

parameters (the expansion coefficients ,and their excess values E, and isothermal coefficient

of pressure excess molar enthalpy) and isobaric vapor-liquid and liquid-liquid equilibrium for

alcohols-chlroform binary mixture. This study renders appropriate and reasonable agreement

between theory and experiment. Also, some experimental observations of NMR and IR

studies [101–103] in methanol-chlorinated methane solvent mixture were briefly discussed in

terms of the predominance of hydrogen-bonded cluster or association of methanol molecules

with chlorinated methane molecules. Interestingly, the estimated value of reorientation relax-

ation time and dispersion amplitudes in methanol-tetrachloromethane mixture indicates the

strong hydrogen bonding interaction between the methanol molecules persisting even at low

concentration of methanol, which were studied by dielectric relaxation spectra. [104] Similarly,

the ultrafast infrared pump probe spectroscopy has been used to study hydroxyl stretch

spectral diffusion, hydrogen bond dissociation, reformation, and vibrational relaxation in a

mixed solution of methanol-h and methanol-d in CCl4 by Fayer and coworkers. [105–107] The

observed dynamics have been compared with the predictions of dielectric continuum theory.

The direct relaxation of a vibrationally excited -OH stretch into H-bond stretch is responsible

for H-bond breaking. From this study, it identified that both direct and indirect mechanisms

for the H-bond dissociation give significant pathways for H-bond breaking and, as well as,

both mechanisms take place after vibrational relaxation of the initially excited hydroxyl

stretch. Also, it is clarified that the variety of H-bond breaking and reformation processes and

time scales, which provides a significant understanding of the nature of molecular motion

and couplings caused the H-bond breaking and reformation. Besides, the fluorescence dy-

namics of styrylthiazoloquinoxaline (STQ) in methanol-dichloromethane mixture shows an

anomalous feature of an increasing fluorescence lifetime and silently points to the interaction

between methanol and dichloromethane solvent molecules. Moreover, the solvent exchange

model suggests changes in solvent composition around dye in the excited state study. [108]

The carbon 1s photoelectron spectroscopy has been used to confirm the formation of mixed

methanol-chloroform cluster in adiabatic expansion of the mixture azeotrope. [109] Lately,

Bhattacharyya et al. [110] observed the thermal-lens signals as a function of relative propor-

tions of binary solvent mixtures and suggested its dependence on the extent of interaction

between different molecules present in a solvent mixture.
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Additionally, a lot of work has also been carried out using simulation studies [109,111,112]

and ab-initio calculations. [103,113] Kessler and coworkers, [111] on the basis of molecular

dynamic simulations comfirmed molecular clustering effect or association in the methanol-

chloroform solvent mixture. They also certified that such a mixture preferentially solvates

the hydrophilic and hydrophobic parts of ampiphilic solutes. Durov et al. [113] figured out the

excess thermo-dynamic functions and dielectric permittivity of methanol-chloroform mixture

in the frame of the quasichemical model of non-ideal association solution and procreated

the physicochemcial properties of the mixture to an extact precision. The framework of

this model, based on supramolecular aggregate formation, suggested that deviation from

ideality is preponderantly due to parallel orientation of dipoles in the methanol aggregates

and in the complexes with chloroform. Bloch et al. [112] verified two simulation models and

probed the structure and dynamics of methanol-carbon tetrachloride mixtures. These models

were efficient to reproduce the experimental observation of a maximum in the rotational

correlation time. The slow rotations at an intermediate methanol concentration led to an

increase in the average lifetime of H-bonds which indicates the enhancement in H-bond

strength inducing loose connection or network to the structure of the H-bonded liquid.

1.8 Objective of Work
Alcohols have its own importance in many chemical and biological systems and, in

turn, their behaviour gives insight into H-bonding dynamics as found in water. A series

of experiments [105–107] have been preformed lately to investigate the characteristics of the

hydrogen bond network in the range of different systems, nevertheless, some of important

features, like how the directionality or rotational mechanism of hydrogen bonds in liquid

media remain elusive.

The following chapter will shed light on the nature of intermolecular interaction of

different interacting solvent mixtures, which has not been characterized before and persisted

as a subject of interest in this thesis. Exclusive role of syergistic solvation in deciding the

fate of physical and the subsequent photochemical processes will be dicussed thoroughly

throughout this thesis.

•
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This chapter drafts the experimental and analytical methods which have been used in

carrying out the research work presented in this thesis. I will mainly focus to describe the

fundamental theory, basic principles and the instrumental details of time resolved spectro-

scopic technique namely millisecond flash photolysis, time correlated single photon counting

(TCSPC) and transient absorption. In this chapter, an analytical model for 1H NMR mea-

surements and different solvent exchange models are also discussed in detail.

•
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2.1 Experimental Methodologies
2.1.1 Steady State Measurements

The steady state absorption spectra of solvatochromic dye in pure and mixed solvents

were recorded in Schimadzu 2450 spectrophotometer. Steady state emission spectra were

recorded in Shimadzu RF5301, FluoroLog 3-21, Jobin Yvon, and Fluoromax-4, Jobin

Yvon spectrofluorimeter. The proton NMR spectra of all liquid samples were recorded by

commercial spectrometer (JEOL ECX-500, Japan) operating at 500MHz. Tetramethylsilane

was used as reference.

2.1.2 Time Resolved Spectroscopic Techniques
Time resolved spectroscopy (TRS) is the most exceptional physical method to study the

dynamic processes in chemical substance or materials by means of spectroscopic techniques.

In essence, the TRS techniques can be applied to map any physical or chemical process

that leads to a change in properties of a sample. With the help of appropriate laser source,

it is possible to trace distinct processes that occur in different time scales as femto to

millisecond region. There are several TRS techniques such as millisecond flash photolysis,

time-correlated single photon counting (TCSPC), fluorescence up-conversion, Streak camera,

and transient absorption that can be used to monitor for different physical or photochemical

ultrashort processes. These all TRS techniques often work at different time resolutions, time

window and sensitivity. For a case, TCSPC has the time-resolution of the order of some

few picoseconds (ps) to microsecond, Streak camera has the time-resolution of ∼ 1− 5

picoseconds (ps), fluorescence up-conversion and transient absorption has the similar order

of time resolution i.e. the order of hundreds of femtoseconds (fs) which depends on type

pulse laser used. For the present work, I have used millisecond flash photolysis, TCSPC and

transient absorption technique.

(a) Millisecond Flash-Photolysis Measurements
In 1967, the Nobel Prize in chemistry was shared amongst Manfred Eigen, Ronald

George, George Porter and Wreyford Norrish for their co-discovery of Flash Photolysis.

Flash Photolysis is a time-resolved technique in which an absorption change is measured

in response to an intense pulse of radiation, and used extensively to study photochemical

processes that occur extremely straightaway. [114–117] It is the one of the most effective

methods for studying by direct measurement the reactions of transient species, excited

states or ions, in chemical and biological systems. Recently, flash photolysis has been
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used progressively in the field of bioinorganic reaction mechanisms, such as, studies on

electron transport in cytochromes or ligand binding by haem containing proteins. [118–120]

More contemporary approaches demanding the flash photolysis technique have indulged in

the studies on the conformational changes of functional proteins that occur during the mean

of their activity. [121] The instrumental methodology of flash photolysis is very simple. A

short pulse of radiation is used to interact with a sample that has been placed in the optical

path of a detector. As a result of such light-matter interaction can be either a transient

absorption or an emission process. The changes in detector signal occur following excitation

source may be caused by variety of processes such as electronic excitation producing a triplet

state, cleavage of a molecule producing radicals, electron transfer, molecular rearrangement

etc.

In our setup, the rate constant of first order transient specie was measured by millisecond

flash-photolysis setup in Fig. 2.1. The time dependent absorbance of sample is a quantitative

measured by millisecond flash-photolysis setup and expressed in term of logarithmic ratio

between laser intensity before and after flashing through a sample

Fig. 2.1

A schematic representation of millisecond photolysis setup.

(2.1)Aλ (t) = log
[

I0

I(t)

]
where, Aλ (t) is time dependent absorbance at a certain wavelength beam (λ ) and recorded at

every 50 millisecond time intervals. I0 and I(t) are intensity of laser light measured before

and after flashing through sample. Although, the time dependent absorbance decay, Aλ (t),

was fitted by first order rate formula
(2.2)Aλ (t) = A0exp(−kt)
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(a.i) Millisecond Flash Photolysis Setup
In millisecond flash-photolysis setup, the sample was excited by flash using digital flash

(Nissin Digital, Mark II Di622) and flash timing was controlled by using 5 volt electrical

relay (Ningbo Tianbo ganglian electronics Co. Ltd), and voltage is supplied by National

Instrument data card (NI USB-6008). The laser produces 532 nm continuous green light of

power 5 mW, purchased from Shanghai Dream Laser Technology Co. Ltd (SDL-532-LN-

002T). The fundamental 532 nm continuous beam was employed to measure the change in

samples which were excited by flash light and the laser spot size was taken approximately 1

mm. To avoid higher power, the power of green laser was reduced to 50 µW by introducing

variable circular neutral density filter before the sample holder, and sample was placed in a

quartz corvette of path length 5 mm and continuous stirred by magnetic stirrer (2 ML, Remi

Laboratory Instruments, India). The absorbance change in the sample has been recorded by

Fujitsu FIDO8T13TX silicon photodiode (Japan) and this recorded signal has been amplified

by using combination of 9014B silicon NPN epitaxial transistor and 500 ohm resistance,

and further transferred this amplified signals to data card, where it communicates with lab

view programming. The concentration of sample has been maintained at 5x10−4 M and all

measurements were performed at 300 K.

•
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(b) Time Correlated Single Photon Counting (TCSPC) Measurement
At the most of occasions, the time resolved measurements are commonly performed

by using time correlated single-photon counting method to examine the relaxation process

of molecules from an excited state to a lower energy state. Importantly, TCSPC method

functions on simple principle of detection of a single photon followed by excitation pulse

and measuring its arrival time with respect to a reference pulse. Since, it is well known that

fluorescent sample emit photons at different times followed by their excitation pulse. Hence,

the general methodology basically laid on the probability distribution of a single fluorescent

photon after an excitation instance occur the actual intensity against time distribution of all the

photons emitted as a consequence of the excitation. By accumulating the single fluorescent

photon at larger extent followed by each excitation pulses, the experiment reconstructs

actually probability distribution profile.

(b.i) Time Correlated Single Photon Counting (TCSPC) Setup
This technique examines the first emitted photon from the fluorescent sample is being

monitored with respect to the pulse exciting the fluorescent sample molecule. [122–126] To

examine such measurement, the samples were excited by high repetition rate low intensity

picosecond diode laser or nano LED excitation source. A schematic diagram of TCSPC

setup is represented in Fig. 2.2. In this setup, a trigger pulse initiates from the diode laser

or nano LED synchronous with excitation laser pulse is utilized as a start pulse in TAC

(time to amplitude converter) to produce a voltage ramp, which increases linearly against

time. The emitted radiation from the sample is collected by an optical filter and the collected

fluorescence signal is dispersed to the monochromator. The selected fluorescence transient

is detected at magic angle polarization (i.e. 54.7°) from vertical excitation polarization

employing micro-channel plate photomultiplier tube (MCP-PMT). The final outcome of the

PMT is utilized as stop pulse to the TAC after going through constant faction discriminator

(CFD), which accurately monitors the arrival time of pulse. The TAC produces voltage

which is linearly proportional to the time difference between the excitation of the sample

and detected photon. Later, this voltage is amplified and converted to numerical value using

programmable gain amplifier (PGA) and analog-to-digital convertor (ADC), respectively.

Repeating this process many times and by continuing detection of fluorescence event lower

compare to the number of excitation pulses (2% or less), the fluorescent decay profile of the

sample is constructed. This decay profiles are best fitted by deconvolution method using

commercial softwares such as DAS6 and FAST. To estimation the lamp profile, we use a
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scattering solution (Ludox) in place of the sample.

Fig. 2.2

A schematic representation of time correlated single photon counting (TCSPC) setup.

The prime role of CFD is intended to evaluate the exact arrival time of photoelectron

pulse with precise resolution time. It is the most obligatory component which faces with

photoelectron pulse. Generally, CFD is used to reduce the time jitter grew from the amplitude

jitter, detected by the PMT. To achieve minimum pulse amplitude in the arrival time of

the signal, CFD eliminates the pulses which has lower amplitude than a given threshold

(voltage) and allows filtering through only those pulses with higher amplitude for next signal

processing. Further, it splits the incoming pulse into two parts; first one third part of the pulse

is inverted and the rest part is delayed by the half of the pulse width. In subsequent step, the

time jitter is minimized dramatically at crossing point where above two parts is recombined.

Since the time jitter has been reduced by using the CFD, the photoelectron pulse is further

encountered with time to amplitude convertor (TAC), which is a most substantive part of

TCSPC. The exclusive function of TAC is to produce the voltage ramp by charging the

capacitor inside TAC is linearly proportional to the time difference between the excitation

and first arriving of photon event. As the start pulse (first arriving photon event pulse) hits

to the TAC, the capacitor inside TAC starts creating to voltage charge from 0 to 10 volts

over an order of picosecond to microsecond time scale and stopped by the stop pulse. The
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TAC voltage starts increasing linearly with time perfectly depends on the arrival time of

the stop pulse. At that moment, the increment in voltage is being stopped, the final voltage

inside the TAC is linearly proportional to the time difference between the excitation and the

fluorescent photon event. The resultant pulse of TAC can further be amplified and converted

to numerical value using programmable gain amplifier (PGA) and analog-to-digital convertor

(ADC), respectively. Multichannel analyzer (MCA) now assesses the voltage signal from

the TAC and modified it according to the counts at each particular voltage (time); and hence

place into different time bins in the MCA. The width of the time bins (i.e. time per channel)

is the ratio of the full time-range of the TAC and the number of channels in MCA decided

by the resolution of ADC. In the present study, we have made all measurement through two

commercial TCSPC setups, Life Spec II from Edinburgh Instruments, UK and FluoroLog

3-21 fom Jobin Yvon, USA.

(b.ii) Method of Data Processing
In general, the average decay time is much larger compared to that of excitation pulse, the

excitation event may be ascribed as a δ function. For some instance, if the excitation pulse is

larger compared to decay time, the measured data may resolved from the actual fluorescence

response owing to a finite decay time of the pump pulse, response time of the photomultiplier

tube along with associated electronic devices. However, the measured fluorescence decay

profile by the TCSPC system is a convolution of the fluorescence from the molecule and the

instrument response function. In order to retrieve actual fluorescence lifetime from measured

fluorescence lifetime decay, it is most important to deconvolute the measured data collected

during the experiment. The measured fluorescence decay is mathematically expressed in

term of convolution integral part fluorescence intensity F(t) at any time t, [122–125]

(2.3)F(t) =
∫ t

0
I(t ′)P(t − t ′)dt ′

where, I(t ′) is the intensity of the exciting light at time t ′ and P(t − t ′) is the response

function of the experimental system. t ′ denotes variable time delays (channel numbers)

of infinitesimally small time-widths, dt ′ (channel widths). For single exponential decays,

P(t − t ′) can be written as P(t − t ′) = exp[−(t − t ′)/τ]. Hence, the observed fluorescence

decay F(t) in equation (3) reformulates as, [122–125]

(2.4)F(t) = exp(−t/τ)
∫ t

0
I(t ′)exp(−t ′/τ)dt ′
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Here, I(t ′) is the instrument response function, which are measured experimentally by

fluorescence decays of sample and Rayleigh scattering from a LUDOX solution in water,

respectively.

The methodology of deconvolution analysis is basically based on an iterative least square

regenerative convolution method. [122–127] An excitation pulse profile (i.e., IRF) and fluores-

cence lifetime decay are both measured experimentally. On other side, the deconvolution

analysis starts combining IRF and a projected decay to develop a new reconvoluted function.

Now, newly developed function is fitted over the experimentally obtained fluorescence data

and the difference is summed, producing the χ2 function for the fit. The procedure of

deconvolution continues via a series of such iterations until a significant change in χ2 obtains

between two successive iterations. χ2 tells preference of fitting and can be expressed as

(2.5)χ
2 =

n

∑
j=1

1
σ2

j
[F(t j)− Fp(t j)]

2

where, F(t j) and Fp(t j) are respectively the measured and projected data at different time-

points. n is the number of data points or channels utilized in a particular analysis and σ j is

the standard deviation of each data point, which is the square root of the number of photon

counts since TCSPC operates on Poisson statistics, i.e. σ j = [N(t j)]
1
2 .

Ordinarily, the quality of fit is estimated by measuring the reduced χ2, the plot of the

weighted residuals and the autocorrelation function of residuals. The reduced χ2 is explained

following as

(2.6)
χ

2
r =

χ2

n − p

=
χ2

v

Here, n, p and v = n− p are respectively the number of data points, floating parameters and

the number of degree of freedom.

It is most essential to take care the fitting of multi-exponential function, particularly

where the difference between lamp and decay profile is comparatively small. The different

multi-exponential functions require unless the data quality of fitting will satisfactory not

improve. The large number of multi-exponential terms gets significant meaning only when

fitting is inappropriate with fewer numbers. Therefore, there is certain some probability of

reaching to a local minimum during deconvolution procedure.

•
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(c) Femtosecond Transient Absorption Spectroscopy
Transient absorption (TA) spectroscopy is one of most distinguished pump-probe tech-

nique in ultrashort time domains which probes the ultrafast dynamics of photo-chemical

and photo-physical phenomena. [128–137] It is a very sensitive spectroscopic technique for

investigating the time evolution of energetic states and the lifetimes of short-lived interme-

diates by detecting the time dependent transient absorption responses. [136,137] The basic

methodology of TA spectroscopy adopts the fundamental idea of flash photolysis technique

since the introduction of ultrafast laser source. The technical principles of TA are essentially

identical though more much sensitive compare to flash photolysis in order to carry out

experiments with higher time resolution. By applying pulse width of approx. 100 fs, it

is possible to capture most of the ultrafast dynamics owning in the excited states such as

internal conversion, intramolecular vibrational relaxation, intersystem crossing, excited state

reactions like charge transfer, proton transfer, and also many other processes occurring to

reactive pathways.

Fig. 2.3

A schematic illustration of the transient absorption spectroscopy principle.

A schematic diagram of TA presents in Fig. 2.3. In Fig. 2.3, the TA techniques involves

two ultrashort laser pulses, where first monochromatic strong pump pulse (Ipump) which

is used here to resonant the photochemical reaction, however, a weak probe pulse (broad

or monochromatic, Iprobe) employ to examine such photo processes. In brief, the pump

pulse induces an electronic or vibrational transition in the photo-system of interest as passes

through a sample solution. Therefore, the pump pulse triggers transition in molecules to their
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higher energy levels by vertical Franck-Condon transition and the strength of the transition

indeed depends on the strength of pump power and absorption cross-section of molecules.

On the contrary, the probe pulse goes through the same intersection volume of liquid sample,

where pump pulse was being focused, after a different particular time (t) with respect to

pump pulse. The absorption intensities of the probe pulse with and without pump pulse

(Ipump
probe & I0

probe) are measured for each particular delay time between the pump and the probe

pulses. In this manner, the difference absorption spectra, △A(λ , t) is computed to monitor

the signal related to the energetic states and the evolution of product states. [136]

(2.7)△A = log

[
I0
probe

Ipump
probe

]

Fig. 2.4

The distribution of various processes involved in difference absorption spectrum: ground state bleach-

ing (GSB), excited state absorption (ESA), stimulated emission (SE), and product state absorption

(PA).

In case of broad probe pulse, the obtained △A(λ , t) is quite straightforward by dispersing

the white light continuum onto a Charge-Coupled Devices (CCD). Upon energetic pulse

excitation, there is various types of photo-processes occurred in system. However, the

possibilities to underlie susceptible processes depend on the nature of the molecular system.

Hence, the contributions of different photo-processes in TA spectra (Fig. 2.4) are discussed

briefly below.

1. Ground State Bleaching or Depopulation signal



28 Experimental Methodologies & Analytical Models

By means of a ultrashort pump pulse, a fraction of the molecular population within

the excitation volume has been pushed to excited states and thus, the population in

ground state is reduced. Therefore, only small molecular population will absorb the

probe light and rest will be just transmitted through it. In such manner, the amount of

probe light arrive at CCD and will be found more in the case of pump on compared to

pump off and consequently calculated absorption difference will be obtained negative

in the wavelength region see in Fig. 2.4.

2. Stimulated Emission
For a two level molecular system, the electronic transitions are bound between two

energy states, where Einstein coefficients for absorption phenomenon originate from

ground state to excited state denotes as A12 and whereas stimulated emission from the

excited state (A21) are identical almost. The process of stimulated emission is possible

only once transitions are optically feasible, and probe light of particular frequency

exposes to the sample while molecule stays in excited state. Additionally, the spectra

profile of stimulated emission is similar to the steady state fluorescence spectrum of the

chromophore molecule and it shifts to the ground state, termed as stokes shift. In other

words, a photon of particular frequency from the probe pulse stimulates emission of

another photon from the excited molecular state and forces to back molecular ground

state. Under induced process, a new photon is produced which follows same direction

as that of probe photon and finally both will be detected. Thus stimulated emission

contributes in increased light intensity on the CCD, corresponding to a negative △A

response, see in Fig. 2.4. Under specific circumstance, the stokes shift might have a

possibility to be so little that the stimulated emission band spectrally convergences

with the ground state bleaching process and emerge efficiently as a single band.

3. Excited state Absorption
Upon photo-excitation of pump pulse, the molecules are promoted to excited states,

and occur only if transitions are feasibly allowed in certain wavelength regions, and

subsequently absorption of the probe pulse in particular wavelength region will cause

another transition. Therefore, the intensity of the probe pulse in these particular

wavelength regions is comparable higher on pump off situation rather in pump on and

consequently a positive response in the △A is observed in the wavelength region of

the excited state absorption.

4. Product Absorption
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By introduction of a pump pulse, photo-reaction after pulse excitation of sample

may occur that leads in the generation of a transient or some long lived intermediate

species in higher excited state such as charge transfer species, proton transfer species,

isomerisation and triplet state species etc. The absorption of such intermediate species

is displayed positive response in the △A spectrum.

(c.i) Artifacts in Femtosecond Transient Absorption Spectroscopy
Most of the troublesome appears during the femtosecond transient absorption experiment

are those originating from the sample cells. Those possible undesired signals or artifacts

might result ambiguously in femtosecond transient absorption data. The most significant

reason of their appearance follows, [136,137]

1. Introduction of ultrashort pulses train (less than 100 fs) which prompt extremely high

pump power density, which easily triggers two photon absorption (TPA) and stimulated

Raman amplication (SRA).

2. Usage of a spectrally broad probe pulse, the ordinarily white light continuum in a wide

range (i.e., 300–1100 nm), which mutually temporal chirp in the continuum and high

pulse intensities unintentionally supplies worthy conditions for efficient cross-phase

modulation.

3. The sensitivity of detecting device may obscure undesired signal of relative low

intensity become comparable with weak transient responses.

It is noteworthy that undesired responses are potential to be prompt both in the liquid state

studied and also common in fused silica cell sample windows.

(c.ii) Transient Absorption Setup
The amplified pulsed light used for the propose of transient absorption (TA) experiments

irradiated from a Ti:sapphire regenerative amplifier (Spectra Physics, Spitfire Pro XP) pro-

ducing 50 fs pulse trains, centred at 800 nm, at a 1 kHz repetition rate with energy of 4 mJ

per pulse. The generation of amplified pulse has been accomplished by introducing seed

laser i.e. a mode locked oscillator (Spectra Physics, Mai Tai SP) and a 20 W Q-switched

Nd:YLF Laser (Spectra Physics, Empower) is here used to pump the Ti:sapphire regenerative

amplifier. A schematic illustration of our transient absorption setup is shown in Fig. 2.5.

The fundamental amplified pulse was directed to the setup by some series of mirrors ‘MA1’

and ‘MA2’ and was divided into two part by introduction of a beam splitter ‘MA4’ with large

fraction being used to produce the pump pulse, whereas, remained part was employed to
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Fig. 2.5

Schematic depiction of a femtosecond transient absorption (FTA) setup in our laboratory.
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probe the sample. Majority of the photochemical and photophysical processes in molecular

systems were controlled by exposing light in the UV-vis region, therefore, in reality the

frequency doubling or tripling of the fundamental pulse light has been essentially demanded.

The process of frequency doubling was achieved by using a 0.2 mm BBO crystal (BBOB1),

and in next step, the fundamental (800 nm) and the second order harmonic beam light (400

nm) were fetched collinearly in another 0.2 mm BBO crystal (BBOB2) to produce third

harmonic light (266 nm). To generate third harmonic light successfully, it was in principle

required a temporal overlap between the 800 nm and 400 nm light, 800 nm light was de-

layed in time by introduction of CaF2 crystal (RPB1). Subsequently, the 2nd and 3rd order

harmonic light beam are further handled by some sets of mirrors ‘MA7’ and ‘MA8’. The

remaining proportion of fundamental pulse light was let to pass through a window ‘W1’ in

the FemtoFrame-II and fell onto the retro-reflector ‘RR’ through use of mirrors ‘MC1’ and

‘MC2’ and intensity of light was controlled by iris ‘DC1’. The retro-reflector is hold onto a

computer controlled motorized translation stage, which can control the time of arrival of

probe pulses relative to pump pulses onto the sample cell. The reflected light beam from the

retro-reflector is focused onto the beam splitter ‘BSC1’ by use of mirrors ‘MC3’ and ‘MC4’.

The large proportion of light passes through the beam splitter and traverses through a variable

linear neutral density filter ‘FC1’, an iris ‘DC2’. After lens ‘LC1’, light is focused onto the

0.3 mm sapphire crystal plate where it generates the white light continuum. The generation

of white light continuum is optimized by controlling the neutral density filter ‘FC1’, an iris

‘DC2’. The remaining part of beam from the beam splitter ‘BSC1’ is permitted to reach a

photodiode ‘PDC1’placed just behind the ‘BSC1’. The wide spectral bandwidth (450 to 770

nm) of white light continuum originated from the sapphire crystal plate is reflected by using

a series of mirrors from ‘MC5’ to ‘MC9’ onto a concave mirror ‘MC10’ mediated by two

dielectric notch filters ‘D fC1’ and ‘D fC2’ and the white light intensity is controlled by an

iris ‘DC3’. The main propose of dielectric notch filters are get rid of the fundamental part of

light from the white light continuum. The concave mirror ‘MC10’ is being used to incline the

probe white light continuum into the optical fibre cable by using a plane mirror ‘MC11’ and a

small focal length lens ‘FC3’. The intensity of white light continuum after mirror ‘MC11’ is

controlled by a variable circular neutral density filter. The intensity of white continuum light

is further passed by a diffraction grating onto a multichannel charged coupled device (CCD).

On another side, 2nd or 3rd order harmonic part of pump light bean from the JANOS tripler

are focused inside the FemtoFrame–II by use of mirror ‘MA7’ or ‘MA8’ through a window
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‘W2’. The pump beam again passes through electronically controlled chopper ‘CH’, a 50 cm

focal length lens ‘LC2’, a half waveplate ‘HWPC1’, a rotatable circular neutral density filter

‘FC2’ and an iris ‘DC4’ onto the mirror ‘MC12’. The mirror ‘MC12’ reflects the pump beam

into the sample cell keeping a small angle of divergence with respect to probe light beam.

After passing through sample cell, the pump beam is ceased by using metallic blocker. The

alignment of the pump and the probe beams is keeping in such a manner to provide a spatial

and a temporal overlaps between the two pulses with the observation volume. The repetition

rate of pump pulse is reduced by used electronically controlled chopper and its rotations

are synchronized with the photodiode placed behind the beam splitter in the path of probe.

The spectral and temporal data is recorded by charge-coupled device (CCD) which is also

synchronized by the photodiode. The half waveplate is intended to control the pump pulse

polarization relative to the probe pulse and for the present experiments is set at 54.7° (magic

angle) to avoid any contribution from the rotational diffusion of the molecules. The beam

waist of the pump light beam is generally taken larger than that of the probe light, observed

data is recorded in FemtoFrame 2.4.6 software based on LabVeiw and also such experiments

are performed with pump energy of approx. 1 µJ. At end, the recorded data is analyzed by

using Femtosuite software.

•
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2.2 Analytical Models
The basic idea of evolution of analytical models is used to calculate the distinct mutual

properties of the binary solvent mixture (such as solvation nature and interaction pattern or

strength) which may not be possible to evidently figure out from physical or spectroscopic

measurements. This way all the molecular level information about the binary solvent mixture

can be substantially squeeze out from the experiments data. In this part the fundamentals of

these analytical models are discussed in more detail.

2.2.1 Proton-NMR Study of Protonated AH-BH Solvent Mixture
To furnish a deeper and more relevant understanding about the microscopic structure of

binary solvent mixture, proton-nuclear magnetic resonance (1H-NMR) measurements were

performed. There is certainly a kind of interaction persisting between molecules of different

solvents which is distinct than the intra-molecular interactions leading to the deviation from

ideality. In protonated AH-BH binary mixture, the solvent molecules interact through the

formation of hydrogen bonding network and therefore as the proportion of either of the

components is changed, the local electronic cloud around the hydrogen bonded hydrogen

atoms of each solvent feels intermolecular forces/attractions and was directly observed as

a change in the chemical shift. This change in chemical shift of proton of AH and BH

in the binary mixture supplies a direct evidence of two solvent (AH and BH) network

formation. The nature of network between AH and BH molecules is explained by proposing

the following models. [138]

(a) Model for AH Proton in AH-BH Solvent Mixture
The observed chemical shift (δobs) of AH proton in binary mixture was found shifted

toward either the up-field or down-field region with increase in proportion of BH solvent

concentration. In case of pure AH, the AH molecules exist as self-aggregate. It is assumed

that the increasing the proportion of BH solvent in the binary mixture results in the loss of

self-association of AH molecules and leads to the formation of H-bond between AH and BH.

In AH-BH binary mixture, the observed chemical shift of AH proton is brought as a linear

combination of chemical shift of self-associated AH molecules (δAA) and chemical shift of

AH proton hydrogen-bonded to BH (δAB) and can be formulated as

(2.8)δobs =
X I

AA
XA

δ
AA +

X I
AB

XA
δ

AB
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Here, X I
AA, X I

AB and are portion of AH self-aggregated, fraction of AH interacted to BH. XA

is total mole fraction of AH in the mixture (XA = X I
AA +X I

AB). At highest concentration of

AH, i.e. when XA → 1,

(2.9)lim
XA →1

δobs ≡ δ
AA

At infinite dilution condition (XA → 0), AH molecules solely interact with the surrounding

BH molecules through the hydrogen bonding network in the binary mixture. In this regime,

the observed chemical shift of AH proton is therefore equal to that of AH interacted to BH

molecules.

(2.10)lim
XA →1

δobs ≡ δ
AB

Now, the equation could be reformulated as

(2.11)δobs = δ
AB +

X I
AA

XA
(δAA − δAB)

Substituting X I
AA

XA
by a normalized fitting function as given below

(2.12)
X I

AA
XA

=
[−a1exp(−b1XA)− a2exp(−b2XA) + a1 + a2]

[−a1exp(−b1)− a2exp(−b2) + a1 + a2]

The corresponding chemical shift of AH solvent proton 1H-NMR data set in AH-BH mixture

is fitted to obtain the unknown parameters a1, a2, b1, b2 and δ AB. By substituting the value

of fitting parameters in equation 2.12, we calculate the portion of AH interacted to AH in

binary mixture of the particular concentration. Consecutively, the portion of AH interacted

to BH has been calculated from the following equation

(2.13)X I
AB = X I

AA − XA

(b) Model for BH Proton in AH-BH Solvent Mixture
In the same set of binary mixture, there is not only a shift in the chemical shift position

of AH proton but also the position of BH proton is also getting influenced. It is found that

the observed chemical shift (δobs) of BH proton in binary solvent mixture is shifted toward

either up-field or downfield region with decreasing BH proportion. Increasing he proportion

of AH induces the self-aggregation of BH molecules to minimize and the interactions with

the added AH molecules to initiate, resulting in the shielding or deshielding of BH proton.

The theory to describe this model is based on the same model proposed earlier for AH proton
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and the terms have their usual meanings. The main equation relating the observed NMR

chemical shift values with the chemical shift values of BH-BH self-aggregated and AH-BH

interactions is

(2.14)δobs =
X I

BB
XB

δ
BB +

X I
BA

XB
δ

BA

where, X I
BB and X I

BA are portion of BH self-aggregated, fraction of BH interacted to AH. XB

is total mole fraction of BH in the mixture (XB = X I
BB +X I

BA). The equation 2.14 is rewritten

again following as

(2.15)δobs = δ
BA +

XBB
I

XB
(δBB − δBA)

The equation 2.15 is used to fit the observed chemical shift (δobs) of BH proton data in

binary solvent mixture. Using equation X I
BA = X I

BB −XB, by substituting the value of X I
BB

corresponding to every mole fraction of BH, calculate the portion of BH at which strongest

interaction between BH and AH molecules exist.

On the basis of the above analysis, it is proposed that in a binary mixture of AH-BH, AH

molecule is associated with BH molecules through hydrogen bonding. The total interaction

may be simply calculated by summing both interactive terms X I
AB and X I

BA as

(2.16)X I
tot = X I

AB + X I
BA

A plot X I
tot against mole function any solvent depicts corresponding to strongest hydrogen

bond networking in the AH-BH binary mixture. Additionally, the ratio between maximum

position of both X I
AB and X I

BA is represented in terms of relative aggregation of AH with BH

and BH with AH and it turns out to be an extended hydrogen bond network is being present

between AH and BH and also easy to explain the stoichiometric proportion of two solvents

involved in interactions.

•
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2.2.2 Solvent Exchange Model for AH-BH Binary Solvent Mixture
To build this model, we brought some essential ingredient from the 1H NMR as evident

from the stoichiometric ratio between two AH and BH solvent in binary solvent mixture.

The basic idea of such models have been used to develop a correlation between the nature

of solvation sphere around the solvatochromatic indicator and transition energy (ET ) of

that in AH-BH solvent mixture. All solvation exchange models discuss here consider

that the transition energy (ET ) of a solvatochromic indicator is mean or average transition

energies in the mixed solvents that compile the solvation microsphere of the solvatochromatic

indicator. [138–142]

(a) Solvent Exchange Model 1
The solvent exchange model assumes solvent exchange (1:1) equilibrium prevails between

solvent AH (A) and solvent BH (B) which produces the hydrogen bonded complex specie

between A and B (i.e. AB). The proposed equilibrium of 1:1 complex species can be written

as

(2.17)A + B � 2AB

Equilibrium constant for this process,

(2.18)k =
X2

AB
XAXB

where, XAB, XA and XB are respective mole fraction of the solvent aggregate, pure solvent

AH and BH. These are related to the mole fractions of the mixed solvent (X0
A), (X0

B) as

(2.19)X0
A = XA +

XAB

2

(2.20)X0
B = XB +

XAB

2

and

(2.21)X0
A + X0

B = XA + XB + XAB
= 1

By using above equation, we reformulate equation 2.18 in the quadratic form as

(2.22)X2
AB

(
(4 − k)

4

)
+ XAB

(
k
2

)
+ X0

B(X
0
B − 1)k = 0
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The final solution of quadratic form is given as

(2.23)XAB = α −
√

α2 + 4αX0
B(X

0
B − 1)

here, α =
(4−k

4

)
Consider, any solvatochromic molecule (P) dissolves in the mixture then the molar

transition energy (ET ) of the solvatochromic probe is being effected by all three entities pure

solvent AH (A), solvent BH (B) and the hydrogen bonded complex specie between A and B

(i.e. AB). The total molar transition energy can be formulated in binary mixture as

(2.24)ET =
ETAXS

A + ET BXS
B + ETABXS

AB

XS
A + XS

B + XS
AB

where, XS
AB, XS

A and XS
B are mole fraction of the solvent aggregate, pure solvent A, and B in the

solvation sphere of the probe molecule, respectively and also assumed as XS
A +XS

B +XS
AB = 1,

ETA, ET B and ETAB are the transition energies of solvatochromic probe molecule in pure

solvent A, B and solvent aggregate AB. Now, equation 2.24 is rewritten as

(2.25)ET = ETA +
(ET B − ETA)XS

B + (ETAB − ETA)XS
AB

XS
A + XS

B + XS
AB

Hence, there are two possible solvent exchange processes in the solvation sphere, determined

as

(2.26)P(A) + B � P(B) + A

(2.27)P(A) + AB � P(AB) + A

The equilibrium constants of the above process can be written as

(2.28)fB/A =
XS

B/XS
A

X0
B/X0

A

(2.29)fAB/A =
XS

AB/XS
A

X0
AB/X0

A

where, all terms are of their usual meaning. This is to note that fB/A is a measure of the

probe to be more preferentially solvated by BH solvent to AH, while fAB/A quantified the

efficacy of the indicator to be synergistically solvated by solvent aggregate rather than the

pure solvent components. In this case, ET of mixed solvent system can be expressed as

(2.30)ET = ETA +
aX0

B + cXAB

1 + bX0
B + dXAB
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(2.31)a = (ET B − ETA) fB/A

where,

(2.32)b = fB/A − 1

(2.33)c = (ETAB − ETA) fAB/A −
(ET B − ETA) fB/A

2

(2.34)d = fAB/A −
fB/A + 1

2

Equation 2.30 has been brought under limitation by the choice of equilibrium constant k. The

sensitivity of ET is controlled by pure solvent AH, BH, and mixed solvent structure in the

microsphere solvation shell. Finally, a direct estimation of k from the ET value of mixture

solvent system is problematic. The estimation of both parameters (k and fAB/A) at same time

is extremely dangerous and may generate error in results.

If we consider formation of AB solvent structure on the microsphere of solvation shell, the m

model of solvent exchange processes are given as

(2.35)P(A)m + mB � P(B)m + mA

(2.36)P(A)m +
m
2

B � P(AB)m +
m
2

A

The equilibrium constants of the earlier two processes can be written as

(2.37)fB/A =
XS

B/XS
A√

(X0
B/X0

A)
m

(2.38)fAB/A =
XS

AB/XS
A√

(X0
AB/X0

A)
m

Finally, the value of ET in microsphere of solvation shell of AH-BH solvent aggregate can

be expressed as

(2.39)
ET = ETA

+

[
(ET B − ETA)(X0

B)
m fB/A + (ETAB − ETA)(X0

B)
m/2(X0

A)
m/2 fAB/A

(X0
A)

m + (X0
B)

m fB/A + (X0
B)

m/2(X0
A)

m/2 fAB/A

]
Present model clearly suggests possible nature of solvation around the solvatochromic probe

molecule in mixed interactive solvents.
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(b) Solvent Exchange Model 2
In the modified form of solvent exchange model, it adopts two solvent exchange (1:2)

equilibrium persists between solvent AH (A) and solvent BH (B), and produces the hydrogen

bonded intermediated species between AH and BH (i.e. AB), thus, newly intermediated

complex again undergoes in equilibrium with BH and produces resultant species (i.e. AB2).

The proposed equilibria of 1:2 complex species can be written as

(2.40)A + B � 2AB

Equilibrium constant for this process,

(2.41)k1 =
X2

AB
XAXB

The newly generated intermediated complex undergoes in equilibrium with solvent BH as

(2.42)AB + B � 2AB2

Equilibrium constant for this step,

(2.43)k2 =
X2

AB2(
XA − XAB2

2

)(
XB − XAB2

2

)
where, XAB2 , XAB, XA and XB are mole fraction of the resultant solvent aggregate, intermediate

species, pure solvent AH and BH respectively. These are related to the mole fractions of the

mixed solvent (X0
A , X0

B) as

(2.44)X0
A = XA +

1
3

XAB2

(2.45)X0
B = XB +

2
3

XAB2

and

(2.46)
X0

A + X0
B = XA + XB + XAB2

= XS
A + XS

B + XS
AB2

= 1

where all terms have usual meaning and discussed earlier. Herein, the term XAB exclude from

equation, because it is considered as intermediate product and considered playing not major

role in molecular interactions. This quantity has taken under assumption such as

(2.47)XAB =
√

X0
AX0

Bβ
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where β is a constant. The mole fraction of solvent aggregate XAB2 can be written as

(2.48)X2
AB2

(
k2 − 4

2k2

)
−
(

XAB2

2

)
(XAB − X0

B) + XABX0
B = 0

Substituting α =
(

4k2
k2−4

)
The final solution of the equation 2.48 is given as

(2.49)
XAB2 =

[
(X0

B)
1/2(X0

A)
1/2

β + (X0
B)

1/2
]

α

−
√[

(X0
B)

1/2(X0
A)

1/2β + (X0
B)

1/2
]2

α2 − 4αβ (X0
B)

3/2(X0
A)

1/2

The ET value of the mixed solvent system is written as

(2.50)ET =
ETAXS

A + ET BXS
B + ETAB2XS

AB2

XS
A + XS

B + XS
AB2

where, XS
AB2

, XS
A and XB are mole fraction of the solvent aggregate, pure solvent A and B in the

solvation sphere of the probe molecule, respectively. ETA, ET B, and ETAB2 are the transition

energies of solvatochromic probe molecule in pure solvent A, B and solvent aggregate AB2.

Now, equation 2.50 is again rewritten as

(2.51)ET = ET B +
(ETA − ET B)XS

B + (ETAB2 − ET B)XS
AB2

XS
A + XS

B + XS
AB2

There are two possible solvent exchange processes in the solvation sphere, expressed as

(2.52)P(A) + B � P(B) + A

(2.53)P(A) + AB2 � P(AB2) + A

The equilibrium constants of the above process can be written as

(2.54)fB/A =
XS

B/XS
A

X0
B/X0

A

(2.55)fAB2/A =
XS

AB2
/XS

A

X0
AB2

/X0
A

where, all terms involved in equations are of their usual meaning. In this case, ET of mixed

solvent system can be expressed as

(2.56)ET = ET B +
aX0

A +
[
(ETAB2 − ET B) fAB2/A − (ETA−ET B)

3 fB/A

]
XAB2

1 + bX0
A + dXAB2
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where,
(2.57)a = (ETA − ET B) fB/A

(2.58)b = fB/A − 1

(2.59)d = fAB2/A −
(

fB/A

3
+

2
3

)
Equation 2.56 has been taken under limitation by the choice of equilibrium constant k2.

The sensitivity of ET is guided by pure solvent AH, BH, and mixed solvent structure in the

microsphere solvation shell, not by bulk. Hence, a direct estimation of k2 from ET the value

of mixture solvent system is dangerous. The estimation of both parameters (k2 and fAB2/A) at

same instant is extremely difficult and may grow enormous error in results.

If we assume formation of AB2 solvent structure on the microsphere of solvation shell,

the m model of solvent exchange processes are formulated as
(2.60)P(B)3m + 3mA � P(A)3m + 3mB

(2.61)P(B)3m + mA � P(AB2)m + mB

For this process, the equilibrium constants are defined as

(2.62)fA/B =
XS

A/XS
B

(X0
A/X0

B)
3m

(2.63)fAB2/B =
XS

AB2
/XS

B

(X0
A/X0

B)
m

At end, the value of ET in microsphere of solvation shell of solvent aggregate can be expressed

as

(2.64)
ET = ET B

+
(ETA − ET B) fA/B(X0

A)
3m + fAB2/B(ETAB2 − ET B)(X0

A)
m(1 − X0

A)
2m

(1 − X0
A)

3m + fA/B(X0
A)

m + fAB2/B(X0
A)

m(1 − X0
A)

2m

The m value indicates the number of solvent molecules in microsphere of solvation shell of

the probe molecule affecting its transition energy. The proper trial and validation of these

models have been briefly discussed in chapter 3. A different solvent exchange model has

been used to determine the feasibility of solvation behavior and polarity parameter of the

mixed solvent structure. The final result of fitting depicts that the close look about H-bonding

network between hydrogen donor and hydrogen acceptor solvent contributed more polar

environment in binary solvent system around the solvatochromic probe.

•





3
Spectroscopic Evidence of Synergism in

Binary Solvent Mixtures
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1A strong synergistic solvation was observed for the mixtures of different hydrogen bond

donating and accepting solvent pairs. The nature of the interactions between two solvent

pairs were investigated with different dye molecules viz. coumarin 480, coumarin 153,

4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, 4-aminophthalimide,

and p-nitroaniline. Coumarin dyes in different alcohol-chlorinated methane (alcohols:

MeOH, t-BuOH and chlorinated methanes: CH2Cl2, CHCl3) binary mixtures show a strong

synergism, which is explained in the backdrop of solvent-solvent interactions. The solvation

behavior of MeOH-CHCl3 mixture shows strong probe dependence with no synergism

observed in p-nitroaniline, which is ascribed to its higher ground state dipole moment

(8.8 D) relative to C480 (6.3 D). Interestingly, the strong synergistic signature observed

through spectrophotometric measurement of solvatochromic molecules in alcohol-chlorinated

methane binary mixtures is absent when studied by fluorescence measurement. The higher

excited state dipole moment of coumarin 480 (13.1 D) is considered to be the driving force

for the absence of synergism in the excited state. In such strongly perturbed systems (due to

high dipole moment values) the dominant phenomenon is preferential solvation. Analysis of

proton NMR of alcohol-chlorinated methane binary solvent mixtures indicate the existence of

alcohols-chlorinated methanes binary molecular association in the different stoichiometric

ratio. Refractive index measurement also infers the existence of hydrogen bonded network

structure between alcohols and chlorinated methanes. The solvent exchange model has been

used to determine the feasibility of synergistic behavior and polarity parameter of the mixed

solvent structure of alcohol-chlorinated methane binary solvent mixtures. Fluorescence

quenching of C480 by 1,2-phenylenediamine in the MeOH-CHCl3 binary solvent mixture

displays the maximum deviation in quenching constant corresponding to ∼0.45 mol fraction

of MeOH in MeOH-CHCl3 binary mixture and hence suggested the maximum extent of

hydrogen-bonding interactions prevailing at this proportion of mixture.

•

1Published: J. Phys. Chem. B. 2012, 116, 1346.
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3.1 Introduction
The spectroscopic studies of molecules and clusters have crossed the boundaries of homo-

geneous medium and a lot of concern is being devoted to understand the behavior in micro

heterogeneous systems. [143–146] Recently, solvent mixtures made a lot of attention because

of its unique behavior compared to its constituent counterparts which can be explained in

terms of differential interaction leading to the formation of micro heterogeneous environ-

ment. [143–154] The use of solvent mixtures provide the means of modification of solute-solvent

interactions by virtue of its composition. The solute-solvent interaction is generally moni-

tored in terms of the stabilization of its electronic energy level and this interaction depends on

the proportion of either of the constituting solvents and is known for several years. [155–163]

The behavior of a molecules in binary solvent mixture depends on either one or both solvents

component by specific interactions e.g., hydrogen bonding, self-association or by nonspecific

interactions such as dipole-dipole, dipole-induced dipole interactions. [145,146,154–162] In bi-

nary solvent mixtures, the deviation from ideality is believed to originate from the nature and

extent of solute-solvent interactions, locally developed in the immediate vicinity of the solute

molecules, which has an impact on the spectroscopic properties of the molecules. Generally,

solvent polarizability, H-bond donating ability (HBD) and H-bond accepting ability (HBA) or

solvent basicity are three parameters which have been characterized to represent the variation

of solute-solvent interactions. [164,165] All these parameters are solvatochromic parameter

(represented like as π∗, α and β respectively, the Kamlet-Taft parameters) and provide

information about the different modes of solvent interaction with the probe molecules in pure

solvents and also in solvent mixtures. [164–171] Characterization of solvation behavior has

been done employing various methods like conductance or transfer measurements, [172] NMR

chemical shifts, [173–176] vibrational spectroscopy, [145,146,154] UV-vis spectroscopy, [160–163]

solvation dynamics, [143,150] etc. Refractive index measurements of binary solvent mixtures

have also been used to determine the quantitative information about the solvent-solvent

interactions. [177,178]

In solvent mixtures the proportion of constituting solvents may substantially differ around

the solute compared to that in bulk resulting the change in Gibbs energy of solvation. This

would be the resultant of probe being solvated preferentially by one of the solvents in the

mixture. [149,179] The phenomenon, where one solvent solvates the solute predominantly

than the other, through specific or nonspecific solute-solvent interactions, is known as

“preferential solvation”. It has been studied both experimentally, [156–163,169–171,180–182] and
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theoretically [155,183–186] to a great deal. Apart from preferential solvation, there is always

some probability where both the constituent solvents can solvate the molecules together by

mutual interaction and giving rise to a completely different solvation environment. Such a

phenomenon is observed for some specific solvent pairs and is termed as “Synergism”. [166]

In synergism, the solvent mixture constituting the solvation shell around the probe acts as a

completely different entity and behaves distinctly than either of the bulk solvents. Mancini

et al. [166] proposed that the combination of dipolarity and hydrogen bond donating and

accepting capacity of solvents leads synergistic effect in binary solvent mixtures, which

clearly reflects through the empirical solvent polarity parameter, ET (30). They measured

the kinetics of 1-fluoro-2,4-nitrobenzene with morpholine and piperidine in several binary

mixtures of polar aprotic H-bond accepting solvents like acetonitrile and chloroform and

observed that the binary solvent mixture exhibited synergism. Gratias et al. [187] on the

basis of molecular dynamic simulations revealed clustering effect in the MeOH-CHCl3
solvent mixture. They also demonstrated that such a mixture preferentially solvates the

hydrophilic and hydrophoblic parts of ampiphilic solutes. Durov et al. [188] calculated the

excess thermodynamic functions and dielectric permittivity of MeOH-CHCl3 mixture in

the framework of quasichemical model of nonideal association solution and reproduced

the physicochemcial properties of the mixture to a good accuracy. This model, based on

supramolecular aggregate formation, proposes that deviation from ideality is predominantly

due to parallel orientation of dipoles in the methanol aggregates and in the complexes with

chloroform. The deviations from ideality can also be explained in terms of the heterogene-

ity at a microscopic level [187,188] and the self association of alcohol molecules. [189] This

homonuclear or heteronuclear clustering of molecules has been attributed to large negative

excess entropy of MeOH-CHCl3 mixture. [179] Recently Bhattacharyya et al. [190] measured

the thermal-lens signals as a function of relative proportion of binary solvent mixtures and

proposed its dependence on the extent of interaction between the molecules of the solvent

mixtures.

In spite of the large number of studies, the experimental determination of the nature of

solvation cage in the binary solvent mixture has not yet been well established. In the present

contribution, we throw light on the origin of synergism in MeOH-CHCl3, MeOH-CH2Cl2,

and t-BuOH-CH2Cl2 binary solvent mixtures using electronic spectroscopy, refractive index

measurements, proton NMR measurements and fluorescence quenching study. The probe

dependent behavior of the solvation shell was also studied and its impact was discussed.
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3.2 Results and Discussion
3.2.1 Absorption and Emission Study in Different Binary Solvent Mix-

tures
The absorption spectra of organic dyes viz. Coumarin 480 (C480), Coumarin 153

(C153), 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (Pyran), 4-

aminophthalmide (4-AP), and p-nitroaniline (pNA) (see in Fig. 3.1) were measured in

Fig. 3.1

Molecular structures of (a) Coumarin 153 (C153), (b) Coumarin 480 (C480), (c) 4-aminophthalmide

(4-AP), (d) p-nitroaniline (pNA) and (e) 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-

4H-pyran (Pyran) used this study.

several binary solvent mixtures of different compositions. In the present work, we studied

different binary solvent mixtures of alcohols and chlorinated methanes (alcohol = methanol

(MeOH), tert-butanol (t-BuOH); chlorinated methane = carbon tetrachloride (CCl4), chlo-

roform (CHCl3), Dichloromethane (CH2Cl2)). The concentration of dyes was maintained

at ∼10−5 M to suffice very negligible solute-solute interactions such that intersolute effect

makes no significant contribution to the solvent-solvent interactions. In order to portray

the stability of different dyes in the corresponding binary mixtures, we invoke the concept

of molar electronic transition energy, ET (kcal mol−1) whose relationship with absorption
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maximum (λmax) is given as [191,192]

(3.1)ET =
28591
λmax

In an ideal case, where all solvent-solvent interactions are considered to be equal, the dyes

are characterized by maximum value of molar electronic transition energy given by [153,163]

(3.2)ET (ideal) = XS1ET (S1) + XS2ET (S2)

where XS1 and XS2 are mole fractions of solvent 1 and solvent 2 respectively and ET (S1)

and ET (S2) are ET values of a dye or indicator solute in pure solvents 1 and 2. From

this equation, it follows that in an ideal binary solvent mixture, the variation of ET as a

function of mole fraction of any component should always be linear. However generally

the variation is not linear, which points toward the existence of some specic/nonspecic

interactions between the dye molecule and one of the components of the mixture, which is

known as preferential solvation. Apart from this, the deviation from the ideal behavior may

also arise from the interaction between the solvent counterparts in the binary solvent mixture,

showing a synergistic effect. The absorption spectra of C480 in MeOH, CCl4, and various

Fig. 3.2

(a) Normalized steady state absorption spectra of C480 in bulk carbon tetrachloride, bulk methanol,

and with increasing proportion of MeOH in MeOH-CCl4 binary solvent mixture. (b) Absorption

maxima of C480 plotted against mole/volume fraction of MeOH in MeOH-CCl4 binary mixture. (c)

Molar electronic transition energy, ET (kcal mol−1) represented against the mole/volume fraction of

MeOH in MeOH-CCl4 binary solvent mixture.

proportions of MeOH-CCl4 binary mixtures are shown in Fig. 3.2a. C480 is characterized

by an absorption maximum of 369.8, 389.6, and 390.2 nm in pure CCl4, 0.70 mole fraction

of MeOH in MeOH-CCl4 mixture and in pure MeOH. The variation of absorption maxima
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and molar electronic transition energy of C480 as a function of mole fraction of methanol in

MeOH-CCl4 binary mixture is shown in Fig. 3.2b and 3.2c. The plot clearly shows that, as

the methanol proportion is increased, the absorption maximum keeps on shifting toward the

longer wavelength region. The variation of (λmax) with MeOH mole fraction clearly suggests

that MeOH molecules are solvating C480 preferentially. In this case, the absorption maxima

of C480 in all the mixtures are in between the pure MeOH and CCl4 with no signature of

synergism.

Fig. 3.3

(a) Normalized steady state absorption spectra of C480 in bulk chloroform, bulk methanol, and 0.45

mole fraction of MeOH in MeOH-CHCl3 binary solvent mixture. The respective absorption maxima

are 387, 390.2, and 393.4 nm. (b) Absorption maxima of C480 plotted against mole/volume fraction

of MeOH in MeOH-CHCl3 binary mixture. (c) Molar transition energy (ET ) of C480 plotted as a

function of MeOH mole/volume fraction in MeOH-CHCl3 binary mixture. (d) The difference in

molar electronic transition energy (△ET ) of C480 in different composition of MeOH-CHCl3 binary

solvent mixture as a function of mole/volume fraction of MeOH in MeOH-CHCl3 solvent mixture.
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However, once the CCl4 is being replaced by CHCl3, the variation of absorption maxima

as a function of MeOH mole fraction changed unexpectedly. Fig. 3.3a shows the absorption

spectra of C480 in MeOH-CHCl3 binary mixture for few different MeOH mole fractions

(0.00, 0.45, 1.00). The absorption maximum of C480 in pure CHCl3 and pure MeOH are

observed at 387 and 390.2 nm, respectively. However, 0.45 mole fraction of MeOH, the

absorption maximum is found at 393.4 nm. This clearly indicates that the MeOH-CHCl3
mixture provides more polar environment and hence solvate C480 more efficiently compared

to pure MeOH or CHCl3. The dependence of absorption maximum of C480 as MeOH mole

fraction in MeOH-CHCl3 binary solvent mixture is shown in Fig. 3.3b. In terms of molar

transition energy, ET , which gives the direct measure of stabilization energy on account of

solvation, the variation is shown as a function of mole fraction of MeOH in MeOH-CHCl3
binary mixture (Fig. 3.3c). It is shown that, maximum stabilization in terms of solvation is

obtained at ca. 0.45 mole fraction of MeOH, after deducting the ideal behaviour of the dye

in the binary mixture as ET (ideal) = XS1ET (S1)+XS2ET (S2) (see in Fig. 3.3d). The efficient

solvation carried out by mixed solvent inferences toward the prevalence of mutual solvation

around the solvatochromic probe molecule and such a phenomenon is called synergism. This

suggests that the binary mixture acts as a different entity than either of the bulk solvents, and

its mutual interaction seems to be stronger than the pure bulk solvents. Similar observations

were found for C153 and C480 dye in respective MeOH-CH2Cl2 and t-BuOH-CH2Cl2 binary

mixture. The dependence of molar transition energy on the mole fraction of MeOH and

t-BuOH in respective MeOH-CH2Cl2 and t-BuOH-CH2Cl2 binary mixtures are shown in

Fig. 3.4a and 3.5a respectively. In both other solvent mixtures cases, the solvatochromic

dye is achieved the highest stabilization at near 0.40 mole fraction of MeOH and t-BuOH

in respective MeOH-CH2Cl2 and t-BuOH-CH2Cl2 binary mixtures, see in Fig. 3.4b and

3.5b. In order to discuss the solvatochromic shifts observed in MeOH-CHCl3 binary

solvent mixture quantitatively, we analyzed the data using EN
T (30) polarity scale with water

polarity defined as unity. [191] The aim is to find the total stabilization energy gained by

solute molecule from the solvation environment in the MeOH-CHCl3 mixture with strongest

interactions, which is ∼0.45 mole fraction of MeOH. The absorption maxima of C480

obtained in ten different solvents are plotted against solvent EN
T (30) values. The data was

best fitted by a straight line (Fig. 3.6a). The absorption maxima of C480 in ∼0.45 mol

fraction MeOH-CHCl3 binary mixture was appended on the line of best linear fit and the

observed EN
T (30) value of this binary mixture was found to be 0.87. This value quantifies the
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Fig. 3.4

(a) Molar transition energy (ET ) of C153 plotted as a function of MeOH mole/volume fraction in

MeOH-CH2Cl2 binary mixture. (b) The difference in molar electronic transition energy (△ET ) of

C153 in different composition of MeOH-CH2Cl2 binary solvent mixture as a function of mole/volume

fraction of MeOH in MeOH-CH2Cl2 solvent mixture.

Fig. 3.5

(a) Molar transition energy (ET ) of C480 plotted as a function of t-BuOH mole/volume fraction in

t-BuOH-CH2Cl2 binary mixture. (b) The difference in molar electronic transition energy (△ET ) of

C480 in different composition of t-BuOH-CH2Cl2 binary solvent mixture as a function of mole/volume

fraction of t-BuOH in t-BuOH-CH2Cl2 solvent mixture.

different polarity sensed by C480 in the MeOH-CHCl3 binary mixture and also the different

stabilization energy, which is higher than that in pure methanol and chloroform. Similar

type of quantitative investigation has been done for other two solvent mixtures (i.e. MeOH-

DCM and t-BuOH-DCM). From the quantitative analysis, it is observed that maximum

stabilization achieved by the solvatochromic dye (i.e. EN
T (30) value) in MeOH-DCM and

t-BuOH-DCM binary solvent mixtures was found to be 0.89 and 0.41 respectively (in Fig.
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Fig. 3.6

a) Plot of absorption maxima of coumarin 480 in 10 solvents against the solvent EN
T values (solid black

circle). The solvents plotted are carbon tetrachloride (1), toluene (2), THF (3), CHCl3 (4), acetone

(5), ACN (6), n-butanol (7), ethanol (8), methanol (9), and water (10). The absorption maximum

of C480 in ∼ 0.45 mol fraction of MeOH in MeOH-CHCl3 binary mixture is appended on the best

fit line designated by a solid red square. (b) Similar plot of absorption maxima of C153 in nine

different solvents against the solvent EN
T values (solid black circle). The solvents plotted are THF

(1), chloroform (2), DCM (3), acetone (4), ACN (5), n-butanol (6), EtOH (7), MeOH (8), and water

(9). The absorption maximum of C153 in 0.40 mole fraction of MeOH in respective MeOH-DCM

binary mixture is appended on the best fit line designated by a solid red square. (c) The plot of

absorption maxima of C480 in seven different solvents against the solvent EN
T values (solid black

circle). The solvents plotted are chloroform (1), DCM (2), tert-butyl alcohol (3), n-butanol (4), EtOH

(5), MeOH (6), and water (7). The absorption maximum of C480 in 0.40 mole fraction of t-BuOH in

t-BuOH-DCM binary mixture is appended on the best fit line designated by a solid red square. Solid

black dash line in all plots represents the best fit of the data. Vertical solid black line represents the

corresponding value experienced by solvatochromic dye in the (a) ∼ 0.45 mole fraction of MeOH in

the MeOH-CHCl3 binary mixture, (b) 0.40 mole fraction of MeOH in MeOH-DCM binary mixture

and (c) 0.40 mole fraction of t-BuOH in t-BuOH-DCM binary mixture.

3.6b and 3.6c). This study strongly refers that the maximum stabilization energy achieved

by solvatochromic dye from the solvation environment in the binary mixture with strongest

interactions, which is same as analyzed by absorption studies. To ensure whether the type of

solvation occurring in the binary system (preferential or synergistic) is purely a function of

intra/intersolvent interactions or it as well shows some dependence on the probe molecule,

probe dependent spectrophotometric measurements were pursued in the MeOH-CHCl3 binary

mixtures with Pyran, 4-AP, and pNA as the corresponding probe molecules. The variation

of molar transition energy of all the probe molecules mentioned above are plotted against
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Fig. 3.7

Molar transition energy (ET ) plotted of different probe molecules; (a) Pyran, (b) 4-AP, and (c) pNA

against the mole fraction of MeOH in MeOH-CHCl3 binary mixture. In graphs (a) and (b), maximum

solvatochromic stabilization to the dye in the ground state is provided by binary mixture instead

of either of bulk solvents and is thus a representation of synergistic solvation. While as in case of

pNA, MeOH molecules are solvating the probe preferentially, as the stabilization provided by binary

mixture is same as that provided by bulk methanol.

the mole fraction of MeOH as shown in Fig. 3.7. It is observed that, for Pyran and 4-AP

(like C480) the large solvatochromic stabilization is deciphered by the MeOH-CHCl3 binary

mixture instead of pure solvent counterparts. However, this is the not the case with pNA. In

pNA, the ground state solvatochromic stabilization offered by the binary solvent mixture

does not exceed than the bulk counterpart. This intriguing result enunciates that the types

of solvation not only depends on intra/inter solvent interactions, but also on the property

of the probe molecules. The plots shown in Fig. 3.8 represent the dependence of emission

maxima of C480, Pyran and 4-AP in MeOH-CHCl3 binary mixture of different compositions.

In all cases, it is well evident that the excited state solvatochromic stabilization provided

by the binary mixture does not exceed than the bulk CHCl3 and MeOH. Similar excited

state observation has been noticed for both MeOH-DCM and t-BuOH-DCM binary solvent

mixtures (depicted in Fig. 3.9).

The prevalence or absence of synergism is credited to the feasibility of hydrogen bonding

network formation. The components of a binary mixture which are capable of forming

hydrogen bonding network with each other tend to solvate the probe molecules synergistically,

while as if the solvent molecules fail to create any hydrogen bonding network, then under

those conditions either of the two solvents will solvate the probe molecule preferentially

and hence no synergism is being observed. This is the reason that we do not observe any
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Fig. 3.8

Emission maxima of (a) C480 and (b) 4-AP (c) Pyran dyes plotted against mole fraction of MeOH in

MeOH-CHCl3 binary mixture. It is clearly evident that, in all cases, the excited state is being solvated

preferentially.

Fig. 3.9

(a) Fluorescence maxima of C153 dye plotted against mole fraction of MeOH in MeOH-DCM binary

mixture. (b) Emission maxima of C480 probe molecule drawn against the mole fraction of t-BuOH in

t-BuOH-DCM binary mixture.

synergism in the case of the MeOH-CCl4 binary mixture, as CCl4 tends to have zero hydrogen

bond donating ability, and hence the formation of a hydrogen bonding network is absent.

Once CCl4 is replaced by CHCl3 or DCM, due to the presence of hydrogen, this molecule acts

as a potential hydrogen donor for the formation of hydrogen bond with the oxygen of alcohol

molecules results in the formation of Alcohol-Chlorinated methane molecular association.

Hence Alcohol-Chlorinate methane binary mixture exists as a continuous network held by

hydrogen bonds and the clusters of the binary mixture incline to solvate probe molecules

synergistically.
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Compounds
µg

(D)

µe

(D)

pNA 8.80

C480 6.38 13.10

Pyran 5.60 26.30

4-AP 5.00 10.60

Table 3.1
Ground and Excited state dipole moments of different probe molecules used in the study. [193–196]

Solvent α β π∗

Methanol 93 62 60

tert-Butanol 68 101 41

Chloroform 44 00 58

Dichloromethane 30 00 82

Carbon tetrachloride 00 00 28

Table 3.2
Kamlet-Taft parameters of organic solvents used in the measurements; HBD ability (α), HBA ability

(β ), polarity/polarization (π∗). [164,165]

In addition to hydrogen bonding network formation in the binary mixture, the dipole

moment of probe molecules also plays an important role in deciding the nature of solvation.

Generally, the nature of solvation around a probe molecule is decided by the structure of

solvation sphere around it, when the dipole moment of probe molecule is small, as in the

case of ground state of solvatochromic molecules (Table 3.1), the structure of binary solvent

mixture held intact by hydrogen bonding network, remains rigid in the solvation sphere.

The intersolvent clusters are no longer perturbed, which consequently provides enough

stabilization to the system with the resulting synergism as the main form of solvation. In

case of pNA, the ground state dipole moment being comparatively large, will create enough

perturbation in its immediate surroundings. These induced perturbations destabilize the

binary solvent MeOH-CHCl3 molecular association in such a way that, it doesn’t permit the

formation of binary solvation layer and hence instead of solvating the pNA synergistically,

only one solvent among the two components will solvate the probe preferentially. This

phenomenon is also supported by the absence of any synergism observed through fluorescence

study for all probe molecules under consideration. The excited state dipole moment of C480,
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Pyran and 4-AP is larger than the ground state, which is eventually characterized by the

generation of large perturbation in the excited state, and consequently, either of the solvents

will preferentially solvate the excited state and thus no synergism is observed.

3.2.2 Molar Refractivity Measurements
Refractive index measurements were carried out in order to confirm the intercomponent

interactions in the binary mixture. The molar refractivity is a characteristic of the molecular

structure of binary solvent mixture and is both an additive and a constitutive property. The

molar refractivity (cm3 mol−1) of a binary mixture is given by [197]

(3.3)Rexp =
(n2 − 1)
(n2 + 2)

(
XS1MS1 + XS2MS2

ρ

)
where n, XS1 , XS2 , MS1 , MS2 and ρ are the refractive index of solvent mixture, mole fraction

of solvent 1 and 2, molar masses of solvent 1 and 2 and the density of mixed solvents,

respectively. If we consider that the two solvent components interact ideally with each

other, then their molar refractivity, called as ideal molar refractivity (cm3 mol−1) is given by

following equation

(3.4)Rideal =
(n2

S1
− 1)

(n2
S1
+ 2)

(
XS1MS1

ρS1

)
+

(n2
S2
− 1)

(n2
S2
+ 2)

(
XS2MS2

ρS2

)
where the symbols have their usual meaning. The difference between the experimentally

obtained molar refractivity values and ideal refractivity will give us the magnitude of interac-

tions between the two solvent components:

(3.5)△R = RExp − Rideal

Since molar refractivity is a direct measure of electron polarization induced by the influence

of constituent solvent molecules on each other in the binary mixture, as the value of △R

exceeds ∼0.1, it will direct us towards the molecular interactions shared by solvent molecules

with respect to each other. Fig. 3.10 shows the variation of △R against the mole fraction

of MeOH in respective MeOH-CHCl3 and MeOH-DCM binary mixtures with maximum

deviation being observed at ca. XMeOH = 0.45 and 0.40 in their respective mixtures. This

comprehends that the electronic clouds of the constituent binary molecules interact to the

maximum extent at ∼0.45 mole fraction of MeOH in the MeOH-CHCl3 binary mixture.

Similar behavior is as well observed for MeOH-DCM binary mixtures where the maximum

extent is at ∼0.40 mole fraction of MeOH in MeOH-DCM binary solvent mixture. These
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Fig. 3.10

Molar refractivity difference (△R) between the experimental and theoretical values in MeOH-CHCl3,

MeOH-DCM and MeOH-CCl4.

varied electronic polarizations generated by the differential proportions of the components

of binary mixtures interact with the solute molecules to a varied extent and hence result in

shift of the absorption maxima. However, such kind of behavior was not experienced by

the dye molecules in MeOH-CCl4 binary mixture, where preferential solvation of the dye

molecule by MeOH is observed in the binary mixture. Thus, molar refractivity measurements

act as a deterministic tool to probe the interaction of solvent binary mixtures with the solute

molecules, especially in terms of the nature of solvation. From refractivity data, as mentioned

earlier the maximum interactions between the solvent components in the binary mixture

occurs and from absorption measurements, the maximum deviation is also observed at the

same mole fraction and hence supports the involvement of synergistic nature of solvation.

3.2.3 Proton-NMR Study of Binary Solvent Mixtures
To furnish a deeper and more relevant understanding about the microscopic structure of

binary solvent mixture, proton-nuclear magnetic resonance (1H-NMR) measurements were

carried out. As observed in the absorption spectroscopic and molar refractivity measurements,

there is definitely a kind of interaction prevailing between molecules of different solvents

which is distinct than the intrasolvent interactions leading to the deviation of molar refractivity

from ideality. In alcohol-chlorinated methane binary mixture, the solvent molecules interact

through the formation of hydrogen bonding network and hence as the proportion of either of

the components is changed, the local electronic cloud around the hydrogen bonded hydrogen
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atoms of each solvent changes and was directly observed as a change in the chemical shift.

This change in chemical shift of proton of alcohol and chlorinated methane in the binary

mixture provides a direct evidence of alcohol-chlorinated methane network formation. The

nature of network between alcohol and chlorinated methane molecules is estimated by
1H-NMR models and already briefly discussed in chapter 2.

(a) Proton-NMR Study of MeOH-CHCl3 Binary Solvent Mixture
(a.i) Model for Chloroform Proton in MeOH-CHCl3 Binary Mixture

The observed chemical shift (δobs) of CHCl3 proton in binary mixture was found to shift

toward the upfield region with increase in proportion of CHCl3 as shown in Fig. 3.11b. In

pure chloroform, the CHCl3 molecules exist as self-aggregate. [198] It is presumed that the

increasing the proportion of MeOH in the binary mixture results in the loss of self-association

of CHCl3 molecules and leads to the formation of H-bond between CHCl3 and MeOH. In

MeOH-CHCl3 binary mixture, the observed chemical shift of CHCl3 proton is taken as

a linear combination of chemical shift of self-associated chloroform molecules (δCC) and

chemical shift of CHCl3 proton hydrogen-bonded to MeOH (δCM) (the equation for chemical

shift of proton position thoroughly is discussed in chapter 2) and can be written as

(3.6)δobs = δ
CM +

X I
CC

XC
(δCC − δ

CM)

The mole fraction of CHCl3 can be describe as

(3.7)XC = X I
CC + X I

CM

where X I
CC, X I

CM, and XC are the mole fraction of CHCl3 in the self-aggregate form, fraction of

chloroform interacts to MeOH and total mole fraction of CHCl3 in the mixture respectively.

The NMR data set corresponding to the chemical shift of chloroform proton in the

MeOH-CHCl3 binary mixture was fitted by equation 3.6 and the fitting of NMR data of

CHCl3 proton shown in Fig. 3.11b. After fitting, we calculate the fraction of chloroform

interacted to chloroform in the binary mixture of particular composition. Consecutively, the

fraction of chloroform interacted to methanol has been calculated from equation 3.7. The

calculated value of fraction of chloroform interacted to methanol is plotted against MeOH

mole fraction as shown in Fig. 3.11c. The maximum value is found to be 0.56 mol fraction

of MeOH.
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Fig. 3.11

(a) Proton NMR spectra of MeOH-CHCl3 binary mixture. (b) Chemical shift of CHCl3 proton in

different proposition of CHCl3. (c) Plot between fraction of CHCl3 interacted to MeOH vs mole

fraction of MeOH. (d) Chemical shift of MeOH hydroxy proton in different proposition of MeOH. (e)

A plot between fractions of MeOH interacted to CHCl3 vs mole fraction of MeOH. (f) Plot showing

total fraction of hydrogen bonding interaction of MeOH-CHCl3 mixture (X I
tot) as a function of mole

fraction of MeOH in MeOH-CHCl3 binary mixture. The light black line in graph (b) and (d) are the

best fitted lines.

(a.ii) Model for Methanol OH Proton in a MeOH-CHCl3 Binary Mix-
ture

In the same set of binary mixture, not only is there a shift in the chemical shift position

of CHCl3 proton but the position of MeOH proton is also getting affected. It is found that the

observed chemical shift (δobs) of MeOH proton in binary solvent mixture is shifted toward

the downfield region with increasing MeOH mole fraction. Increasing the proportion of

CHCl3 causes the self-aggregation of MeOH molecules to minimize and the interactions

with the added CHCl3 molecules to initiate, resulting in the shielding of MeOH proton. The

theory to describe this model is based on the same model proposed earlier for chapter 2
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and the terms have their usual meanings. The main equation relating the observed NMR

chemical shift values with the chemical shift values of MeOH-MeOH self-aggregated and

MeOH-CHCl3 interactions is

(3.8)δobs = δ
MC +

X I
MM

XM
(δ MM − δ

MC)

The mole fraction of MeOH can be describe as
(3.9)XM = X I

MM + X I
MC

where X I
MM, X I

MC, and XM are the mole fraction of MeOH in the self-aggregate form, fraction

of MeOH interacted to CHCl3, and total mole fraction of MeOH in the mixture.

The fitting of the NMR data by the equation 3.8 is shown in Fig. 3.11d and by substituting

the value of X I
MM corresponding to every mole fraction of MeOH, the fraction of MeOH

at which strongest interaction between MeOH and CHCl3 molecules exist is furnished as

shown in Fig. 3.11e. The maximum in the plot representing the strong hydrogen bonding

between CHCl3 and MeOH molecules corresponds to 0.26 mol fraction of MeOH.

Proton NMR analysis suggests that the proportion of MeOH hydrogen interacted to

CHCl3 is different from fraction of CHCl3 interacted to MeOH at a particular mole fraction

of MeOH in the mixture. The difference in the maximum position of both X I
MC and X I

CM is

interpreted in terms of relative aggregation of MeOH with CHCl3 and CHCl3 with MeOH

and it turns out to be an extended hydrogen bond network is being formed between MeOH

and CHCl3 with a ratio of MeOH:CHCl3 = 1:2.15. On the basis of the above analysis, it is

proposed that in a binary mixture of MeOH-CHCl3, one MeOH molecule is associated with

ca. two CHCl3 molecules through hydrogen bonding and one CHCl3 molecule is hydrogen

bonded to one MeOH molecule. The total interaction may be simply calculated by summing

X I
MC and X I

CM as

(3.10)X I
tot = X I

MC + X I
CM

A plot of X I
tot as a function of XMeOH will eventually determine the mole fraction of MeOH

corresponding to strongest hydrogen bond networking in the MeOH-CHCl3 binary mixture,

and the value is found to be 0.48 (as shown in Fig. 3.11f), which is the approximately the

same value obtained from refractivity measurements [XMeOH(△Rmax) = 0.45], and from

the UV-vis absorption study of a solvatochromic dye [XMeOH(△Emin
T ) = 0.45]. Thus, we

propound that the addition of MeOH to CHCl3 introduces microscopic heterogeneity in the

resulting binary solvent mixture.

•
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(b) Proton-NMR Study of MeOH-DCM Binary Solvent Mixture
(b.i) Model for Dichloromethane Proton in MeOH-DCM Binary Mix-
ture

The position of the observed chemical shift (δobs) of DCM protons in the binary mixture

was found to shift towards the down-field region with increase in proportion of MeOH as

shown in Fig. 3.12a. In MeOH-DCM binary mixture, the observed chemical shift of DCM

proton has been taken as a linear combination of chemical shift of DCM non-interacting with

MeOH (δobs) and chemical shift of DCM proton interacting to MeOH (δobs). As described in

chapter 2, δobs can be written as

(3.11)δobs = δ
DM +

X I
DD

XD
(δ DD − δ

DM)

The mole fraction of DCM in the mixture can be written as

(3.12)XD = X I
DD + X I

DM

where X I
DD, X I

DM and XD are respectively the mole fraction of DCM interacting with DCM,

fraction of DCM interacting with MeOH and total mole fraction of DCM in the mixture.

The NMR data set corresponding to the chemical shift of DCM proton in the MeOH-

DCM binary mixture was fitted by equation 3.11 and the fitting of NMR data of DCM proton

shown in Fig. 3.12a. The fraction of DCM interacted to MeOH is plotted against MeOH

mole fraction as shown in Fig. 3.12b. It is observed that the maximum value is found near

0.44 mole fraction of MeOH.

(b.ii) Model for Methanol -OH Proton in a MeOH-DCM Binary Mixture
It is observed that chemical shift (δobs) of MeOH hydroxyl proton in binary solvent

mixture was shifted towards the down field region with increasing MeOH mole fraction.

Same as before, increasing proportion of DCM possibly ruptures the aggregation of MeOH

molecules and the interactions start between the added DCM molecules with MeOH, resulting

in the shielding of MeOH hydroxyl proton. The basic theory to describe this model is based

on the same argument, which has been proposed in chapter 2. The main equation is relating

the observed chemical shift values of MeOH hydroxyl proton can be written as

(3.13)δobs = δ
MD +

X I
MM

XM
(δ MM − δ

MD)

The mole fraction of MeOH can be described as

(3.14)XM = X I
MM + X I

MD
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Fig. 3.12
1H-NMR data of DCM in MeOH-DCM binary mixtures (a) Chemical shift of DCM protons in

different proposition of MeOH (b) plot between fractions of DCM interacted to MeOH vs. mole

fraction of MeOH. (c) Chemical shift of MeOH hydroxyl proton in different proposition of MeOH (d)

A plot between fractions of MeOH interacted to DCM vs. mole fraction of MeOH. (e) Plot showing

total hydrogen bonding interaction between MeOH-DCM molecules in mixture (X I
tot) as function of

mole fraction of MeOH in MeOH-DCM binary mixture. The light black line in graph (a) and (c) are

the best fitted lines.

where all terms have usual meaning described in chapter 2. The fitting of the NMR data by

the equation 3.13 is shown in Fig. 3.12c. From the fitting, it is evident that the position of

δ MD maxima is found approximately at 0.33 mole fractions of MeOH. (See in Fig. 3.12d)

It is very clear from these fitting models that the fraction of MeOH interacted to DCM

is different from fraction of DCM interacted to MOH and the ratio between δ DM and δ MD

is approximately 1:1.33. Above analysis proposed that in MeOH-DCM binary mixture on

an average one MeOH molecule is associated with 1.33 DCM molecules through hydrogen

bonding network. The total interaction may be simply calculated by summing δ DM and δ MD

as

(3.15)X I
tot = X I

DM + X I
MD
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A plot of X I
tot as a function of XMeOH will finally determine the mole fraction of MeOH

corresponding to strongest hydrogen bond networking in the MeOH-DCM binary mixture,

and the value is found to be 0.40 (as shown in Fig. 3.12e), which is same value obtained

from UV-vis absorption study of the solvatochromic dye (C153) [XMeOH(△Emin
T ) = 0.40].

To reconfirm the observed data, the difference between the experimentally obtained molar

refractivity values and ideal refractivity (△R) has been calculated. The plot of △R vs. the

mole fraction of MeOH is shown in Fig. 3.10. The maximum value of the change in molar

refractivity is found to be at 0.40 mole fraction of MeOH [XMeOH(△Rmin) = 0.40].

•

(c) Proton-NMR Study of t-BuOH-DCM Binary Solvent Mixture
(c.i) Model for Dichloromethane Proton in t-BuOH-DCM Binary Mix-
ture

The position of the observed chemical shift (δobs) of DCM protons in the binary mixture

was found to shift towards the downfield region with increase in composition of t-BuOH as

shown in Fig. 3.13a. Here, the observed chemical shift of DCM proton were taken as a linear

addition of chemical shift of DCM non-interacting with t-BuOH (δ DD) and chemical shift of

DCM proton hydrogen-interacted to t-BuOH (δ DB) as (already explained in chapter 2)

(3.16)δobs = δ
DB +

X I
DD

XD
(δ DD − δ

DB)

The mole fraction of DCM in t-BuOH-DCM binary mixture can be describe as

(3.17)XD = X I
DD + X I

DB

where, X I
DD, X I

DB, and XD are respectively the mole fraction of DCM interacting with DCM,

mole fraction of DCM interacting with t-BuOH and total mole fraction of DCM in the

mixture.

The NMR data set corresponding to the chemical shift of DCM proton in the t-BuOH-

DCM binary mixture was fitted by equation 3.16 and the fitting of NMR data of DCM proton

shown in Fig. 3.13a. The fraction of DCM interacted to t-BuOH is plotted against t-BuOH

mole fraction as shown in Fig. 3.13b. It is observed that the highest value is found near 0.48

mole fraction of t-BuOH.
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Fig. 3.13
1H-NMR data of DCM in t-BuOH-DCM binary mixtures (a) Chemical shift of DCM protons in

different composition of t-BuOH (b) plot between fractions of DCM interacted to t-BuOH vs. mole

fraction of t-BuOH. (c) Chemical shift of t-BuOH hydroxy proton in different proposition of t-BuOH

(d) A plot between fractions of t-BuOH interacted to DCM vs. mole fraction of t-BuOH. (e) Plot

showing total hydrogen bonding interaction between t-BuOH-DCM molecules in mixture (X I
tot) as

function of mole fractions of t-BuOH in t-BuOH-DCM binary mixture. The light black line in graph

(a) and (c) are the best fitted lines.

(c.ii) Model for tert-Butyl alcohol Hydroxyl Proton in t-BuOH-DCM Bi-
nary Mixture

The similar observations have been viewed with hydroxyl proton of tert-butyl alcohol

with increasing proposition of t-BuOH in t-BuOH-DCM. The chemical shift (δobs) of t-BuOH

hydroxyl proton in binary solvent mixture has been found to shift towards the down field

region with increasing t-BuOH mole fraction. Same as earlier, increasing proportion of DCM

possibly break off the accumulation of t-BuOH molecules and the interactions start between

the added DCM molecules with t-BuOH, resulting in the shielding of t-BuOH hydroxyl

proton. The main concept to describe this model is based on the same argument which has
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been suggested for DCM protons and chapter 2. The basic form of equation which pertaining

the observed chemical shift values of t-BuOH hydroxyl proton can be written as

(3.18)δobs = δ
BD +

X I
BB

XB
(δ BB − δ

BD)

where all the terms have usual sense as before described. The measured values of chemical

shifts is fitted by equation 3.18 and is shown in Fig. 3.13c. It is clearly evident from fitting

that the position of maxima is found ca. at 0.43 mole fractions of t-BuOH (see Fig. 3.13d).

It has been elucidated from these analytical models that the fraction of t-BuOH interacted

to DCM is unlike from fraction of DCM interacted to t-BuOH and the ratio between X I
DB

and X I
BD is approximately 1:1.12. From above analysis, we proposed that in t-BuOH-DCM

binary mixture on an average one t-BuOH molecule is associated with 1.12 DCM molecules

through weak hydrogen bonding network. The total interaction may be simply calculated by

adding X I
DB and X I

BD as

(3.19)X I
tot = X I

DB + X I
BD

The total interaction X I
tot appears in the t-BuOH-DCM binary mixture as a function of

Xt−BuOH determines the mole fraction of t-BuOH corresponding to highest hydrogen bond

networking in the t-BuOH-DCM binary mixture, and the value is found to be 0.45 (as shown

in Fig. 3.13e), which is approximately near from UV-vis absorption study of a solvatochromic

dye [Xt−BuOH(△Emin
T ) = 0.40]. Thus we suggested that the mixing of DCM to t-BuOH brings

microscopic heterogeneity in the resulting binary solvent mixture.

3.2.4 Solvent Exchange Model for Binary Solvent Mixtures
A solvent exchange model has been developed to correlate the transition energy of solva-

tochromatic indicator in the solvent mixture. [156–159] In other words, the nature of solvation

of the binary solvent mixture towards a solvatochromic probe molecule in the solvation

sphere has been characterized by the solvent exchange model (discussed concisely in chapter

2). Solvent exchange model believes two equilibria exist between the solvatochromic probe

(P) and solvent molecules (i.e. more polar pure solvent, less polar pure solvent and the

interacting solvents complex). This model applies to settle conclusively the behavior of

solvation of different binary solvent mixtures used in present study.

(a) Solvent Exchange Model for MeOH-CHCl3 Binary Solvent Mixture
In this case, we have taken a 1:2 stoichiometry ratio for MeOH (M) and CHCl3 (C) (as

evident from the 1H-NMR measurement) to construct the solvent exchange model, see in



66 Spectroscopic Evidence of Synergism in Binary Solvent Mixtures

chapter 2. If we consider formation of MC2 solvent structure on the microsphere of solvation

shell, the m model of solvent exchange processes are given as

(3.20)P(C)3m + 3mM � P(M)3m +C

(3.21)P(C)3m + mM � P(MC2)m + mC

For this process, the equilibrium constants are defined as

(3.22)fM/C =
XS

M/XS
C

(X0
M/X0

C)
3m

(3.23)fMC2/C =
XS

MC2
/XS

C

(X0
M/X0

C)
m

At end, the value of ET in microsphere of solvation shell of solvent aggregate can be expressed

as

(3.24)
ET = ETC

+
(ET M − ETC) fM/C(X0

M)3m + fMC2/C(ET MC2 − ETC)(X0
M)m(1 − X0

M)2m

(1 − X0
M)3m + fM/C(X0

M)m + fMC2/C(X0
M)m(1 − X0

M)2m

where, XMC2 , XM and XC are mole fraction of the resultant solvent aggregate pure solvent

MeOH and CHCl3 respectively. XS
MC2

, XS
M, and XS

C are mole fractions of the solvent aggregate,

pure solvents MeOH and CHCl3 in the solvation sphere of the probe molecule, respectively

and ET M, ETC, and ET MC2 are the transition energies of solvatochromic probe molecule in

pure solvent MeOH, CHCl3 and solvent aggregate MC2. The present hypothetical model

gave a good idea for the synergetic mixtures where values of ET of mixtures ET MC2 are found

to be lower than ET values of pure solvent. The variation of ET of C480 as a function of

mole fraction of methanol has been fitted with equation 3.24 and is shown in Fig. 3.14. The

m model gives a more appropriate fitting to the experimental result and also a reasonable

explanation of the MeOH-CHCl3 binary solvent mixture properties. The m value provides

the number of solvent molecules in microsphere of solvation shell of the probe molecule

affecting its transition energy. The formation of solvent aggregates in the solvation sphere

induces large deviation in polarity (i.e., ET MC2 = 71.9) as compared to bulk counterparts

(ET M =73.3 and ETC = 73.9). In the fitting, the value of fMC2/C is found to be 1.061 where as

fM/c is 0.454. This clearly indicate the synergistic behavior of solvation. The result attributes

that the strong H-bonding network between hydrogen donor and hydrogen acceptor solvent

guided more polar environment in binary solvent system.

•
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Fig. 3.14

Plot of molar transition energy of C480 plotted as a function of MeOH mole fraction in MeOH-CHCl3
binary mixture. The solid line is the fitting following equation 3.24.

(b) Solvent Exchange Model for MeOH-DCM Binary Solvent Mixture
The solvation behavior of the MeOH-DCM binary solvent mixture towards a solva-

tochromic probe molecule in the solvation sphere has been analyzed by the 1:1 solvent

exchange model (see in chapter 2). A solvent exchange model considers the existence of two

solvent exchange equilibria exists between the solvatochromic probe (P) and being solvated

by all three different entities ca. more polar solvent MeOH (M), less polar solvent DCM (D)

and the hydrogen bonded complex between M and D (i.e. MD). From the 1H-NMR analysis,

it has been found that on an average one MeOH molecule is communicating with 1.33 DCM

molecules. Assuming 1:1 association, the two proposed equilibria can be written as

(3.25)P(D)m + mM � P(M)m + mD

(3.26)P(D)m +
m
2

M � P(MD)m +
m
2

D

The equilibrium constants of the earlier two processes can be written as

(3.27)fM/D =
XS

M/XS
D√

(X0
M/X0

D)
m

(3.28)fMD/D =
XS

MD/XS
D√

(X0
MD/X0

D)
m
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where, fM/D is a measure of the solvatochromic molecule to be more preferentially solvated

by MeOH than DCM, while fMD/D quantified the efficacy of the solvatochromic molecule

to be synergistically solvated by solvent aggregate rather than the pure solvent counterparts

and XS
M, XS

D and XS
MD are respectively the mole fractions of MeOH, DCM, and hydrogen

bonded complex in the solvation microsphere of probe molecule, whereas X0
M and X0

D are

mole fractions of two pure solvent counterparts in the bulk with the relation

(3.29)X0
D + X0

M = XS
D + XS

M + XS
MD

= 1

The ET value of the mixed solvent system can be expressed as

ET = ET D

+

[
(ET M − ET D)(X0

M)m fM/D + (ET MD − ET D)(X0
M)m/2(1 − X0

M)m/2 fMD/D

(1 − X0
M)m + (X0

M)m fM/D + (X0
M)m/2(1 − X0

M)m/2 fMD/D

]
(3.30)

Fig. 3.15

Plot of molar transition energy of C153 plotted against mole fraction of MeOH in MeOH-DCM binary

mixture. The solid line is the fitting by equation 3.30.

where, ET M, ET D and ET MD are the molar transition energies of C153 in MeOH, DCM and

MeOH-DCM binary solvent mixture respectively. The m value in present model suggests

the number of solvent molecules in microsphere of solvation shell of the probe molecule

affecting its transition energy. The equation has been used to fit the molar transition energy

of C153 in MeOH-DCM binary solvent mixture as a function of MeOH mole fraction as
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shown in Fig. 3.15. In present study, the proposed model gave a good idea for the synergetic

solvation where value of m is found to be 2.0. The formation of solvent aggregates in the

solvation sphere induces large deviation in polarity (estimated ET MD = 58.50) as compared

to bulk counterparts (ET M = 67.59 and ET D = 68.07). In the analysis, the value of fMD/D

is found to be 7.7 whereas fM/D is found to be 2.2. The observed high value of synergistic

parameter (3.5 times more than the preferential parameter) clearly indicates the predominant

synergistic behavior of solvation. The result attributes that the H-bonding network between

the hydrogen bond donor and the hydrogen bond acceptor solvent accomplish a more polar

environment in the binary solvent system.

•

(c) Solvent Exchange Model for t-BuOH-DCM Binary Solvent Mixture
The synergistic behavior of t-BuOH-DCM binary solvent mixture towards a solva-

tochromic probe molecule generates nonlinear characteristics in the molar transition energy

(ET ) which results from solvent micro-heterogeneity, i.e. where combined component of

mixed solvent prefers to solvate a solvatochromic probe molecule compared to anyone

component of binary solvent. The nature of solvation behavior has been examined by sol-

vent exchange model. The interaction between the two pair solvents composite evolves

micro-domain complex species, which was inferred by proton NMR analytical study. This

study clearly proposed that there exists the possibility of solvation of the probe molecule

by micro-domain complex species of ratio 1:1.12. The solvent exchange model assumes

two solvent exchange (1:1) equilibria persists between the solvatochromic probe (P) and

three distinguishable entities ca. more polar solvent t-BuOH (B), less polar solvent DCM (D)

and the hydrogen bonded complex species between B and D (i.e. BD). The two proposed

equilibria of 1:1 complex species can be written as

(3.31)P(D)m + mB � P(B)m + mD

(3.32)P(D)m +
m
2

B � P(BD)m +
m
2

D

The equilibrium constants of the earlier two processes can be written as

(3.33)fB/D =
XS

B/XS
D√

(X0
B/X0

D)
m
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(3.34)fBD/D =
XS

BD/XS
D√

(X0
BD/X0

D)
m

where, fB/D is a measure of the probe to be more preferentially solvated by t-BuOH than

DCM, while fBD/D quantified the efficacy of the indicator to be synergistically solvated by

solvent aggregate rather than the pure solvent and XS
B , XS

D and XS
BD are respectively the mole

fractions of t-BuOH, DCM, and hydrogen bonded complex in the solvation micro-domain of

probe molecule, whereas X0
M and X0

D are mole fractions of two pure solvents in the relation as

(3.35)X0
D + X0

B = XS
D + XS

B + XS
BD

= 1

The ET value of the mixed solvent system can be expressed as

(3.36)
ET = ET D

+

[
(ET B − ET D)(X0

B)
m fB/D + (ET BD − ET D)(X0

B)
m/2(1 − X0

B)
m/2 fBD/D

(1 − X0
B)

m + (X0
B)

m fB/D + (X0
B)

m/2(1 − X0
B)

m/2 fBD/D

]

Fig. 3.16

Plot of molar transition energy of C480 plotted against mole fraction of t-BuOH in t-BuOH-DCM

binary mixture. The fitting equation 3.36 is symbolized by solid line.

where, ET B, ET D and ET BD are the molar transition energies of C480 in t-BuOH, DCM and

t-BuOH-DCM binary solvent mixture respectively, and m value suggests the number of

solvent molecules in micro-domain of solvation shell of the probe molecule and is found to

be 2. The equation has been used to fit the molar transition energy of C480 in t-BuOH-DCM
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binary solvent mixture as a function of t-BuOH mole fraction as shown in Fig. 3.16. The

formation of solvent aggregates in the solvation sphere impetus large deviation in polarity

(estimated ET BD = 67.861) compare to pure solvents (ET B = 73.991 and ET D = 74.151). In

the analysis, the value of fBD/D is found to be 6.5 whereas fB/D is found to be 2.9, which

clearly indicates the predominant synergistic behavior of solvation. The result attributes that

the specific interaction (i.e. weak H-bonding network between hydrogen bond donor and

hydrogen bond acceptor solvent) accomplishes a more polar environment in binary solvent

system.

3.2.5 Fluorescence Quenching in MeOH-CHCl3 Binary Solvent Mix-
ture

The presence of quencher can affect the lifetime of fluorophore molecules either through

static interactions or through dynamic pathways. [199] Static quenching is a consequence of

complexation between fluorophore and quencher molecules, while as dynamic quenching

is limited by the diffusion of quencher molecules and thus being a function of solvent

property like hydrogen bonding. To know quantitatively the extent of interactions prevailing

in the binary solvent mixture of MeOH and CHCl3, the fluorescence quenching study of

C480 by 1,2-phenylenediamine (PDA) was done. The dynamic nature of quenching was

experimentally observed by measuring the effect of quencher on the lifetime of C480, whose

concentration was kept at ∼5 µM and the concentration of PDA was varied from 0 to 10

mM in Fig. 3.17a. The observed rates of quenching as a function of mole fraction of MeOH

in MeOH-CHCl3 binary mixture were plotted as shown in Fig. 3.17b. In pure CHCl3 the

observed value of quenching rate constant is found to be 1.5879 M−1. As the proportion

of MeOH in the MeOH-CHCl3 binary mixture increases, the rate constant of quenching

first decreased until XMeOH = 0.45, where the deviation from ideality is observed to be

maximum (see, Fig. 3.17c) and then increased. In pure MeOH the value of quenching rate

constant is found to be 3.13 M−1. As mentioned above, the rate of dynamic quenching is

affected by the interaction of quencher with the solvent molecules. In other words, the greater

extent of interaction between molecules of binary mixture, the greater restriction they will

impose on the movement of quencher toward the fluorophore and hence will retard the rate

of quenching. The large deviation in quenching constant observed for ∼0.45 mol fraction of

MeOH-CHCl3 binary mixture inferences the maximum restriction posed on the diffusion of

quencher molecules toward the fluorophore and thus comprehends the existence of stronger

hydrogen bonding between MeOH and CHCl3 molecules corresponding to this mole fraction.
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Fig. 3.17

(a) Stern-Volmer plots of C480 with 1,2-phenylenediamime used as a quencher in bulk MeOH, bulk

CHCl3 and ∼ 0.45 mole fractions of MeOH in MeOH-CHCl3 binary mixture. (b) Plot showing

variation of fluorescence quenching constant (kq) with respect to the mole fraction of MeOH in

MeOH-CHCl3 binary mixture. (c) The difference of the experimental value of quenching constant

and the ideal value showing maximum deviation for ∼ 0.45 mole fraction of MeOH in MeOH-CHCl3
binary mixture.

This observation supports the existence of stronger MeOH-CHCl3 intermolecular interactions

observed through UV-vis spectroscopy, 1H-NMR and refractivity measurements.

3.3 Conclusion
UV-vis absorption spectroscopy using solvatochromic probe molecules, molar refractivity

and proton-NMR measurements were pursued to explore the structure and solvation behaviour

of binary solvent mixture. A strong synergistic solvation was observed for the mixtures of

hydrogen bond donating (e.g., chloroform, dichloromethane) and accepting solvent (e.g.,

alcohols like methanol, tert-butanol) pairs, which causes solvatochromic probe molecules

to sense increased polarity compared to the bulk counterparts. Such strong synergism was

not observed when chloroform or dichloromethane was replaced by carbon tetrachloride.

The origin of the strong synergism was explained in terms of solvent-solvent interactions

as evidenced from probe dependence, molar refractivity, proton NMR measurements, and

solvent exchange model. The solvation behavior of binary mixture shows strong probe

dependence with no synergism observed when p-nitroaniline was taken as the solvatochromic

probe, which is ascribed to the higher ground state dipole moment of p-nitroaniline (8.8 D)

relative to C480 (6.3 D). Surprisingly, the synergistic signature is no longer observed for

solvatochromic probe in binary mixture employing fluorescence measurements, which is

substantiated by higher excited state dipole moment. Such strongly perturbed systems (due
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to high dipole moment) do not allow persistence of hydrogen bonding network, resulting in

preferential solvation instead of synergism. The analysis of proton-NMR data corresponding

to chloroform and methanol protons suggest the structure of binary solvent mixture through

the existence of about two hydrogen bonds per methanol molecule and single hydrogen

bond for each chloroform molecule. However, the solvent structure of other two binary

solvent systems persists in ca. 1:1 stoichiometric ratio as infered from 1H-NMR analysis.

Diffusion controlled dynamic quenching of C480 fluorescence by 1,2-phenylenediamine in

the MeOH-CHCl3 binary solvent mixture also suggested the presence of strong H-bonding

network.

•





4
Dynamics in MeOH-CHCl3 Binary

Solvent Mixture
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1Femtosecond transient absorption pump-probe technique is used to measure the solva-

tion dynamics of pure methanol (MeOH), chloroform (CHCl3), and different mole fraction

of MeOH in MeOH-CHCl3 binary solvent mixture. The appearance of synergistic solvation

behavior in the steady state absorption measurement is explained on account of solvent-

solvent interactions through extended hydrogen-bonding network. This appeared synergistic

behavior is the only cause for the slow solvation dynamics in solvent mixed system and

found to be lower at XMeOH = 0.45 in binary mixture. This certify the probe molecule in

such intermolecular association among solvent system will experience unique solvation shell,

which may responsible for slow solvent dynamics in mixture compare to pure solvents. The

solvation data are provided better insight of effect of binary solvent system. Disappearance

of such synergistic behavior in the excited state of the Pyran dye displays the weak nature of

the intermolecular interaction present in binary solvent mixture.

•

1Submitted in J. Phys. Chem.
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4.1 Introduction
The importance of binary solvent mixtures in chemical, physical and biochemical pro-

cesses have been extensively discussed in literature. [200–209] The physical properties of

mixed solvents modify the pathways of chemical transformations through altering the en-

ergies of participating reactant species, and also the solvent dependent characteristics of

an intermediate state decides the type of the product to be formed during a chemical reac-

tion. [200,203,205,206] The features of the mixed solvent which decide the course of the reaction

and subsequently the rates of transformations are the dynamical response of the solvent and

the local structure of the solvent molecules participating in the formation of solvation shell.

Revealing such dynamical response of the mixed solvent system has been a challenge in

the past, [209–220] however, lately a lot of attention has been devoted to establish the role of

solvation in chemical and biochemical reactions. [200–209] The dynamical characteristics of

one solution phase can thus enhance or retard the rate and yield of a chemical transformation

as compared to another solution phase depending on the dynamical response and the local

structure of the solvent system. [209–212,221–226] In essence, the dynamical features of a sol-

vent systems at the molecular level determines the rate of fluctuations of solvent molecules,

which subsequently decides how rapidly and instantaneously solvent molecules respond to

an external perturbation. [209–212] The timescale of the solvent response will thus depend on

the rate of breakage of initial solvent structure and the re-establishment of a new one. As a

result, the existence of various interactions among the solvent molecules and the structural

evolution of an interactive solvent system are the significant factors which will anticipate the

overall solvation dynamics and the rate of intermolecular energy flow. [209–212,227,228]

The mode of solvation of solvatochromic molecules have been widely investigated by

various ultrafast techniques such as femtosecond or picosecond time-resolved fluorescence

spectroscopy, [213,215,217,218,220,229–232] femtosecond pump-probe spectroscopy, [204,210–212]

2D-IR spectroscopy, [204] dielectric relaxation spectroscopy [213] and 1H NOESY spec-

troscopy. [233,234] Additionally, lot of work has also been carried out using simulation stud-

ies [204,215,235–238] and ab-initio calculations [213,219,236]. Fayer and co-workers [204] have

measured the solvation dynamics of phenol-OD in pure and mixed solvents by ultrafast

2D-IR and IR pump-probe techniques. They have noticed a difference in the slow dynamics

for pure solvents and their mixture, which was ascribed to the different nature of first solvent

shell (around solute) in solvents of different compositions and was also justified by MD

simulations. Recently, Zhang et al. [213] have tested mixture of ionic liquid and water by
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dielectric and ultrafast time resolved fluorescence techniques and examined the utility of

dielectric solvation model. They found that the solvent response functions predicted by

dielectric continuum model are similar to the spectral response function measured with

coumarin-153. The only difference they observed is that the measured spectral response

functions is ∼ 7 fold slower than as predicted by dielectric model. [213] Agmon et al. [219]

discussed the dynamics of preferential solvation by introducing the translational diffusion

origin of preferential solvation, which is essentially an extension of Smoluchowski model.

In practice, many interactive mixed solvent systems induce shift in steady state spectra of

the solvatochromic molecule, and this shift continues with increase in concentration of more

polar solvent in the binary solvent mixture. [239–244] In other words, when solvatochromic

molecules are solvated preferably by the more polar solvent molecules, this selective sol-

vation is termed as preferential solvation. Some interactive solvent mixtures on the other

hand, induce large shift in the steady state spectra as compared to the bulk counterpart,

and the observed larger shift is caused by the solvation of probe molecules with combined

components of solvent in binary mixture. Therefore, this non selective solvation is named

as synergism. In chapter 3, we have noticed synergetic behaviour in MeOH–CHCl3 [23],

MeOH–DCM, and t-BuOH-DCM binary solvent mixtures and has been studied by spec-

troscopic techniques, 1H-NMR analysis, electron-transfer dynamics, and is also justified

by analytical modeling. [23] It was proposed that the existence of weak hydrogen bonded

network between hydrogen bond accepting (e.g. MeOH, t-BuOH) and donating (e.g. CHCl3,

DCM) solvent is mainly responsible for the observed synergism. The miscibility of alcohols

in such weakly interactive solvents leads to distinct hydrogen bonding networking, and hence

may present a different solvent response. However, to the best of our knowledge, solvation

dynamics in MeOH–CHCl3 binary solvent mixture has not been pursued. In the present

study, we address the dynamical characteristics of MeOH–CHCl3 binary solvent mixtures

through femtosecond pump-probe measurements.

•

4.2 Results and Discussion
4.2.1 Steady State Absorption and Emission Spectra in MeOH-CHCl3

Binary Solvent Mixture
The steady state absorption and fluorescence spectra of 4-(dicyanomethylene)-2-methyl-6-

(4-dimethylaminostyryl)-4H-pyran (Pyran, Fig. 4.1) dye were recorded in various proportions
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Fig. 4.1

Molecular structure of 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran used in

this study.

of MeOH in MeOH-CHCl3 binary solvent mixtures. Fig. 4.2a and 4.2b shows the absorption

and fluorescence spectra of Pyran dye in different compositions of MeOH-CHCl3 mixtures.

The absorption maximum of Pyran dye in neat MeOH and CHCl3 are at 466.6 nm and 469.2

nm respectively. In the solvent mixture of 0.10 mole fraction of MeOH, the absorption

maximum changes to 471.4 nm. As the mole fraction of MeOH in MeOH-CHCl3 solvent

mixture increases from 0.10 to 0.45, the absorption maximum of Pyran dye exhibits a

monotonous red shift from 471.4 to 475.3 nm. Further increase in mole fraction of MeOH

cause a hypsochromic shift of the absorption maximum from 474.8 (0.5 XMeOH) to 470 nm

(0.9 XMeOH). The variation of absorption maximum of Pyran dye as a function of XMeOH is

shown in Fig. 4.1a. It clearly shows that the absorption maxima of Pyran dye significantly

depends on the composition of solvent mixture. In order to depict the stabilization of Pyran

dye in the corresponding binary mixture, the concept of molar electronic transition energy

ET (kcal mol−1) was used, whose relationship with absorption maximum (λmax) is given

by; [23,245–247]

(4.1)ET =
28591
λmax

(kcal mol−1)

For an ideal mixture, one expects that any equilibrium property in a binary liquid (e.g.

solvation energy, composition etc.) is a weighted average of that in the two solvents. Thus

in an ideal case, where all solvent-solvent interactions are assumed to be same, the dye is

characterized by maximum value of molar electronic transition energy given by [23,247,248]

(4.2)ET (ideal) = XS1ET (S1) + XS2ET (S2)

where, XS1 and XS2 are mole fractions of solvent 1 and solvent 2 respectively and ET (S1) and

ET (S1) are ET values of a dye or indicator solute in pure solvents 1 and 2. This equation

corresponds to the ideal behaviour of binary solvent mixture, and the variation of ET as a
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Fig. 4.2

(a) Normalized absorption and (b) emission spectra of Pyran dye in a different composition of MeOH

(XMeOH = 0.00, 0.30, 0.45, 0.60, 0.80, 1.00) in MeOH-CHCl3 mixtures. The excitation wavelength of

emission spectra was set at 450 nm.

function of mole fraction of any component should always be linear. However, in practice, the

variation is barely linear, which points towards the existence of some specific and selective

interactions between the dye molecule and one of the components of the solvent mixture,

which is termed as preferential solvation. Apart from this, the deviation from the ideal

behaviour may also appear from the interaction of combined solvent counterparts in the

binary solvent mixture, exhibiting a synergistic effect. In terms of molar transition energy,

ET , which provides the direct measure of stabilization energy on account of solvation, the

variation is expressed as a function of XMeOH in MeOH-CHCl3 binary mixture (see in Fig.

4.3a). It is shown that, maximum stabilization in terms of solvation is obtained at ca. 0.45

mole fraction of MeOH, after deducting the ideal behaviour of the dye in the binary mixture

as per equation 4.2 (see in Fig. 4.3c). The efficient solvation imposed by the mixed solvent

system inferences towards the prevalence of mutual solvation around the solvatochromic

probe molecule and such a phenomenon is recognized as synergism. [23] This certifies that

the MeOH-CHCl3 solvent mixture exhibits a different solvation behaviour as compared to

either of the pure solvents, and its mutual interaction appears to be stronger than the pure

bulk counterparts. However, such peculiar variation was not observed in emission maximum

of Pyran dye in MeOH-CHCl3 solvent mixtures, rather it displays a monotonous red shift

from 567.5 to 623.5 nm (see Fig. 4.2b and 4.3b).

In chapter 3, the appearance of similar features in MeOH-CHCl3 solvent mixture by

using different types of probe molecules (coumarin dyes and 4-AP dye) vividly suggested the
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Fig. 4.3

(a) The variation of absorption maximum and molar electronic energy ET , (b) the peak position of

emission spectra of Pyran dye in MeOH-CHCl3 binary solvent mixture as a function of the mole

fraction of polar solvent i.e. XMeOH and (c) the difference in molar electronic transition energy of

Pyran dye in different composition of MeOH-CHCl3 binary solvent mixture as a function of mole

fraction of MeOH in MeOH-CHCl3 solvent mixture.

existence of higher polar environment in mixed solvent mixture. This inherently facilitates

distinct synergistic solvation behaviour as compared to pure solvents. However, the observed

synergistic solvation disappears in the excited state. It was proposed that the disappearance

of synergism in the excited state is most probably because of the perturbations induced in the

solvation shell on behalf of large dipole moment in the excited states, resulting in breakage

of the solvent structure. This disturbance guides selective solvation of probe molecules by

more polar component of binary solvent mixture. In the present situation, since the excited

state dipole moment of Pyran dye is very large, µe = 26.3 D, [249] the interactive solvent

structure no longer remains intact and as a result no synergism is observed in the excited

state. On the contrary, the magnitude of ground state dipole moment (µg = 5.6 D) [249] is

not sufficient enough to make any perturbation in the structure of solvent mixture and hence

synergistic solvation prevails. Thus, the degree of synergistic solvation directly depends

on the magnitude of dipole moment of dye molecule used, and strength of the H-bonding

network between interactive solvents present in solvent mixture. To establish the above

proposition of efficient solvation provided by the solvent mixture as compared to the pure

solvents, solvation dynamics study was undertaken to find the solvation times of pure solvents

and the solvent mixture. Femtosecond transient absorption measurements of Pyran dye were

pursued to track the time evolution of stimulated emission band.
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4.2.2 Solvation Dynamics Study in MeOH-CHCl3 Solvent Mixture
The time resolved difference absorbance (△A) spectra of Pyran dye in different propor-

tions of MeOH in MeOH-CHCl3 mixture were measured by femtosecond transient absorption

technique over a wavenumber range of 13000–22000 cm−1. Fig. 4.4 shows the difference

absorption spectra (△A) of Pyran dye in neat MeOH (4.4a), neat CHCl3 (4.4b), 0.45 XMeOH

(4.4c), 0.70 XMeOH (4.4d), and 0.20 XMeOH (4.4e). In each plot, a difference spectrum

Fig. 4.4

Time resolved or Transient absorbance spectra of Pyran dye (excitation wavelength is 400 nm) in

(a) pure MeOH, (b) pure CHCl3, (c) XMeOH = 0.45, (d) XMeOH = 0.70, and (e) XMeOH = 0.20 in

MeOH-CHCl3 at different time periods. The black solid line represents spectrum before pump pulse

or time zero.

corresponding to negative delay time between the pump and the probe beams is shown as a

reference (black). In all situations, within the current spectral window, two processes can be

observed; excited state absorption (ESA) and stimulated emission (SE). The detailed solvent

dependent transient absorption signal assignment of Pyran dye has already been reported in

the literature. [250–252] Briefly, in MeOH the time evolution of transient absorption signals

suggest the existence of two states in the excited state of Pyran (Fig. 4.4a). The locally
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excited (LE) state is characterized by the ESA signal (20000-22000 cm−1) with a broad SE

signal (14000-19000 cm−1). Within a picosecond, a new ESA signal appears on the lower

wave number side with a maximum at ca. 19000 cm−1 and is assigned to the charge transfer

(CT) state. [250–252] The stimulated emission signal occurs from both the locally excited state

and the charge transfer state in polar solvents, while as in non-polar solvents (CHCl3), the SE

is from LE state only (no ESA from CT state is observed in transient absorption spectra of

Pyran in CHCl3). Instead of revealing the solvent dependent excited state dynamics in detail,

the evolution of SE signal as a function of solvent mixture will be discussed here. More

importantly, this procedure signifies the use of transient absorption in deducing the solvation

dynamics. In essence, instead of constructing the time-resolved spectra as in fluorescence

spectroscopy, transient absorption can give the raw time resolved emission spectra (in case

the SE signal is prominent and is not overlapping with other transient absorption signals),

such that no reconstruction is required. It will be effective to remove any ambiguity caused

during the fitting of the fluorescence transients and can report features like time dependent

broadening of the emission spectra exactly. To get the exact SE peak position, each △A

spectrum was fitted by a log-normal function in the SE spectral region.

In MeOH, the first distinct SE signal can be identified at 120 fs and the shape of the

subsequent SE signals at higher times infers that there is no overlapping of the other transient

signals in the region of emission maximum. The SE signal at 120 fs is primarily from the

LE state (νmax = 17023 cm−1) and with advancement in time, a contribution from CT states

also appears and finally the SE signal occurs exclusively from the CT state (Fig. 4.4a). With

time, there is a continuous shift in the SE maximum towards the lower wave number and this

accounts for the time-dependent dynamics Stokes shift of the excited state (TDSS). Initially,

the dynamic Stokes shift is very rapid and then it slows down till 107 ps (νmax = 15550 cm−1)

in methanol. In CHCl3 (Fig. 4.4b), as mentioned above, the SE signal occurs predominantly

from the LE state and thus the observed dynamic Stokes shift is essentially because of the

solvation of the LE state. In CHCl3, the first distinct SE signal can be observed at around

120 fs (νmax = 17750 cm−1) followed by a continuous shift towards the lower wave number

till it attains steadiness at ca. 30 ps (νmax = 16730 cm−1) (Fig. 4.3b). In 0.45 XMeOH (Fig.

4.4c) in the MeOH-CHCl3 solvent mixture, the evolution of transient absorption signals with

time suggests initial decay of LE state into the CT state. The SE signal occurs from both

the LE and the CT state, with first distinct signal observed at 120 fs (νmax = 17284 cm−1).

There is an initial fast evolution followed by slow dynamic Stokes shift which appears to
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reach steadiness at ca. 135 ps (νmax = 16230 cm−1).

To extract information from the time-dependent variation of SE signal of the transient

absorption spectra, solvation correlation function C(t) was plotted from the equation given

below. [250–258]

(4.3)C(t) =
ν(t)− ν(∞)

ν(0)− ν(∞)

where ν(0), ν(t), and ν(∞) are respectively the peak wave number of the SE band at time

zero, at intermediate times, and at infinity. The correlation function C(t) of Pyran dye in

pure methanol, pure chloroform and various proportions of MeOH in MeOH-CHCl3 solvent

mixture is shown is Fig. 4.5

Fig. 4.5

The solvation response function C(t) of Pyran dye in MeOH-CHCl3 binary solvent mixture at different

mole fraction of MeOH (XMeOH = 0.00, 0.20, 0.45, 0.70, 1.00). The symbols ◦,�,♦,▽, and △ are

corresponding to XMeOH = 0.00, 0.20, 0.45, 0.70, and 1.00, which denote the experimental value of

C(t) and the corresponding solid line represents the best fitted exponential decay.

The correlation function of Pyran in each solvent is either fitted bi-exponentially or

tri-exponentially (see Table 4.1). From the fitting parameters, the average solvation time

(< τs >) was obtained. The < τs > in pure MeOH is found to be 4.32 ps, in pure CHCl3, it is

1.32 ps, while as in 0.45 XMeOH , the average solvation time is found to be 12.03 ps. The list

of average solvation time in all the pure solvents and various proportions of solvent mixtures

is shown in Table 4.1 and the variation is shown in Fig. 4.6. As can be observed, the 0.45

XMeOH offers considerably slower solvation of the excited state than either of the counterparts.

This result is in concordance with the variation of steady state absorption maximum, wherein
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XMeOH
τ1

(ps)
τ2

(ps)
τ3

(ps) b1 b2 b3
a0

(cm−1)
a∞

(cm−1)
<τs>
(ps)

%C(t)
missed

0.00 2.17 0.10 - 0.59 0.41 - 17750 16726 1.32 30.52
0.20 0.22 1.59 47.47 0.35 0.56 0.09 17696 16602 5.24 24.25
0.45 0.53 7.33 53.47 0.53 0.29 0.18 17416 16186 12.03 29.49
0.70 0.37 6.02 23.93 0.45 0.35 0.20 17314 15793 7.06 31.14
1.00 0.40 3.41 10.94 0.37 0.36 0.27 17022 15554 4.32 46.89

Table 4.1
The relevant parameter of solvent response functions of MeOH-CHCl3 at room temperature. The
average relaxation time < τs > is calculated by ∑i biτi. The solvation responses function C(t) =
∑i bi exp(−t/τi) with ν̃(t) = (a0 −a∞)C(t)+a∞.

the absorption maximum is red shifted in 0.45 XMeOH compared to either of the pure solvents.

The possible reason of the slower solvation offered by 0.45 XMeOH may be due to the rigid

solvent cage, which restricts itself from undergoing immediate reshuffling once the molecule

is promoted to the excited state. In other words, in the ground state of Pyran the solvent

cage will be having some arrangements around the molecule, and once the molecule is

promoted to excited state by irradiation, immediate charge redistribution will require a

Fig. 4.6

The variation of average solvation time as a function of mole function of MeOH in MeOH-CHCl3
binary solvent mixture.

simultaneous change in the structure of the solvent cage. The time scale of restructuring of

the solvent cage decides the solvation time, and it depends on how fast the solvent molecule

within the cage break their old arrangement and re-establish new interactions as per the

requirement of the excited state. Slower solvation will essentially mean that the solvent
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molecules within the solvation shell are kept intact by means of intermolecular interactions

and hence respond slowly to the changing dipole moment of the Pyran in excited state. This

emphasizes on the existence of extended networking through weak hydrogen bond formation

between MeOH and CHCl3 in the binary solvent mixtures. Consequently, one can expect that

the binary solvent mixture is well organized compare to the bulk solvent counterparts and

maximum organization prevails at XMeOH = 0.45. These experimental results clearly suggest

the significant role of enhancement in polarity and extended weak hydrogen bonding network

(which has been established previously in chapter 3) in MeOH-CHCl3 binary solvent mixture

in deciding the dynamics of the solvation. Present solvation studies support the proposition

of enhanced intermolecular hydrogen bonding interactions and polarity of binary solvent

mixture, and hence the synergism.

However, initial part of solvation dynamics is missed even in present femtosecond setup

of time resolution 120 fs. The magnitude of missed solvation time is calculated by using

the Fee-Maroncelli method. [256–258] The emission frequency at zero time, ν
p
em(0), can be

determined in a polar medium by using following formula as,

(4.4)ν
p
em(0) = ν

p
abs − (νnp

abs − ν
np
em)

where ν
np
abs, and ν

np
em represent the steady state frequencies of absorption and emission,

respectively, of Pyran dye in non-polar solvent (in present study, cyclohexane). Hence, the

percentage of solvation escaped, are calculated by using following equation,

(4.5)% of solvation missed =

[
1 − νabs(0)− νabs(∞)

νem(0)− νabs(∞)

]
∗ 100

where all terms have usual meaning as described before. The magnitude of percentage

of solvation missed in different mole fraction of MeOH in MeOH-CHCl3 mixtures has

been listed in Table 4.1. Aside this, it is readily observed that the decay of C(t) exhibits

comprisable slow dynamics at XMeOH = 0.45 in mixture. This is considerably slower in

comparison to the solvation dynamics in pure MeOH and CHCl3 solvent. In other words,

the average solvation time of Pyran dye in XMeOH = 0.45 in MeOH-CHCl3 mixture displays

higher magnitude of about 12.03 ps compare to other mole fraction of MeOH mixtures and

pure respective solvent (i.e. MeOH and CHCl3).

4.3 Conclusion
In the present work, we have re-established the synergism in in MeOH-CHCl3 binary

solvent mixture using solvatochromic probe molecules 4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran (Pyran) using femtosecond transient absorption spectroscopy
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and also filled the gap between the ground state and excited state response. The unique mixed

solvent environment arises to higher degree of solvent stabilization energy by achieving lower

ET value compared to the bulk counter parts and the position of maximum is to be found at

near XMeOH = 0.45 similar as proposed in earlier chapter. Following femtosecond transient

absorption study, it has been inferred that the intermolecular association among solvent

molecules is responsible for slow solvent dynamics in mixture rather than pure solvents and

achieved slower solvent dynamics at point where ET shift is observed highest, termed as

synergistic effect. Overall interactions present within the MeOH and CHCl3 binary solvent

mixture furnishes a clear evidence of solvent aggregation interplay aspect of weak hydrogen

bonding. The peculiar feature (higher polarity, and weak hydrogen bonding) and inherent

complexity prepared a clear necessity for further theoretical ground as well as molecular

dynamics and ab initio quantum chemical studies, which will brought more transparent

picture about the system in future.

•
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1The intriguing feature of synergistic solvation behavior of methanol (MeOH) and

dichloromethane (DCM) binary solvent mixture has been studied by bimolecular photo-

induced electron transfer (PET) process between a donor and an acceptor molecule. The

appearance of synergistic solvation behavior in the steady state absorption measurement

is explained on account of solvent-solvent interactions through extended hydrogen-bonding

network, which is in accordance with 1H-NMR study, molar refractivity measurement and

solvent exchange model rationalized up to the hilt in chapter 3. 1H-NMR analysis in chapter

3 indicates the existence of MeOH-DCM cluster in stoichiometric ratio of 1:1.33. The solvent

exchange model has been used to find the efficacy of synergistic nature and the polarity

of the mixed solvent system. The synergistic solvation parameter is found to be 3.5 times

larger compared to the preferential solvation parameter. Here, the proposition of extended

hydrogen-bonding network was further authenticated by measuring the rate of bimolecular

PET reaction and the solvent reorganization energy of binary solvent mixtures. The slowest

rate of electron transfer and highest value of solvent reorganization energy (at the Marcus

inversion point) have been observed for XMeOH = 0.40, which furnishes highest synergistic

effect and provides distinct environment from the pure solvent cases.

•

1Submitted in J. Chem. Phys.
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5.1 Introduction
The symptomatic electron transfer (ET) process between a donor and an acceptor, and

its dependence on the local environment have drawn a widespread interest in the past

several decades because of its importance in many fundamental chemical processes and

reactions. [259–278] The increasing rate of electron transfer reaction with their exergonicity

(-△G) has been known for a long time. [263,266,267,272,274,277] Historically, in 1956, Marcus

proposed the decrease of rate of ET reaction after a certain limit of the reaction exergonicity

(system dependent) leading to the appearance of the inverted region. [259,260,263] Followed by

this, the existence of inverted region has been established experimentally by several research

groups with suitable donor-acceptor pairs in different environments and systems. [261–269]

According to Marcus theory, the rate of ET (ket) is given by [266,267,271,273,276–278]

(5.1)ket =
4π2

h
V 2

el
2πλkBT

exp
[
−△G∗

kBT

]
where, λ is the total reorganization energy, which is the sum of intramolecular and solvent

reorganization energy (λ = λin +λs). Vel , kB, T and △G∗ are respectively the electronic

coupling parameter that determines the extent of overlap between electronic wave functions

of the reactant and the product, Boltzmann constant, absolute temperature and free energy

of activation for ET reaction. △G∗ is related to λ and free energy of the reaction (△G0)

as [267,273]

(5.2)△G∗ =
(△G0 + λ )2

4λ

According to Marcus theory, ET rate will increase exponentially with decrease in free en-

ergy of the reaction (△G0) under the condition of (−△G0 < λ ) and start decreasing when

−△G0 value just overcomes λ (i.e.−△G0 > λ ), with the highest value of rate of ET (ket)

at (λ = △G0) which is known as the inversion point. At the inversion point the rate of

ET become highest and it also estimates the extent of total reorganization energy (λ ) of

the system. Over the past few decades the evidence of Marcus inverted region has been

observed in both homogenous and heterogeneous mediums like liquid-liquid interface, [265]

micelle, [266,271,272,275] cyclodextrin, [267] reverse micelle, [270] ionic liquid, [268,269,271] vesi-

cles, [274] etc. Sun et al. [265] investigated the ET reaction at a non-polarized ITIES (interface

between two immiscible electrolyte solution) and asserted the existence of inverted region in

terms of the rate constant of a second order ET reaction. Das et al. [271] have examined the

role of diffusion and reorganization energy on the appearance of Marcus inverted region in
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neat ionic liquid and ionic liquid mixed micelles. Lately, Kumbhakar et al. [272] have shown

that the relative propensity of ET rate is responsible for the solvent reorganization energy and

the arrival of inversion region varies with the nature and organization of the medium. They

have confirmed that the position of inversion point is a very informative parameter about

the nature of the medium. According to the figure of electron transfer reaction in solution

phase (see Fig. 5.1), under the steady state approximation, the rate equation can be written

as [260,276–278]

(5.3)ket =
1

KA

[
kqkd

kd − kq

]
where, kd , kq, and KA are respectively the diffusion controlled rate component, bimolecular

quenching constant and diffusional equilibrium constant
(

KA = ket
k−et

)
. Here ket and k−et are

the rate of formation and dissociation of the encounter specie respectively.

Fig. 5.1

Schematic representation of bimolecular electron transfer (ET) upon photoexcitation. Firstly, the

acceptor in the excited state (A∗) forms an encounter complex (A∗−−−D) with the donor D, and

this newly formed encounter complex undergoes electron transfer through ion pair (A−−−−D+)

formation. The terms, kd and k−d are the diffusion rate constant for formation and dissociation of

(A∗−−−D), ket and k−et are the forward and backward ET rate constants. The kq is the fluorescence

quenching constant of excited acceptor molecule A∗.

On the other hand, the binary solvent mixtures have attracted a lot of attention in the

field of biology, chemistry and pharmaceuticals due to discrete behavior of solvent mixture

compare to its bulk constituents. [279–291] The interactive solvents develops a unique envi-

ronment in solution phase via specific interaction like hydrogen bonding or by nonspecific

such as dipole-dipole, dipole-induced dipole interaction, etc. [291–296] Consequently, many
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researches are being devoted to investigate the behavior of such interactions present in binary

solvent systems. [284–295] The nature of solvation in binary solvent mixtures are often found

to be preferential. The process where one counterpart of solvent mixture solvates the solute

more predominately compared to the other is known as preferential solvation. Apart from

preferential solvation, there is always some possibility of mutual interaction of solvent coun-

terparts providing a completely distinct solvation environment which termed as synergistic

solvation. [297,298] Recently, we have shown synergetic solvation behavior in MeOH-CHCl3
binary solvent mixture by spectroscopic techniques and analytical modeling. [23] It has been

proposed that the weak hydrogen bonded network between hydrogen bond accepting (e.g.

MeOH) and hydrogen bond donating (e.g. CHCl3) solvent is mainly responsible for the

observed synergism, with an extended H-bonded network in the system. However, to the

best of our knowledge the study of PET reaction in binary solvent mixture is not yet accom-

plished. In the present chapter, we explore the Marcus inverted region to ascertain strong

evidence about the presence of H-bonding network in methanol (MeOH) – dichloromethane

(DCM) binary solvent mixture, which also displays strong synergism. The interaction in

MeOH-DCM binary solvent mixture has already been discussed in chapter 3 by means of

electronic spectroscopy, 1H-NMR study and analytical modeling.

•

5.2 Results and Discussion
5.2.1 Electron Transfer in MeOH-DCM Binary Mixture

1H-NMR study along with solvent exchange model and steady state UV-visible absorption

measurement suggests the possibility of extended networking between MeOH and DCM in

their binary solvent mixtures by hydrogen bond formation. Consequently, one may expect that

the organization of the binary solvent mixture is different than the bulk solvent counterparts

and the maximum change should be observed in a mixture with XMeOH = 0.40. Henceforth,

the rate of an electron transfer process is expected to be most affected in binary mixture

with XMeOH = 0.40. This means, the rate depends on how loosely or tightly the solvation

shell is associated around the reactant and product state. Under such circumstance, the PET

process is highly sensitive to the solvent reorganization and barely has any contribution from

the intramolecular reorganization. [276] Here we consider that contribution of intramolecular

reorganization energy (λin) is negligible compared to the dominant solvent reorganization

energy (λs). To investigate the dependence of the rate of electron transfer reaction (ket)
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and solvent reorganization energy (λs) on different MeOH-DCM binary solvent mixtures of

varying proportion, we have studied photo induced electron transfer (PET) between electron

donors (DMA and DEA, see in Fig. 5.2) and acceptors (C30, C151, C152, C153 and C481,

Fig. 5.3) molecules.

Fig. 5.2

Molecular structures of donor molecules used in the present study.

Fig. 5.3

Molecular structures of acceptor molecules used in this study.

First we studied the PET reactions in pure solvents namely methanol (MeOH),

dichloromethane (DCM) and acetonitrile (ACN). The time resolved quenching constant

was determined by Stern-Volmer equation as [4,272,274–276]
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(5.4)
τ0

τ
= 1 + Ksv[Q]

= 1 + kq,T Rτ0[Q]

where, τ0 and τ are the fluorescence lifetimes of acceptor molecule in absence and presence of

the quencher molecules, Ksv is the Stern-Volmer constant and [Q] is the donor concentration.

The quenching constant (kq,T R) values were determined by dividing Stern-Volmer constant

(Ksv) with acceptor lifetime in absence of the quencher (τ0), see fluorecence transient profiles

of acceptors in presence and absence of donor molecules in Fig. 5.4. Stern-Volmer plot for

all donor-acceptor pairs are found to be linear in nature (Fig. 5.5). The △G0 values has been

calculated from Rehm-Weller equation neglecting the electronic repulsion parameter as [299]

(5.5)△G0 = E0
D/D+ − E0

A/A− − E00

where, E0
D/D+ and E0

A/A− are respectively the oxidation and reduction potential of donor and

acceptor, which was measured by potentiostat cyclic voltametry, and E00 is the intersection

of normalized absorption and emission spectra of the acceptor in respective solvents (see in

Fig. 5.6).

According to Rehm and Weller, the rate constant of bimolecular electron transfer re-

action increases with driving force up to a value that corresponds to that of the diffusion

of the reactants, and remains diffusion limited even at driving forces where inversion is

expected. [277,278,300] Till date, such slow reactions were observed only in the Marcus normal

region and so far there has been no convincing experimental observation of the Marcus

inverted region for bimolecular PET reactions in liquid solution. [268,269,276,277,300] In case of

DCM and ACN we have observed similar dependence of rate of bimolecular PET reaction

with the reaction exergonicity (Fig. 5.7b and 5.7c). Similar behavior was also observed by

Nad et al. [276] in ACN. However, in case of PET reaction in MeOH, which has not been well

reported in the literature, we have observed the decrease in rate of ET process after a certain

exergonicity of the reaction (Fig. 5.7a), and thus observed the Marcus inverted region in pure

liquid. In other words, it is evident from Fig. 5.7a that the value of kq,T R initially increases

as △G0 becomes more negative and after reaching the maximum, it starts decreasing with

higher negative value of △G0. Nevertheless, an opposite picture is found in the case of DCM

and ACN, where the value of kq,T R increases as △G0 value gets more negative and finally

remains almost constant at highly negative value of △G0.

On the other hand, the steady-state fluorescence properties of acceptor (C151, C153

and C481) have been measured on gradual increase of the concentration of donors in five
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XMeOH Donor Acce-
ptor

E00
(eV)

τ0
(ns)

E(A/A−)
(V)

E(D/D+)
(V)

△G0

(eV)
kq x 108

(lit. mol−1 s−1)
DMA C153 2.60 4.29 -1.520 +0.675 -0.405 8.08

C481 2.73 0.76 -1.520 -0.535 15.70
0.78 C151 2.87 5.50 -1.530 -0.665 13.80

DEA C153 2.60 4.29 -1.520 +0.580 -0.500 15.20
C481 2.73 0.76 -1.520 -0.630 16.00
C151 2.87 5.50 -1.530 -0.760 12.00

DMA C153 2.60 5.27 -1.495 +0.680 -0.425 7.60
C481 2.74 1.21 -1.433 -0.627 13.30

0.61 C151 2.88 5.53 -1.532 -0.668 12.50
DEA C153 2.60 5.27 1.495 +0.573 -0.532 11.74

C481 2.74 1.21 -1.433 -0.734 13.03
C151 2.88 5.53 -1.532 -0.775 11.08

DMA C153 2.61 5.43 -1.514 +0.700 -0.396 6.31
C481 2.75 2.13 -1.540 -0.510 10.20

0.40 C151 2.90 5.40 -1.470 -0.730 10.33
DEA C153 2.61 5.43 -1.514 +0.620 -0.476 6.96

C481 2.75 2.13 -1.540 -0.590 9.88
C151 2.90 5.40 -1.470 -0.810 9.06

DMA C153 2.62 5.75 -1.510 +0.700 -0.410 7.31
C481 2.76 2.59 -1.530 -0.530 14.05

0.28 C151 2.91 5.42 -1.464 -0746 13.40
DEA C153 2.62 5.75 -1.510 +0.650 -0.460 6.93

C481 2.76 2.59 -1.530 -0.580 13.45
C151 2.91 5.42 -1.464 -0.796 10.32

DMA C153 2.63 5.87 -1.540 +0.690 -0.400 6.47
C481 2.77 2.93 -1.580 -0.500 15.02

0.21 C151 2.92 5.35 -1.500 -0.730 11.58
DEA C153 2.63 5.87 -1.540 +0.680 -0.410 9.03

C481 2.77 2.93 -1.580 -0.510 18.43
C151 2.92 5.35 -1.500 -0.740 11.77

Table 5.1
Bimolecular quenching constant (kq), and free energy changes (△G0) for ET reaction in different
coumarin-amine pairs in MeOH-DCM binary solvents of different compositions.
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Fig. 5.4

Fluorescence transients of C151 (in (a) and (b)) and of C153 (in (c) and (d)) with the gradual addition

of DMA and DEA in methanol (MeOH).

different MeOH-DCM binary solvent mixtures (ca. XMeOH = 0.78, 0.61, 0.40, 0.28, 0.21). It

has been found that the fluorescence intensity of coumarin dyes quenched in different extent

in different binary solvent mixtures without affecting the shape of either the absorption or the

emission spectra. The quenching constant was determined by Stern-Volmer equation as [4]

(5.6)
I0

I
= 1 + Ksv[Q]

= 1 + kqτ0[Q]

where, I0 and I are the fluorescence intensities of acceptor molecule in absence and

presence of the donor molecules, and other terms have been discussed earlier (emission

spectrum of C153 at different conc. of DEA in XMeOH = 0.40 is represented in Fig. 5.8). A

representative Stern-Volmer plots in XMeOH = 0.40 of MeOH-DCM binary solvent mixture,
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Fig. 5.5

Stern-Volmer plots for τ0
τ

vs donors concentration (DEA and DMA) of coumarin dyes in MeOH.

Fig. 5.6

E00 of C153 of XMeOH = 0.40 in MeOH-DCM binary mixture.

with three different acceptor molecules (C151, C153, and C481) are shown in Fig. 5.9. The

rate of bimolecular quenching constant (kq) for different donor acceptor pairs in different

solvent mixtures have been tabulated in Table 5.1 and depicted in Fig. 5.10. Upon fitting

the data by equation 5.1, the inversion point was calculated (λ =−△G0), which estimate

the maximum value of the rate (kmax
q ) along with the solvent reorganization energy (λs) for a

particular binary solvent mixture and is shown in Fig. 5.11 and their values are summarized

in Table 5.2. At XMeOH = 0.78, the value of kmax
q is found to be 12.6 x109 lit.mol−1s−1 and

λs is found to be 0.60 eV. Interestingly, on decreasing the proportion of MeOH in the binary
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Fig. 5.7

Plot of kq,T R values from time resolved measurement vs. △G0 for the different coumarin-amine pairs

in (a) MeOH, (b) DCM and (c) ACN. Experimental data were depicted by solid circles, and the solid

line is the best fit to equation 5.1.

Fig. 5.8

Steady-state fluorescence quenching of C153 with gradual increase in concentration of DEA (used as

a Donor) in binary mixture of XMeOH = 0.40.

solvent mixture, the value of kmax
q first decreased and then again increased (Fig. 5.11a). On

the other hand, the value of λs was found to behave inversely (Fig. 5.11b). The minimum

value of kmax
q (8.7 x109 lit.mol−1s−1) with the maximum value of λs (0.66 eV) was observed

for XMeOH = 0.40, as already predicted from the observed highest synergistic effect. As

λs weakly depends on the polarity of solvent, the dependence of λs on solvent mixture

composition may be because of the enhanced H-bonding in binary solvent system. The

observed slowest rate and high solvent reorganization energy thus supports our conclusion
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Fig. 5.9

Stern-Volmer plot for steady-state fluorescence quenching of (a) C153, (b) C481, (c) C151 using

DMA and DEA as donor in MeOH-DCM binary solvent mixture with XMeOH = 0.40.

of the extended H-bond network in the MeOH-DCM binary solvent mixture. Among the

other mixtures, XMeOH = 0.78 and XMeOH = 0.28 have shown similar rate of quenching.

Additionally, for XMeOH = 0.78 and 0.21, it has been found that there is less possibility of

extended networking from both absorption and proton NMR study and it was expected to

get a higher rate and lower value of λs in this mixed solvent, which has also been confirmed

from the PET study. Thus the present study demonstrates that intermolecular interaction

plays an important role in the binary solvent mixtures to show a completely distinct behavior

than the bulk counter parts, which is known as synergistic effect.
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Fig. 5.10

kq (solid circle) are plotted against the free energy deriving force (△G0) for different

coumarin–aromatic amine pairs in MeOH-DCM binary solvents mixtures of different compositions.

The solid lines are the best fit to equation 5.1.

Fig. 5.11

(a) Plot of maximum observed rate (kmax
q ) and (b) solvent reorganization energy (λs) at the inversion

point for a particular MeOH-DCM binary solvent mixture against different compositions of MeOH.
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XMeOH 0.21 0.28 0.40 0.61 0.78

kmax
q x109

(lit.mol−1s−1)
16.1 12.3 8.7 10.5 12.6

λs (eV) 0.59 0.64 0.66 0.65 0.60

Table 5.2
The maximum observed rate (kmax

q ) and solvent reorganization energy (λs) at inversion point in

MeOH-DCM binary solvents of different compositions.

5.3 Conclusion
A strong synergistic behavior has been observed in MeOH-DCM binary solvent mixture,

which causes solvatochromic probe molecules to sense increased polarity compared to the

bulk counterparts. The maximum synergistic effect has not only observed by means of UV-vis

absorption spectroscopy using solvatochromic probe molecules, molar refractivity, 1H-NMR

measurements but also through PET reaction. The unique mixed solvent environment

gives rise to higher degree of solvent reorganization energy and lower rate of PET reaction

compared to the bulk counter parts. Also, it has been inferred that the intermolecular

association is responsible for such synergistic effect.

•
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1The synergetic behaviour in t-BuOH-DCM binary solvent mixture was studied by steady

state UV-visible absorption measurement using solvatochromic probe which provides the

evidence of solvent-solvent interactions led by weak hydrogen bonding, and has also been

confirmed by proton NMR and solvent exchange analytical models in chapter 3. It points

that intermolecular association and polarity of the binary solvent mixture must accelerate

chemical reaction that goes through the polar transient state. The unique environment of

solvent mixture is accountable for the lower rate of photo-decolourization of merocyanine and

was explained in terms the extended intermolecular hydrogen bond networking. Additionally,

we observed that the proportion of solvent pair at which maximum synergism is observed

act as an ideal medium for the efficient solubilisation of TetMe-IBX reagent and the yield

of oxidation reaction increased 4 times compared to in t-BuOH. Hence the binary solvent

mixture may provide platform for a reaction to proceed at faster rates with a greater yield.

Present study apparently established that intermolecular association plays deciding role

in the binary solvent mixtures to show improvement in product yield and effect the rate of

chemical processes, which is due to the synergistic solvation. This clearly is a new approach

in the intensified concerns of green chemistry.

•

1Submitted in J. Phys. Chem.
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6.1 Introduction
Solvents play an indispensable role in controlling rate of almost every chemical and

biological process. [301–307] The chemical and biological processes occurred in different

solvents offer many advantages over solvent free phase reactions (like gas and solid phase),

and provides thermodynamically and kinetically favourable conditions during the course of

reaction, which effects on the rate of the reaction and modify the product yield. [301,303,307–310]

The local solvation structure plays a crucial role in controlling the fate of the reaction in

solution phase. [301,305–310] Different types of solute-solvent interactions such as solvophobic

effect, hydrogen bond donor (HBD) interaction, hydrogen bond acceptor (HBA) interac-

tion and dipolarity polarisability are generally involved. [301,303,310] However, it is not easy

to resolve the contributions of those physical interactions, which are sufficiently strong

enough to make significant change in the electronic environment of atoms present in reac-

tants molecules. The majority of scientific groups have devoted their experiments [308–313]

and theoretical calculation [314–317] to certify these factors, which effects the feasibility of

chemical transformation. Despite, the versatile utility of single mediated solvent reaction

has found limited scope and applications to assist reaction rate due to their poor physical

tunability (like polarity, viscosity, diffusion constant, specific and non-specific interactions,

and dielectric constant). This restricted tunabilty can be ended by switching single mediated

solvent system to new environments like ionic liquid [317–321] confined medium [322–325] and

solvent mixtures. [326–332] Controlling the rate of reaction under these media become the

primary motivation of several groups in recent decades. [321,324,326,328,330] Lately, Yoshizawa

et al. [324] revealed the intermolecular [2+2] photoaddition reaction of acenphthylene and

5-ethoxynaphthoquione in self-assembled coordination nanocage. This isolated microenvi-

ronment of self assembled nanocage control regio- and stereochemistry of product. In the

last few years, the chemistry involved in ionic liquids has received remarkable significance

due to their different physicochemical properties, and is considered as an alternative sub-

stitute to replace organic solvent in many chemical processes. Kumar et al. [321] observed

the Diels-Alder reaction of cyclopentadiene with methyl methacrylate in organic solvent

and chloroaluminate ionic liquids. They found that chloroaluminate ionic liquids greatly

influence the product percentage yield of Diels-Alder reaction and also the product ratio

of endo:exo has been found improved in ionic liquids compared to organic solvents. Like-

wise, the distinct physical and chemical properties of mixed solvents have been extensively

investigated along with advantages over chemical processes. [326–332] The physicochemical
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properties of mixed solvent solution have shown often deviation from ideal behavior comes

from Raoult’s law. This non ideal behavior emerges in almost all mixed solvent, appears

due to the specific/non-specific interaction amongst molecules present in solvent mixture,

which is termed as either preferential or synergistic solvation. [329,333–336] The preferential

solvation or selective solvation is a phenomena, where one component of solvent binary

mixture solvates probe molecule predominately than other components. Besides selective

solvation, the mutual interaction of both solvents in mixture solvated solute predominately

compare to the individual counterpart of mixture. Such co-operative solvation is termed as

synergism. Usually, an enhancement in solvent polarity of mixture is accompanied by a

change in the rate of a chemical transformation, through low energy polar transition state. The

polarity of solvent mixture will not only eventually control the rate of the reaction, but also

likewise other physical parameters which decides direction of chemical equilibrium such as

rate of keto-enol tautomerization, [331,332] and stereoselectivity. [326,328,330] Mancini et al. [329]

observed the kinetics of 1-fluoro-2,4-nitrobenzene with morpholine and piperidine in several

binary mixtures of polar aprotic H-bond accepting solvents like acetonitrile and chloroform

or dichloromethane. This study has shown that the reaction rate is higher in binary solvent

mixture compared to the corresponding pure solvents. Also, in the same sequence, Shinde et

al. [318] certified the combined effect of two solvents-ionic liquid (IL) and tert-alcohol into the

nucleophilic fluorination substitution of mesylate with CsF. This combined form of solvent

mixture increased the yield of desire product, along with a remarkable reduction of other

olefin by-product. They have interpreted the possibility of mixed solvent engineering for a

specific reaction.

In chapter 3, the synergistic solvation behavior in t-BuOH-DCM binary solvent mixture

and has been studied by spectroscopic techniques and was rationalized by analytical mod-

eling. It has been proposed that the weak hydrogen bonded networks between hydrogen

bond accepting and donating solvent are accountable for the observed synergistic behavior.

Although significant attention has been paid to realize the substantial role of synergism in

binary solvent mixture over the rate of a chemical reaction and chemical process, but it has

not been well established explicitly. In this connection, we look here the appearance of

synergism in t-BuOH-DCM binary solvent mixture by means of millisecond flash-photolysis

study and also observe dramatic change in percentage conversion of reaction in this binary

solvent mixture.

•
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6.2 Results and Discussion
6.2.1 Photo-decolourization of BIPS-NO2 in t-BuOH-DCM Binary Sol-

vent Mixture
The proton NMR study along with solvent exchange model and steady state UV-visible

absorption measurement intimates the possibility of intermolecular interactions through

extended hydrogen bond network between t-BuOH and DCM in the binary solvent mix-

tures along with 1:1.12 proportionality (in chapter 3). Consequently, we can expect that

the binary solvent mixture is better organized compared to the pure solvent systems and

maximum organization is obtained in a mixture with Xt−BuOH = 0.40. Subsequently, the rate

of decolourization of BIPS-NO2 is expected to be lowest in binary mixture with Xt−BuOH

= 0.40 as the formation of the transient species passes before ring closure takes place as

depicted in Fig. 6.1. The process of decolourization before ring closure is considered to be

Fig. 6.1

A reversible photo-chromic reaction between BIPS-NO2 (left) and merocyanine (MC, right).

sensitive towards the solvent polarity and is the rate determining step of the overall reaction

process. Therefore, an increase in the polarity of t-BuOH-DCM binary solvent mixture

cause slow down the rate of decolourization through stabilization of zwitterions species of

BIPS and also leads to modification in the π bond order of the olefinic double bond. [337]

In other words, fadedness of photo-mesocynine state (see in Fig. 6.1) is accomplishing by

heterolytic ring formation C-O bond through transient species which follows the first order

rate law. [337–340] The polarity of solvent mixture modifies the Gibbs free energy of fadedness

process which alters the fading rate process. [337] In order to clearly know the polarity effect,

we have performed millisecond flash photolysis in different composition of binary solvent

mixture, the time dependent millisecond decay profile of photo-merocyanine as shown in

Fig. 6.2a, where flash light is used to excite BIPS-NO2 molecule to generate mesocyanine

and 532 nm green laser beam is applied to measure the fading of photo-mesocyanine state.
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Fig. 6.2

(a) The representative absorption transients of BIPS-NO2 derivative in pure DCM, t-BuOH, and

0.40 mole fraction of t-BuOH in t-BuOH-DCM binary solvent mixture and their data are fitted solid

black line by equation 2.2. (b) the rate mesocyanine as a function of mole fraction of t-BuOH in

t-BuOH-DCM binary solvent mixture.

Xt−BuOH k, 10−3 (s−1)
0.00 15.80
0.07 14.51
0.14 14.48
0.22 14.05
0.31 13.48
0.40 13.36
0.50 15.43
0.61 16.64
0.72 17.24
0.86 19.22
1.00 20.12

Table 6.1
The rate (k) of mesocyanine as a function of mole fraction of t-BuOH in t-BuOH-DCM binary solvent
mixture.

The rate constants (k, s−1), of fadedness process is measured in t-BuOH-DCM binary sol-

vent mixtures with increasing proportion of t-BuOH in t-BuOH-DCM binary mixture. The

mutual variation of rate constants, k (s−1), of merocyanine as a function of mole fraction of

tert-butyl alcohol (Xt−BuOH) in t-BuOH-DCM binary mixture is shown in Fig. 6.2b and all

the values are tabulated in Table 6.1. This infers, s the polarity solvent mixture increased,

consequently, the rate of fadedness decelerated. As a result, the lower rate observed in

solvent mixture and found slowest at Xt−BuOH = 0.40 (k = 13.36 x10−3 s−1) compared to
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t-BuOH (k = 20.12 x10−3 s−1), and DCM (k = 15.80 x10−3 s−1). The experimental data

clearly suggests the significant role of enhancement in polarity and extended weak hydrogen

networks in t-BuOH-DCM binary solvent mixture which decelerates the rate of fadedness

and has already been confirmed confirmed from 1H NMR study along with solvent exchange

model and steady state UV-visible absorption measurements. Present study clearly manifests

that intermolecular interactions and polarity of binary solvent mixture play a crucial role to

show an entire distinct behaviour from the bulk counter parts, which refers as a synergistic

effect.

6.2.2 Green Chemistry approach in t-BuOH-DCM Binary Solvent
Mixture

Many solvents and their mixtures play crucial role in the improvement of product yield,

which has already been intensified approach in chemistry. we examine solvent polarity effect

on the modified IBX (TetMe-IBX) which is used to commonly utilized in alcoholic oxidation

which goes through polar intermediate state controlled by solvent polarity. [341] For such

purpose, we preformed oxidation of coprostanol (see in Fig. 6.3) in the presence of modified

Fig. 6.3

Oxidation of Copraostanol with TetMe-IBX at 298 K.

IBX [341] (TetMe-IBX) in some composition of t-BuOH-DCM binary solvent mixture and

their respective pure solvents.

The study of fadedness process along with proton NMR, solvent exchange analytical

model and steady state UV-visible absorption measurement reckoned that the activation

energy barrier for modified IBX is considered to be lowest at Xt−BuOH = 0.40 in binary

solvent mixture. The percentage conversion of oxidised product (i.e. cholestanone) is found

higher compared to pure solvents. The experimental data are shown in Fig. 6.4. The result

infers that percentage conversion of cholestanone is found maximum (90
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Fig. 6.4

Percentage conversion of cholestanone as a function of mole fraction of t-BuOH in t-BuOH-DCM

binary solvent mixture.

6.3 Conclusion
The weak hydrogen bonded networks between hydrogen bond accepting and donating

solvent are accountable for the observed synergistic behavior and also influences rate of

chemical reaction, which goes mainly through the polar transient state. In other words, the

unique mixed solvent environment causes the lower rate of decolourization of mesocyanine

compared to the pure solvent system, and are explained in terms of the extended intermolecu-

lar hydrogen bond networking. This is facilitating the proper utilization of binary solvent

in the green chemistry. Present study apparently established that intermolecular association

plays deciding role in the binary solvent mixtures to show improvement in product yield and

effect the rate of chemical reaction, which is a remark of synergistic effect.

•
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This chapter summarizes the thesis, discusses its finding and contributions, points out

the limitations of the present work, and also outlines direction for future outlook. All experi-

mental results of photo-physical processes and their interpretations have been demonstrated

relevance to the molecular interactions outlive in alcohol-chlorinated methane binary solvent

mixtures and also reports the main cause of synergism. However, still many extensions of

this present research deserves further consideration.

The present chapter is splitted into three parts. First part brings the thesis to a conclusion.

Second presents a discussion of the contribution and limitations of the current work and the

last part discusses the future outlook.

7.1 Conclusion of the Thesis chapters
In this thesis, we exmained the photo-physical responses like fluorescence quenching,

solvation dynamics, photo-induced electron transfer (PET) and chemical kinetics, using

steady state and time resolved spectroscopic methods along with a support from analtical

models, which have been clearly evident the inherency of molecular interactions persist

in alcohol-chlorinated methane binary solvent mixtures and evolves new composition of

solvation nature in these binary solvent systems, termed “synergistic solvation”. Here, we

conclude the final essence of all chapters in following steps.

7.1.1 Chapter 1
It describes the fundamental aspect of the role of solvation on solute molecule in liquid

phase (both pure and mixed solvent cases). Generally, the effect of pure or mixed solvent

on the electronic spectra of solute (or probe) molecule principally accounts solute/solvent

nonspecific and specific interactions, comprising dipole/dipole, dipole-induced/dipole, dis-

persion interactions, and hydrogen bonding. Therefore, a major emphasis was given in this

chapter to understand effect of different modes of solvation phenomenon at probe or solute

molecule which undergoes electronic transition in mixed solvent systems.

7.1.2 Chapter 2
This chapter basically throws light on the different experimentals (i.e. steady state

and time resolved spectroscopic) methods and analytical models which have been used to

understand the appearance of distinguished solvation in binary solvent systems and their

consequence on photo-physical processes.
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7.1.3 Chapter 3

The ground state synergistic behavior of the solvent mixtures of hydrogen bond donating

(e.g., chloroform, dichloromethane) and accepting solvents (e.g., alcohols like methanol, tert-

butanol) pairs have been demonstrated the role of dipole moment of the solvated molecule. In

other words, the solvation behavior of binary mixtures reveals strong probe dependence with

no synergism observed when p-nitroaniline was taken as the solvatochromic probe, which is

ascribed to the higher ground state dipole moment of p-nitroaniline (8.8 D) relative to C480

(6.3 D). Surprisingly, the synergistic signature is no longer observed for solvatochromic

probe in binary mixture employing excited state measurements, which is substantiated by

higher excited state dipole moment. Such strongly perturbed systems (due to high dipole

moment) do not allow persistence of hydrogen bonding network, resulting in preferential

solvation instead of synergism. The analysis of proton NMR of MeOH-CHCl3 binary solvent

mixture indicates the existence of MeOH-CHCl3 network in the stoichiometric ratio of 1:2.15.

A different stiochiometric ratio has been observed for MeOH-DCM (1:1.33) and t-BuOH-

DCM (1:1.12). The solvent exchange model has been used to determine the feasibility

of synergistic behavior and polarity parameter of the mixed solvent structure of alcohol-

chlorinated methane binary solvent mixtures. Diffusion controlled dynamic quenching of

C480 dye by 1,2-phenylenediamine in MeOH-CHCl3 binary solvent mixtures suggested the

existence of H-bonded network.

7.1.4 Chapter 4
Femtosecond Transient Absorption (FTA) has been elucidated the mechanism of solva-

tion of 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (Pyran dye)
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in different composition of MeOH-CHCl3 binary solvent mixture, which has been reported

scarcely in the literature. The current study abundantly provides information about the

intermediary response between the ground state and excited state. The remarkable damping

of solvation time of Pyran dye is possibly because of the slow diffusion of solvent molecules

in the MeOH-CHCl3 mixture-rich first solvation shell followed by hydrogen bond solvent-

solvent rearrangements around the solute dipole. On the other side, the fast solvation of

Pyran molecule occurs by the fast reorganization dynamics of pure solvent (i.e. Methanol

and chloroform) around the solute dipole. Surprisingly, a noteworthy solvent polarity depen-

dency in solvation dynamics was enucleated in the case of MeOH-CHCl3 binary solvent and

achieved slower solvent dynamics at the point where ET shift is observed highest, termed

as synergistic effect. The intermolecular association among solvent molecules (i.e. MeOH

and CHCl3) furnishes a clear evidence of slow solvent dynamics in mixture rather than pure

solvents.

7.1.5 Chapter 5
Appearance of ground state synergism in MeOH-DCM binary solvent mixture in chapter

3 is illustrated in the terms of solvent-solvent interactions via UV-vis absorption, 1H-NMR

study, molar refractivity measurement and solvent exchange model. Following the study of

photo-induced electron transfer (PET) reaction in MeOH-DCM binary solvent mixture deems

that intermolecular solvent association is amenable for ground state synergistic effect in the

MeOH-DCM mixture. A slow solvation in mixed solvent environment provides higher degree

of reorganization of reactant molecules before PET. At particular mole fraction of MeOH

(XMeOH = 0.40) in MeOH-DCM solvent mixture, we measured the lowest rate of PET (ket)
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with highest reorganization energy (λs), as anticipated from the observed highest synergistic

effect. Ultimately, it concludes that the presence of extended hydrogen-bonding network

structure in the binary solvent system interposes slowing down of the rate of diffusion of

reactant molecules which prevent the formation of encounter complex and hereof lowers the

rate of PET process.

7.1.6 Chapter 6

A noticable ground state synergetic nature in t-BuOH-DCM bianry solvent mixture

was observed in UV-visible absorption study through solvachromic probe and molecular

association of mixed solvent molecules was ratified by proton NMR study. Also, the

feasibility of the synergistic nature of mixed solvent system has been verified by solvent

exchange model. An idea of inherency of intermolecular association and polarity of the

binary solvent mixture employ either speed up or slow down the chemical reaction that
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progress through the polar transient state. The unique mixed solvent environment enforces

slowing down the rate constant of photodecolourization of merocyanine compound compared

to the pure solvent case. Also this solvent mixture acts as an ideal medium for the efficient

solubilization of TetMe-IBX reagent and increases the yield of oxidation reaction 4 times as

compared to that in t-BuOH. Hence, the binary solvent mixtures may provide platform for

reactions to proceed at faster rates with higher yields. Finally, we take above evidences as a

greener approach in chemistry.

•

7.2 Discussion
7.2.1 Contributions of Thesis

This thesis contributes to develop the elementary idea of behavior of alchohol-chlorinated

methane binary solvent mixtures and also determines the fate of solvation behavior in mixed

solvent system, by using steady state and time resolved spectroscopic methods along with

a support from analyitcal studies. All experimental and analyitcal studies can be used to

exclusively on all of these solvent mixture sytems to reveal especially the sysnergistic nature,

which are otherwise unable to probe in excited state study. An occurrence of photo-physical

processes in these binary solvent system infer a primarily and vivid knowledge about the

of solvent molecular accociation in term of synergism. At the application point of view,

this study also reports a higher product formation yield when the medium of the reaction

was chosen as the mixed solvent compared to neat solvent. We take this idea as a greener

approach in chemistry.

7.2.2 Limitations of Thesis
This study is not cover the features about the mechanistic pathway of hydro-

den bond dissociation and reformation dynamics in alcohol-chlorinated methane mix-

tures, and also has not the explored the molecular level picture of intermolecular in-

teraction persist in the binary solvent mixture. As well, it requires theoretical back-

ground, molecular dynamics and ab initio quantum chemical studies, which will be

brought more transparent picture about sturcture or networking of binary solvent systems.

•
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7.3 Future outlook
While this thesis has demonstrated the fundamental idea of nature of solvation phe-

nomenon in binary solvation and also provides potential application in green chemistry area,

many opportuniities for extending the scope of this thesis still remains. This section presents

some of these outlooks.

1. Inspite of comprehensive studies in this thesis, the clear evidence of solvation structure

or intermolecular networking of binary solvent mixture has not been reported. For

complete understanding about the molecular intractions or associations, it essentially

requires various spectroscopic techniques (i.e. Dielectric relaxation, THz, Raman and

near infrared (NIR) spectrascopic techniques) which not even covers the entire region

of frequency domain, but also provides appropriate information of solvent structure of

binary system used in this thesis work. In other words, dielectric relaxation, Raman and

NIR spectroscopic techniques could identified the existence of synergistic solvation

structure held together by weak intersolvent interactions.

2. In this thesis, we discussed the static nature of H-bonding network in alcohol-

chlorinated methane binary solvent mixtures, which leads higher polarity in the mixed

solvent compared to pure solvent cases. However, the understanding of hydrogen bond

dynamics in such binary solvent systems is outwaiting and will help to better perceive

the mechanistic pathway of hydrogen bond dissociation and reformation dynamics.

The ultrafast infrared pump-probe spectroscopy is an excellently and suitable technique

to watch hydrogen-bonds formation and breakage in real time domain. Also taking the

advantage of laser pulse polarization, it is possible to examine rotational dynamics of

-OH with chlorinated methanes and -OH with other alcohols molecules in real time.

•
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