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Abstract 

 
This Thesis is primarily focused on studying structure and dynamics of deep eutectic solvents 

(DESs) which are fast emerging as important and economically viable alternative media for 

large-scale use in chemical industry. DESs are multi-component molten mixtures at or near 

room temperature and made of components with high individual melting points. Extensive 

intra-species hydrogen-bonding (H-bonding) and entropic gain supports the liquid phase of 

such multi-component melts.  The key question that has been investigated is whether deep 

depression of freezing points via inter-species H-bonding renders spatio-temporal 

heterogeneity in such systems. Steady state absorption, fluorescence and time-resolved 

fluorescence measurements have been performed for a variety of DESs for this purpose. Both 

ionic and non-ionic DESs have been studied. Effects of solution structure and dynamics on a 

chemical reaction in such a medium have also been studied.   

 

We have studied presence of spatial heterogeneity in these DESs via following excitation 

wavelength ( exc ) dependence of emission energy of a dissolved fluorophore.  Some systems, 

particularly those made of amide and electrolyte, have shown strong exc  dependence, 

indicating presence of pronounced spatial heterogeneity.  Solute-centred relaxation rates, 

such as solute solvation and rotation rates in these media, have been found to show fractional 

viscosity dependence. This has been interpreted as due dynamic (temporal) heterogeneity.  

Interestingly, addition of urea in such DESs have been found to remove signatures of both 

spatial and temporal heterogeneity. The latter has been termed as urea-induced 

homogenisation of solution structure and dynamics of these DESs. In addition, how these 

spatio-temporal heterogeneities are transduced on a simple chemical reaction has also been 

investigated. Excited state photo induced intramolecular charge transfer reaction has been 

considered as a model system for this study. Supporting measurements using tera-hertz 

dielectric relaxation (THz-DR)  and Fourier-transformed infra-red (FTIR) spectroscopic  

techniques have been carried out  to better understand H-bonding interactions and subsequent 

effects on dynamics in these systems.  

 

The Thesis consists of ten chapters, with first chapter presenting a literature survey and a 

brief-overview of the work carried out.  Chapter 2 describes the experimental techniques and 



data analysis methods used. Chapter 3 describes the importance of choice of probes for 

investigating spatio-temporal heterogeneity in DESs made of acetamide and electrolyte.  

Chapter 4 investigates whether heterogeneity is a generic feature for DESs made via 

depression of freezing points. Chapter 5 presents spectroscopic results favouring urea-

induced ‘homogenisation’ of structure and dynamics. Chapter 6 correlates reaction timescale 

with relaxation rates in ionic deep eutectics. Chapter 7 investigates effects of functional 

groups on solution heterogeneity of ionic deep eutectics. Chapter 8 presents supportive THz 

and FTIR measurements.  Chapter 9 provides results on rate of charge transfer reaction in 

electrolyte solutions of polar solvents for better explanation of data obtained in ionic DESs.  

Finally, the Thesis ends outlining very briefly a few interesting problems in Chapter 10 that 

may be studied in future.  
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Chapter 1 

 

Introduction 

 

Designing solvents for large scale application in chemical industry with minimum 

ecological footprint yet commercially viable is a non-trivial problem. This is because 

such an engineering of reaction media not only associates with biasing a chemical 

reaction toward a desired product but also demands cheap production cost, easy 

handling and transportation, bio-degradability, stability against moisture, and 

recyclability. If all or several of these features combine with a facility to prepare such a 

medium it will by simply mixing two or three components and gentle heating if 

required, then one is very close to realizing a solvent engineering dream: replacement of 

conventional organic solvents by a class of ‘green’ media. Deep eutectic solvents 

(DESs), which are near-room temperature molten mixtures of two or more high melting 

solids,
1-8

 are examples of one such a class of media. These multi-component melt 

mixtures are liquids at or near room-temperature due to exhaustive inter-component 

hydrogen-bonding (H-Bonding). When one of the components is electrolyte, the 

resulting DES is called ionic DES. Acetamide in combination with electrolytes can 

constitute examples of such ionic DESs. If all the components are non-electrolyte, then 

such a molten mixture can be termed as non-ionic DES. Acetamide and urea can form 

such a DES. As already indicated, interspecies H-bonding leads to depression of 

freezing points and the subsequent gain in entropy supports the liquid phase at a 

temperature much lower than the individual melting temperatures. Several of these 

DESs are characterised by glass transition temperature around ~200K.
9-12

 

 

 

Typically, amides are one of the main constituents for DESs and the other can be any 

hydrogen bond donating/accepting group like alcohols/acids/sugars or electrolytes.
1-4,13-

17
 However, in spite of such flexibility in preparation and scope for application, only a 

limited range of studies are available that have explored important basic scientific 

aspects that may have technological relevance. Viscoelastic,
18,19 

dielectric,
15-17

 nuclear  
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magnetic resonance
18

 and ultrasonic relaxation measurements
15,18 

of 

(alkylamide+electrolyte) systems have indicated presence of microheterogeneity in 

solution at temperatures above 300K. Fluorescence investigation accompanied by 

molecular dynamic simulations
20-23

 and measurements of collective low frequency 

dynamics
24

 have provided some useful information on the interaction and fast dynamics 

of some of these DESs. Different interactions such as hydrophobic interactions between 

the alkyl groups and electrostatic interactions with ions in addition to the H-bond 

interactions may lead to microscopic phase segregation.
15,25

 Rate of a reaction that 

occurs in such a complex solution environment is expected to be affected by the 

solution heterogeneity. Also, the time scales of motions of particles in the media can 

modify the course of a reaction.
26-32

 For better and smarter use DESs, therefore, it is 

important to characterise the medium dynamics and nature of solute –solvent coupling 

in these media. Time-resolved fluorescence spectroscopy can be a useful experimental 

method for exploring solution dynamical timescales and environmental effects on them. 

Steady state spectroscopic method, on the other hand, can provide useful information on 

interactions. We have extensively utilised these spectroscopic measurements for 

decoding structural and dynamical information of several deep eutectics. Time-resolved 

solvation and rotation of a dissolved dipolar solute have been followed to estimate the 

viscosity coupling to these dynamical quantities. Supportive measurements using 

terahertz dielectric relaxation spectroscopy (THz-DRS) have been carried out to 

augment the explanations of fluorescence results. In some representative cases, Fourier-

transformed infra red (FTIR) measurements have been carried out to explore the inter-

component interactions. 

 

 

Principle of Solvation Dynamics: 

 

The time dependant response of solvent molecules to a perturbation (generally via 

irradiating an intense laser pulse on a solute probe dissolved at extremely low 

concentration) is what is known as “solvation dynamics”. If there is a considerable 

change in dipole moment of the dipolar probe (through charge redistribution in the 

probe), there will be solvent response to the electronic redistribution of the excited 
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probe
33

 and can supply important information on dynamics and interaction in various 

media.
34-40

 Solvent control on reaction emerges from both interactions and dynamics. 

 

The process of solvation dynamics is pictorially represented in Figure. 1.1. A very dilute 

solution of a fluorescent probe is prepared in a medium whose dynamics are to be 

measured. Such low concentration is necessary to avoid solute-solute interactions. 

Before any laser excitation the system is in equilibrium in reference to solute-solvent 

interactions. Since the electronic transition in the irradiated solute is instantaneous 

compared to nuclear motion of the solvent molecules, a non-equilibrium situation 

appears. Assuming the vibrational cooling is much faster than electronic transition, the 

emission always occurs from the lowest vibrational state of 1S . Again, the relaxation of 

the solvent is much faster than the average fluorescence lifetime of the probe, allowing 

the solvent motions to temporally dictate the fluorescence emission energy. As a result, 

fluorescence energy emanating from the excited dissolved solute gradually shifts to 

lower energy with time until the solvent rearrangement is complete.  

 

The relation of solvent and solvation dynamics to reaction rate
26,41-45

 is as follows. If the 

solvation rate is slower compared to the reaction rate, the friction created from the slow 

solvent motion on the reactive mode will affect the reaction rate. This is known as 

dynamical solvent effect. Static solvent effect is exerted by the dielectric constant of the 

solvent  0 that alters the activation barrier of the reaction. Interestingly, the same 0  

dictates the Stokes shift magnitude, and thus provides an estimate of the solute solvent 

interactions.
34-36,46-56

 Naturally, solvation dynamics bears the impact of several other 

phenomena, such as, intermolecular H-bonding interactions, solvent confinement, and 

can provide useful information for catalysis and energy transfer reactions.
33,57-60
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Figure 1.1 

 

 

 

 

 

Red large circles: Solute dipole 

Blue smaller circles: Solvent dipoles 

(This figure is inspired by various sources. Two distinct sources are B. Bagchi, 

Molecular Relaxation in Liquids, 2012, Oxford University Press  and A. Samanta, J. 

Phys. Chem. Lett., 2010, 1(10), 1557) 
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Principle of excitation wavelength dependence: 

 

When a dipolar probe is laser-excited, it gains energy and is transferred to the excited 

state 1S  from the ground state 0S . The well established Kasha's rule then imply that the 

fluorescence emission should originate from the lowest vibrational level of the first 

excited singlet ( 1S ) state irrespective of the excitation energy.
46,61

 It has been found that 

systems like low-temperature liquids, organized assemblies and room temperature ionic 

liquids show fluorescence emission shifted to longer wavelengths (red shift) with 

increase in excitation wavelength.
62-65

 Figure 1.2 which is a simplified adaptation of  

ref. 47 describes one such case.  

 

The reason behind such exceptions is as follows.
47

 In systems mentioned above, there is 

a distribution of energetically varying domains, which may be visualized as distribution 

of inhomogeneous solvation shells. The solute-solvent interaction energies in these 

domains are unequal and inter-conversions among them are slow. On selective 

excitation, the population of solute molecules of matching transition energies are 

excited which undergoes subsequent emission at different wavelengths. Provided a 

suitable probe is used, signature of this distribution of inhomogeneous solvation 

environments is reflected in excitation wavelength dependence of fluorescence emission 

energy. This phenomenon is very useful in studying medium microheterogeneity and is 

used for studying DESs reported in this thesis. 
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Figure 1.2 

 

 

 

E.S.: Excited State 

G.S.: Ground State 
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Domain A and Domain B are energetically different. Absorption and emission are 

shown by solid arrows and broken arrows respectively.  

Excitation dependant emission envelopes from energetically different domains are 

shown by violet and red. 

 

 

Chapter 2 is devoted to the discussion of experimental techniques and methods of data 

analysis used for the work in this Thesis. 

 

In chapter 3 of this Thesis, degree of temporal heterogeneity in the melt mixture of 

[0.78CH3CONH2 + 0.22{fLiBr + (1-f) LiNO3}], f being Br
-
 ion concentration, is 

investigated by a rod like probe molecule p-N,N-dimethylamino-p’-

cyanodiphenylacetylene (DTN) of a lifetime of about ~ 0.2-0.5ns
66

 and compared with 

results obtained by using a probe (coumarin 153, abbreviated as C153) having much 

longer lifetime. Differing extents of excitation wavelength dependent fluorescence 

emission of chromophores with varying lifetimes suggested distribution of fluctuating 

timescales for micro-domains in deep eutectic melt. Micro-heterogeneity in solution 

structure and dynamics is further reflected via more pronounced fractional viscosity 

dependence of rotation rate for shorter lifetime probe. A probe with much shorter 

lifetime reports more pronounced fractional viscosity dependence because of stronger 

coupling between domain fluctuation and solute rotation.
67 

 

In chapter 4, we have chosen a non-ionic DES made of acetamide (CH3CONH2) and 

urea (NH2CONH2). Temperature dependent relaxation dynamics, particle motion 

characteristics and heterogeneity aspects of deep eutectic solvents have been 

investigated by employing time-resolved fluorescence measurements. Three different 

compositions (f) for the mixture, [f CH3CONH2+(1-f)NH2CONH2], have been studied in 

a temperature range (328-353 K) which is ~120-145 K above the measured glass 

transition temperatures (~207 K) of these DESs. Steady state fluorescence emission 

measurements using probe solutes with sharply different lifetimes do not indicate any 

dependence on excitation wavelength in these metastable molten systems. Time 

resolved fluorescence anisotropy measurements reveal near-hydrodynamic coupling 

between medium viscosity and rotation of a dissolved dipolar solute. Stokes shift 
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dynamics has been found to be too fast to be detected by the time-resolution (~70 ps) 

employed, suggesting extremely rapid medium polarization relaxation.
68

 Absence of 

excitation wavelength dependence and fractional viscosity dependence in these DESs 

suggests that depression of freezing points does not automatically render 

microheterogeneity (detectable via simple fluorescence technique) in solution structure 

and dynamics.  

 

Since homogeneity has been identified in non-ionic melt mixtures in presence of urea, 

we next attempted in Chapter 5 to study whether introduction of electrolyte in addition 

to acetamide and urea system retains the homogeneity or not. The system of study used 

was: 

0.1LiNO3+0.9[f Urea+ (1- f) Acetamide] and 0.1LiBr+0.9[f Urea+ (1- f) Acetamide] 

Steady state experiments using C153 at all temperatures (303K – 343K) report 

insensitivity of excitation energy dependence of fluorescence emission. This has not 

been observed with systems without urea.
20,23

 Time resolved studies reveal significant 

dynamic Stokes’ shift
34

 with an average solvation time between 120-180ps for LiNO3 

and 185-265 ps for LiBr containing systems. Moreover, amount of detected Stokes’ 

shift magnitude is larger in presence of LiNO3 than LiBr. The variation of rotational 

time with temperature-reduced viscosity shows fraction power dependence as in 

p

r   with the power being almost unity, strikingly different from DES sans urea 

which had p~0.6. The hydrodynamic coupling of the solutes’ rotation to the viscosity in 

these systems also indicates urea-induced homogenisation. Estimated activation energy 

for solute rotation )( raE   has been found to weakly depend on urea concentration, 

and follows the activation energy for viscosity ( )(aE ) of these deep eutectics. Note the 

homogenisation referred to here is with respect to the excited state lifetime of the solute 

fluorophore. 

 

Chapter 6 deals with the question whether the homogenisation effect of urea pervades to 

other DESs as well. Here we chose choline chloride as the second component as choline 

chloride is also a very potential candidate of industrial application.
7
 We have studied a 

DES made of choline chloride and urea
1
 in the mole ratio of 2:1. Two separate 

fluorescent probes differing in excited state lifetimes have been used for this purpose. 
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They are coumarin 153 (C153, lifetime ~3-4ns)
34

 and trans-2-[4- 

(dimethylamino)styryl]-benzothiazole (DMASBT) (lifetime ~0.5ns).
69

 Spatial 

heterogeneity aspect of (choline chloride + urea) DES has been investigated by 

following the excitation wavelength ( .exc ) dependence of fluorescence emission of 

these probes. Such a study reveals stronger .exc dependence for shorter lifetime probe 

which weakens upon increasing temperature. Time resolved fluorescence emission 

studies using C153 reveal interesting results. Anisotropy studies give average rotational 

time ~30 ns at ~300 K and ~2 ns at high temperatures. This result indicates that the 

probe has been trapped in long lived local structures at regions of high viscosity at  

lower temperatures.
70,71

 Solvation dynamics with C153 produces significant dynamic 

Stokes’ shift with the average solvation time (  s ) varying from 0.15 ns to 1.5 ns. 

Interestingly, viscosity dependence of  r and  s indicates fraction power p 

~0.8. We have also carried out intramolecular charge transfer reaction of 4-(1- 

azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile (P5C) in these systems 

to see the effects of these media on reaction rate. Measured average reaction rates for 

intramolecular charge transfer molecules show a strong dynamic solvent control.  

 

There are various other combinations of choline chloride DESs containing different 

kinds of hydrogen bond donor (HBD).
2,3,72

 In Chapter 7, we have studied the effects of 

functional groups of hydrogen bond donors on the overall interaction and dynamics on 

choline chloride DESs. The components other than choline chloride are malonic acid, 3- 

phenylpropionic acid, ethylene glycol and glycerol.
2,72

 Steady state excitation 

wavelength dependence results (by C153 and DMASBT) at all temperatures (303K – 

343K) show varied sensitivity of variation of frequencies and widths for different HBD 

molecules suggesting different degrees of spatial heterogeneity. Time resolved studies 

reveal larger dynamic Stokes’ shift for –COOH containing HBD than –OH ones. 

Missing portion of the dynamics also shows interesting change with changing functional 

groups as well the alkyl chain. Both  s and  r  show fractional viscosity 

dependence for all the combinations. Activation energies from solute rotation, solvation 

and viscosity are found to vary with HBDs. 
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Chapter 8 introduces the use of dielectric spectroscopy in the range of (0.2 THz to 2 

THz) for the first time to study the fast processes in the deep eutectic solvent systems of 

(~0.80acetamide+ ~0.20electrolytes). We have also employed FTIR measurements. The 

system chosen is (acetamide+electrolyte), which has been previously studied by 

fluorescence,
20,22,23

 Kerr effect spectroscopy,
24

 dielectric relaxation
73

 and molecular 

dynamics.
21,74

 Different electrolytes used are: lithium nitrate (LiNO3), lithium bromide 

(LiBr), lithium perchlorate (LiClO4), sodium perchlorate (NaClO4), potassium 

thiocyante (KSCN) and sodium thiocyanate (NaSCN). 4-Debye process is found to be 

most suited to fit the real permittivity  '  and imaginary permittivity 

 '' simultaneously. The different time constants range from 80fs to over 30ps for the 

systems that are attributed to various origins. There is marked effect of anion and cation 

identity on these time constants. We have also presented the absorption co-efficient of 

the acetamide DES for various electrolytes which shows maximum absorption for 

perchlorate ions. The FTIR spectra clearly show the fingerprints for anions and 

characteristic –CO and –NH2 bands that undergoes moderate shifts in presence of 

varying cations and anions. 

 

Reactions initiated by photons are of much interest because of its relevant occurrence in 

nature and subsequent uses.
27,75-78

 Photosynthesis and vision are two such examples that 

are of utmost importance. This motivated us to study charge transfer reactions that are 

initiated by light. Two molecules that exhibit such phenomena are P4C and P5C. On 

photoexcitation, the molecule is first excited to the locally excited (LE) state where 

charge transfer occurs from the amino group to benzonitrile creating the charge 

transferred (CT) state. CT state being of polar nature, is stabilized by more polar solvent 

through dipole –dipole interaction. Concurrent twisting of the bond connecting the 

amino group and the benzene ring during the charge transfer is the central idea of 

twisted intramolecular charge transfer (TICT) model.
27,79-82

 Evidences of TICT come 

from the dependence of the reaction on viscosity of the environment from the alteration 

of the rate of LE to CT transformation.
83,84

 The rate of the reaction ( CTLE   ) is 

modified by the dynamical modes as the reaction is influenced by orientational 

polarisation relaxation. Addition of electrolytes to a solvent can alter the polarity 

significantly and cause substantial difference in the rate of a reaction.
82,85

 In Chapter 9, 
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we have extended our study of charge transfer reactions in solvents by adding 

electrolytes to see its effect on the rate. The system used is [xLiClO4+ (0.5-x)NaClO4] 

in ethyl acetate and acetonitrile. An improvisation in this study is made through 

choosing mixed electrolytes to see whether the effect of one electrolyte is controlled by 

the second electrolyte. This idea is guided by the role of Na+/K+ balance in ion 

channels in biological systems.
86,87

  

 

Chapter 10 which is the final chapter for the present Thesis, enlists several interesting 

problems that may be studied in future. 
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Chapter 2 

 

 

Experimental Techniques and Data Analysis Methods 

 

2.1. Experimental Techniques 

Absorbance, Steady State and Time Resolved Fluorescence are the most frequently 

used techniques to investigate physical problems in this thesis.  

2.1.1. Absorption Data collection: We have used UV-2450 (Shimadzu) for our 

experimental data collection. Figure 2.1 is a basic schematic representation of 

absorption spectrophotometer. Tungsten and Deuterium are used as lamp source for 

visible and ultra-violet region respectively. The emitted light focussed by a mirror, 

passes through a filter reaching the monochromator. The diffraction grating in a 

monochromator is used to select a specific wavelength from the collected light. The 

light is then split into two beams before it reaches the sample. One beam is used as the 

reference and the other beam passes through the sample.  The transmitted light from 

the sample and reference cells reach the detector (photodiode). After signal 

enhancement, the light reaches the data processor where analog to digital converter is 

used to convert the signal. Finally, after the processing of the signal we get the 

absorbance spectra. 

Absorbance is dependent on the path length of the sample, l , concentration of the 

sample, c , and the extinction co-efficient of the sample,  (constant for each species 

at particular wavelength) according to Beer-Lambert Law : lcIIA ..)/(log 010  .  

0I Intensity of incident light at a given wavelength 

I  Intensity of transmitted light 

For our measurement, cml 1  and Mc 510 . 
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Figure 2.1 

           

 
 

 

 Figure 2.1: Schematic diagram of an absorption spectrophotometer. 

 

 

 

 

2.1.2. Fluorescence Data collection: Fluorescence is classified in two categories – 

Steady State fluorescence and Time Resolved fluorescence. In steady state 

fluorescence measurements, the sample is illuminated with a continuous source of 

light and the emission intensity spectrum is recorded whereas in time resolved 

measurements, the emission decay is recorded. For the time resolved measurements 

the pulse width is of a shorter lifetime than the decay lifetime of the sample
1-3

. 

We have used Fluoromax-3 (Jobin-Yvon, Horiba) for our steady state fluorescence 

measurements. The source is generally a Xenon lamp. The monochromators are 

equipped with gratings that decrease the stray light and select specific wavelength. 

Shutter and polariser is provided in the path of the light after the excitation and 

emission monochromaor. The optical paths of the excitation and the emission light 

paths are along the orthogonal axis to ensure minimal leakage of excitation light into 

the detection side
3
.  
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A basic schematic diagram of fluorimeter is shown in Figure 2.2. 

 Figure 2.2 

          

 

 

Figure 2.2: Schematic diagram of a steady state fluorescence spectrophotometer. 

 

For time resolved fluorescence measurements, Time Correlated Single Photon 

Counting (TCSPC) technique has been used.  This chapter describes TCSPC technique 

along with the data analysis methods for solvation, rotation and charge transfer 

dynamics. 

 

2.1.3. TCSPC Technique:  The TCSPC technique is much more complex than other 

two techniques described above. Here each single photon emitted by fluorophore is 

detected after the excitation with a short pulse laser light.
1,2

 The principle of TCSPC 

relies on the concept that the probability distribution for emission of single photon 

from a fluorophore molecule following its excitation is identical to the time-dependent 

fluorescence intensity change of all photons emitted by the fluorophore molecules 
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after excitation. Figure 2.3 shows a schematic block diagram of a typical TCSPC 

system. We have used the TCSPC set up from Edinburgh (U.K.) for fluorescence 

decay measurements. An excitation pulse excites the sample placed in the sample 

chamber and creates a start signal. The signal is then passes through Constant Fraction 

Discriminator (CFD), which accurately measures the arrival time of laser pulse. 
 

Figure 2.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic diagram for a time correlated single photon counting system. 

This figure is taken from the thesis of Dr. Guchhait (Spectroscopic studies of molten 

electrolyte mixtures, binary polar solvent mixtures and solvents under confinement.) 
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Subsequently, the signal is passed to Time-to-Amplitude Converter (TAC), which 

triggers the voltage ramp, i.e. voltage increases linearly with time. The voltage ramp is 

stopped when the first photon emitted by the sample fluorophore is detected. An 

output pulse from the TAC is proportional to the time delay ( t ) between the 

excitation and emission signals. This output pulse then passes through the 

Multichannel Analyzer (MCA) where Analog-to-Digital Converter (ADC) generates 

the numerical transformation. On repeating this process for numerous times, a 

histogram of the decay which is the photon count versus time channel is built in 

MCA.
3
 

 

2.2. Data Analysis 

2.2.1. Solvation Dynamics 

Steady state absorption and fluorescence spectra were collected by using respectively 

a UV-visible spectrophotometer (UV-2450, Shimadzu) and Fluorimeter (Fluoromax-3, 

Jobin-Yvon, Horiba) and solvent blanks were subtracted to start with the analysis.  

To study the solvation dynamics, a series of 18-20 magic angle (54.7
0
) decays are 

collected at equally spaced wavelengths across the steady-state emission spectrum of 

solute (fluorophore) dissolved in medium.
4
 We have used Coumarin 153 (C153) as the 

fluorophore in our measurements. So, 409 nm dye laser was used as light source and 

the full width at half maximum (FWHM) of instrument response function (IRF)  was ~ 

70 ps. The fluorescence transients were typically characterised by only decay in blue 

end and a rise followed by decay in the red end. The fluorescence decay [  tN ] 

collected from the instrument is a convolution of IRF [  tR ] and sample response 

[ )(tI ]. To extract  tI  from the measured  tN  and  tR  data, the iterative 

reconvolution method
5
 using a nonlinear least square analysis is used. A sum of 

exponential, 



N

i
ii ttI

1

)/exp()(  , (where i  and i  are the amplitudes or the pre-

exponential factors and characteristic life times respectively) is usually required to fit 

the TCSPC decays. 
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On fitting the decays at various wavelengths ( j ), we get the amplitudes [ )( ji  ] and 

lifetimes [  
ji  ], with  

i
ji 1)( according to the multi-exponential function, 

             



N

i
jijij ttI

1

))(/exp()(),(                                                    (2.1) 

To construct the Time Resolved Emission Spectra (TRES) the conventional literature 

method have been adopted.
3-5

 

                                 

A new set of normalized intensity decays are computed so that the time integrated 

intensity at each wavelength is equal to the steady state intensity at that wavelength 

( )( jF  ). The normalization factor is  







i
jiji

j

j

j

j

F

dttI

F
H

)()(

)(

),(

)(
)(

0








                                    (2.2) 

The appropriate normalized intensity decay function is obtained by, 

)(/exp()(),()(),(
1

''
jij

N

i
ijjj ttIHtI   



,                               (2.3) 

where )()()('
jijji H   . The values of ),(' tI j  are used to calculate the 

intensity at any wavelength and time, and thus the time resolved emission spectra 

(TRES) are obtained. The TRES are then converted to frequency representation for 

further analysis.
4
 Each time resolved emission spectrum is fitted with log normal line 

shape function for continuous representation of spectrum. The time dependent 

emission peak frequencies are extracted from the fitted spectra, and are used to 

construct the normalized solvation response function [  tS ], 

        )}()0(/{)}()({)(   ttS ,                                          (2.4) 

Where )0( , )(t  and )(  denote  some measure (usually peak) of frequency for the 

reconstructed emission spectrum at 0t  (that is, immediately after excitation), at any 
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given instant ( t ), and at a time sufficiently long ( t ) respectively to allow for 

complete solvent relaxation. )(tS  is a normalized function decaying from unity to 

zero as the environment rearranges with time in response to the instantaneous 

alteration of the equilibrium charge distribution of the solute via laser excitation. The 

emission frequency ( fl ) of the steady state emission spectrum of the solute probe 

should ideally be equal to )(  for a given system. However, when the solvent 

reorganisation is not complete within the excited state lifetime of the probe, the fl  is 

blue shifted from )( . Integration of the multi-exponential fits to the measured )(tS  

decay yields average solvation time (  s ) as follows:  

           


i iii iis atadttdtS 
00

)]/exp([ ,                          (2.5) 

where  
i ia 1 , and ia  and i  respectively denote the amplitude and time constant 

associated with the i-th component of the total decay. 

 

2.2.2. Rotational Dynamics 

Reorientational dynamics of fluorophore
3,5,6

 is also measured by TCSPC. This 

measurement is based on the principle of photoselective excitation of those 

fluorophore molecules whose absorption transition dipoles are parallel to the electric 

vector of polarized excitation light. The fluorescence intensity decays at parallel and 

perpendicular emission polarizations depend on reorientation of the excitated 

fluorophore. If the reorientation time and fluorescence life time of fluorophore are 

comparable, then the depolarization of fluorescence anisotropy with time can be used 

to measure reorientation dynamics of fluorophore. Time dependent fluorescence 

anisotropy ( )(tr ) is defined
3
 as 

)}(2)(/{)}()({)( |||| tItItItItr                                            (2.6) 

To minimize any effects on anisotropy of fast decay or rise due to solvent 

reorganization,
6 

emission decays for time-resolved anisotropy studies are collected at 
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the peak wavelength of steady state emission bands. The vertically ( ||I ), horizontally 

( I ) and magic angle polarized fluorescence decays (with respect to the sample being 

excited with the vertically polarized light) are recorded. The polarization 

characteristics of optical setup have important consequences to the measured 

anisotropy. It is inevitably necessary when using such instruments to correct for the 

anisotropy in response. This correction factor is usually termed as G -factor and is 

defined as the ratio of the transmission efficiency for vertically polarized light to that 

of horizontally polarized light (  IIG /|| ). Hence, the corrected time dependent 

fluorescence anisotropy,  )(tr  can be represented as 

      )}(2)(/{)}()({)( |||| tGItItGItItr                                      (2.7) 

 

The magic angle decay was first deconvoluted from the IRF and fitted to multi-

exponential function of time. Subsequently, the parallel ( III ) and the perpendicular   

( I ) decays were simultaneously fitted by using an iterative reconvolution method.
3,5

 

In this fluorescence anisotropy method,
6
 the longest life time obtained from the fitting 

of magic angle decay was used during the fit. )(tr  decays, so obtained, are fitted with 

multiexponential function of the following form:  

 
i

ii trtr )/exp()0()(  ,                                                 (2.8) 

where i  (i = 1, 2) represents the time constants for the decay components ( ia ). In this 

Thesis, the value for the initial anisotropy, )0(r , was fixed at 0.376 while fitting the 

)(tr  for C153 in all the solutions studied here.
6
 The average rotational correlation time 

r  was then determined as follows: 

   


i
iir rtrdt  )0()(

0

                                                (2.9) 
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2.2.3. Intramolecular Charge Transfer Reaction  

Photo-induced intramolecular charge transfer is an important fundamental process and 

has been carried in pure
7
 and mixtures of solvents,

8,9
 ionic liquids

10
 and in confined 

environments.
11,12

 In this Thesis, we carried out excited state intramolecular charge 

transfer reaction of 4-(1-azetidinyl)benzonitrile (P4C) and 4-(pyrrolidinyl)benzonitrile 

(P5C) in melt mixture of choline chloride+urea (Chapter 6) and in acetonitrile and 

ethyl acetate in presence of two electrolytes – LiClO4 and NaClO4  (Chapter 9). Upon 

photo-excitation, these molecules (P4C and P5C) exhibit an anomalous fluorescence 

band which is red-shifted in addition to normal fluorescence in polar solvents. The 

appearance of the red-shifted fluorescence has been a matter of considerable debate 

and discussion.
7,13-28

 Various existing models
7,13-28

 clearly indicate that the anomalous 

fluorescence occurs from an electronic state which has charge transfer (CT) character. 

The state that exhibits normal fluorescence is assumed to possess charge distribution 

similar to that of the ground state and is termed as locally excited (LE) state. Upon 

photo-excitation, a substantial amount of charge is transferred from donor (amino 

group) to the acceptor (benzonitrile ring) moiety shown in SCHEME 1. 
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Recent study
7
 of photo-induced intramolecular charge transfer reaction of substituted 

benzonitrile derivatives in several solvents of varying polarity reported that the rate of 

reaction in those derivatives is substantially modified by the dynamical modes of the 

solvents in which the reaction is studied.   

The photo-excitation of intramolecular charge transfer (ICT) molecule 

(P4C/P5CPnC) and the subsequent charge transferred (CT) state formation is shown 

in SCHEME 2, where fk and rk  are the forward and backward rate constants 

respectively.  

CTLE

h kLE kCT

kr

kf

S0

S1

 

SCHEME 2 

 

LEk  and CTk denote the net rate constants (radiative and non-radiative) for LE and CT 

states, respectively. The interconversion between LE and CT states, which is the 

intramolecular charge transfer reaction, is much faster in polar solvents near room 

temperature than the time constants associated with the population decays (inverse of 

LEk  and CTk ) to the ground state (S0). Note that these rate constants are time 

independent quantities. As seen earlier
7
 and also later in this Thesis that inter-

conversion between LE and CT states is the charge transfer reaction. Naturally 

therefore, modification of one of these factors affects the rate at which the reaction 

progresses. This molecule possesses higher dipole moments in CT states and hence 

formation of CT population is favored in polar solvents.
7
 We have synthesized the 

intramolecular charge transfer molecule (PnC) in our laboratory following the 

literature method.
17
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Figure 2.4 
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Figure 2.4. Representative emission spectra of P4C in non-polar (perfluorohexane) 

and polar (acetonitrile) solvents. 

 

Representative fluorescence spectra of P4C molecule in polar (acetonitrile) and non-

polar (perfluorohexane) solvents are shown in Figure 2.4. The presence of two distinct 

peaks in the fluorescence spectrum of P4C in acetonitrile and the absence of it in 

perfluorohexane clearly indicate that non-polar solvent does not support the formation 

of the CT state in this molecule. Considering the kinetic framework (SCHEME 2) of 
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intramolecular charge transfer of P4C molecule, the time evolution of LE and CT 

intensities can be obtained
7,29,30

 as follows : 

 
  
  

    12
12

21

1
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ttrad
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LELE eYeYk

LE

tLE
ktI
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
                         (2.10) 

and                    
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  
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210

ttfrad
CT

rad
CTCT ee

k
k

LE
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ktI









   ,                              (2.11) 

where rad
LEk and rad

CTk  represent respectively the rate constants associated with the LE 

and CT population decays to the ground state. Eqs. 2.10 and 2.11 suggest that in polar 

environments the time evolution of the LE intensity should be comprised by a fast and 

a slow decay components with very distinct time constants whereas that of CT 

intensity should show a fast rise followed by a slow decay. In earlier study
7
 and also 

in the present Thesis, the time constants associated to the rise of CT state match well 

with those fast decays of LE state. So, the fast decay time of LE or the rise time of CT 

are associated to the reaction rate of LE CT interconversion.
7
 The slow time 

constants of the LE and CT intensity decays describe the time scales associated with 

the population decay from the S1 to the S0 state. This should be the scenario 

irrespective of the monitoring wavelength across either the LE or CT bands. 

However, in non-polar solvents where the charge transfer reaction is not supported, 

one expects a single exponential decay across the fluorescence emission spectrum of 

the ICT molecule.  

The two-state reversible interconversion reaction shown in SCHEME 2 considered 

above can successfully describe the time dependence of the LE and CT emission 

intensities of ICT molecule (P4C/P5C) in the systems considered in this thesis.  

In this Thesis, the fluorescence spectra of P4C and P5C in melt mixtures and 

electrolyte containing solvents show dual peak. Subsequently, the fluorescence 

spectrum of P4C/P5C in perfluorohexane (reference spectrum) was used to 

deconvolute each fluorescence spectrum into two fragments.
7
 The areas under the LE 

and CT band were obtained after the deconvolution. Fluorescence peak frequencies of 

LE and CT were calculated by adding the shifts of peak frequencies (with respect to 

reference spectra) in solvent with reference frequency in perfluorohexane. Time-

resolved fluorescence intensity decay measurements were carried out using a time 
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correlated single photon counting (TCSPC) as discussed above. A light emitting diode 

(LED) of 299 nm was used as an excitation source for monitoring charge transfer 

solute (PnC). The full width at half-maximum (FWHM) of the instrument response 

function (IRF) was ~ 475 ps. The LE and CT fluorescence decays were recorded at 

magic angle (54.7°) with a band-pass of 8 nm. Decays were then deconvoluted from 

the IRF and fitted to biexponential function using an iterative reconvolution 

algorithm.
3,5

 This allows one to detect decay component with a time constant as fast as 

100 ps with reasonable accuracy.
7 
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Chapter 3 

 

Fast Fluctuations in Deep Eutectic Melts: Multi-Probe 

Fluorescence Measurements and All-Atom Molecular 

Dynamics Simulation Study 

 

3.1. Introduction  

Micro-heterogeneity in solution structure of (amide + electrolyte) deep eutectic (DU) 

melts is known for a long time.
1-4

 However, characterization of this micro-

heterogeneity and understanding its impact on a chemical event occurring in these 

media are still at the developing stage.
5-8

 Dielectric relaxation measurements 

extending up to 100 MHz frequency range have reported pronounced non-Debye 

relaxation mechanism with extremely slow timescales, suggesting collective nature of 

the relaxation.
4
  The length-scale involved in such collective relaxation has not been 

understood in terms of spatial correlations as scattering measurements using radiations 

of atomic resolution have not been performed yet. Recent fluorescence 

measurements
5-7

 have explored solution structure and dynamics of several (acetamide 

+ electrolyte) deep eutectics where pronounced excitation wavelength ( exc ) 

dependence of fluorescence emission of a dissolved solute and a strong decoupling 

between solute rotation rate and medium viscosity have been observed. The above 

decoupling is manifested via fractional viscosity dependence of the measured average 

rotation time, p

r   , with p  much less than unity. Similar fraction power 

dependence on viscosity has also been observed for the average time for solute 

solvation with fraction power less than the corresponding p  obtained for solute 

rotation. The latter may be interpreted as a sort of translation-rotation decoupling as 

the average solute solvation rate is governed by the center-of-mass diffusion of the 

solvating particles.
9-13

 The fractional viscosity dependence and the translation-rotation 

decoupling mentioned above, which resemble closely to those for deeply super-cooled 

liquids,
14-16

 have been attributed to the dynamic (temporal) heterogeneity of these deep 

eutectic melts. A computer simulation study using model potentials for acetamide and 
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electrolytes predicts strong dynamic heterogeneity via pronounced non-Gaussian 

character of particle displacement in these complex melts and collective blockage of 

ion movement.
8
 In addition, the simulated diffusion coefficients have been found to be 

much larger than those predicted by hydrodynamics using experimental viscosity as 

input, hinting at diffusion-viscosity decoupling in these DU melts. 

Against such a backdrop the recent fluorescence results
7
 on DU melt, 

[0.78CH3CONH2 + 0.22{f LiBr + (1-f) LiNO3}] appear to be more interesting as 

fluorescence emission of coumarin 153 (C153) exhibits significant exc dependence 

which was absent in [CH3CONH2 + K/NaSCN) melts,
6
 suggesting more extensive 

solute-sensing of inhomogeneous density fluctuations in presence of lithium salts. This 

is further supported by the more pronounced fractional viscosity dependence of solute 

solvation and rotation rates in DU containing lithium salts than in presence of 

thiocyanates.  The scenario turns out to be even more interesting as both the spatial 

( exc dependence) and temporal ( p dependence) heterogeneities exhibit  
_Br  ion 

concentration dependence which becomes   stronger with a solute having excited state 

lifetime shorter than that of C153. Curiously, exc dependence has been found to be 

dominating at the 

3NO rich region whereas 
p dependence becomes more severe at the 

_Br  ion enriched composition. These results once again support the view that 

emergence of temporal heterogeneity does not necessitate observation of spatial 

heterogeneity.
17-19

 For the present melt, this may also mean that inhomogeneous 

density fluctuation timescales largely remain unchanged  across the 
_Br  ion 

concentration; it is the competition between the solute lifetime ( life ) and solvent 

density fluctuation that brings out the observed difference in p dependence  for 

different solutes. Characterization of this density fluctuation and subsequent coupling 

to solute via experiments and simulations constitute the theme of the present work.  

Note that the interaction of amide (-CONH2) groups with ions (cations and anions) can 

lead to formation of co-ordinated complexes in such DU melts. Infrared 

measurements
20

 have already indicated interaction between amide groups and ions in 

similar multi-component mixtures. Dielectric relaxation measurements
21

 have also 

provided an estimation for the domain size that may have formed in (amide + 

electrolyte) melts. Interestingly, the chelating effects of cation via coordination with 
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oxygen atoms in polymer-electrolyte composites have been demonstrated both in 

simulations
22

 and experiments.
23-25

 Here we plan to study the effects of such micro-

domains or density inhomogeneities, if formed via interaction between ions and 

acetamide as discussed above, through fluorescence measurements and all-atom 

molecular dynamics simulations.  For fluorescence study, we have used a dye 

molecule, p-N,N-dimethylamino-p’-cyano-diphenylacetylene (DTN), whose life  is 

much shorter than that of C153. Note the molecular volume of  DTN
26

 and C153
27

 are 

respectively 230 Å
3
 and 246 Å

3 
and thus a significant difference in viscosity coupling 

is not expected from size variation. However, difference in shape (DTN being prolate 

and C153 ellipsoid) may have some effects. Fluorescence quenching by  

3NO  or 
_Br  

can be a concern here but our earlier measurements using C153 have suggested 

secondary importance of such processes.
7
  

In this Chapter, we have investigated the solute-medium coupling in [0.78CH3CONH2 

+ 0.22{f LiBr + (1-f) LiNO3}] DU melts by following the composition and 

temperature dependent dynamic fluorescence anisotropy of DTN. For this, six 

different values of f  covering no 
_Br  concentration ( f =0) to full ( f =1) have been 

considered at five different temperatures between ~303 K and ~348 K. Measured 

average rotation times describing the fractional viscosity dependence are then 

compared with our earlier data for C153
7
 by showing as a function of temperature-

reduced viscosity, T . In addition, composition dependence of p  is also compared 

for these two solutes and the difference between them is interpreted in terms of 

differing sensitivity of these probes to environmental fluctuations. Simulated 

wavenumber dependent incoherent and coherent scattering functions (ISF and CSF) 

reveal distributed relaxation kinetics and fast timescales which support an explanation 

for the observed stronger viscosity decoupling of DTN rotation rate (in comparison to 

that of C153) in terms of dynamic (temporal) heterogeneity and larger coupling to fast 

density fluctuations. 

 

3.2. Experimental Details 

Acetamide (>99%, Sigma-Aldrich), lithium nitrate (≥99.5%, Sigma Aldrich), and 

lithium bromide (≥99%, Sigma Aldrich) were vacuum-dried at ~~325 K for 24 hours 
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before use. Because of strong hygroscopic nature of these salts, samples were prepared 

with the best possible care to minimize moisture absorption. Formamide (99%, Sigma 

Aldrich) was used as received. DTN was synthesized following a literature method
28-30

 

and purity checked by NMR analyses. Temperature of the sample chamber was 

maintained by preheated water circulation. Absorption and emission spectra of DTN 

were collected by using the standard absorption spectrophotometer and fluorimeter 

and processed with care.
31-32

 Time dependent fluorescence decays were collected by 

using a set-up based upon  time correlated single photon counting method described 

elsewhere
31-32

 and in Chapter 2 and using 375 nm light for excitation producing an 

instrumental response function (IRF) of full-width-at-half-maximum ~70 ps.  

 

Rotation time ( r ) of the solute was then determined from the simultaneous fitting of 

the collected parallel ( )(|| tI ) and perpendicular ( )(tI ) decays after deconvolution 

from the IRF as follows:
26,33,34

 

)](21)[()()( |||| trtItAtI fl  ,                                                                            (3.1) 

)](1)[()()( trtItAtI fl   ,                                                                            (3.2) 

where )(tI fl denotes the relative fluorescence intensity in the absence of any rotational 

contribution and obtained by using the collected magic angle intensity decays. ||A  and 

A are fit parameters for normalizing the effects due to different detection efficiencies 

and acquisition times. Measured anisotropy decays were found to be adequately 

described by single exponentials, )exp()( 0 rtrtr  , where the value of the initial 

anisotropy, 0r , was allowed to vary. We found 0r  to vary between 0.35 and 0.38 which 

agree well with earlier observations.
26-33

  

 

 

3.3. Results and Discussion 

                        

Figure 3.1 displays representative absorption and emission spectra of DTN dissolved 

in the above DU melt at f =0.4 at ~303 K along with those in formamide. Note that 

both the absorption and emission spectra of DTN in this DU melt at f =0.4 are red-

shifted than those in formamide. Similar behaviour can also been seen if spectra of 
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C153 in formamide and (acetamide + K/NaSCN) are compared.
5
 This indicates that 

these DU melts are somewhat more polar than formamide. Since absorption and 

emission spectral peak frequencies do not show any f  dependence (Figure A1, 

Appendix A), the above observation remains unaltered for any _Br  ion concentration in 

this melt. Interestingly, emission of C153 in (acetamide + LiBr/NO3) melt is blue-

shifted than that of C153 in formamide,
7
 suggesting a reverse polarity trend. This 

 

Figure 3.1 
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Figure 3.1: Comparison between the steady state absorption and emission spectra of 

DTN in [0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3}] deep eutectic (DU) melt with f= 

0.40  (solid lines), and  in formamide (broken line) at ~303 K. Chemical structure of 

DTN is also shown as inset. 

 

contrasting result is probably more associated with the strong intra-molecular charge 

transfer character of DTN
35

 and interaction of the excited solute with the medium than 
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anything related to the vast difference in life  between these two probes.
9,30,35

 The 

lifetime of DTN in this melt has been determined by analyzing the fluorescence 

intensity decays collected at magic angle, representative of which is displayed in 

Figure A2 (Appendix A). As seen earlier for DTN and a closely related molecule in 

common organic solvents,
26,30

 the magic angle decays have been found to be bi-

exponential functions of time. The composition and temperature dependent life  of 

DTN is summarized respectively in Table B1 and Table B2 (Appendix B) and reflect 

the viscosity sensitivity as depopulation also involves intramolecular rotation. 

 

 

Figure 3.2 reflects on the spatial heterogeneity aspect of this melt where excitation 

wavelength ( exc ) dependence of fluorescence emission and the corresponding 

spectral width (full-width-at-half-maximum) of DTN are shown and compared with 

earlier results obtained using C153 and another short life-time probe, trans-2-[4-

(dimethylamino)styryl]benzothiazole (DMASBT).
7
 Note that changing exc from 330 

nm to 430 nm induces a redshift of ~1200 cm
-1

 in fluorescence emission peak 

frequency ( em ) of DTN which is very similar to that found for DMASBT  and nearly 

double of the amount observed for C153. The fact that exc -induced shift in em is 

larger for DTN and DMASBT than for C153 provides further support for the 

conjecture that the inhomogeneous density fluctuation timescales in this melt are fast 

and overlap better with the excited state lifetime of DTN.  The increased sensitivity to 

medium spatial heterogeneity for fast-probes is further reflected in the larger variation 

of the spectral width ( em ) with exc . More specifically, DTN is showing ~2000 cm
-1

 

narrowing upon 100 nm redshift in exc which is ~5 times larger than that for C153 for 

the same change in exc . Note the redshift in em  with concomitant spectral narrowing 

observed here are in accordance with the trend already observed for various 

chromophores in bulk solvents,
9
 electrolyte solutions

36
 and confined media.

37,38
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Figure 3.2 
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Figure 3.2: Excitation wavelength ( exc ) dependence of fluorescence emission peak 

frequencies, em  (upper panel) and full-width-at-half-maxima, em  (lower panel) for 

DTN and C153 in DU melt, [0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3}], with f = 0.2 

at ~303 K. Chemical structure of C153 is also shown in the lower panel.  
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We next present the temperature dependent rotation times (  r ) for  DTN in this 

melt at various values of f and connect it to fast inhomogeneous density fluctuations  

while exploring the viscosity coupling. Table B3 (Appendix B) summarizes the  r  

obtained from fits described earlier along with the experimental viscosity.
7
 As data in 

this table suggest,  r  for DTN lies between  ~0.5 ns and ~4 ns for all the f values 

considered in the temperature range, ~303-348 K. Note r  values for DTN in this melt 

are somewhat smaller than but similar to those for C153 in the same melt.
7
 The 

viscosity coupling of DTN rotation is investigated in Figure 3.3 where the measured  

 r  are shown as a function of T . Also for comparison are shown the predicted 

rotation times from the modified Stokes-Einstein-Debye (SED) relation,
39

 

CfTkV sBr )(   , with shape factor, sf =2.94, and C =0.418
26

 and 1 for slip stick  

 

Figure 3.3 
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Figure 3.3:  Viscosity decoupling of rotation times ( r ) for DTN and C153 in the 

DU melt, [0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3}], and comparison. Temperature 

dependent measured times (symbols) at various f values are shown as a function of  

temperature-reduced viscosity ( T ) in a log-log fashion. The line going through 
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these symbols represent a fit to an expression which is also shown as inset. Similar fit 

through C153 data is shown by the broken line where p = 0.55 (from Ref. 7).  

Calculated rotation times for DTN from the slip hydrodynamics at various T  values 

are also shown (solid line) for a comparison. Corresponding stick values are not shown 

as they are simply larger by a proportionality factor and do not convey anything extra.   

 

boundary conditions, respectively.  Note the measured  r values are not only much 

faster than the SED predictions but the extent of slowing down of  r  with 

viscosity found in measurements also differs.  This is quantified by the line going 

through the measured  r  representing a viscosity dependence of the following 

type, p

r TA )(  , with p = 0.43. This value of f -averaged fraction power )( p  is 

substantially deviated from unity and signifies strong viscosity decoupling. This kind 

of fractional viscosity dependence is reminiscent of what has been observed   for 

deeply supercooled liquids and often considered as diagnostics for temporal 

heterogeneity.
14-16,19

 Following this we ascribe the viscosity decoupling of DTN 

rotation to the temporal (dynamic) heterogeneity of the medium eventhough solute 

shape anisotropy can also contribute partially to the observed decoupling.
40,41

 This 

assignment derives further support from our model simulation studies
8
 where signature 

of temporal heterogeneity via pronounced non-Gaussian character of particle 

displacements has been observed in  similar (acetamide + electrolyte) DU melts.   

 

Interestingly, p  value obtained above for DTN is ~20-25% less than that found for 

C153 ( p =0.55, shown by the broken line in Figure 3.3) and suggests relatively 

stronger decoupling. Note such a ‘small’ difference in p  can represent significantly 

different solute-solvent coupling as it originates from a power-law dependence. Such a 

different coupling can be seen even after ‘normalizing’ the shape factor via comparing 

the T  dependence of the ratios between the experimental and theoretical rotation 

times (
theortr 

exp
) for these two solutes. We propose that relatively stronger 

decoupling for DTN results from more effective sensing of ‘fast’ environmental 

fluctuations due to its shorter lifetime. Dynamic fluorescence anisotropy 
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measurements provide ensemble-averaged rotation time because the detected signal is 

composed of contributions from a number of excited chromophores distributed in 

different kinds of solvation environments (environmental inhomogeneity). Since  

153C

life > DTN

life , a more effective environmental averaging of C153 rotation is expected. 

This weakens the degree of decoupling for C153, leading to a larger value for p  than 

that associated with DTN rotation in the same medium. It should be noted here that 

fractional viscosity dependence (or temporal heterogeneity) does not guarantee the 

presence of environmental inhomogeneity in a given medium; the latter requires 

confirmation through further spatial information.
42,43

 Excitation wavelength 

dependence of probe emission frequency and spectral width shown in Figure 3.2 

provides this critical information. 

 

The above proposition that a competing life  with fast density fluctuations produces 

greater decoupling is further investigated in Figure 3.4 where fraction power ( p ) 

obtained using DTN is shown as a function of 
_Br  ion concentration ( f ) in the melt 

and compared with that from earlier C153 measurements.
7
 In contrast to C153 results, 

p  associated with DTN does not show any f  dependence. In addition, the f -

insensitive value of p  for DTN (~0.4) is close to that (~0.5) for C153 at f =1, 

suggesting the temporal heterogeneity sensed by DTN across f  is what is shown by 

C153 as the ‘maximum’ in the same melt. This may occur if either of the two 

following reasons prevails. First, the timescales associated with environmental 

fluctuation remain largely unaltered across f . This is possible if density 

inhomogeneity is caused by Li
+
 whose concentration is not changing with f . Second, 

a slower fluctuating timescale develops upon increasing f  which C153 can sense but 

not DTN. A support for the second mechanism may be accessed via exploring the 

f dependence of the exc -induced total change ( x ) in em   and em by exciting the 

dissolved solute at the most blue ( bexc, ) and most red ( rexc, ) wavelengths at a given 

temperature, T: )T,,()T,,()T,( ,, fxfxfx rexcbexc   . Figure A3 (Appendix A) 

depicts the results for such an investigation with DTN in this melt where both the 
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changes in emission frequency and spectral width ( em and em , respectively) show 

initial increase with f and then saturates. The initial increase may suggest 

enhancement of spatial heterogeneity via slowing down of fluctuating timescale upon 

replacing 

3NO  by Br . The saturation in these quantities then suggests the inability 

of DTN (due its shorter life ) to sense and report the subsequent slower fluctuations 

which can be picked up by a longer lifetime probe such as C153.  

 

Figure 3.4 
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Figure 3.4: 
_Br  ion concentration dependence of the fraction power, p, obtained via 

fit of the measured rotation times for DTN (triangles) in the DU melt, 

[0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3}], and a comparison with the 

corresponding values for C153 (circles, from Ref. 7).  
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3.4. Conclusion 

To summarize, the present work reveals the degree of temporal heterogeneity as 

reflected by the fraction power dependence of solute rotation in a given medium 

depends upon the excited state lifetime of the probe used. In a spatially 

inhomogeneous medium such as this DU melt, this dependence arises from a 

competition between the timescales of inhomogeneous density fluctuation and the 

excited state lifetime of the reporter chromophore. This assumption, however, does not 

preclude the contributions from those dynamic solute-environment interactions which 

cannot be described by the conventional hydrodynamics. In addition, quantitative 

understanding of the fractional viscosity dependence requires careful inclusion of 

solute shape anisotropy. 
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                                       Chapter 4 

 

Density Relaxation and Particle Motion Characteristics in a 

Non-Ionic Deep Eutectic Solvent, (Acetamide + Urea):  

Time-Resolved Fluorescence Measurements  

 

 

 

4.1. Introduction 

Deep eutectic solvents (DESs) are increasingly finding a variety of industrial and 

technological applications due to their exquisite solvent properties, economical 

viability and easy synthetic accessibility.
1-5

 The bio-degradable nature of these multi-

component melts makes these non-aqueous melt mixtures suitable candidates for green 

solvent engineering  and sustainable media for biomass processing.
6-8

 DESs are  

molten mixtures at temperatures much below  than the individual melting temperatures 

(Tm) of the constituents and may contain both ionic and non-ionic species.  Extensive 

H-bond interaction among the components is believed to be reason for the observed 

depression of freezing points. Such multi-component mixtures, when contain 

electrolytes, are termed as ionic DESs.
1-4

 Non-ionic DESs, on the other hand, are 

composed of dipolar molecules and amphiphiles. DESs made of acetamide and urea 

are representative examples of the latter kind and constitute the subject of the present 

study. Note that although a few fast spectroscopic measurements combined with 

computer simulations have attempted to illustrate  the solute-solvent coupling  in and 

relaxation dynamics of several ionic DESs,
9-15

 similar studies are yet to be carried out 

for  non-ionic members, such as, (acetamide + urea) DESs. Here we investigate, via 

employing both time-resolved fluorescence measurements and molecular dynamics 

simulations, the density relaxation timescales of the DESs, [f CH3CONH2+(1-

f)NH2CONH2], and coupling between a dissolved solute and  density fluctuations in 

them at three different compositions (f)  for the temperature range, 328 – 353 K.    
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The reasons that motivated us to take up the present study are as follows. First, pulsed 

field gradient nuclear magnetic resonance (PFG-NMR) measurements of DES made of 

choline chloride ([HOC2H4N(CH3)3]
+ 

Cl
-
) and urea have suggested particle diffusion 

via jumps rather than through stochastic Brownian moves.
16

 Interestingly, support for 

presence of such a non-hydrodynamic transport mode for mixture components has 

been provided also by time-resolved fluorescence measurements of (acetamide + 

electrolyte) DESs which reported fractional viscosity dependence of average rotation 

and solvation rates (
p1

s/r

  , 1p  ) of a solute dissolved in them.
10-12,15

 In such a 

situation one would be naturally curious to know how density relaxes in deep eutectics 

made of acetamide and urea. As individual components, both acetamide and urea 

possess tremendous industrial and biological relevance. For example, molten 

acetamide (Tm ~353 K
17

) is known to solubilise a large number of organic and 

inorganic compounds except cellulose, and may be utilised as a simple model system 

for understanding the role of hydrogen bonding interactions in determining the three 

dimensional structure of proteins and nucleic acids.
17-19

  

 

Urea is, on the other hand,  one of the most commonly used nitrogenous fertilizers, 

and known to critically impact protein stability and function.
20-24

 Although the Tm of 

urea is ~406 K, (acetamide + urea) exhibits a eutectic temperature  ~319 K  at 0.62 

mole fraction of acetamide.
25,26

 This makes (acetamide + urea) DESs accessible for 

studying structure and dynamics in molten condition at a temperature range much 

lower than the individual Tms of the components but more than 100 K above the 

thermodynamic glass transition temperature (Tg ~207 K) of the corresponding DES. 

This fact assumes even more importance as signatures of pronounced dynamic 

heterogeneity have been observed earlier
10-13

 for (acetamide + electrolyte) DESs at a 

temperature ~100-150 K above the corresponding Tgs. Apart from this basic scientific 

aspect,  a smart application of  (acetamide + urea) DESs as designer solvents for 

tailoring chemical reactions necessitates a thorough understanding of structure-

dynamics relationship for these media. Here the importance stems from the well-

known solvent control of chemical reactions.
27-33

 Interestingly, acetamide and urea, 

though can act as both H-bond donors and  acceptors, possess vastly different 

molecular properties. For example, while the static dielectric constant ( 0 ) of 
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acetamide is ~60 and molecular dipole moment ( ) 3.2 D,
34,35

 those values for urea 

are ~3 (measured in solid state) and 4.56 D,
36

 respectively.  Besides forming inter-

species H-bonding, urea and acetamide also support intra-species H-bonding, leading 

to  formation of dimers at low concentrations and polymers at high concentrations.
37,38

 

Given that the collective H-bonding network and polarity critically influences  

solvation timescales,
39-45

 alteration of composition mixture provides an easy handle to 

regulate medium effects on a chemical reaction occurring in these media. Presence of 

polymeric as well as inter-species H-bonded molecules may give rise to medium 

heterogeneity sustaining slow dynamics in these systems.
46

 More importantly, creation 

of liquid phase via extensive depression of freezing points of the mixture components 

may lead to microscopic heterogeneity in structure and dynamics of such media. These 

complexities of (acetamide + urea) DESs have been explored here via time-resolved 

fluorescence measurements of solute-centred dynamics, and atomistic simulations of 

density relaxation and displacement distribution profiles.  

4.2. Experimental Details 

4.2.1 Sample Preparation 

Laser grade coumarin 153 (C153) was used as received (Exciton). Trans-2-[4-

dimethylamino)styryl]benzothiazole (DMASBT),  a fluorescence probe with much 

shorter excited state average lifetime
12,47

 than that of C153, was used (as received
48

) 

for an investigation of solution spatial heterogeneity via monitoring the excitation 

wavelength ( .exc ) dependence of fluorescence  emission of dissolved DMASBT. 

Acetamide ( 99%, SRL, India), urea (>99%, SRL, India) were dried (~300 K) under 

mild vacuum overnight before use.  

 

Samples were prepared by following the method described in details elsewhere.
9-12,14,15

  

In brief, the required amount of DES components were mixed together in volumetric 

flasks, sealed, and heated  using a hot water bath at a temperature around ~355 K 

(Julabo, model F32) until the mixtures became completely molten.  An aliquot of a 

given  molten DESs was  then  quickly  transferred into a pre-heated quartz cuvette (1 

cm path length) which was pre-stained with dye (C153/DMASBT) grains and sealed. 

A few drops of (dye+hexane) solution was used for this ‘dye-staining’ followed by 
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removal of  the career solvent (hexane) by gently blowing  mild-hot air through the 

cuvette. Subsequently, the cuvette containing the sample and dye was brought near the 

experimental temperature via using a water-bath. Care was taken to ensure complete 

dissolution of the probe into the DES sample, maintain a dye (C153/DMASBT) 

concentration   10
-5

 M in the solution under investigation. Spectral data were 

recorded after allowing the sample for about half-an-hour to equilibrate with pre-

heated sample chamber at a designated temperature (328 K to 353 K at an interval of 5 

K). A few samples were bubbled with dry N2 gas before data collection but did not 

produce any difference in data with those collected with the un-bubbled samples.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

4.2.2. Data Collection and Analyses for Absorption, Steady State and Time 

Resolved Fluorescence Studies 

Steady state absorption spectra and fluorescence spectra were collected with a UV-

visible spectrophotometer (UV-2450, Shimadzu) and a Fluoromax-3, Jobin-Yvon 

(Horiba) fluorimeter respectively.  Time correlated single photon counting (TCSPC) 

based set-up was used as before
10-12

 (LifeSpec-ps, Edinburgh Instruments)  for time-

resolved fluorescence measurements which produced a pulse-width (full-width-at-

half-maximum) of ~70 ps when an aqueous solution of non-dairy creamer was used as 

a scattering medium at the  excitation wavelength of 409 nm. For measurements using 

C153, we used 409 nm light for excitation. Steady state spectroscopic data were then 

processed and analysed by following the method described elsewhere.
49-53

  

 

Time resolved fluorescence anisotropy ( )(tr ) measurements were performed via 

following the standard protocol
54-56 

mentioned in Chapter 2. An iterative reconvolution 

algorithm
57

 was used to simultaneously fit the collected parallel ( paraI ) and 

perpendicular ( perpI ) decays. The geometric factor (G) was obtained via tail matching 

and found to be 1.015.1  .  Dynamic anisotropic decays thus obtained were found to 

fit to bi-exponential functions of time, and the average rotation times ( r ) were then 

obtained via time-integration,    







0

2

1

0

)exp()0( 
i iir tadtrr(t)dt  , with 

1a
i i   and the initial anisotropy, )0(r =0.376 for C153.

54
 Note here that Stokes shift 
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dynamics
45

 in these DESs was found to be too fast to be detected by the present set-up. 

However, magnitudes of   dynamic Stokes shifts for C153 were estimated
58

 using 

steady state absorption and emission spectra. Density, viscosity and glass transition 

temperature (Tg) for these systems were measured by following the procedures 

described elsewhere.
14

 While Table B4 (Appendix B)
59

 summarizes the composition 

dependent density and viscosity values for the temperature range considered, Figure 

A4 provides a representative scan obtained from differential scanning calorimetric 

measurements of  Tg  for these DESs. 

4.3. Results and Discussion 

4.3.1. Steady state spectral characteristics 

Steady state absorption and emission spectra of C153 in these DESs at different 

compositions (at a fixed temperature) and temperatures (at a fixed composition) are 

presented in Figures A5 and A6
59

 which indicate a near-invariance with both mixture 

composition and temperature. A more clear representation of this insensitivity (within 

 100 cm
-1

) is provided in Figure 4.1 where the absorption and emission spectral peak 

frequencies, and widths (full-width-at-half-maxima)
60,61

 are shown as a function of 

temperature. Although these measurements are done within a narrow composition 

range, the observed spectral insensitivity is probably reflecting preferential solvation 

of dissolved C153 by the more polar component ( 0 of acetamide and urea are ~60 and 

~3, respectively) in the solution mixture. A more interesting aspect here is the 

temperature-independence of the spectral frequencies because temperature is known to 

frustrate the static correlations at the collective (that is, long wavelength) limit and 

hence reduce 0 .
62-64

 Note however that these spectral characteristics (frequencies and 

widths) are similar in magnitudes to those obtained for C153 in (acetamide + 

electrolyte) DESs
10,12

 as acetamide has been the dominant component in all these melt 

mixtures. 
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Figure 4.1 

 

Figure 4.1: Temperature dependent spectral characteristics of C153 in [fCH3CONH2+ 

(1-f)NH2CONH2] DESs at three different acetamide mole fractions (f).   Upper panel 

shows the variation of peak frequency ( ) and lower presents the variation in spectral 

width ( , full width at half maximum)  of absorption (filled symbols) and emission 



Chapter 4 
 

52 
 

spectra (open symbols) of C153 in these DESs at f= 0.6 (circles), 0.65 (squares) and 

0.7 (triangles). 

 

 

We next explore the presence of spatial heterogeneity in these (acetamide + urea) 

DESs as .exc dependent fluorescence emission measurements (of a dissolved probe) of 

(acetamide + electrolyte) DES
10,12

 have revealed inhomogeneous solution state. Probe 

dependence of the extent of emission shift induced by .exc observed there suggests 

presence of domains with a distribution of relaxation times. As a competition between 

domain relaxation and probe’s average  excited state lifetime ( life ) critically controls 

the detection of spatial heterogeneity through .exc dependence, we have employed two 

fluorescent probes (C153 and DMASBT) with sharply different life (~5 ns for C153
45

 

and ~0.5 ns for DMASBT
12,47

) for our .exc dependent study of these DESs. 

Representative results are summarized in Figure 4.2 where a change in .exc by ~120 

nm (see Figure A7 for the chosen .exc across the absorption spectra of these probes
59

) 

produces a variation of only  ~100 cm
-1

 in the emission peak frequencies and widths 

for both these  probes. Interestingly, a much larger variation in these spectral 

properties was observed earlier for  (CH3CONH2 + LiNO3/Br/ClO4 ) DESs and 

attributed to the presence of spatial heterogeneity of solution structure.
65,66

 Given the 

spectral resolution of our measurements (  200 cm
-1

), a variation of only 100 cm
-1

 

suggests that the  associated density relaxation timescales are much faster than life  of 

these probes,  making these systems to appear as ‘homogeneous’  within the lifetime 

of these probes. 
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Figure 4.2 

 

Figure 4.2: Excitation wavelength ( .exc ) dependence of fluorescence emission peak 

frequencies, em  (upper panel), and full-width-at-half-maxima, em  (lower panel) for 

DMASBT (circles) and C153 (triangles) in [fCH3CONH2+ (1-f)NH2CONH2] with f = 

0.6 at ~328 K. Chemical structures of DMASBT and C153 are also shown as insets.  
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4.3.2. Time-resolved fluorescence measurements 

As already shown,
10-12,87

 fractional viscosity dependence of average solvation and 

rotation times measured via time-resolved fluorescence measurements may indicate 

presence of temporal (or dynamic) heterogeneity in a given medium.  Since solvation 

dynamics is too fast to be detected by the present set-up, we can provide only the 

estimated magnitudes of dynamic Stokes shift for C153 in these systems.  Table B5
59

 

summarizes the estimated shift values at three different compositions for the 

temperature range, 328-353 K. Note in this table that  the estimated shift values are 

within the range, ~750-900 cm
-1

, which is similar to those reported
10

 for (amide 

+electrolyte) DESs at higher temperatures. Although hydrodynamics predict presence 

of a nanosecond diffusive timescale in these systems (  T

2 D 1 ns at ~330 K for a 

particle of diameter,  ~ 4Å, diffusing through a medium with viscosity, ~10 cP), it 

is interesting to note the absence of such a slow component in the present 

measurements. This is in contrast to our earlier findings for (amide + electrolyte) 

systems,
10,12,14,15

 and may arise due to the extensive participation of the collective H-

bond network of the present DESs and other fast modes
39-42

 to the solvation process. 

Suitable dielectric relaxation measurements and simulations of density relaxations are 

required to understand the origin of such fast solvation response in these systems. 

 

Rotational relaxation of the same dissolved solute is, however, much slower and can 

be detected in our experiments. Figure 4.3 provides a representative example where 

collected )(tr  decays at two different temperatures for C153 in the present DES at 0.6 

acetamide mole fraction are shown. As indicated by dynamic Stokes shift 

measurements, these and other anisotropy decays collected at different compositions 

and temperatures contain a component much faster than the time-resolution (~70 ps) 

of our set-up, and are bi-exponential functions of time. Reasonable bi-exponential 

description of all the collected )(tr  decays have been found after constraining the 

faster time constant to 15 ps whose amplitude, depending upon composition and 

temperature, varies between ~25-75%. The rest is constituted by a slower component 

with time constant in 100-300 ps range (see Table B6).
59

  Subsequently, the coupling 

between the solute rotation and the medium viscosity is explored in Figure 4.4 where 

the logarithm of average rotation times measured at all the compositions and 

temperatures considered are shown as a function of logarithm of temperature-reduce 
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viscosity. For a comparison, hydrodynamic slip predictions for rotation times of C153, 

with its shape factor incorporated,
54

  in these DESs are also shown in the same figure. 

The increase of the measured average rotation times ( r ) with viscosity can be  

Figure 4.3 

 

Figure 4.3: Representative anisotropy decays at 328 K (red) and 353K (green) for 

C153 in [fCH3CONH2+ (1-f)NH2CONH2] with f = 0.6. Circles denote the 

experimental data and solid lines fits through them.  Fit parameters are shown in the 

inset.  Time constants ( i ) are in the unit of picoseconds. The Goodness-of-fit 

parameters ( 2 ) in these two temperatures are 1.06 and 1.09 for 328 and 353K 

respectively. 

 

described by an average linear fit (shown in the inset) which suggests a viscosity 

dependence of the following form,  pr T with 96.0p  .  The fraction power 

( p ) maintained its value of near unity even when the measured r  data were 

analysed separately (see Figure A8).
59

 Such a near-hydrodynamic viscosity 
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dependence for average rotation times strongly suggests temporal homogeneity of the 

DESs under study, and is in sharp contrast with our earlier findings for (amide + 

electrolyte) systems.
10,12,15

 Arrhenius-type of temperature dependence for the average 

rotation rates (
1

r


 ) has been observed (see Figure A9)

59
 and the associated average 

activation energy ( aE ) is found to be ~31.6 kJmol
-1

. Interestingly, a similar aE has 

been found earlier for (CH3CONH2 + LiBr/NO3) DESs
12

 where pronounced 

heterogeneity characterized the solution structure and dynamics. 

It is evident, therefore, that both the steady state and time-resolved fluorescence 

measurements of [fCH3CONH2+(1-f)NH2CONH2] DESs using a dipolar solute suggest 

homogeneity in solution structure and dynamics. It would be instructive to learn, via 

simulations, whether such homogeneity is also preserved for the un-doped system, that 

is, the DESs in the absence of any dipolar solute.   

 

Figure 4.4 
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Figure 4.4: Viscosity dependence of measured rotation times ( r ) for C153 in 

[fCH3CONH2+ (1-f)NH2CONH2] at various temperatures, and comparison to 

hydrodynamic predictions using slip boundary condition (SBC). Measured rotation 

times are shown as a function of  temperature-reduced viscosity ( T ) in a log-log 

fashion. Broken blue lines represent the hydrodynamic (Debye-Stokes-Einstein, DSE)  

predictions,  fCTkV B

DSE

r  , with C153 volume V=246 Å
3
, shape factor 

(assuming ellipsoid) f = 1.71, and solute-solvent coupling parameter C = 0.24 (for 

SBC). Solid black line denotes the fit through the measured data. Stick predictions are 

much slower and thus not shown.   

 

 

 

 

4.4. Conclusion 

In conclusion, our combined steady state and time-resolved fluorescence study 

indicate that the (acetamide + urea) deep eutectics studied here are both spatially and 

dynamically homogeneous systems although these systems have been studied at a 

temperature range much lower than the individual melting temperatures of the 

constituents. This is in sharp contrast to earlier findings for (acetamide + electrolyte) 

deep eutectics, and indicates qualitative difference between these two classes of deep 

eutectic systems. The observation of the Stokes’ shift dynamics in these DESs is too 

fast to be detected by the present measurements.   

 

 

The qualitative difference between these two classes of  DESs may be understood by 

comparing the H-bond formation and dynamics
19

 between these DESs. Study of low 

frequency collective dynamics employing Kerr spectroscopic measurements
19

 and 

orientational motions via dielectric relaxation measurements of these systems can 

reveal important information on inter- and intra-species association of these systems. 

Development of semi-molecular theories for understanding the orientational relaxation 

and Stokes shift dynamics along the line of what has been done for binary mixtures of 

ionic liquids with common solvents
68-71

 are required to provide microscopic 
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understanding of  relaxation dynamics of these exciting media. Smart applications of 

DESs as designer solvents demand such a robust knowledge. 
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Chapter 5 

 

Urea-Induced 'Homogenization' of Ionic Deep Eutectics: 

Signatures from Time-Resolved Fluorescence Measurements  

 

 

5.1. Introduction  

Molten mixtures composed of amide and electrolyte are industrially important reaction 

media because of economic viability, easy to prepare and transport, low moisture-

sensitivity, and in some cases for their biodegradable nature
1-9

. These systems are 

known as deep eutectics as multiple constituents of high individual melting 

temperatures ( mT s), upon mixing and heating, create stable liquid solutions at a 

temperature much lower than individual  mT s
3,6-8,10-13

. Acetamide in presence of 

electrolytes can be brought into liquid phase at or around room temperature and serves 

as an example of ionic deep eutectics. Exquisite solvent properties
14-18

 of acetamide due 

to the presence of several functional groups- methyl, carbonyl, amide and tautomeric 

hydroxyl group – have rendered acetamide/electrolyte deep eutectics tremendous 

application potential.  The high dielectric constant (ε0 ≈ 60) combined with high dipole 

moment (3.7 D) makes acetamide excel over water as a solvent
17

. Note acetamide is a 

room temperature solid which melts at 353 K, and boils at 495 K
19

. Applications of 

these deep eutectics can be found in thermal salt cells, electricity production and 

electrodeposition.
20,21

 Of late, these deep eutectics have also found applications in 

synthesis of nanomaterials, semi-conductors, and other functional materials.
1-5,22,23

.
 

Because of extensive interaction between ions and acetamide molecules, and inter-

amide hydrogen bonding (H-bonding), experimental studies have found signatures of 

solution micro-heterogeneity reminiscent of those in supercooled systems near glass 

transition.
24

 Experimental results have often been rationalized in terms of microscopic  

regions consisting of amorphous and liquid-like domains.
25

. Viscoelastic, dielectric 

relaxation and nuclear magnetic resonance studies have repeatedly provided evidences 
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for such micro-heterogeneous solution structures.
11,25-27

 These experiments suggest a 

high static dielectric constant and extremely slow relaxation times.
11-13,25-27

 Recent 

fluorescence measurements using a dipolar solute probe,
28-33

 in contrast, have suggested 

average polarity of these ionic deep eutectics is similar to that of liquid formamide at 

ambient condition. In addition, these measurements have provided strong evidences for 

both spatial and temporal heterogeneities. Fractional power-law dependence of solute 

rotation and solvation rates on solution viscosity reported by these experiments also 

reflect a sort of translation-rotation decoupling, a feature typical of deeply super-cooled 

liquids near glass transition.
24,34-37

   

 

In this chapter we have investigated how urea (CO(NH2)2) alters the heterogeneity 

aspect of acetamide/electrolyte ionic deep eutectics. Lithium nitrate (LiNO3) and 

lithium bromide (LiBr) have been chosen as electrolytes here because pronounced 

signatures of both spatial and temporal  heterogeneities have been found  in presence of 

these salts
30

.  The composition of the system studied is as follows: 0.1LiNO3+0.9[f 

Urea+ (1- f) Acetamide] where ‘f ’  is varied from 0.25 to 0.60 and 0.1LiBr+0.9[f Urea+ 

(1- f) Acetamide] where ‘f ’  is varied from 0.20 to 0.60. We have not varied f further 

because beyond this f-range the system is no more a liquid at convenient temperatures. 

Temperature dependant studies are then carried out in the range, 343KT303  , in 

order to examine the nature of viscosity coupling to relaxation rates  in these systems. 

Density, viscosity and electrical conductivity data for these systems in the similar 

temperature range are already available for LiNO3
38

 where the trends of transport 

properties are analyzed according to the Vogel-Fulcher-Tammann
39-41

 description. 

Addition of urea has been found to introduce remarkable influence on the steady state 

and time-resolved spectral data, promoting dramatic difference in solution effects on 

relaxation kinetics between ionic acetamide deep eutectics in the presence and absence 

of urea. For example, significant excitation wavelength ( .exc ) dependence of steady 

state fluorescence emission and departure from hydrodynamics of average relaxation 

rates found in the absence of urea is removed completely upon addition of urea.  
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5.2. Experimental Sections 

5.2.1. Sample Preparation 

Laser grade C153 from Exciton was used without further purification. Acetamide 

(99%, SRL, India), lithium nitrate (≥99.5%, Sigma Aldrich), lithium bromide (≥99%, 

Sigma Aldrich) and urea (>99%, Merck Specialties, India) were vacuum-dried (300 K) 

for 24 hours before use. Since LiBr is very hygroscopic it is better to represent it as 

LiBr.xH2O, where ‘x’ stands for the unknown amount of water absorbed during 

handling, although care was exercised during sample preparation and subsequent 

measurements. Formamide (99%, Sigma Aldrich) is used without further purification. 

Samples were prepared by quick transferring of the pre-weighed amounts of each of 

these compounds into a suitable volumetric flask for a given composition, and sealed by 

teflon tape and parafilm.  Each volumetric flask containing sample was then heated on a 

hot plate at ~330 K to initiate melting of the solid mixture. Once molten and transparent 

liquid phase obtained, heat-source was removed and the liquid solutions were allowed 

to cool down to room temperature (~298 K) slowly. An aliquot (~3 ml) of this stock 

sample solution was then transferred into a pre- heated quartz cuvette having 1 cm path 

length containing C153 grains and sealed. The concentration of C153 in the measured 

solution was always maintained at   10
-6

 M. Spectral data collection began only after 

allowing sufficient time for temperature equilibration of the sample-containing cuvette 

in the sample-chamber. Random check with samples bubbled with dry N2 gas did not 

produce data any different from those collected with the un-bubbled cases.  

Densities (ρ) of the samples were measured by an automated temperature-controlled 

density-cum-sound velocity analyzer (Anton Paar, model DSA 5000) at required 

temperatures (  0.5K). Viscosities (η) of the DES systems were measured by AMVn 

automated micro-viscometer from Anton Paar (falling ball method). The composition 

dependent viscosities and densities at different temperatures are provided in Table B7.  
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5.2.2. Data Collection and Analyses for Stokes’ Shift Dynamics 

Steady state absorption spectra were collected with UV-visible spectrophotometer (UV-

2450, Shimadzu) whereas steady state fluorescence spectra were collected with 

Fluoromax-3, Jobin-Yvon (Horiba) fluorimeter. Time Correlated Single Photon 

Counting spectrophotometer (LifeSpec-ps) from Edinburgh Instruments (Livingston), 

U.K was used to collect time resolved fluorescence decays. To excite solute probe 

(C153) excitation source of 409 nm was used. All data were collected with a bandpass 

of 2nm. The full width at half maximum (FWHM) of instrument response function 

(IRF) collected using water was ~ 70 ps. Other details can be found in Chapter 2. 

Desired experimental temperature was maintained via a temperature-controller  (Julabo, 

F32) and a Peltier heater (LFI-3751). 

 

For solvation dynamics studies, we collected typically 18-20 decays at equally spaced 

wave-lengths throughout the steady-state emission spectrum of the dissolved solute in 

these molten mixtures at magic angle (54.7˚) with a vertically polarized excitation 

beam. Data collection was continued until the peak count reached 5000 (dark count~ 

10). This provides a good statistics for fitting of the collected data. Collected emission 

decays were first deconvoluted from the instrument response function (IRF) and  fitted 

to multi-exponential functions of time using an iterative reconvolution algorithm.
42,43

 

Time resolved emission spectra (TRES) were reconstructed from these fitted decays by 

normalizing with steady state emission spectra. Such fitting procedure
42-46

 can 

significantly sharpen the effective resolution for capturing dynamics even ~3-4 times 

faster than the IRF.   With this instrumental resolution we might still miss the faster 

components of solvent response but is expected to capture the long time dynamics well.  

 

Time dependent solvation of the laser excited probe was then followed by constructing 

the normalized spectral or solvation response function:
42
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where ν(x) denotes the emission frequency at time t; ν(0) denotes emission frequency 

immediately after excitation when solvent relaxation have yet not started but the 

vibrational relaxation is supposed to be completed; ν(∞) denotes frequency of the 

emission spectrum after solvent relaxation is complete. Therefore, it is expected that 

ν(∞) should be equal to steady state emission frequency of the same probe. But there 

may be discrepancy where the steady state emission doesn’t come from the completely 

relaxed state. This may happen in slow viscous systems where microscopic spatial 

heterogeneity is also present. For the systems studied here,  the difference between the 

steady state and time resolved spectra was about 150-400 cm
-1 

(   250cm
-1

). 

Subsequently, average solvation time, s  was obtained via multi-exponential fits to 

the measured S(t) as follows,   
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1
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5.2.3. Data Collection and Analyses for Time Resolved Anisotropy, )(tr  

Emission decays for time resolved fluorescence anisotropy measurements were 

collected at the peak of steady state emission spectrum to ensure that there is minimum 

loss of anisotropy of fast decay due to solvent reorganization. Three decays namely the 

vertical ( paraI ), horizontal ( perpI ) and magic angle polarized emission with respect to 

the excitation of the solute by vertically polarized light were collected for each 

measurements. The magic angle decay was first deconvoluted from the IRF and fitted to 

multi-exponential function of time, followed by fitting parallel ( paraI ) and perpendicular 

( perpI ) decays using an iterative reconvolution algorithm.
47

  Time resolved fluorescence 

anisotropy, )(tr  was then constructed as follows:
47 
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The geometric factor (G-factor) was obtained by tail matching the parallel and 

perpendicular intensity decays. The larger time constant of the magic angle decay fit 

was used for subsequent parallel and perpendicular decay fitting. Then we fit the 

anisotropy decay data by biexponential function of time of the following form                        

    )]/exp()/exp()[0()( 2211  tatartr   ,                                                (5.3) 

Where 121  aa , and 1  and 2  are the two time constants associated with decay 

amplitudes 1a and 2a  respectively. The initial anisotropy denoted by r(0) for C153 is 

fixed at 0.376 for all decay fitting.
48

 The average rotational correlation time, r , was 

then obtained via  integrating the normalized function,    0rtr , and thus calculated 

analytically as, 2211  aar     

 

5.3. Results and Discussion 

5.3.1. Steady State Absorption and Fluorescence Spectral Characteristics 

A comparison between the steady state absorption and fluorescence emission spectra of 

C153 dissolved in deep eutectics with composition 0.10LiNO3+ 0.90[f Urea+ (1-f) 

Acetamide] at f= 0.60 and ~303 K with that of formamide (FA) is presented in Figure 

5.1. Note spectra in these deep eutectics are both narrower and red-shifted than that in 

FA. This indicates added complexity in solute-medium interactions in these molten 

multi-component systems. Absorption and emission peak frequencies of C153 in melt 

mixture are 23.222 and 18.310 respectively (in the unit of 10
3
cm

-1
) and FA are 23.91 

and 17.96; spectral widths, that is, full-widths-at-half-maxima are (in the unit of 10
3
cm

-

1
): for absorption 4.261 (deep eutectics) versus 4.77 (FA) , and for emission 2.868 (deep 
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eutectics) versus 3.44 (in FA). Consequently, the relative Stokes’ shift magnitudes 

Figure 5.1 
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Figure 5.1: Steady state absorption and fluorescence emission spectra (color coded) of 

C153 (solute) dissolved in molten mixture 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) 

Acetamide] at f = 0.6 and formamide at 303K are shown. 

 

(relative to that of heptane
49

) differs widely, being ~ 450cm
-1 

in the deep eutectics 

studied and ~1500cm
-1

 in FA. This is somewhat different from earlier observations in 

ionic acetamide deep eutectics
28-30,33  

where a much closer resemblance to the 

formamide spectral properties was detected. This difference can be explained if we 

recall that the deep eutectics at this composition is a urea-dominated mixture, and the 

static dielectric constant of urea (solid)
50,51

 is approximately 3.5 which is much lower  

than that of molten acetamide (ε0 ≈ 60)
17

.  What is striking here is, however, the 
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absorption and emission spectral red-shifts are relative to those both in FA whose  0 is 

~110
52

 at ~300 K, and in the ionic acetamide deep eutectics in the absence of urea. 

These relative red-shifts indicate direct and enhanced solute-electrolyte/ion interaction 

in these urea containing deep eutectics. Note spectral widths in presence of urea in these 

ionic deep eutectics are narrower than those in the absence of urea. This suggests urea-

induced homogeneity in solution structure of these deep eutectics.   

 

Urea concentration dependence of spectral characteristics for C153 in these deep 

eutectics are presented in Figure 5.2 where absorption and emission peak frequencies 

( ), spectral widths ( ) and relative Stokes’ shift are shown as a function of f .  The 

f  dependence of emission frequency at t  measured in dynamic Stokes shift 

experiments ( )( ) is also shown in the same figure. Interestingly, all these frequencies 

and widths exhibit near-insensitivity to the urea concentration in these molten mixtures, 

reflecting a very weak dependence of average solution polarity and structure on f .  

Note )(  for these deep eutectics are, however, slightly red-shifted (~ 200 cm
-1

) than 

the corresponding steady state emission frequencies ( .em ) in these systems. This 

difference, .em - )( , is a signature of steady state emission arising from excited 

solute possessing incompletely solvent-relaxed configuration.   The difference being 

limited within 200 cm
-1

 also suggests that the extent of slow solvent relaxation is not 

large in these molten mixtures. Urea concentration dependence of estimated
49

 dynamic 

Stokes shift magnitudes, )()0(t  , is shown in the lower panel of Figure 5.2 

and compared against the relative  steady state Stokes shift magnitudes, 

    etanhep

.em.abs

eutecticsdeep

.em.abs 
 

, for these molten mixtures. The effects 

of f - dependent slow solvent relaxation is reflected more quantitatively here.   
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Figure 5.2 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

S
h

if
t 

(c
m

- 1
)

0.0

0.4

0.8

1.2

1.6




1
0
3

 c
m

-1
)

17

18

19

23

24

25






c

m
-1

)

2.4

2.8

3.2

4.0

4.4

4.8

f




t

Varies from 170 to 320cm
-1

303K

Varies from 290 to 400cm
-1



em

abs

abs

em

 

Figure 5.2: Spectral parameters at different fractions of Urea (color coded) are shown 

in this figure (circles for LiNO3 and triangles for LiBr).  Absorption and emission 

frequencies are shown in the upper panel, the full width at half maxima (Г) in the 

middle panel and both steady state (unfilled symbols) and time resolved Stokes’ shift 

(filled symbols) are shown in the lower panel.  
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The two shifts are defined 

as:     ehepMixtureehep

emabs

Mixture

emabs

tantan

....  
 

and    )()0(  ttt  , t  is essentially the Fee-Maroncelli method (Ref. 

49) and ehep tan is measured as 4230 cm
-1

. 

 

 

Excitation wavelength ( .exc ) dependences of .em  for C153 in these deep eutectics and 

the associated  spectral widths ( ) are shown in Figure 5.3. These results correspond to 

f =0.3 and 0.6 at ~303 K and is a representative of f -dependence of these quantities at 

other urea concentrations. Note the  .exc -induced variation for these spectral properties 

are limited within ~200-300 cm
-1

, suggesting a  weak dependence  on excitation energy. 

Such a dependence of .em and   for these urea containing deep eutectics are very 

different from those observed earlier
 
 in the corresponding (acetamide+LiBr/NO3) deep 

eutectics in the absence of urea
30

. This is somewhat surprising given that these systems, 

being not particularly low viscous media )450cP10(  ,  are expected to support 

slower solvent relaxation. This in turn means that the inhomogeneous solvation shells 

around the dipolar solute inter-converts too rapidly, forcing the solute probe to report 

only the effects of fluctuation-averaged  environments during its excited state lifetime. 

A probe with shorter lifetime may serve as a better reporter of spatial inhomogeneity 

present in these in these systems.
32
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Figure 5.3 

2.6

2.8

3.0

18.0

18.4

18.8
LiNO3

LiBr

T ~ 303K

f = 0.30

λexc  (nm) 

360 400 440 480 520
2.6

2.8

3.0

18.0

18.4

18.8

T ~ 303K

f = 0.60

λexc  (nm) 










em

  
/ 

 
em

(1
0

3
 c

m
-1

)

 

Figure 5.3: A representative plot of spectral parameters for the 0.10LiNO3/ LiBr + 

0.90[f Urea+ (1-f) Acetamide] at f = 0.3 (upper panel) and f = 0.6 (lower panel) at 303K 

for excitation wavelength dependence (λexc.) is shown here.  The upper halves of each of 

the panels show the variation of emission peak frequency, (νem) whereas the lower 

halves show that of full width at half maxima (FWHM), (Гem) of the emission spectrum 

for C153 in the mentioned systems. 
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5.3.2. Time- Resolved Fluorescence Stokes Shift Measurements 

Representative fluorescence emission intensity decays collected at blue end (470nm) 

and red end (650nm) of emission spectrum for C153 in 0.1LiNO3+0.9[f Urea+ (1- f) 

Acetamide] with f= 0.35 at 303K are shown in Figure A10. Multiexponential fits 

through these decays along with the instrumental response function and residuals are 

also shown here. Rise followed by decay at the red wavelength and decay only at the 

blue wavelength suggest presence of dynamic Stokes shift in these systems. Fit 

parameters shown in the upper panel indicate presence of a nanosecond component in 

these systems which is expected considering viscosity of these media and presence of 

ions in them.  A heavy ion like Br
-
 is known to be a fluorescence quencher

53
 and thus it 

is important to examine whether dynamic quenching has contributed to the decay 

characteristics. This has been confirmed by following the f -dependence of the longest 

time constants obtained via fits to the magic angle decays at emission peak wavelengths 

in these deep eutectics. The fits in Figure A11 summarize the results. The end-to-end 

difference has been found to be only ~225 ps for NO3
-
 and ~375 ps for Br

- 
containing 

systems in presence of urea. Since these variations are only within a few percent of the 

longest time constants, we assume dynamic quenching effects to be negligible. Also, no 

significant changes in intensity of the steady state experiments have been found at a 

fixed probe concentration. Therefore, it is safe to consider that the decay characteristics 

primarily represent rearrangement of the environment in response to the laser excitation 

of the solute probe dissolved in these media.   

Representative TRES (time resolved emission spectra) constructed
49,54

 are shown in 

Figure 5.4 for the system 0.1LiNO3+0.9[f Urea+ (1- f) Acetamide] at f=0.35 and ~ 

303K. The magnitude of the observed dynamic Stokes shift )( obs  here is ~500cm
-1

 .  

The estimated
49

 “true” dynamic Stokes shift is ~630 cm
-1

 at  this composition which 

indicates missing of ~ 20% of the total dynamics in the present measurements. Also 

note in Figure 5.4 that the constructed emission spectrum at t  is ~250cm
-1

 red-

shifted from the steady state emission spectrum.  A combination of slow movement of 

the environmental particles and interaction-induced subtle changes in the underlying 
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vibronic structure of the solute in these viscous media can account for this difference  

)(  and .em . 

 

 

Figure 5.4 
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Figure 5.4: Synthesized time resolved emission spectra (TRES) of C153 at different 

time from the experimentally obtained decays in 0.10 LiNO3+0.90 [f Urea+(1- f) 

Acetamide] at f = 0.35 (T= 303 K). TRES shown are at the following time intervals 

after solute excitation: 0 ps (triangles), 50 ps (diamonds), 100 ps (inverted triangles) and 

500 ps(circles). The steady state emission spectrum of the same is shown in broken line. 
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Dynamic Stokes’ shift magnitudes, observed and estimated, at the urea concentrations 

considered here are listed in Table 5.1 along with the corresponding missing 

components. Note a significant portion of the total dynamics in both the systems has 

remained undetected in the present experiments and the magnitude of this missing 

component increases with increasing urea concentration. In addition, Br
-
 containing 

systems report relatively larger (~45-75%) missing amplitude than that (~20-65%) in 

NO3
-
 containing deep eutectics.  Such a large missing component suggests presence of      

Table 5.1: Dynamic Stokes’ shift for C153 in molten mixtures of 0.10LiNO3/ LiBr + 

0.90[f Urea+ (1-f) Acetamide] at 303 K. 

 

 

                       

a) The estimated and observed Stokes’ shifts are calculated by using the Fee- 

Maroncelli method which is described in Ref.49. The error bar associated with 

the measurements is approximately  250 cm
-1

. 

 

 LiNO3 LiBr 

f ν
t
est  (cm

-1
)

a
 ν

t
obs (cm

-1
)

a
 % missed ν

t
est (cm

-1
)

a
 ν

t
obs (cm

-1
)

a
 % missed 

0.20    1159 547 53 

0.25 906 688 24    

0.30 757 571 25 1514 516 66 

0.35 629 503 20    

0.40 945 423 55 952 509 46 

0.50 1037 367 65 1336 602 55 

0.60 1080 473 56 975 236 76 
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solvent dynamics much faster than the detection limit of the present set-up. Collective 

intermolecular libration modes in amides,
55,56

 as found in many H-bonded systems can 

produce ultrafast solvation response with timescales in pico and sub-picoseconds
57-62

. 

Therefore, it is only natural that the broad time-resolution employed here would miss 

the initial faster response in these acetamide-based deep eutectics. A modification of 

the collective H-bond network in amides (‘amides’ include both acetamide and urea) 

due to a competition between formation of ion-amide and amide-amide H-bonds then 

leads to  the observed ion-dependence of the missing amplitudes at the early time. The 

anion dependence of the slower part of the solvation response in these urea containing 

ionic deep eutectics are shown in Figure 5.5 at f =0.3 and 0.5 whereas Table 5.2 

summarises the s  obtained for different compositions. Medium viscosity can 

explain this ion dependence of the slower solvation component.  
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Figure 5.5 
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Figure 5.5: Decays of solvation response function, S(t), measured using C153 at 303K 

in 0.1LiNO3+0.9[f Urea+ (1- f) Acetamide] molten mixtures for f = 0.3 (red) and 0.5 

(blue) are shown in the upper panel. The same for LiBr is shown is shown in the lower 

panel.  
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Table 5.2: Solvation response function measured from experiment in the molten 

mixtures of 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] at 303K. s
 
are better 

than  10% of the reported values (estimated based on limited data sets). 

  

(a) 0.10LiNO3 + 0.90[f Urea+ (1-f) Acetamide]                                                           

f 
s  (ps) 

0.25        118 

0.30        139 

0.35        125 

0.40 156 

0.50 182 

0.60 141 

 

(b) 0.10LiBr + 0.90[f Urea+ (1-f) Acetamide] 

f 
s  (ps) 

0.20 240 

0.30 217 

0.40 189 

0.50 187 

0.60 263 
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5.3.3. Time resolved Anisotropy Measurements 

Emission decays for time resolved anisotropy were collected at the maxima of the 

steady state emission spectra for parallel, perpendicular and magic angle. For fit to the 

collected dynamic anisotropy data at all compositions and temperatures, the initial value 

for anisotropy ( 0r ) for C153 is fixed at 0.38
48,63

. A representative bi-exponential fit to 

the data is shown in Figure A12 which corresponds to C153 rotation in 0.1LiNO3+0.9[f 

Urea+ (1- f) Acetamide] at f = 0.35 at 303K. Fit parameters summarized in the upper 

panel and residual shown in the lower panel indicate adequate description of the 

experimental data by the mathematical expression used. Note our attempt to fit the 

collected data by using stretched exponential,   rot

rottrtr


/exp)( 0  , has  resulted 

poorer fits uniformly at all urea concentrations and temperatures considered. 

Interestingly, bi-exponentials were found to be adequate for C153 rotation in the urea-

free ionic acetamide deep eutectics as well.
28-30

 The non-observation of stretched 

exponential were ascribed to the broad time resolution used
64

 and relatively longer 

lifetime of the probe used in comparison to the trapping time of the solute in 

heterogeneous solvation environments present in these molten mixture.
40,41,43

 Also, 

multi-exponential )(tr  decays have been observed earlier even for neat liquid 

solvents.
26

 Non-Markovian nature of the underlying time-dependent friction rather than 

the microscopic heterogeneity of  solutions was thought
65,66

 to be a more appropriate 

reason for the observed bi-exponential character. 

 

Next, temperature dependent dynamic anisotropy measurements have been carried out 

at various urea concentrations to explore the viscosity coupling of C153 rotation in 

these media and examine the validity of the corresponding hydrodynamic relations. 

Figure A13 displays the representative temperature dependent )(tr  decays   for LiNO3 

and LiBr containing deep eutectics at 3.0f . Bi-exponential fit parameters for the 

collected decays are summarised in Table B8 (a and b). Effects of addition of urea in 

these ionic deep eutectics are shown in Figure 5.6 where average rotation times ( r ) 

are compared between urea-free
30

 and urea-added systems. Line going through these 
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data in both the panels represent fit of the data to the following form:  p

r TA  . 

Note in both the cases addition of urea brings the numerical value of p  closer to unity. 

As fractional viscosity dependence (that is, p  significantly less than unity) of relaxation 

rates is often ascribed to medium dynamic heterogeneity
24,34-36

, these results may be 

interpreted as a consequence of urea-induced homogenization of the medium. This also 

parallels our observation for .exc  dependence of fluorescence emission of C153 in 

these urea-added deep eutectics. 
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Figure 5.6 
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Figure 5.6: Temperature reduced viscosity dependence of average rotational time of 

C153 of the molten mixture 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] denoted 

by the triangles is shown as the log-log plot. In the same respective panels the plot of 
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the mixture without urea denoted by circles is shown. The ‘p’ values are indicated for 

both the composition. 

 

 

A comparison between composition dependent  p  values obtained for urea-added and 

urea-free (acetamide+LiNO3/Br) deep eutectics
30

 are shown in Figure 5.7. Note at all 

concentrations of urea studied here, p  for urea-added systems remain not only closer to 

unity but are also uniformly larger than those found in urea-free deep eutectics. This 

indicates that urea ‘homogenizes’ the dynamics of (acetamide+LiNO3/Br) deep 

eutectics irrespective of the anion identity of the electrolyte used. This range for urea 

concentration dependent p values ( 01.18.0  p , tabulated in Table B9) prompt us to 

investigate the validity of   hydrodynamic description of solute rotation in these deep 

eutectics. Figure 5.8 presents a comparison between our measured temperature 

dependent r  at all urea concentrations and those calculated from Debye-Stokes-

Einstein (DSE) relation
34

, fC
Tk

V

B

r


  , for these systems. For calculations we have 

used solute volume V = 246 Å
3
 and shape factor f= 1.71

65
.  DSE predictions at both the 

stick (C=1) and slip (C= 0.24) limits are also shown.  Clearly, C153 rotation in these 

media are closer to slip than stick predictions. In addition, the lines going through the 

data indicate averagedf value for p  between ~1 and ~0.8, reflecting hydrodynamic 

description being semi-quantitative for C153 rotation in these multi-component molten 

mixtures.   
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Figure 5.7 
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Figure 5.7: The X-axis represents fUrea for urea added systems whereas fLiBr for urea-

free samples
30

.   

Composition (f) dependence of p with the measured  r  in the system 

0.1LiNO3/LiBr+0.9[f Urea+ (1- f) Acetamide] for LiNO3 (red circles) and LiBr (blue 

triangles) is plotted in the log-log form of the equation: p

r TA )(  . The value of ‘p’ 

is seen to be near unity for all fractions of urea for both salts. The linear fit (solid black 

line) through the urea added sample data yields an overall p-value of 0.95. 

The black squares indicate ‘p’-values in the system [0.78Acetamide+0.22{f LiBr + (1-f) 

LiNO3}]
30

 which are far from unity. Note that this system is urea-free. 

The linear fit (broken black line) through the urea free sample data yields an overall p-

value of 0.64. 
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Figure 5.8 
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Figure 5.8: Theoretically calculated values of rotational time as obtained from modified 

DSE equation for slip boundary (red broken line) and stick boundary (blue broken line) 

are shown along with experimentally obtained values (solid line). 
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Subsequently, urea concentration dependences of activation energies associated with 

C153 rotation and solution viscosity - )(E ra  and )(Ea  respectively – have been 

investigated. Arrhenius type of temperature dependence of both rotation time ( r ) and 

viscosity (η) are shown in Figure A14 and A15 respectively. Results displayed in Figure 

5.9 indicate a weak urea concentration dependence of both the activation energies for 

these deep eutectics. In addition, similar range for both )(E ra   and )(Ea   suggests 

C153 rotation in these media is governed by the frictional resistance from the bulk 

medium viscosity. This is more quantitatively shown in Figure 5.10 where a linear 

relationship between )(E ra   and )(Ea  provides further support to the above 

conjecture. Also note that )(E ra   estimated for these urea-added systems are ~10 

kJ/mol larger than those found earlier for the corresponding urea-free (acetamide + 

LiNO3/Br) deep eutectics.
30

 This is expected on the ground that viscosity coupling to 

solute rotation in these urea-added systems is stronger than in the urea-free counterparts 

as substantial dynamic heterogeneity in the later softened the frictional resistance to 

solute rotation. 
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Figure 5.9 
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Figure 5.9: Activation energies obtained from Arrhenius type plot of  r/1ln  vs 1/RT 

for rotation of C153 and viscosity dependence in the system 0.10LiNO3/ LiBr + 0.90[f 

Urea+ (1-f) Acetamide] for temperature range of 303K-343K, are plotted as a function 

‘f’. Circles represent data for LiNO3 and triangles for LiBr. 
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Figure 5.10 
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Figure 5.10: Activation energies obtained from Arrhenius plot of  r/1ln  vs 1/RT for 

rotation of C153 is plotted against Arrhenius type plots of viscosity dependence in the 

system 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] for temperature range of 

303K-343K. Circles represent data for Li NO3 and triangles for LiBr.  

 

 

      5.4. Conclusion 

In conclusion, spectroscopic results presented in this chapter strongly suggest addition 

of urea induces homogenization of structure and dynamics of (acetamide + electrolyte) 

deep eutectics studied here. This homogenization signature is reflected via insensitivity 

of excitation energy dependence of fluorescence emission of a dissolved fluorescent 

solute, and near-hydrodynamic coupling of its rotation to medium viscosity. Estimated 

activation energy for solute rotation ( )(E ra  ) has been found to weakly depend on 

urea concentration, and follows the activation energy for viscosity ( )(Ea  ) of these 
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deep eutectics. )(E ra   has been found to be, on an average, ~10 kJ/mol larger in 

presence of urea in these deep eutectics than in urea-free condition. This is attributed to 

the difference in viscosity-coupling of solute rotation between the urea-added and urea-

free ionic acetamide deep eutectics studied here. Dynamic Stokes’ shift measurements 

suggest shift magnitudes of  ~500-1500 cm
-1

, significant portion of which occurs at a 

timescale much faster than the detection limit of the time-resolution employed. 

Participation of collective intermolecular H-bonding network between acetamide, urea 

and acetamide-urea molecules can give rise to picoseconds and faster solvation response 

in these mixtures and this can lead to missing of initial fast solvation response in the 

present measurements.   

 

While interpreting the present fluorescence data in terms of urea-induced 

homogenization of solution structure and dynamics of these (acetamide + LiNO3/Br) 

deep eutectics, it should be kept in mind that such an interpretation is strongly linked to 

the excited state lifetime of the fluorescent probe used. For example, one may still find 

signatures of heterogeneity in these deep eutectics in presence of urea by employing a  

fluorescent probe with  lifetime faster than that of C153 because observation of 

heterogeneity critically depends upon a competition between the heterogeneity 

timescale (timescale for inter-conversion among inhomogeneous solvation shells) and 

fluorescence lifetime. Further experimental studies using shorter lifetime probes, 

suitably aided by computer simulations are therefore required to fully understand the 

structural and dynamical aspects of these complex yet very important solvent systems. 
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Chapter 6 

 

 

Dynamic Fluorescence Studies of (Choline chloride+ Urea) 

Deep Eutectics: Interconnection between Solvent Dynamics 

and Reaction Kinetics 

 

 

6.1. Introduction  

During the past few decades, there have been many attempts to satisfy the ever 

increasing quest for environmental friendly solvents. Ionic liquids qualified as a good 

industrial solvent but slowly lost its importance to a more benign class of solvent 

systems known as deep eutectic solvents (DESs). DESs become the preferred 

alternatives primarily due to less toxicity and expense
1-8

. When biodegradability 

couples with cost-effectiveness and reduced toxicity of this class of solvents, DESs 

qualifies to be treated as ‘green solvents’ for industrial applications.  DES are easily 

prepared by mixing two or more compounds at a certain mole ratio and heating to 

convert the solid mixture into the stable  liquid phase at a temperature  much lower 

than the individual melting temperatures of the constituents.
5
 Extensive inter-species 

H-bonding and gain in entropy are the main factors that drive the depression of 

freezing points, producing liquids that may even sometime show properties 

reminiscent of supercooled liquids near glass transition.
9-11

   

 

There is a wide window of choice for constituents resulting in the formation of neutral 

and ionic DESs.
7
 For example, neutral DESs can be obtained by mixing amides like 

acetamide and urea, whereas the ionic ones can be obtained by choosing electrolyte as 

one of the components. A new set of DESs can be synthesized by mixing a quaternary 

ammonium salt like choline chloride with any of the following species: amides, salts, 
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acids, sugars, and alcohols.
2,7

 This provides a unique and easy handle for changing 

important medium properties, such as, polarity, viscosity and conductivity , which 

play key roles in deciding rate of a reaction (and product) conducted in liquid phase.
12-

18
 In addition, freedom of choice for constituents makes solvent engineering easy with 

DESs as a reaction medium can be tailored with much less effort to drive a reaction for 

an intended product. 

 

Acetamide based DES have been already investigated by fast spectroscopic methods 

like fluorescence
9-11,19

. In addition nuclear magnetic resonance,
20

 viscoelastic,
21,22

 

ultrasonic
21,22

 and dielectric relaxation
23,24

 measurements have also been employed. 

All these studies suggest presence of microheterogeneity in these media even far 

above their glass transition temperatures. Multi-probe steady state excitation 

wavelength dependence of fluorescence emission study have provided further 

information on spatial heterogeneity of these systems.
25

 Dynamic Stokes’ shift and 

anisotropy measurements have revealed deviation from hydrodynamic description of 

diffusion in these media through displaying fractional viscosity dependence of solute 

rotation and solvation times.
9-11,26

 All atom molecular dynamics simulations
19,25,27,28

  

then explored the origin of the observed fractional viscosity dependence. Faster 

relaxation processes related to collective low frequency librational modes have 

recently been identified via Raman-induced Kerr effect spectroscopy (RIKES) 

measurements.
29 

 

Towards the beginning of twenty-first century,
5,6

 choline chloride based DESs had 

been introduced and were accepted as green solvent systems.  This is because choline 

chloride, being a vitamin, is both biocompatible and biodegradable.
30-33

  Phase 

diagrams for several such DESs have been studied along with transport properties, 

providing a temperature range for subsequent use.
6-8,34

 The most widely studied 

system of choline chloride based DESs is that of with urea which forms liquid at 285 

K in the ratio of 1:2.
5
 SCHEME 1 provides the chemical structures for both choline 

chloride and urea. The melting point of choline chloride is 575 K
5
 and urea is 406 K

5
. 

The mixture is found to be moderately polar
35

. Molecular dynamics simulation study 

of choline chloride and urea system has shown that the co-ordination number of urea 
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around chloride ion is found to be greater than that for choline cation.
36

 In addition, 

the H-bonding preference of the cis-H and trans-H are also investigated which is 

further supported by infra-red measurements.
36

 Theoretical treatments for 

investigating  H-bond mechanism and lifetimes have also been attempted
37

. NMR 

studies have been performed to explore the coupling between viscosity and particle 

diffusion.
37

 Recently, qualitative study for determining the average polarities of 

choline chloride containing DESs have been initiated.
35

  However, no study has been 

carried out so far exploring the medium dynamics and its effects on a chemical 

reaction occurring in them. This is what is investigated in this chapter.   

 

The glass transition temperature ( gT ) of the DES (choline chloride+ urea) is found to 

be ~200 K (Figure A16) which is similar to what we have already got for acetamide 

based DESs.
11,19

 Here we explore, using steady state and time-resolved fluorescence 

spectroscopy, signatures of spatial and temporal heterogeneities of (choline chloride + 

urea) deep eutectics at a temperature range much above the measured gT .  We have 

seen earlier in ionic deep eutectics that avoidance of crystallization via freezing point 

depression has introduced heterogeneity signatures, such as, excitation wavelength and 

fractional viscosity dependencies.
9-11

 We would also like to investigate how temporal 

heterogeneity, if present in these DESs, affects a simple chemical reaction occurring in 

such a medium.  

We have considered photo-induced excited state intramolecular charge transfer (ICT) 

reaction for investigating the heterogeneity effects on a chemical reaction in such a 

medium.   Two ICT molecules investigated here are: 4-(1-azetidinyl)benzonitrile 

(P4C) and 4-(1-pyrrolidinyl)benzonitrile (P5C) (SCHEME 1). These molecules have 

previously been studied in several solvents of varying polarity
38

 and also in electrolyte 

solutions.
13-15

 Twisted intramolecular charge-transfer (TICT) model (SCHEME 2) was 

used in these studies for rationalizing the solvent dependence of the kinetics. The 

conversion between the locally excited (LE) and charge transferred (CT) states of 

these molecules involves a barrier of ~5kBT
38

 which is considered as an example of 

low barrier reaction. SCHEME 3 presents the transformation of the LE state to CT 

state via TICT process on photo-illumination. The LE state is naturally favoured in 
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low polarity condition while the more polar CT state is further stabilized via increased 

dipole-dipole interaction. The rate of conversion is therefore expected to be affected 

by both solvent dependence of reaction barrier and coupling of solvent dynamics to 

reaction timescale.
17,18,39

 Temperature may also cause a change in the polarity in 

addition to the change of viscosity.
40

  Hence we aim at monitoring the charge transfer 

reactions at elevated temperatures also. 

 

The rest of the chapter is structured as follows. We have presented a detailed report on 

the interaction and solvation dynamics of [f Choline chloride+ (1-f) Urea)] at f= 0.33 

and 0.40 near the eutectic composition (1:2) at temperatures from ~293 K to ~333 K 

by carrying out steady state and time-resolved  fluorescence spectroscopic 

measurements. Choice of this composition is guided by its eutectic behaviour
5
. Probes 

used for dynamic fluorescence studies are coumarin 153 (C153) (lifetime ~3-5ns)
41

 

and trans-2-[4-(dimethylamino)styryl]-benzothiazole (DMASBT) (lifetime of 

~0.5ns)
10

 (SCHEME 1). Discussion on the behaviour of the system in accordance with 

Stokes Einstein Debye law is followed by the study of charge transfer reactions of P4C 

and P5C and solvent effects on their kinetics.  

SCHEME 1:  
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SCHEME 3: 

 

 

6.2. Experimental section 

6.2.1. Materials  

Choline chloride ( 99%, Sigma Aldrich) and urea ( 99%, SRL) were vacuum dried 

at room temperature for ~48 hours before use. C153 (laser grade, Exciton) and 

DMASBT
42

 were used as received. P4C and P5C were synthesized and purified using 

the method reported earlier.
14

 

 

6.2.2. Sample Preparation  

Choline chloride and urea was weighed as required in a sample vial of 20ml and 

heated at ~340K until it was completely molten . It was then removed from heat and 

kept at room temperature to cool. 3ml of this cooled molten mixture was transferred to 

a transparent quartz cuvette (path length= 1 cm). The concentration of the fluorophore 

probe was maintained at ~10
-5

 M. A temperature controller (Julabo, model-F32) was 

connected to the cuvette chamber for temperature equilibration (+/- 0.5 K). Few 

samples were bubbled with dry nitrogen gas but produced results no different from 

those obtained for un-bubbled   samples.  

6.2.3. Data collection and analysis  

Steady state absorption spectra and fluorescence spectra were collected with a UV-

visible spectrophotometer (UV-2450, Shimadzu) and a Fluoromax-3, Jobin-Yvon 

(Horiba) fluorimeter, respectively. Time resolved fluorescence measurements were 

carried out with a time correlated single photon counting set-up (LifeSpec-ps) from 
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Edinburgh Instruments (Livingston), U.K. A laser excitation source of 409 nm has 

been used to excite the fluorophore solute C153 using a bandpass of  2nm.  The full 

width at half maximum (FWHM) of instrument response function (IRF) of the used 

LASER was ~ 70 ps. To maintain the experimental temperature, a Peltier Heater (LFI-

3751) was used for steady state fluorescence measurements.  Spectral data for steady 

state measurements and time resolved studies were collected and analysed by methods 

described elsewhere
9,41

 and in Chapter 2. 

The following equation was used to construct the solvation response function [ )t(S ]:
43

 

)}()0(/{)}()({)(   ttS                                                                 (6.1) 

where )0( , )(t  and )(  denote frequency (usually peak) for the reconstructed 

emission spectrum respectively at 0t  (that is, immediately after excitation), at any 

given instant ( t ), and at a sufficiently long time ( t ). Integration of the multi-

exponential fits to )(tS  gives us average solvation time (  s ) as:  

    


i iii iis atadttdtS 
00

)]/exp([                                            (6.2) 

Where  
i ia 1 , and ia  and i  respectively denote the amplitude and time constant 

associated with the i-th component of the total decay. 

 

Fluorescence intensity decay for time resolved anisotropy measurement has been taken 

at the peak wavelength of the steady state fluorescence spectra of C153. Three types of 

decay of each sample and temperature have been collected - vertically ( paraI ), 

horizontally ( perpI ) and magic angle polarized emission with respect to the excitation 

of the solute by vertically polarized light. The anisotropy analysis was again obtained 

by standard protocol
44

 described in Chapter 2. Time resolved fluorescence anisotropy, 

r(t) was constructed by following the equation given bellow. 

)(2)(

)()(
)(

tGItI

tGItI
tr

perppara

perppara




                                                                                          (6.3) 
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The G-factor was obtained by tail matching. The larger time constant of the magic 

angle decay fit was used for subsequent parallel and perpendicular decay fitting. Then 

we fitted the anisotropy decay data by biexponential function of time of the following 

form                        

  )]/exp()/exp()[0()( 2211  tatartr   ,                                                     (6.4)       

where 121  aa , and 1  and 2  are the two time constants associated with 

amplitudes 1a and 2a  respectively. The initial anisotropy, r(0), was fixed at 0.376 for
45

 

all the samples used here. The average rotational correlation time, r , was obtained 

via integrating the normalized function,    0rtr , as, 

 2211

0

2

1i

iir aa]texp[adt   




    ,                             (6.5) 

Steady state absorption, emission, and time-resolved fluorescence measurements of 

P4C and P5C were carried out following methods described
15,14

 earlier in Chapter 2. 

Concentration of P4C in solutions was always maintained at ≤10
-5

M. Fluorescence 

spectra of PnC in polar solutions were deconvoluted using standard software to get 

peak frequency, widths and areas under the LE and CT bands for further analyses. 

Error associated with the peak frequency and width are typically ±150 cm
−1

 and ±200 

cm
−1

, respectively. Time resolved fluorescence intensity decays were measured using 

a laser diode (producing excitation light of ~300 nm coupled to the TCSPC set-up).  

 

Densities (ρ) of the samples were measured by an automated temperature-controlled 

density-cum-sound velocity analyzer (Anton Paar, model DSA 5000) at required 

temperatures ( 0.5K). Viscosities (η) of the DES systems were measured by AMVn 

automated micro-viscometer from Anton Paar (falling ball method). Refractive indices 

are measured by Rudolph J357 Automated Refractometer. Glass transition temperature 

(Tg) shown in Figure A16 for this system was measured by Density Scanning 

Calorimter (DSC Q200).  

Measured densities, viscosity coefficients and refractive indices are summarized in 

Table B10 (Appendix B). 
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6.3. Results and discussions 

6.3.1. Steady state spectroscopic results 

Figure 6.1 displays the absorption and emission spectra of C153 dissolved in [f choline 

chloride+ (1-f) urea] at f =0.33 and compares with those in 1-pentanol. Among many 

solvents, we found the spectral properties of this deep eutectics  is close to that  for 1-

pentanol ( 0  ~14).
41

 Note the emission spectrum almost overlap while the absorption 

spectrum is slightly shifted from 1-pentanol. Similar shapes and peak energies of these 

spectra therefore suggest very similar solute-medium interactions in both the systems 

under comparison. In this context we would like to mention that (acetamide + 

electrolyte) DESs
9-11,19

 were found to be more polar than the present DES as the 

corresponding spectra resembled those in formamide ( 0  ~110).
46 

 

 

Figure 6.1 

 (10
3
cm

-1
)

16 18 20 22 24 26 28

N
o
rm

al
is

ed
 I

n
te

n
si

ty

0.0

0.2

0.4

0.6

0.8

1.0

1-Pentanol 

f
CC

=0.33

Abs.Em.

T ~ 298K

 
abs  

abs  

P-OH 23.92 4.36 

DES 23.58 4.40 

 

 
e m  

em  

P-OH 18.61 2.96 

DES 18.59 2.99 

 

 



Chapter 6 

 

104 

 

Figure 6.1: Comparison between steady state absorption and emission spectra (color 

coded) of the dissolved solute (C153) at 298 K in [f Choline chloride+ (1-f) Urea] 

molten mixtures at f= 0.33 and 1-pentanol (P-OH). The tables in the insets provide the 

values of the frequency ( emabs  , ) and width (fwhm, emabs  , ). 

 

 

Figure 6.2 show the variation of spectral parameters of [f choline chloride+ (1-f) urea] 

at varying temperatures at two different ‘f’. The absorption peak frequencies ( abs ) 

shows a very weak dependence in the temperature range considered, while a red-shift 

in emission peak frequencies ( em ) of ~450 cm
-1

 upon increasing temperature is 

noticed.  This may imply enhancement of local polarity upon increase of temperature. 

On the other hand, increasing temperature is known to reduce 0 ,
47-49

 and such an 

observation has been made  for imidazolium ionic liquids and conventional 

solvents.
41,50

 However, emission frequencies obtained after extrapolating the time-

resolved emission spectra to t  (that is, )( ) do not show  any shift with 

temperature, excluding thereby the aspect of temperature-enhanced  solution polarity.  

Therefore, the relatively blue-shifted emission frequencies at lower temperatures are 

due to incomplete relaxation of the solvent configurations because of the solution high 

viscosity ( 1250cP80  ) in the temperature range studied, ( 333KT298  ). 

Spectral widths (full-widths-at-half-maxima) shown in the middle panel also do not 

show any dependence on temperature and resemble to those for spectra in 1-pentanol. 

A comparison between the measured dynamic  Stokes’ shift ( t )  and the relative 

steady state Stokes’ shift (  ) values, shown in the lower panel, also support this 

view  of incomplete solvent relaxation due to large solution viscosity.   

 

 

 

 



Chapter 6 

 

105 

 

Figure 6.2 
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Figure 6.2: Spectral parameters at two different fraction of ‘f’ in [f Choline chloride+ 

(1-f) Urea] (color coded) are shown here. Temperature dependencies of absorption and 

emission frequencies ( ) are shown in the upper panel, the full width at half maxima 

(Г) in the middle panel and both steady state and time resolved Stokes’ shift are shown 

in the lower panel. The two shifts are defined as 

    ehepmixtureehep

emabs

mixture

emabs

tantan

....  
 

and  

 mixturet tt )()0( ..    by the Fee-Maroncelli method (Ref. 43) and 

ehep tan is measured as 4230 cm
-1

. 

 

 

While discussing Figure 6.1, we had mentioned that the system of (choline chloride+ 

urea) resembles the spectral characteristics of 1-pentanol of dielectric constant ~14. 

We have estimated the dielectric constant of this deep eutectic system using standard 

liquid correlation method using refractive indices and steady state results
51

. Refractive 

indices ( n ) and the value of emission frequencies ( em ) are experimentally obtained. 

Temperature dependent 0 values are tabulated in Table B11. There is a steady 

increase in 0 as we move from lower to higher temperature. Note the value ( 0  =14) 

at near room temperature is very close to what has been reported earlier from a 

qualitative comparison between emission frequencies ( em ) using a different 

fluorescent solute.
35

  Note 0  values estimated from fluorescence emission frequencies 

this way are expected to differ from direct measurements via dielectric relaxation 

spectroscopy because em  is influenced by both dipole-dipole and dipole-ion 

interactions between the dipolar probe (C153 here) and the surrounding environment 

in such ionic deep eutectics.  
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Figure 6.3 
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Figure 6.3: Emission peak frequencies (νem) and full width at half maxima, fwhm (Гem) 

for DMASBT and C153 in the system of [f Choline chloride+ (1-f) Urea]  at f= 0.33 

(298 K) are plotted against different excitation wavelengths (λexc).  

 

 

 

 



Chapter 6 

 

108 

 

Figure 6.4 
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Figure 6.4: Temperature dependent total differences (Δx) in em  and em  for f= 0.33 

in [f Choline chloride+ (1-f) Urea] are shown in the lower panel. This is defined as 

Δx(T) = x(T, λexc, b) − x(T, λexc, r), x being em  or em . λexc, b and λexc, r are the shortest 

(bluest) and longest (most red) wavelengths used for solute excitation. 

 



Chapter 6 

 

109 

 

Next, spatial heterogeneity is investigated via following the excitation wavelength 

)( .exc dependence of fluorescence emission of two probes, C153 and DMASBT. Note  

life  for DMASBT is much shorter
52

 than that for C153,
53

 and hence faster density 

fluctuations are expected to be reported better
25

 by DMASBT.   Figure 6.3 displays  

.exc  dependence of  fluorescence emission frequencies ( em ) and widths ( em ) for 

these probes at f= 0.33 in [f choline chloride + (1-f) urea)] deep eutectics at ~298K.  

Note  em  red shifts by 527 cm
-1

 for DMASBT and 343 cm
-1

 for C153 as  .exc  moves 

from the highest (340 nm) to the lowest (480 nm) energies with concomitant spectral 

narrowing.  Larger .exc -induced spectral shift for DMASBT suggests, as before,
10,25

 

microheterogeneous domains formed in (choline chloride+ urea) DES 

fluctuate/interconvert at a timescale much faster than the average lifetime for C153. 

This provides a qualitative sense of density fluctuation timescales in these deep 

eutectics and forms the basis for solute dependence of solvent coupling to solute-

centered relaxation dynamics in a given medium. Figure 6.4 shows temperature 

dependencies of total .exc -induced changes in  em and em  for these two solutes in 

this deep eutectic medium at f=0.33.  Note over-all decrease of these spectral 

parameters ( em  and em ) with  temperature suggests lower viscosity at higher 

temperature removes heterogeneity and facilitates relaxation. The trend remains the 

same at higher  f  as well (see Figure A17). 

6.3.2. Dynamics from time resolved fluorescence studies 

6.3.2.1. Dynamic Stokes’ Shift Measurements 

The intensity decays collected at the blue edge of the emission spectrum (steady state) 

show decay component and fit to triexponential function of time. On the other hand, 

intensity decays at the red edge fit to biexponentials, showing a rise and decay 

components. Representative decays with fitted parameters and residuals are shown in 

Figure 6.5. These representative decays indicate presence of dynamic Stokes’ shift in 

these media as well as dynamical timescales in picoseconds and nanoseconds. 

Timescale faster than this can also be present as the current set-up is not equipped to 

quantitatively detect sub-picosecond response. Figure A18 summarize temperature 

effects on fluorescence lifetime and reflect a small (~20% at most)  change.  
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Figure 6.5 
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Figure 6.5: Representative fluorescence intensity decays at blue (470nm) and red 

(640nm) wavelengths for C153 in molten mixtures at fCC= 0.33 (T= 298 K). Circles 

denote the experimental data and solid lines fits through them. Instrument response 

function (IRF) is also shown in the same figure (broken lines). The respective 

residuals (color coded) are presented in the bottom panels. The fit parameters are 

shown in the inset of the upper panel.  Time constants ( i ) are in the unit of 

picosecond. The goodness-of-fit parameters ( 2 ) in these two wavelengths are 1.03 

and 1.15, respectively. 
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Figure 6.6 
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Figure 6.6: Synthesized time resolved emission spectra (TRES) of C153 at different 

times from the experimentally obtained decays at f = 0.33 in [f Choline chloride+ (1-f) 

Urea] (T= 298 K). TRES shown (upper panel) are at the following time intervals after 

solute excitation: 0 ps (red), 100 ps (green), 1000 ps (deep green) and 7500 ps(blue). 

The steady state emission spectrum of the same is shown in broken line. Note that 

t=7500ps is also the  spectrum. The lower panel shows the variation of widths of the 

spectra at three representative temperatures. 
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Next we show in Figure 6.6 the time-resolved emission spectra (TRES) of C153 in this 

system at f =0.33 and ~ 298K.
41

 Interestingly, steady state emission spectrum ( em ) is 

blue shifted by 900cm
-1

 relative to the emission spectrum  (  ) at   from  time-

resolved measurements. This indicates pronounced effects from incomplete solvent 

relaxation during steady state emission. This has been already discussed in the steady 

state section and has been observed to be a common phenomenon for DESs.
9-11

  As 

expected, this difference between   and em  decreases upon increasing temperature. 

The observed dynamic shift is ~600 cm
-1

 ( t

obs ) in the present measurements whereas 

the estimated shift ( t

est ) is found to be ~1500 cm
-1

. Therefore, ~60% of the total 

response is being missed here which has a timescale much faster than the employed 

detection limit. Lower panel of Figure 6.6 shows the time evolution of widths for three 

temperatures. In the initial part we see )(t  shows different trend for different 

temperatures. However, one common feature is little change in )(t  in the initial 

period (0-10) followed by a plateau. Note )(t   at   is similar to  em  obtained 

from steady state measurements. The overall initial increase/decrease in )(t  is within 

~300-400 cm
-1

 and amounts to a small percentage of the full spectral width. This has 

been a common observation in dynamic Stokes’ shift studies involving polar 

solvents,
35

 ionic liquids
54-56

 and DESs.
9-11

  

 

Table 6.1 summarizes the temperature-dependent observed ( t

obs ) and estimated 

( t

est ) dynamic Stokes’ shift magnitudes and missing amplitudes in this deep eutectic 

solvent. Note these shift magnitudes are less than those obtained with the same solute 

(C153) in (acetamide + Na/KSCN)
9
  and  (acetamide +LiBr/NO3)

10
 deep eutectics. 

This is probably due to the presence of urea whose 0  is much less than that of 

acetamide.  
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Table 6.1: Dynamic Stokes’ shift for C153 in [f Choline chloride+ (1-f) Urea] at 

different temperatures for fCC =0.33. 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 shows S(t) decays at three different temperatures which indicates faster 

decays at higher temperatures. Table 6.2 summarizes fit parameters required to 

describe the measured  temperature dependent S(t) decays. For all temperatures, the 

decays are found to be bi-exponential function of time – with a faster component 

varying from ~50 to ~300 ps and slower one varying from ~200 ps to ~2300 ps. With 

rise in temperature, both the components become faster, suggesting diffusive 

mechanism being their origin. This can be understood as follows.  For raising the 

solution temperature from ~ 298K to ~333K, the viscosity reduces from 1000 cP to 80 

cP (at f= 0.33). Thus, approximately an order of magnitude reduction in viscosity 

accounts for similar shortening of the slowest timescale  ( 2 ) - from 2.2 ns to 0.2 ns.  

However, this diffusive mechanism may not follow the conventional hydrodynamics. 

For example, Stokes-Einstein (SE) relation predicts  ~435 ns as  diffusion time scale 

( D/2 ) for choline cation at ~298K (using  r2  3.29Å
37

,  1008 cP). 

Similarly, SE timescales for urea or chloride ions have been found too much longer 

than the slowest ~2 ns timescale measured in the present experiments. Therefore, it is 

T (K) Estimated
t 
  

(10
3
cm

-1
) 

Observed  

(10
3
cm

-1
) 

Missed 

% 

298 1.477 0.585 60 

    303 1.411 0.669 52 

308 1.408 0.640 54 

313 1.348 0.605 55 

323 1.360 0.626 54 

333 1.272 0.676 47 
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clear that particle translation very different from hydrodynamic diffusion, such as 

jumps are involved.
11,36

  

 

Figure 6.7 
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Figure 6.7: Decays of solvation response function, S(t), measured using C153 at f= 

0.33 in [f Choline chloride+ (1-f) Urea] at three different temperatures (color coded).  
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Table 6.2: Solvation response function measured from experiment in [f Choline 

chloride+ (1-f) Urea] at different temperatures for fCC =0.33: Fit parameters
a 

 

T (K) 
1a  1  (ps) 2a  2  (ps) 

s  (ps) 

298 0.46 294 0.54 2230 1339 

303 0.44 278 0.56 2000 1242 

308 0.40 204 0.60 1250 834 

313 0.38 154 0.62 769 535 

323 0.41 130 0.59 496 345 

333 0.38 60 0.62 233 166 

 

a
These numbers are better than  10% of the reported values (estimated based on 

limited data sets). 

 

 

Figure 6.8 explores more quantitatively the viscosity coupling of the average solvation 

times in this these media at different temperatures. Here a log-log plot of the  s  

against temperature-reduced viscosity ( T/ ) is shown. These data suggest the 

following viscosity dependence:   s  pT )/( , where p=0.81 and 0.71 for f=0.33 

and 0.40, respectively. Such a fractional viscosity dependence indicates dynamic 

heterogeneity in the medium, and is a result of non-hydrodynamic centre-of-mass 

movement. Similar results have also been found for (acetamide+ electrolyte) deep 

eutectics, and resurrection from fraction to near unity for p upon replacement  of  ions 

by urea to these ionic acetamide deep eutectics.
19
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We have also estimated the activation energies ( aE ) associated with the process of 

solvation and this is shown in Figure A19 by methods described in our earlier 

works.
10,19

 The figure indicates Arrhenius-type temperature dependence of  average 

solvation rates, and produces  ~42 kJ/mole and ~51 kJ/mole as aE values at f=0.4 and 

0.33, respectively.  

 

 

Figure 6.8 
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Figure 6.8: Medium viscosity (η) dependence of average solvation time, s , for 

C153 in [f Choline chloride+ (1-f) Urea] (Circles represent f=0.33, Triangles denote 

f=0.40). The η dependence of s  in these media can be described by  p

s TA /   

where A = 1.39 (f=0.33) and 1.18 (f =0.40). 
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6.3.2.2. Dynamic Anisotropy Measurements  

Table 6.3 lists the bi-exponential fit parameters required to describe the measured 

)(tr decays. It is clear that all fits are characterised by a slower time scale ranging 

from 3-40 ns contributing 80-70% of the r  
and a much faster component ranging 

between 20-100 ps. The slower time constant decreases with increase in temperature 

and is in accordance with viscosity trend. Note slower time constants at lower 

temperatures are  ~7-8 times longer than than the life  of the probe C153 (~3-5 ns). 

Similar observation has also been found for C153 in  ionic liquids  with relaxation 

time scales as sluggish as  ~100 ns
57

.  

 

 

Table 6.3: Parameters Obtained from Biexponential Fits to r(t) of C153 [f Choline 

chloride+ (1-f) Urea] at different temperatures.  

 

T (K) )(cP  2  1a   1   

(ns) 

2a  2   

(ps) 

r    

(ns) 

fCC =0.33 

298 1008 1.09 0.72 38.53 0.28 18 27.92 

303 631 1.06 0.70 24.91 0.30 18 17.45 

308 411 1.07 0.59 13.96 0.41 19 8.291 

313 278 1.19 0.68 9.54 0.32 16 6.514 

318 195 1.08 0.73 6.96 0.27 15 5.117 

323 141 1.12 0.79 5.58 0.21 12 4.403 

333 80 1.16 0.82 3.39 0.18 74 2.777 
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fCC =0.40 

298 1244 1.09 72 38.53 28 18 38.9 

303 932 1.06 70 24.91 30 18 22.83 

308 671 1.07 59 13.96 41 19 11.16 

313 451 1.19 68 9.54 32 16 8.484 

323 214 1.08 73 6.96 27 15 3.768 

333 118 1.12 79 5.58 21 12 2.911 

 

 

 

The coupling to the viscosity and validity of Stokes-Einstein-Debye (SED) relation for 

solute rotation is tested next in Figure 6.9 where temperature dependent average 

rotational times ( r ) are shown as a function of temperature- reduced viscosity 

( T/ ) in a double-logarithmic plot. SED predictions from the relation, 

CfTkV sBr )(   , are also shown for a comparison. Note for SED calculations, 

shape factor, sf =1.71, and C =0.24 (slip) and 1(stick)
50

 have been used along with 

solute volume, V = 246 Å
3
. In addition, average times obtained by fitting 100%, 90%, 

80% and 70% of the collected )t(r decays are shown to examine the fidelity of the 

long time constants obtained in our fits. As the figure suggests, there is not much 

difference in the array of the four considerations. Obviously, measured times are better 

predicted by slip hydrodynamics than the stick counter-part.  A fit of these data to 

 pr T  leads to an  f-averaged value  p=0.86.  This value of p is larger than that 

found in solvation measurements, and thus suggests rotation-translation decoupling of 

sort. Figure A20 (Appendix A) shows the rotational- translational decoupling for the 

higher fraction of Choline chloride ad f =0.40 also. Figure 6.10 demonstrates this more 

vividly where the extent of decoupling, as expected, becomes stronger at lower 

temperature due to larger viscosity.  
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Figure 6.9 
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Figure 6.9: Viscosity coupling of rotation times ( r ) for C153 in the system [f 

Choline chloride+ (1-f) Urea] (f=0.33) and comparison to hydrodynamic theory is 

shown in this figure. Temperature dependent measured times (color codes are for 

fittings with different range as explained in the text) are shown as a function of 

temperature-reduced viscosity ( T ) in a log-log fashion 

[  TpLogALog r /  ]. Rotation times for C153 at various T  values from 

calculation by SED equation are also shown (broken red line) at the slip boundary for 

a comparison. Corresponding stick values are in broken blue line.  
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Figure 6.10 
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Figure 6.10:  Experimental average rotational correlation times ( r ) versus 

solvation times ( s ) in log-log form for C153 in the DES is shown here. The line 

going through the circles represents a fit to the relation shown in the panel.  The 

correlation is different at higher and lower temperature regimes. 

 

 

6.3.2.3. Charge transfer reaction kinetics and correlation with solvation timescale 

Next we explore how solvation affects rate of intra-molecular charge transfer reaction 

in P4C and P5C in these DESs.  The reaction time ( rxn ) is calculated from LE decays 

from the following general formula:
38 











1

1

1

1

n

i

i

n

i

ii

rxn

a

a 

                                                   (6.7) 
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Where ia  and i  are the fractional amplitudes and time constants observed in n-

exponential fits. Representative decays for LE and CT states for P4C is shown in 

Figure A21 and some fit values are summarised in Table B12.  Relevant steady state 

results are described in Appendix C. 

 

 

 

Figure 6.11 depicts the reaction timescales for P4C and P5C in [fCholine chloride + 

(1-f) urea] DES at f=0.33 at various temperatures via showing the temperature 

dependence of average reaction rates, 
1

rxn


 . Clearly, the measured rates show 

Arrhenius-type temperature dependence with activation energies ( aE ) ~26 and ~18 

kJ/mole for P4C and P5C, respectively. These activation energies are very similar to 

what have been found earlier while studying  ICT reactions in these molecules in neat 

ambient solvents.
38

 In addition, the decay kinetics have also remained qualitatively 

similar (bi or tri-exponential) as those in normal solvents.  
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Figure 6.11 
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Figure 6.11: Arrhenius type plot of  rxn/1ln  vs 1/RT for reaction time of P4C and 

P5C in [f Choline chloride+(1-f) Urea] at fCC= 0.33. The solid lines are the linear fits 

through the data points. Circles represent natural logarithm of inverse of reaction times 

for P4C, and triangles for P5C. The respective activation energies are indicated along 

the legends. 

 

 

The solvent dynamical control on reaction time scale, rxn , is then explored in 

Figure 6.12 where measured rxn  are shown as a function of experimental s  in 

double-logarithmic fashion. Linear fits going through the data indicate the following 

dependence, b

srxn )(a  , for both the ICT molecules.  Values for b found here 

suggest stronger dynamic solvent control for ICT reaction of P4C in these DESs than 

that for P5C. Note this is opposite to what has been found earlier for neat solvents
38

 

and thus warrants explanation. The coupling to medium dynamic friction via s  is 

expected to be stronger for reaction times that are relatively slower because solvation 
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response in this DES possesses a nanosecond component (see Table 6.2). Since rxn  

in P4C is longer than that in P5C, the reactive mode in the former experiences stronger 

solvent fluctuations (and thus friction) while crossing the reaction barrier. Note also 

that such a nanosecond component is completely absent in solvation response 

measured for neat solvents,
41

 and as a result, reaction rate in P4C showed no 

dynamical solvent control.
38

 This is a novel finding here. 

 

 

Figure 6.12 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: The correlation of reaction time ( rxn ) for P4C and P5C is plotted with 

the solvation time ( s ) in the system [f Choline chloride+(1-f) Urea] at fCC= 0.33.  
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6.4. Conclusion 

In summary, the ionic deep eutectics made of choline chloride and urea studied here 

indicates moderate presence of both spatial and temporal heterogeneities, showing that 

presence of urea cannot completely remove the heterogeneity signatures. ICT reaction 

timescales show evidences for significant solvent dynamical control in these DESs 

which occurs because of competitive reaction and solvation timescales. Activation 

energies have been found to be similar to those in normal solvents. 
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Chapter 7 

Effects of functional groups of the hydrogen bond donors in 

choline chloride based DESs – A fluorescence Spectroscopic 

Outlook 

 

7.1. Introduction  

With the increasing quest for more benign class of solvents, immense importance has 

been given to the production of ecologically safe solvents. For this purpose, deep 

eutectic solvents (DES) have received intense attention.
1-4

 These media possess 

physico-chemical solvent properties required for large scale industrial and 

technological applications.
5-7

 Moreover, these solvents are easy to prepare, cost effective, 

and can be easily tuned for desired medium properties by varying the mixture 

compositions. DESs are actually mixtures of two or more constituents that form stable 

liquid phase upon melting at a temperature much lower than the individual melting 

temperatures of the constituents.  Extensive H-bond interaction among the constituents is 

the key for the deep depression of freezing points, and increased entropy upon melting 

provides further energetic support to stabilize the liquid phase.   

 

Amides and quarternary salts of amides with electrolytes, urea, alcohol and sugars can 

combine to produce  DESs. When electrolytes are used as one of the constituents, ionic 

DESs are formed. On the other hand, amphiphiles/dipolar constituents are present in a 

molten mixture containing amides, the resultant molten mixtures are known as  non-ionic 

DESs. Acetamide based DESs8-16 have already been in use for quite some time now. 

Choline chloride mixed with urea, poly-hydroxy alcohols or carboxylic acids produce3,4 

DESs which are much less hazardous than acetamide containing ones. Although  

properties like viscosity, conductivity and surface tension have been measured for many of 

these systems,3,4,17-22 microscopic information regarding structure and dynamics is still 

lacking. In the present work, we have studied four different types of DES with varying 

functional groups of the hydrogen bond donor to understand the effects of the same on 
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solution structure and dynamics using steady state and time-resolved fluorescent 

spectroscopic techniques. 

Phase diagram studies on choline chloride based DESs with varying hydrogen bond 

donors have shown that malonic acid, which has two carboxylic acid (-COOH) groups, 

can form DES with choline chloride at 1:1 mole ratio whereas other hydrogen bond 

donors (HBDs) form at 2:1 ratio.
3,18

 Molecular dynamics simulations and pulsed field 

gradient nuclear magnetic resonance (PFG-NMR) measurements of choline chloride 

based DESs have revealed varying diffusion co-efficient of the choline cations and 

anions in presence different HBD molecules.
19

 The interaction between choline cation 

and HBD decreases with increase in temperature, producing a large change in 

viscosity. We investigate this change via probing the viscosity coupling of solute-

centred dynamics, such as, excited solute solvation and rotation. Note  (choline 

chloride+ urea) DESs  have already been studied by time resolved fluorescence,
22

  

simulation
17

 and NMR
19

 measurements. Therefore, results obtained for DESs made of 

choline chloride and different carboxylic acids will be compared to those for (choline 

chloride+ urea) in order to better understand these exotic and bio-degradable media. 

 

Chemical structures of the components for the DESs considered here are provided in 

SCHEME 1. Choline chloride (‘a’) is used in association with vitamin B in health 

drinks and thus is of tremendous importance. Malonic acid (‘b’) has two –COOH 

groups whereas 3-phenylpropionic acid (‘c’) has a single such group along with a 

phenyl group at the hydrocarbon tail. The eutectic composition for the respective acids 

with choline chloride is 1:1 and 1:2. Such a variation in mixture composition clearly 

indicates difference in interaction in the resultant DESs. Effects of functional groups 

emanate from number of groups that can participate in H-bonding with choline 

chloride. Note  malonic  and 3-phenylpropionic acids possess two and one carboxylic 

acid groups, respectively. Ethylene glycol (‘d’) and glycerol (‘e’) contains two and 

three hydroxyl (-OH) groups, respectively. However, these polyols form DESs  with 

choline chloride at 1:2 mole ratio, indicating mere presence of larger number of 

functional groups cannot exclusively dictate DES composition.  
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7.2. Experimental Details 

7.2.1. Sample Preparation 

Coumarin 153 (C153) was used as received (Exciton). Trans-2-[4-

dimethylamino)styryl]benzothiazole (DMASBT),  a fluorescence probe with much 

shorter excited state average lifetime
23

 than that of C153, was also used as received.
24

 

Choline chloride ( 99%, Sigma Aldrich), Malonic acid (>99%, Sigma Aldrich) and 3-

Phenylpropionic acid (>99%, Sigma Aldrich) were dried (~300 K) in mild vacuum 

overnight before use. Ethylene glycol (>99%, Sigma Aldrich) and Glycerol (>99%, 

Sigma Aldrich) were used as received.   

 

Samples were prepared by following the method described in details elsewhere.
10,11

  In 

brief, the required amount of DES components were mixed together in volumetric 

flasks, sealed, and heated  using a hot water bath at a temperature around ~355 K 

(Julabo, model F32) until the mixtures became completely molten. An aliquot of a 

given  molten DESs was  then  quickly  transferred into a pre-heated quartz cuvette (1 

cm path length) which was pre-stained with dye (C153/DMASBT) grains and sealed. 

A few drops of (dye+hexane) solution was used for this ‘dye-staining’ followed by 

removal of the career solvent (hexane) by gently blowing warm air through the 

cuvette. Subsequently, the cuvette containing the sample and dye was brought to the 

experimental temperature via using a water-bath. Care was taken to ensure complete 

dissolution of the probe into the DES sample, maintaining a dye (C153/DMASBT) 

concentration   10
-5

 M in the solution under investigation. Spectral data were 

recorded after allowing the sample for about half-an-hour to equilibrate with pre-

heated sample chamber at a designated temperature (328 K to 353 K at an interval of 5 

K). A few samples were bubbled with dry N2 gas before data collection but did not 

produce any difference in data with those collected with the un-bubbled samples.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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7.2.2. Data Collection and Analyses for Absorption, Steady State and Time 

Resolved Fluorescence Studies 

Steady state absorption spectra and fluorescence spectra were collected with a UV-

visible spectrophotometer (UV-2450, Shimadzu) and a Fluoromax-3, Jobin-Yvon 

(Horiba) fluorimeter respectively.  The spectral data for steady state measurements 

were analysed and normalized to get the
 
average peak frequency and full width at half 

maximum (fwhm) by methods described earlier.
25,26 

Time correlated single photon 

counting spectrophotometer (LifeSpec-ps) from Edinburgh Instruments (Livingston), 

U.K was used for time-resolved experiments. A laser excitation source of 409 nm has 

been used to excite C153 using a band-pass of  2nm. A pulse-width (full-width-at-

half-maximum) of ~70 ps was obtained using an aqueous solution of non-dairy 

creamer at the excitation wavelength.
9-11

 To maintain the experimental temperature, a 

Peltier heater (LFI-3751) was used for steady state fluorescence measurements 

whereas a temperature-controller attachment (Julabo F32) was used for steady state 

absorption and time resolved measurements. 
 

To collect data for solvation dynamics, time resolved emission spectra (TRES) were 

reconstructed from a series of 18-20 decays collected at magic angle (54.7°) at 

wavelengths spaced evenly over the full steady state emission spectrum of C153 in the 

systems. Details of fitting procedure are discussed in Chapter 2 and other relevant 

works.
26

 Solvation response function , )t(S , was then constructed from the time-

resolved emission spectra as follows:
27

 

)}()0(/{)}()({)(   ttS                                                               (7.1) 

where )0( , )(t  and )(  denote frequency (usually peak) for the reconstructed 

emission spectrum respectively at 0t  (that is, immediately after excitation), at any 

given instant ( t ), and at a sufficiently long time ( t ). Average solvation time 

( s ) was then obtained from the multi-exponential fits to )t(S  as follows:  

    



i iii iis atadttdtS 
00

)]/exp([ ,                                           (7.2) 
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where 1
1

 i

i

a , and ia  and i  respectively denote the amplitude and time constant 

associated with the i-th component of the total decay. 

Time resolved fluorescence anisotropy [ )(tr ] measurements were performed via 

following the standard protocol.
11,28,29 

 An iterative reconvolution algorithm
30

 was used 

to simultaneously  fit the collected parallel ( paraI ) and perpendicular ( perpI ) decays. 

The geometric factor (G) was obtained via tail matching and found to be 1.015.1  .  

The dynamic anisotropic decays obtained were found to fit to bi-exponential functions 

of time, and the average rotation times ( r ) were then obtained via time-integration, 

   







0

2

1

0

)exp()0( 
i iir tadtrr(t)dt  , with 1

1

 i

i

a  and the initial 

anisotropy, )0(r =0.376 for C153.
31,28

 Such a value of r(0) of C153 has been used 

previously in DESs
9,11

 and ionic liquids.
32

 

 

Densities (ρ) of the samples were measured by an automated temperature-controlled 

density-cum-sound velocity analyzer (Anton Paar, model DSA 5000) at required 

temperatures (  0.5K). Viscosities (η) of the DES systems were measured by AMVn 

automated micro-viscometer from Anton Paar (falling ball method). Refractive indices 

were measured by using an automated refractometer  (Rudolph J357). Glass transition 

temperatures (Tgs) for these DESs were measured by density scanning calorimter 

(DSC Q200). While Table B13 (Appendix B) summarizes the measured temperature-

dependent densities, refractive indices and viscosities, Figure A22 provides a 

representative DSC scan for Tg for these DESs. 
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Figure 7.1 
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Figure 7.1: Spectral parameters for different combinations of deep eutectic solvent as 

in [f Choline chloride+ (1-f) HBD] (color coded) are shown here. Temperature 

dependencies of absorption frequencies and the full width at half maxima (Г) are 

shown in the upper panel whereas the same for emission are shown  in the lower 

panel.  

Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles).  
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7.3. Results and Discussion 

 

7.3.1. Steady state spectral characteristics 

Steady state absorption and emission spectra of all the four DESs are collected at their 

respective eutectic composition at various temperatures. Representative absorption and 

emission spectra are shown in Figure A23 (Appendix A). Average absorption and 

emission peak frequencies
33

 ( abs and em ) and the corresponding spectral widths (full-

widths-at-half-maxima, abs   and em ) are shown as a function of temperature in 

Figure 7.1. Except for ethylene glycol containing DES,   and   show narrowing, the 

variation being more for emission than absorption. Increase  of temperature is 

expected to decrease the static dielectric constant ( 0 ) by frustrating the static 

orientational correlations at the long wavelength limit.
34,35

 Therefore, the observed red 

shift upon increasing temperature is probably connected to the better solvent relaxed 

configuration around the excited solute at higher temperature. A comparison in Figure 

A24 (Appendix A) of spectral frequencies between the temperature dependent steady 

state fluorescence emission ( em ) and the time-resolved emission at t  (  ) 

supports this view where   are found to be red shifted compared to em in all these 

DESs.   

 

Next, excitation wavelength ( .exc ) dependence of fluorescence emission has been 

carried out to investigate the presence of spatial heterogeneity in these DESs.
36,37

 

Figure A23 shows the selected wavelengths for probe excitation. Figure 7.2 shows the 

.exc  dependence of em  and em  for C153 ( ns5life  )
26

 
 
in these DESs at ~293 K. 

DES containing malonic acid shows the maximum .exc -induced shift (~1100 cm
-1

)  in 

em  and em , followed by glycerol containing DES (~250 cm
-1

) and 3-

phenylpropionic acid containing one (~200 cm
-1

). In contrast, ethylene glycol 

containing DES shows insensitivity to .exc dependence. Use of a  shorter lifetime 

probe, DMASBT ( ns5.0life   ),
23

 produces similar results for DESs containing 

glycerol and ethylene glycol. This is shown in Figure A25. It is interesting to note that 

.exc  dependence in 3PPA and glycerol DESs are not as pronounced as expected based 
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on viscosities of these systems at ~293 K (see Table B13). This may occur due to 

preferential location of the fluorescent probe. This warrants further study because 

random probe distribution among various solution environments is what is usually 

expected, and factors inhibiting such a distribution need to be known.  

 

Figure 7.2 
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Figure 7.2:  Emission peak frequencies (νem) and full width at half maxima, fwhm 

(Гem) for C153 in the system of [f Choline chloride+ (1-f) HBD] at 293K are plotted 

against different excitation wavelengths (λexc).  
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Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles). 

 

7.3.2. Stokes shift dynamics: Signature of changing hydrogen bond donors 

Representative fluorescence emission intensity decays at a blue and a red wavelengths 

are shown in Figure 7.3 along with the residuals and fit parameters. As usual, only 

decay at the blue wavelength, and rise followed by decay at the red end marks 

presence of dynamic Stokes shift. Figure A26 depicts temperature effects on the 

longest time constant associated with the decays for (0.5Choline chloride+0.5Malonic 

acid) DES. It has been similarly checked for other DESs as well. In all cases we did 

not find any drastic temperature effects  on the longest lifetime. Therefore, the 

temperature dependence of decays are associated with the temperature dependence of 

solvation energy relaxation.  

 

Figure 7.4 represents typical time-resolved emission spectra
38

 and their widths 

obtained in the present study. Data shown here are for DES of choline chloride and 

malonic acid made at 1:1 mole ratio at ~293 K.  Lower panel of Figure 7.4 also shows 

temperature effects on widths of the time-dependent spectra. This kind of variation  

has been observed previously  for acetamide deep eutectics
9-11,15

, supercooled media
39

, 

confined systems,
40

 conventional solvents
26

 and ionic liquids.
47

  Note in the upper 

panel that the t  spectrum does not coincide with that of the steady state, and the 

difference is found to be as large as ~400 cm
-1

 at ~293K. This difference has been 

found to be the smallest for ethylene glycol containing DES where viscosity is 

comparatively lower than those for other DESs considered. Measured dynamic Stokes 

shifts ( t

obs ) has been obtained from the time-resolved emission spectra
27

 using the 

average frequency  as     ttt

obs  0  of TRES. The total shift could not be 

observed experimentally due to the limited time-resolution (~70ps) employed.   
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Figure 7.3 
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Figure 7.3: Representative fluorescence intensity decays at blue (470nm) and red 

(640nm) wavelengths for C153 in [f Choline chloride+ (1-f) HBD] for HBD= Malonic 

acid at f= 0.50 (T= 293 K). Circles denote the experimental data and solid lines fits 

through them. The respective residuals (color coded) are presented in the bottom 

panels. The fit parameters are shown in the inset of the upper panel.  Time constants 

( i ) are in the unit of picosecond. The goodness-of-fit parameters ( 2 ) in these two 

wavelengths are 1.07 and 1.15, respectively. 
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Figure 7.4 
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Figure 7.4: Synthesized time resolved emission spectra (TRES) of C153 at different 

times from the experimentally obtained decays at f = 0.50 in [f Choline chloride+ (1-f) 

HBD] (T= 293 K) for HBD= Malonic acid are shown in the upper panel. The time 

intervals are color coded. The steady state emission spectrum of the same system is 

shown in broken line. Note that t=7000ps is also the t  spectrum. The lower panel 

shows the variation of widths of the spectra at different time slices at three 

representative temperatures.  
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Table 7.1: Dynamic Stokes’ shift for C153 in [f Choline chloride+ (1-f) HBD] at 

different temperatures. 

 

T (K) Estimated
t  

(10
3
cm

-1
) 

Observed   

  

(10
3
cm

-1
) 

Missed 

% 

Malonic acid, f=0.50 

293 1.182 0.962 35 

   303 1.152 0.774 50 

313 1.103 0.732 51 

323 1.165 0.710 55 

333 1.082 0.691 53 

3-Phenylpropionic acid, f=0.33 

293 0.932 0.814 38 

   303 0.936 0.884 34 

313 0.659 0.639 40 

323 0.755 0.654 43 

333 0.798 0.733 39 

Ethylene glycol, f=0.33 

293 0.859 0.423 66 

    298 0.738 0.300 74 

303 0.779 0.243 79 

313 0.627 0.130 87 

Glycerol, f=0.33 

293 0.898 0.582 55 
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Estimated total shifts ( t

est ) using the Fee-Maroncelli method
27

 are also provided in 

Table 7.1 along with the components missing in the present experiments. The overall 

trend shows that there is an increase in difference between t

obs  and t

est  shifts as 

temperature increases.  

 

The HBDs with –OH group shows comparatively lesser observed shift compared to 

the ones containing –COOH although there is not much variation in the estimated 

shifts. Consequently, the missing percentage for ethylene glycol and glycerol is as 

high as upto 90 and 75% respectively whereas it is around 50% at the most for 

malonic acid and 3PPA combinations of choline chloride DESs. This trend of 

observed shift is unconventional as the estimated dielectric constant
41

 from steady 

state emission frequency (Figure 7.1) predicts higher dielectric constant for ethylene 

glycol containing DES (~22) and glycerol containing DES (~16) than 3PPA 

containing DES(~10) and malonic acid containing DES (~11). The origin for the 

missing component in these systems lies in the low frequency (∼100 cm
-1

) collective 

intermolecular solvent modes. Such modes in amide systems
42,43 

and other hydrogen-

bonded solvents
44-46

  have been found to significantly contribute to the initial part of 

solvation energy relaxation.
47-51

 If we consider the number of hydrogen bond donating 

groups, glycerol has the maximum of it. With three –OH groups, the effects of 

collective modes will be the strongest here. Ethylene glycol has two –OH groups and  

hence contributions from low frequency solvent modes are also expected here 

accordingly. On the other hand, malonic acid is the most viscous with two –COOH 

groups. Due to dimerisation
18,19

 and H-Bonding with choline chloride molecules, the 

   303 0.856 0.532 58 

313 0.804 0.456 62 

323 0.638 0.337 70 

333 0.728 0.313 72 
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H-bond motions are restricted. 3-PPA is also moderately viscous with a single –

COOH group. This probably explains the difference in missing components between 

acid containing and alcohol containing DESs studied.  

 

Figure 7.5 presents the S(t) decays for C153 in the four DESs at ~293 K.  Table 7.2 

summarizes the fit parameters and average solvation times ( s ) for S(t) decays 

measured at various temperatures. Note decays for malonic acid and 3PPA containing 

DESs are characterised by two components – a faster part ranging between ~100-300 

ps and a long time constant between ~500-2000 ps. Studies involving  polyethylene 

glycol
52

 has shown that it is the end groups of the alkyl chain and not the whole body 

movement that is involved in the slow long time relaxation. Hence it is expected that 

the heavy phenyl group at the end of alkyl chain in 3PPA will slow down the solvation 

rate at long time. From Table 7.2 it can be seen that 2  for 3PPA is larger than that for 

malonic acid although viscosity of the former is lower than the latter. This may be 

explained in terms of non-hydrodynamic moves such as jumps.
19,53

 However, 

temperature effects on solvation rate in these DESs follow the temperature dependence 

of viscosity. 

 

Table 7.2: Solvation response function measured from experiment in [fCholine 

chloride+ (1-f) HBD] at different temperatures: Fit parameters
a 

 

T (K) 1a  1  (ps) 2a  2  (ps) s  (ps) 

Malonic acid, f=0.50 

293 0.40 256 0.60 1673 1140 

303 0.41 323 0.59 1416 969 

313 0.59 185 0.61 769 461 

323 0.58 68 0.42 756 357 

333 0.72 91 0.28 400 178 
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3-Phenylpropionic acid, f=0.33 

293 0.05 120 0.95 1667 1591 

303 0.06 99 0.94 1429 1349 

313 0.19 333 0.81 1428 1217 

323 0.21 250 0.79 1250 1041 

333 0.14 145 0.86 909 806 

Ethylene glycol, f=0.33 

293 0.44 81 0.56 370 241 

298     151 

303 0.19 22 0.81 151 127 

313     82 

Glycerol, f=0.33 

303 0.17 98 0.83 588 505 

313 0.27 97 0.73 556 432 

323 0.09 47 0.91 286 264 

333 0.08 34 0.92 141 132 

293 0.13 29 0.87 140 123 

 

a
These numbers are better than  10% of the reported values (estimated based on 

limited data sets). 
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Figure 7.5 
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Figure 7.5: Decays of solvation response function, S(t), measured using C153 in [f 

Choline chloride+ (1-f) HBD] for different combinations (color coded) at 293K.  

Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles).  

 

 

Next, the coupling between  s  and the medium viscosity is investigated in Figure 

7.6 where the measured temperature dependent s for these four DESs are shown as 

a function of temperature-reduced viscosity, T , in a  double-logarithmic fashion. 

Fits to the measured s  values obeying the equation, p

s T )/(  , are also shown 

and the resulting fraction power ( p ) indicated. Note in all cases deviation from 

hydrodynamic description (corresponds to p =1) is observed, deviation being the 

strongest for PPA containing DES and least for the ethylene glycol containing DES. 

This behaviour is a manifest for dynamic heterogeneity which may arise from jump 
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motions
53

 and diffusion of small particles through medium of bigger particles.
54

 This 

result is in contrast to what has been observed during excitation wavelength 

dependence of steady state fluorescence emission, and suggests once again that spatial 

heterogeneity is not a pre-requisite for dynamic heterogeneity. 

 

 

Figure 7.6 
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Figure 7.6: Medium viscosity (η) dependence of average solvation time, s , for 

C153 in [f Choline chloride+ (1-f) HBD] for different combinations (color coded).  

Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles).  
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7.3.3. Dynamic fluorescence anisotropy: Hydrogen bond Donors and the alkyl 

chain effects on solute rotation 

Dynamic anisotropy ( )(tr ) decays for C153 in these four DESs at ~293 K are shown 

in Figure 7.7 along with bi-exponential fits through them. Similar fits have been 

obtained for other temperatures as well. Since these DESs are characterized by 

heterogeneity of varying degree, attempts were made to fit the )(tr  decays to stretched 

exponentials
55

 but produced worse fits. The figure shows that the decays are faster in 

the order of glycerol, malonic acid, 3PPA, followed by ethylene glycol. Bi-exponential 

fit parameters and the resulting average rotational times ( r ) are summarized in 

Table 7.3. A closer inspection of Table 7.3 indicate that these decays are characterized 

by a faster time constant in the range ~50-700 ps, and a slower time constant spread 

between ~1-10 ns. It may be noted that at low temperatures the r  values of C153 is 

few times larger than the lifetime of the same (~5ns). This is not unnatural because 

large rotational times (2-20 times of the lifetime of the respective probe) have been 

reported earlier for ionic liquids.
32,56,57
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Figure 7.7: Representative anisotropy decays at 293K for [f Choline chloride+ (1-f) 

HBD] for different combinations for C153 are shown : Malonic acid (red,  f=0.50),  

phenylpropionic acid (green, f=0.33), ethylene glycol (blue, f=0.33), glycerol (pink, 

f=0.33) . 

Symbols denote the experimental data and solid lines fits through them. The fit 

parameters are shown in Table 7.3.   

 

 

 

Table 7.3: Parameters Obtained from Biexponential Fits to r(t) of C153 [f Choline 

chloride+ (1-f) HBD] at different temperatures.  

 

 

T (K) 2  1a  

1  

(ps) 
2a  

2  

(ns) 

r  

(ns) 

Malonic acid, f=0.50 

293 1.19 0.35 44 0.65 9.76 6.34 

303 0.91 0.29 86 0.71 5.10 3.64 

313 0.99 0.41 151 0.59 3.23 2.91 

323 0.99 0.39 556 0.61 2.79 1.92 

333 1.02 0.53 638 0.47 1.89 1. 22 

3-Phenylpropionic acid, f=0.33 

293 0.97 0.11 79 0.89 3.84 3.43 

303 0.91 0.27 174 0.73 3.67 2.73 

313 0.96 0.34 266 0.66 3.37 2.31 

323 0.97 0.38 371 0.62 2.70 1.82 

333 1.03 0.40 401 0.60 2.20 1.47 
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Ethylene glycol, f=0.33 

293 0.97 0.12 630 0.89 1.59 1.48 

303 0.95 0.19 532 0.81 1.19 1.06 

313 0.98 0.30 370 0.70 0.97 0.77 

323 1.04 0.36 247 0.64 0.79 0.59 

333 1.03 0.46 159 0.56 0.64 0.43 

Glycerol, f=0.33 

293 1.03 0.28 351 0.72 13.45 9.78 

303 1.19 0.32 438 0.68 8.49 5.93 

313 1.06 0.32 388 0.68 4.36 3.09 

323 1.19 0.35 199 0.65 2.91 1.96 

333 1.11 0.40 71 0.60 2.74 1.67 

 

 

 

Figure 7.8 depicts the coupling between the measured r and medium viscosity at 

various temperatures for C153 in all these DESs. As before, fits to these data 

describing the viscosity dependence, p

r T )/(  , are also shown along with the 

Stokes-Einstein-Debye (SED) predictions following hydrodynamic stick and slip 

boundary conditions. The SED values for r  have been calculated by using 

  fCTkV Br /  , with V= 246 Å
3
, f (shape factor) = 1.71 and C(solute-solvent 

coupling parameter) = 0.24 (for slip) and 1 (for stick).
32

 Numerical values for p  

provided in each panel clearly indicate stronger deviation from hydrodynamics for 

acid containing DESs than the polyol containing ones. Fractional viscosity dependence 

seen here and that observed for solvation, therefore, clearly suggest that these DESs 

are dynamically heterogeneous, and the extent of heterogeneity can be tuned by 

selecting suitably the hydrogen bond donor for a given DES. 



Chapter 7 

 

152 

 

 

Figure 7.8 
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Figure 7.8: Viscosity coupling of rotation times ( r ) for C153 in the system [f 

Choline chloride+ (1-f) HBD] for different combinations for C153 and comparison to 

hydrodynamic theory are shown in different panels. Temperature dependent measured 

times (symbols) at various f values are shown as a function of temperature-reduced 

viscosity ( T ) in a log-log fashion [  TpLogALog r /  ]. Rotation times for 

C153 at various T  values from calculation by SDE equation are also shown (broken 

blue line) at the slip boundary for a comparison. Corresponding stick values are shown 

in red. 
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Figure 7.9 
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Figure 7.9: Arrhenius plot of  r/1ln  and   s/1ln  vs 1/RT for rotational 

dynamics of C153 (upper panel) and solvation (lower panel) in the system [f Choline 

chloride+ (1-f) HBD] are shown in this figure. Respective activation energies are 

indicated in the insets. 
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Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles). 

Next, activation energies for rotation and solvation of C153 in these DESs have been 

estimated via Arrhenius-type analyses of the measured temperature-dependent average 

rotation and solvation times. Figure 7.9 displays the Arrhenius-type plots for these 

quantities along with linear fits through them. Except for PPA containing DES, 

activation energies for both rotation and solvation lie in the ~30-40 kJ/mol range. Such 

a range was found earlier for solute solvation and rotation in acetamide/electrolyte 

deep eutectics.
10,11

 For PPA containing DES, these barriers are nearly half of what has 

been estimated for other DESs.  Note earlier studies with a different solute probe have 

indicated activation energy ~30 kJ/mole range for solute rotation in normal alcohols 

with longer alkyl chain, and nearly half of it for rotation in ethanol.
58

 Arrhenius-type 

plots of viscosity are also presented in Figure A27. A comparison of activation 

energies obtained from Arrhenius-type analyses of temperature-dependent viscosity, 

average rotation and solvation times is given in Table 7.4.  

 

Table 7.4: A comparison of activation energies obtained from Arrhenius-type 

analyses of temperature-dependent average rotation [Ea r ] solvation [Ea s ] 

and viscosity [Ea   ] is given.  

 

HBD Ea r  

(kJ/mol) 

Ea s  

(kJ/mol) 

Ea    

(kJ/mol) 

Malonic acid 32 38 32 

3-PPA 17 13 17 

Ethylene glycol 31 37 25 

Glycerol 38 33 38 
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Figure 7.10 explores the correlation between the measured s  and r for C153 in 

these media. Fits through these data describing b

sr a )(    dependence are also 

shown. Such plot provides a qualitative idea about how much of the friction that 

regulates solute solvation also dictates solute rotation in these media. A deviation from 

simple proportionality would indicate decoupling between solute solvation and 

rotation, and in turn support the presence of dynamic heterogeneity. It is evident in 

Figure 7.10 that substantial decoupling between  s  and r  exists in these systems 

which are a result of microscopic heterogeneity present in these systems. 

 

Figure 7.10 
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Figure 7.10: Experimental average rotational correlation times ( r ) versus solvation 

times ( s ) in log-log form for C153 in [f Choline chloride+ (1-f) HBD] for different 

combinations (color coded) are shown here. The line going through the symbols 

represents a fit to the relation shown in the panel.   
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Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles).  

 

 

 

7.4. Conclusion 

The fluorescence spectroscopic study of choline chloride based DES of different 

hydrogen bond donors shows interesting properties based on the functional group, 

number of functional groups and also the nature of alkyl chain attached with the 

functional groups. The steady state excitation wavelength of C153 dependence study 

in choline chloride combined with different HBDs show spatial heterogeneity for 

malonic acid to the greatest extent, feeble for 3PPA and glycerol whereas none for 

ethylene glycol. Probe of a shorter lifetime supports these conclusions. Increasing 

temperature removes spatial heterogeneity in these DESs. Dynamic stokes shift is 

larger for –COOH containing HBD than –OH containing HBD. A uniform decrease is 

noticed with increasing temperature due to the overall decrease in effective dielectric 

constant. A significant portion of the total solvation response has been missed due to 

limited time-resolution employed.  Deviation from hydrodynamic dependence on 

viscosity  for solute solvation and rotation has been observed where fractional power-

law dependence signalled dynamic heterogeneity in these media. This has resulted 

substantial decoupling between the measured solvation and rotation times in them. 

Activation energies estimated for solute rotation show variations with the HBD 

components constituting these DESs but they are in the range already reported for 

solute rotation in monohydroxy alcohols with differing alkyl chain lengths.  
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Chapter 8 

 

Terahertz Dielectric Relaxation and FTIR studies on Deep 

Eutectic Solvents of Acetamide + Electrolytes: Anion and 

Cation Identity 

 

 

8.1. Introduction  

Search for bio-degradable solvents with no or less biological footprint on ecosystems 

as alternatives to common organic solvents for large scale use in chemical industry is 

universal. Out of this necessity has emerged a wide of spectrum of reaction media 

ranging from binary liquid mixtures
1
 to electrolyte solutions, supercritical solvents

2,3
 

to gas-expanded liquids,
4
  ionic liquids

5,6
 to low temperature transition melts.

7,8
 Deep 

eutectic solvents (DESs), a set of mixtures of solid components at ambient condition 

which transform to stable liquid phase near room temperature after melting, are an 

important addition to this growing list of alternative reaction media.
7-18

 Fortunately, 

DESs can be made environmentally benign by suitably choosing components which 

are biodegradable, relatively cheaper and easy to handle. Acetamide and its methyl 

derivatives are reported to be biodegradable
19

 and therefore DESs made of acetamide 

in combination with either electrolytes or urea offer a unique solvent systems for 

industrial applications. Exquisite solvent properties of acetamide due to large 

dielectric constant
20

 and presence of several functional groups have made such DESs 

an automatic choice for extensive application as green media.   

 

DESs are multi-component systems and are thus subjected to electrostatic, specific and 

van der Waal’s interactions. Deep depression of freezing points of the mixture 
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components has its roots in extensive inter-species hydrogen bond (H-bond) 

interactions.
16

 For example, in (acetamide + electrolyte) deep eutectics, presence of an 

amide group stimulates extensive H–bond interaction with the ions followed by 

interaction between cation and carbonyl group.
21

 These interactions lead to ion-amide 

complexation, and structural frustration at microscopic length-scales. Entropic gain 

further stabilizes the resultant liquid phase accessed via melting. It is natural then to 

ask whether avoidance of crystallization through extensive H-bond interaction stamps 

any characteristic signature on solution structure and dynamics of these DESs. This 

knowledge is important as relaxation time scales and equilibrium solution properties 

affect rate of a solution-phase chemical reaction.
22-26

 

 

Although there exist no significant studies revealing spatial molecular arrangements at 

microscopic lengthscales via x-ray or neutron scattering measurements, fast 

spectroscopic techniques and simulations of late have attempted to explore the 

relaxation timescales in several acetamide containing DESs.
27-35

  These studies have 

provided important information regarding relaxation timescales, frictional coupling to 

solute diffusion, and low-frequency collective dynamics at the sub-picosecond and 

pico-second level. These studies, however, are unable to decipher solution structural 

arrangements even-though excitation energy dependence of steady state fluorescence 

emission measurements involving these media has suggested presence of spatial 

heterogeneity in  (amide+electrolyte) DESs. Earlier dielectric relaxation (DR) 

measurements, limited within 100 MHz,
15

 have interpreted very long relaxation 

timescales and colossal  dielectric constants in terms of heterogeneous solution 

structure. However, solution dynamics extended to giga-hertz (GHz) and tera-hertz 

(THz) ranges, which are relevant to ultrafast fluorescence measurements, have not 

been explored and understood yet. DR measurements of several (acetamide + 

electrolytes) in the frequency range, 50GHz2.0  ,  have just began to        

emerge
33

, and atomistic simulations started exploring the ion effects on reorientation 

mechanism of acetamide in such media.
32

  However, THz measurements of these 
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media are still unavailable although the importance of THz measurements in decoding 

collective intermolecular dynamics of H-bonded systems such as amides is well 

appreciated.
32,36 

 This is the motivation for carrying out DR measurements in the THz 

regime ( 2THz2.0  ) for a few (acetamide + electrolyte) deep eutectics described 

in this chapter. Electrolytes considered here are lithium nitrate (LiNO3), lithium 

bromide (LiBr), lithium perchlorate (LiClO4), sodium perchlorate (NaClO4), 

potassium thiocyante (KSCN) and sodium thiocyanate (NaSCN). In addition, we have 

carried out infra-red spectroscopic measurements to investigate the dependence on 

ion-identity of the acetamide-ion interactions and augment the existing literature.
28,29,31

   

 

8.2. Experimental Details 

8.2.1.  Materials and methods  

Acetamide (≥98%, Merck, India), lithium nitrate (≥99%, SRL, India), lithium bromide 

(≥99%, Sigma Aldrich), lithium perchlorate (≥99%, Fluka), sodium perchlorate 

(≥98%, Alfa aesar), sodium thiocyanate (≥99%, Sigma Aldrich) and potassium 

thiocyanate (≥99%, Sigma Aldrich) were all vacuum-dried (~300 K) overnight before 

use. Different DESs studied had the following compositions: (a) 0.78CH3CONH2 + 

0.22LiBr, (b) 0.78CH3CONH2 + 0.22LiNO3, (c) 0.81CH3CONH2 + 0.19NaClO4, (d) 

0.81CH3CONH2 + 0.19LiClO4, (e) 0.75CH3CONH2 + 0.25KSCN, and (f) 

0.75CH3CONH2 + 0.25NaSCN. Sample preparation method could be found 

elsewhere.
22-25,28

 All samples except (0.81CH3CONH2 + 0.19NaClO4) were studied 

before via fluorescence measurements. Preparation protocol remained unchanged for 

NaClO4 containing DES. In short, 5 gm  of sample was measured and transferred in 10 

mL vial  at room temperature. No inert gas atmosphere was used during weighing and 

transferring. The sample vials were sealed and heated slowly to ~350 K until it formed 

a uniform melt. The molten samples were then cooled naturally and kept at room 

temperature sufficiently long prior to any measurements. Refractive indices ( n ) and 

conductivity values used in this work were all taken from ref. 33  
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8.2.2. Dielectric Relaxation Measurements in THz Regime 

Terahertz measurements were done with THz spectrometer - TERA K8, Menlo 

Systems with 780 nm Er doped fiber laser. The pulse width was <100 fs with a 

repetition rate of 100 MHz. The laser beam was divided into pump and probe beams of 

10mW equal intensity by a polarizing beam splitter. The pump beam further passed 

through a 4/  plate reflecting from a mirror mounted on a motorized delay stage. 

This reflected beam subsequently excited the THz emitter antenna producing a THz 

radiation having a bandwidth up to 3.0 THz (>60 dB). Polymer lenses focussed this 

THz radiation on the sample. The radiation transmitted through the sample was then 

focused on a THz detector antenna gated by the probe laser beam. The THz antennas 

are gold dipoles of a gap of 5 m  deposited on LT-GaAs substrate. Experiments were 

carried out in dry nitrogen atmosphere to avoid any water vapour absorption. The 

measurements were done in a liquid cell (Bruker, model A 145) with Teflon spacer of 

120 m  thickness and z-cut quartz windows. Samples were reloaded four times in the 

sample cell and 9 full scans were averaged. Each experiment was repeated three 

times.
37,38

 

 

The amplitude and phase of the THz electric field were measured as a function of time 

by varying the time delay between the probe and the pump beam. The measured 

electric field amplitude was Fourier transformed to obtain the frequency dependent 

power and phase of the transmitted pulse. The frequency dependent absorption 

coefficient )(  (power attenuation) and refraction index )(n (delay of the THz 

pulse) were subsequently deduced.
39

  Subsequently, collected data were analyzed 

using a commercial software TeraLyzer.  

 

 

The relaxation dynamics in various solutions were deduced using the frequency-

dependent complex dielectric constant given by the relation
40,41

  

 



Chapter 8 

 

165 

 

                       


















p

i
i

2
)()(')(*    ,                                                                 (8.1) 

where,   denotes the dc conductivity of the medium, p   the permittivity of free 

space. )('   is the real part of the complex permittivity, and )0('0   . The real 

 ' and imaginary  "  dielectric constants are calculated as     22'  n  and 

    n2''   where the complex refractive index is      . inn   For 

conducting solutions such as DESs, the 1 divergence at 0  limit contained in Eq. 

8.1 makes accurate determination of  0  nontrivial. 0  obtained by the extrapolation to 

zero frequency limit may thus be inaccurate.   obtained from the dielectric response 

in the range 0.2 Thz-2 THz will reflect the inadequacy to access infinite frequency. 

The dielectric constant at infinite frequency is given by 2)( n   and for 

complete measurements there should be no undetected components. The imaginary 

part, )(  , represents the dielectric loss component and describes the dissipation of 

energy within the system originating from the interaction between the externally 

applied frequency dependent electric field with the dipole fluctuations of the medium. 

 

The frequency dependent changes in  '  and  "  can be fitted according to 

Havriliak-Negami (HN) equation
40

,  

                               

 

                   
 










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n

1j
1

j

j

j
j)2i(1

)( ,                                                   (8.2) 

 

where 10 j  and 10  , and j  denotes the magnitude of the dispersion at 

the j -th relaxation step with the time constant, j . Note 0j  , 1j   describes 

relaxation via the Debye model, whereas 0j   corresponds to the Cole-Davidson 
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(CD) and 1j   to the Cole-Cole models respectively. These relaxation parameters 

were determined by simultaneously fitting )('   and )("   by using a non-linear least 

squares routine. Quality of fits was determined by checking both the ‘goodness-of-fit’ 

parameter ( 2 ) and residual where 2 was defined as follows:
42 
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where m denotes the number of data triples (     ,, ),   the number of adjustable 

parameters, i and )( i the residuals and standard deviations of the individual data 

points, respectively. For all the combinations of DESs 4-Debye fits were found to be 

most suitable. However 3-Debye fits were also good and had been compared with 4-

debye fits in the text. Other possibilities of Cole-Cole and Cole-Davidson processes 

did not result in considerable fits.  

 

FTIR spectra in the 1000−3800 cm
−1 

window were recorded on a JASCO FTIR-6300 

spectrometer (absorbance mode) using CaF2 window. The FTIR spectra of the samples 

correspond to the difference of absorbance spectra between the measured absorbance 

of the samples and the measured absorbance of air. Experiments were done at ~ 293K. 

 

 

8.3. Result and discussions 

8.3.1. Terahertz Measurements 

Since formation of ion pairs and other complex species in an electrolyte solution can 

contribute to the measured relaxation spectra, the total relaxation process is likely to 

be composite in nature with more than one time constants. The asymmetric nature of 

the Cole-Cole plot shown in Figure A28 suggests non-Debye nature
43-45

 of the 

dielectric response of the DESs under study. We will first study the anion dependence  

of the measured response  for  (acetamide + electrolyte) DESs where lithium salts of 

NO3
-
, Br

-
 and ClO4

-
 and sodium salts of ClO4

-
, SCN

-
 have been considered.  
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Figure 8.1 
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Figure 8.1: The real (  ) and imaginary (   ) parts of the measured DR spectra for the 

(Acetamide + Electrolyte) DES at ~293 K for anions is shown. The upper panels show 

real and imaginary parts for deep eutectics with lithium salts (perchlorate, bromide and 

nitrate), and the lower panels present those with sodium salts (perchlorate and 

thiocyanate). Electrolytes are color coded.  
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Upper panel of Figure 8.1 shows the anion dependence of the real and imaginary parts 

of the measured complex DR spectra for DESs containing lithium salts, and the lower 

panel present the same for DESs containing sodium salts.  4-Debye fits through the 

data are also shown in the same figure. Few representative residuals are shown in 

Figure A29. Fit parameters are summarized in Table 8.1. We tried to fit the complex 

dielectric spectra using 3-Debye process but that resulted in exclusion of the 1-4ps 

time scale and the resultant fits were not as good as those obtained via 4-Debye fits. 

Table B14 provides 3-Debye fits and Figure A30 shows a direct comparison for 3-

Debye and 4-Debye fits. It is notable that these two procedures yield  which are 

almost equal. Note the maximum undetected portion predicted by the 3-Debye and 4-

Debye fits at the high frequency end, )n( 2 , is ~ 0.2 , suggesting these fits are 

semi-quantitatively correct.  Table 8.1 shows that the slower time constants are well 

separated by almost 10-15 times from the next faster ones, whereas the faster two are 

sometimes very close. The component with relaxation times in ~10-40ps range 

dominates the overall relaxation process. Even though the time constant of ~1-4ps is 

sometimes of negligible amplitude, we could not omit it as that would lead to 

inaccurate descriptions. Moreover, such a timescale has been clearly observed in the 

corresponding fs-RIKES measurements.
34

 The third component with time constant in 

~0.13-0.8 ps range can be real as simulations of orientational relaxation of molten 

acetamide
32

 report such a sub-picosecond component.   The fastest time constant has 

often been fixed at 0.08 ps to obtain reasonable fits and, as a result, carries no 

signature of ion-identity, although it contributes significantly (upto 8%) to the total 

observed relaxation. Note also in Figure 8.1 that the fastest relaxation occurs for ClO4
-
 

containing DESs and the slowest for NO3
-
 containing ones.  

Next we attempt to assign plausible physical interpretation to the relaxation 

components detected in the present THz measurements. The component with time 

constant in ~10-40ps regime is likely to be associated with the collective orientational 

relaxation. This component has been reported in GHz  DR measurements
33

 and OHD-

RIKES measurements
34

 These collective motions originate from extensive networking 

through inter-species H-bonding involving acetamide molecules and the electrolytes. 
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A comparison between the viscosities of the system and the time constants reveal no 

correlation between the two (Table B15). These time constant are therefore clearly not 

guided by the corresponding solution viscosities. Timescales for ion-pair rotations in 

the range of tens of picoseconds or longer are reported in literature.
44,46,47

 Aqueous 

systems also show 8 ps relaxation time scale which is ascribed to the cooperative 

reorientation network
40

. 

 

Table 8.1: Parameters obtained from simultaneous fitting of the real (  ) and 

imaginary (   ) parts of the measured DR spectra for (Acetamide + Electrolyte) DES at 

~293 K are summarized. 

Electrolyte 
0  1  1

b
 

(ps) 
2  2  

(ps) 
3  3  

(ps) 

4  4  

(ps) 
  <av>

d 

(ps) 

2  n
c 

LiBr 

 

 

27 
23.3

 a
 

(92%)
 
 

32.3 
0.51 

(2%) 
1.95 

0.32 

(1%) 
0.238 

1.11 

(4.4%) 
0.09 1.758 29.86 1.03 1.407 

LiNO3 

 

 

25 
21.1 

(92%) 
37 

0.80 

(3%) 
4.62 

0.10 

(0.5%) 
0.875 

0.88 

(3.8%) 
0.136 2.116 34.28 1.19 1.385 

LiClO4 

 

 

33.2 
29.4 

(94%) 
26 

0.6 

(2%) 
3.2 

0.63 

(2%) 
0.128 

0.79 

(2.51%) 
0.08 1.781 24.39 1.02 1.371 

NaClO4 

 

 

22 
18.3 

(91%) 
18.9 

0.36 

(2%) 
1 

1.36 

(7%) 
0.12 

0.01 

(0.07%) 
0.08 1.934 17.35 1.11 1.369 

NaSCN 

 

 

16.4 
12.7 

(87%) 
25.2 

0.19 

(1.3%) 
1 

0.502 

(4%) 
0.309 

1.06 

(7.3%) 
0.081 1.910 22.16 1.12 1.418 

KSCN 

 

 

29 
25.1 

(92%) 
23.4 

0.24 

(0.08%) 

 

2.5 
0.47 

(0.17%) 
0.333 

1.31 

(4.8%) 
0.08 1.887 21.67 1.08 1.413 
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a) Number in parenthesis indicates dispersion amplitude of a given dispersion 

step in percentage.  

b) i (i=1-4) are better within ±5% of the reported values.  

c) Taken from Reference 33. 

d) 


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1i

i

i
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The second time constant  2  n the range,~1-5ps,  probably originates from the 

rotation of either  N-H bond vector or C-N backbone.
32

 DR measurements in the GHz 

range also reports similar timescale.
33

 Note H-bonded systems like water and  

monohydroxy alcohols
50

 show a relaxation time around 1-3ps. The origin of the third 

time constant  3  is likely to be  the breaking and reformation of H-bonds.
32

 Support 

for such an assignment may be derived from the study of ionic liquid , 1-ethyl-3- 

methylimidazolium triflate, which reports a timescale  ~0.25ps and ascribe to H-

bonding dynamics.
46

  We would also like to mention here that timescale in ~0.2 ps 

range has been often observed in aqueous systems and tagged to H-bond 

making/breaking process
51

. The fastest time constant  4  in ~80-150 fs range cannot 

show any anion dependence for the reason already discussed.  However, collective 

librations of acetamide, as in water,
52,53

 can give rise to such an ultrafast timescale.  

Note such subpicosecond timescale has been reported for various networked systems 

that include ionic liquids
46

, liquid amides
36,54

 and other H-bonded systems
39,47-49,55,56

.  

 

Figure 8.2 shows the cation dependence of the real and imaginary components of the 

measured DR spectra. Here DESs containing the two anions, ClO4
-
 and SCN

-
   at 

~293K, have been considered. Residuals are shown in Figure A29. Fit parameters are 
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summarised in Table 8.1. Note the slowest time constants here follow the viscosity 

trend and inversely proportional to cation size (see Table B16). The reason may be 

cation with smaller radius forms stronger networks that slow down overall medium 

dynamics via increasing viscosity.  

 

Figure 8.2 
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Figure 8.2: The real (  ) and imaginary (   ) parts of the measured DR spectra for the 

(Acetamide + Electrolyte) DES at ~293 K for cations is shown. The upper panels 

show real and imaginary parts for deep eutectics of perchlorate salts with lithium and 
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sodium, and lower panels present thiocyanate salts of sodium and potassium. 

Representations are color coded. 

 

 

A closer inspection of Table 8.1 reveals that 3  carries a signature of the anion effect 

and in turn strengthens the proposition that anions significantly affect the network 

formation. 3  for ClO4
-
 is the smallest among all the anions and is ~0.12 ps for both 

LiClO4 and NaClO4  containing DESs. On the other hand, it is ~0.3 ps for both the 

SCN
-
 containing DESs. NO3

- 
containing DES has the highest 3  (~0.9 ps ) whereas in 

presence of Br
-
 it is moderate (~0.24  ps). Since relaxation times vary due to 

interactions of the ions with acetamide, a decrease in 3  can indicate a loss of solvent 

network and vice-versa. Whether this can be linked to the structure breaking ability of 

ions  is debatable.  

 

Figure 8.3 shows the electrolyte dependence of absorption co-efficient in these DESs.  

Note the maximum terahertz absorption occurs for systems containing LiClO4 and the 

minimum for LiNO3 containing DES. With disruption of H-bonding in the solution, 

the restricted bond movements are freed and bonds become more labile absorbing 

more of terahertz radiation. This is similar to the increasing of absorption coefficient 

for water at higher temperature
57

. The derived refractive index plot for 

(Acetamide+Electrolyte) that decreases with increase frequency is also shown in 

Figure 8.4.  Electrolyte dependence is also evident here. 
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Figure 8.3 
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Figure 8.3: Absorption coefficient is plotted against frequency for (Acetamide + 

Electrolyte) DES at ~293 K. The different combinations are color coded. 
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Figure 8.4 
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Figure 8.4: Refractive indices are plotted against frequency for (Acetamide + 

Electrolyte) DES at ~293 K. The different combinations are color coded. 
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8.3.2. FTIR spectroscopy 

FTIR measurements of these (acetamide+electrolyte) systems have been performed in 

the frequency range, 1000-4000 cm
-1

. Figure 8.5 presents the results.  The upper panel 

shows the lower frequency region whereas the lower panel describes the higher 

frequency region. The signature of bands is found to differ significantly compared to 

the pure liquid acetamide spectra.
58

 ClO4
- 
, NO3

-
 and SCN- containing systems

 
show 

characteristic bands at 1100 cm
-1

, 1380
 
cm

-1 
and 2100 cm

-1
 respectively.

59,60
 The N-H 

rocking motion shows up at 1120 cm
-1

 for (acetamide+ Na/KSCN) and 

(acetamide+LiNO3/Br) DESs. It is to be noted that this band is submerged for ClO4
-
 

containing systems because of the relatively much higher intensity of the ClO4
-
 band.  

 

C-N stretch is found at 1340 cm
-1

 which is decreased due to co-ordination of oxygen 

to cation. C-H deformed bands are also seen at 1400 cm
-1

. 
 
In this region the band for 

(acetamide+LiNO3) DES is noticeably prominent than in other systems. The reason is 

the common zone of NO3
-
 with that of C-N and C-H stretch bands. The amide II (N-H 

in plane bending) bands occurs at 1610 cm
-1 

which almost overlaps with the amide II 

(C=O stretch) band at 1670 cm
-1

. The lower panel shows the N-H band at 3200 cm
-1

 -

3400 cm
-1. 

It is to be noted
 
that the N-H peak at ~3220 cm

-1
 shifts following the 

sequence: ClO4
-
 > LiNO3

-
 ~ Na/KSCN > LiBr. One can correlate this variation as 

decrease of N-H frequency with increasing co-ordination of nitrogen through cation. 

In addition to these, a band is also seen to be merged with the N-H stretch band which 

is the band of di/tri/tetramers of acetamide.  
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Figure 8.5 
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Figure 8.5: The FTIR spectra obtained for different combinations of (Acetamide + 

Electrolyte) DES (color coded) are shown in two panels. The upper panel shown the 

variation from 800-2500cm
-1

 and the lower panel shows 2600-3800cm
-1

. 

 

 

 

8.4. Conclusion 

In this work we have measured the dielectric relaxation response in the range 0.2-2 

THz and FTIR spectra at ~293K for (acetamide+electrolyte) DESs. The real and 

imaginary parts of the complex DR spectra permittivity have been simultaneously 

fitted to 4-Debye processes. Plausible mechanisms, based on results from simulations 

and other experiments, have been attributed to the four time constants reported. The 

relaxation spectra show both anion and cation dependencies.  FTIR measurements 

show distinct peaks for all the anions. The effect of interactions between the various 

anions and cations forces deformations in the –CO and –NH2 regions in the vibrational 

spectra. Absorption coefficient has been found to be the largest for perchlorate 

containing DESs, reigniting the issue of structure breaking ability of ions. 
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Chapter 9 

 

Effects of Mixed Electrolytes on Excited State Intramolecular 

Charge Transfer Reaction in Common Solvents: Steady State and 

Time resolved Fluorescence Emission Studies 

 

9.1. Introduction  

Charge transfer reactions triggered by photons are important for its’ utility in our daily lives
1-

5
. Two such life-sustaining processes are photosynthesis and vision. These charge transfer 

reactions can also be implemented in optoelectronic devices and molecular switches. This 

area of research received tremendous boost since the discovery of two state emission of 4-

N,N-dimethylaminobenzontrile (DMABN).
1-11

 An emission band occurring at a shorter 

wavelength (blue end) is seen in non-polar solvents whereas polar solvents give rise to an 

additional emission peak at a longer wavelength
1-5

. The appearance of two distinct emission 

bands signify an intramolecular charge transfer, indicating  one state is being favoured over 

the other in polar media. Experimental studies, theoretical and semi-emperical quantum 

mechanical calculations have been done for the molecules in gas phase to compute the 

difference between these two states
5,6

.   

 

Various studies mentioned have suggested that the blue shifted emission (normal 

fluorescence) occurs from a locally excited state (LE) having the charge distribution similar 

to that of the ground state.  The red shifted emission band, on the other hand, is given by a 

charge transferred (CT) state  which is generated by transfer of electrons within the molecule. 

On photoexcitation, the molecule is first excited to the locally excited state where charge 

transfer occurs from the amino group to benzonitrile creating the charge transfer state. The 

LE state is favoured by less polar environment and CT state would be stabilized by polar 

solvent through dipole –dipole interaction with dipolar solvent molecules. The twisted 

intramolecular charge transfer (TICT) model endorses the simultaneous twisting of the bond 

connecting the amino group and the benzene ring during the charge transfer
1-5

. Viscosity of 

the environment would affect this twisting mode and in turn would affect the reaction mode 

of LE to CT transformation. The rate of the reaction ( CTLE  ) is also modified by the 
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dynamical modes as the reaction experiences solvation response via orientational polarisation 

relaxation of the medium
12,13

. Representative examples of TICT molecules other than 

DMABN are 4-(1-azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile (P5C). 

 

The above discussion makes it clear that solvents of different polarity would remarkably 

affect the rate of reaction for TICT molecules. Such a topic has been dealt with in the 

extensive study of different solvents with P4C and P5C.
5
 Addition of electrolytes in polar 

solvent modifies the polarity and solvation response of the medium and significantly alters 

the due course of the reaction.
14-16

 Formation of ion-pairs, triple ions and neutral triple ions 

are responsible for these changes.
17-47

 Solvation dynamics studies in electrolyte solutions of 

low viscous polar solvents indicate that the solvation times are in nanosecond regime whereas 

in pure solvent the average solvation time is in sub-picosecond scale
48-51

. Hence it would be 

of interest to investigate the effect of such slow dynamics on the reactions with time scale of 

the similar regime. The effects of increasing electrolyte concentration in polar solvents and 

increasing the size of the cation (keeping the anion fixed) on the reaction static and dynamic 

properties have already been studied
52

. Here we would like to see how mixed electrolytes in 

solvent affect these intramolecular charge transfer reactions. Mixed electrolyte systems are 

formed by mixing more than two electrolytic solid components in solid state or in solvent. 

Physiochemical properties like viscosity, conductivity, diffusion co-efficient, activity co-

efficient, and Gibb’s free energy show remarkable changes in presence of mixed 

electrolytes
53-55

. Ionic potential (charge/radius) of one cation affects the behaviour of the 

other. One such example is the study of Na
+
/K

+
 balance in ion channels in biological 

systems
56,57

. Therefore it is important to study whether the addition of one type of electrolyte 

would affect the reaction in presence of another electrolyte. Whether the second electrolyte 

can replace the first without affecting the reaction or affect the overall reaction by retarding 

or enhancing the reaction is yet unknown for the TICT molecules like P4C and P5C. Data 

obtained here will help understanding the medium effects on such reactions carried out in 

deep eutectic solvents.   

 

In this work we have used P4C and P5C as the TICT molecules of interest and  LiClO4 and 

NaClO4 as the electrolytes. Two solvents of different polarities have been chosen – 

ethylacetate (dielectric constant, 60  ) and acetonitrile ( 360  )
58

. So the system is as 

follows: [xLiClO4+ (0.5-x)NaClO4] (x=0 to 0.5M) in ethyl acetate (EA)/ acetonitrile (ACN). 
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We have chosen these sets of TICT molecules, electrolytes and solvents because individual 

studies  with these electrolyte and pure solvents are available
5,52,59

. It is worthy to mention 

here that steady state and time resolved results have been analysed using the convention used 

earlier.
5,52,59

 All experiments were done at ~ 293K.  

.  

 

Scheme 1 shows the representation of the TICT molecules (P4C and P5C) along with the 

pictorial representation of the charge transfer process. Scheme 2 shows the photoexcitation of 

a TICT molecule and the subsequent formation of charge-transferred (CT) state where fk and 

rk  are respectively the forward and backward rate constants. kLE and kCT represent the net 

(radiative plus nonradiative) rate constants for LE and CT states, respectively. S0 is the 

ground state. Interconversion between LE and CT states is the charge-transfer reaction. Two 

factors affect the interconversion rate. They are twisting of the connecting bond and 

solvation
5
. With the addition of electrolyte the average polarity of the medium increases,

19,49
 

favouring the CT formation.  
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9.2. Experimental Details 

4-(1-Azetidinyl)benzonitrile (P4C) and 4-(pyrrolidinyl)benzonitrile (P5C) were synthesized 

and purified by following the protocol given in Ref. 10 and Ref.11. Ethyl acetate and 

acetonitrile were used as received (spectrophotometric grade) from Sigma Aldrich. Lithium 

perchlorate (LiClO4) and sodium perchlorate (NaClO4) were also procured from Sigma 

Aldrich (anhydrous, 99.5%) and vacuum-dried before use. Solutions were prepared for use by 

following methods described in Chapter 2. Absorption spectrum was recorded by uv-

spectrophotometer (Model UV- 2450, Shimadzu) and the emission spectra were recorded 

using Fluoromax-3 (Jobin-Yvon, Horiba) after adjusting the absorbance of the solution to 0.1 

or less with excitation wavelength fixed at 305 nm. Solvent blanks were subtracted from the 

emission spectra prior to analysis and converted to frequency representation after properly 
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weighting the intensity with λ
2
. A few samples were bubbled with dry argon gas to 

investigate the effects of dissolved oxygen on the absorption and emission spectra. These 

initial runs showed very little or no effects on the overall appearance of the spectra and hence 

most of the samples were not deoxygenated.  

 

We then deconvoluted each emission spectrum into two fragments by using the emission 

spectrum of the corresponding TICT molecule in perfluorohexane as mentioned in Ref. 5 

This deconvolution provided area under each fragment (measure of population under a 

particular band) that was then used to calculate the equilibrium constants and change in 

reaction free energies for the LE to CT conversion. Emission peak frequencies were 

calculated as follows. Shifts of the emission spectra from the peak of the reference emission 

spectrum were calculated and added to the average peak frequency of the reference emission 

spectrum. The average of the reference emission peak was calculated by averaging the 

numbers obtained by fitting the upper half of the reference emission spectrum with an 

inverted parabola, first moment and the arithmetic mean of the frequencies at half intensities 

on both blue and red ends of the emission spectrum
60-62

. Absorption peak frequencies were 

obtained by calculating the first moments of the absorption spectra.  

 

Lifetime data for measuring radiative rates for the TICT molecules in electrolyte solutions 

were obtained from time-correlated single photon counting (Lifespec, Edinburgh 

Instruments) apparatus with excitation wavelength at 299 for TICT molecules. The effective 

resolution (fwhm) of the instrument response function with the 299 nm excitation source was 

~400 ps. The detail of this instrumentation is discussed elsewhere
60,61

 and hence only brief 

information will be given here. The emission fluorescence has been collected at magic angle 

at both LE and CT peak positions (of steady-state spectrum). Subsequently, collected decays 

have been deconvoluted from the IRF and fitted to multiexponential function using an 

iterative reconvolution algorithm for reasonable accuracy. For a few cases, emission decays 

have been collected at two or three different emission wavelengths around the LE and CT 

peaks and average data have been shown for them. Data associated with such cases of 

different wavelengths are found to vary insignificantly and hence are regarded as fluctuations.  

 

Conductivity measurements of electrolyte solutions were performed using a multimeter (pH 

and conductivity) fitted with a conductivity cell of cell constant 0.920 (10%) and standardised 

with aqueous KCL (~.01M). The electrode was dipped in the sample until equilibrium was 
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reached and reading becomes stable. After proper calibration, selected samples were checked 

three times and no significant differences were observed.  Densities (ρ) of the samples were 

measured by an automated temperature-controlled density-cum-sound velocity analyzer 

(Anton Paar, model DSA 5000) at required temperatures (  0.5K). Viscosities (η) were 

measured by AMVn automated micro-viscometer from Anton Paar (falling ball method). 

Refractive indices were measured by Rudolph J357 automated refractometer. All the 

experiments were performed at T= 293 K1.0 .  

 

 

9.3. Results and discussion 

9.3.1. Transport properties and steady state results 

Upper panel of Figure 9.1 shows the variation of the system conductivity with progressive 

replacement of Na
+
 by Li

+
 in ethyl acetate. A steady increase in conductivity is noticed upto 

x= 0.3M after which there is a fall in conductivity. This is probably due to a competition 

between size of the cation and the cluster formation with organic solvent. Na
+
 has a volume 

of 3.94 Å
3
 whereas Li

+
 is of 1.99 Å

63
. Therefore when Li

+
 progressively replaces Na

+
 the 

conductivity increases due to faster transport of smaller Li
+
. With further replacement of Na

+
, 

increase of Li
+
 leads to aggregation of Li

+ 
ions with the organic solvent molecules. Thus 

cluster formation dominates the interaction and overall conductance decreases with majority 

of Li
+
 in solution. 

 

The complex interaction in the system in the presence of equivalent amount of Li
+ 

and Na
+
 is 

also observed in the variation trend of viscosity with “x” shown in lower panel of panel of 

Figure 9.1. As fraction of Na
+
 decreases in the system, viscosity increases and maximises at 

x=0.2 followed by a fall with progressive replacement of all Na
+
. It is noteworthy that 

conductivity as well as viscosity of only Na
+
 region (x=0.0) is lesser than only Li

+
 region 

(x=0.5). This is because of larger cluster formation ability of Li
+
. It is very interesting to 

observe increase of both viscosity and conductivity with increase of Li
+ 

concentration. Such a 

feature is contrary to hydrodynamic description, and indicates conductivity mechanism other 

than simple diffusion.  For the sake of completeness, Li
+ 

concentration dependent density and 

refractive index of the system  [xLiClO4+ (0.5- x) NaClO4] in ethyl acetate is shown in Figure 

A31. Note again here that density is decreasing with x while viscosity is increasing.  
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Figure 9.1: Conductivity (µScm
-1

) and viscosity (cP) are shown in the figure for the 

increasing [Li
+
] represented as  ‘x’ for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl aceate 

at 293K. Error associated with conductivity is  10% and for viscosity is  5%. 

 

Figure 9.2 represents the absorption and emission spectral envelopes of P4C in acetonirile 

and ethyl acetate. The same for P5C is given in Figure A32. Cluster formation allows greater 

solubility of LiClO4 in ethyl acetate although the static dielectric constant of ethyl acetate is 

one-sixth compared to the highly polar acetonitrile
64

.  The shape of the absorption and 
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emission spectra in presence of mixed electrolyte does not change from that of the pure 

system. However the response alters with  different values of ‘x’. The emission spectra for 

P4C in ethyl acetate as well as in acetonitrile, show a red shift of the CT state spectra with 

increasing ‘x’. The difference is due to the greater interaction of electrolytes with ethyl 

acetate. Figure A32 shows that emission of CT state for P5C is very strong and the intensity 

distribution for CT and LE states are reversed compared to P4C in the more polar acetonitrile. 

In ethyl acetate also, amount of CT is very high for P5C.  

 

 

Figure 9.2 
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Figure 9.2: Absorption and emission spectra of 4-(1- azetidinyl)-benzonitrile (P4C) is shown 

for different values of  ‘x’ (color coded) in the system [x LiClO4 + (0.5- x)NaClO4] in 

acetonitrile (upper panel, marked with “ACN”) and ethyl acetate (lower panel marked with 

“EA”) at ~293K.  
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The variation of the spectral properties is shown more quantitatively in Figure 9.3 and Figure 

9.4. We see there is an increase in absorption frequency   abs  for P4C as Li
+ 

replaces Na
+ 

in 

the system. However the change in behaviour of abs  and em is more prominent in ethyl 

acetate rather than in acetonitrile owing to the better solubility of the electrolytes in ethyl 

acetate than acetonitrile.
52

  Spectral widths, abs and em , also show similar dependence. The 

variation of inhomogeneous widths (obtained from following the analysis described in ref. 5)  

for the LE and CT bands are shown in Figure A33. The irregular variation of the widths is a 

reflection of the inhomogeneous broadening as a result of microheterogeneous environment 

formed due to the presence of mixed electrolytes.  
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Figure 9.3 
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Figure 9.3: Mixed electrolyte concentration dependence of absorption frequencies ( abs ) and 

line widths (full width at half-maxima, abs ) of 4-(1-azetidinyl)benzonitrile (P4C) and 4-(1-

pyrrolidinyl)benzonitrile (P5C) for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl acetate 

(empty symbols) and acetonitrile (filled symbols) are shown. The circles represent abs   and 

the triangles are abs .  
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Figure 9.4 
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Figure 9.4: Mixed electrolyte concentration dependence of emission (LE and CT) 

frequencies ( ) of 4-(1-azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile 

(P5C) for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl acetate (EA) and acetonitrile 

(ACN) are shown. The red circles represent P4C data and the blue triangles are P5C data. 

Filled symbols indicate frequencies for LE emission whereas CT emission frequencies are 

denoted by empty symbols. 
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Figure 9.5 shows the CT/LE ratio ( LECT  / ) for the system [x LiClO4+ (0.5-x) NaClO4] for 

the two TICT molecules in the solvents. The quantities CT  and LE  signifies the area under 

the spectral envelope of CT and LE bands respectively. A detailed method for the 

calculations of LECT  /  is described elsewhere
65

. A polar environment that favours CT state 

will give a greater LECT  / . Hence the more polar acetonitrile shows a larger LECT  /  

compared to ethyl acetate for both P4C and P5C. Here we see a stronger response in a mixed 

electrolyte system for P5C than P4C. The ratio of the area under the CT and LE bands also 

gives the equilibrium constant ( eqK ) which can be used to obtain the reaction free energy 

( rG ) by the following equation: 

 33
/lnln CTLELECTeqr RTKRTG                                                                 (9.1) 

A plot showing the variation of - rG  with the increase of [Li
+
] is given in Figure 9.6. This 

figure essentially follows trends of Figure 9.5. The (- rG ) is larger in acetonitrile than 

ethylacetate indicating ease of reaction in a more polar medium. For P4C the reaction is 

unfavourable in ethylacetate. CTLE   reaction for P5C is favourable in both solvents. It is 

notable that the reaction free energies at the both the ends, i.e at 0.5M concentration of Na
+
 

and Li
+
 are almost unchanged. The insensitivity of rG  for TICT reactions with change in 

cation size of electrolyte has been previously noticed also
52

.  
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Figure 9.5: Mixed electrolyte concentration dependence (x) of formation of CT and LE 

population in ethyl acetate (EA, open symbols) and acetonitrile (ACN, filled symbols) of 4-

(1-azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile (P5C) for the system [x 

LiClO4 + (0.5- x)NaClO4] are shown here.  The ratio ( LECT  / ) between areas under the CT 

and LE bands are obtained after deconvolution as discussed in the text and in ref 5. ) the 

upper panel represents data obtained for P4C and the lower panel shows that of P5C. 

The uncertainty for CT band area is typically within (10%). 
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Figure 9.6: Mixed electrolyte concentration dependence (x) for the change in reaction free 

energy (- rG ) of CTLE  conversion for 4 -(1-azetidinyl)benzonitrile (P4C) and 4-(1-

pyrrolidinyl)benzonitrile (P5C) for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl acetate 

(EA, empty symbols) and acetonitrile (ACN, filled symbols) is shown. rG  is obtained from 

the area ratio (shown in Figure 9.5) by using eq 9.1. Circles in upper panel denote - rG  for 

P4C and triangles in the lower panel denotes - rG  for P5C.  
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Table 9.1: Mixed electrolyte concentration dependence of fit parameters for the LE emission 

decays of P4C and P5C for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl acetate (EA) and 

acetonitrile (ACN) are shown.  

 

 

(a) P4C in Ethyl acetate + [x LiClO4+ (0.5-x) NaClO4]                                                           

x [M] 

 

2  a1 1  (ps) a2 2  (ps) 

0.0 1.03 0.69 532 0.31 1857 

0.1 1.03 0.70 606 0.30 1723 

0.2 1.02 0.73 596 0.27 1762 

0.3 1.11 0.65 551 0.35 1477 

0.4 1.02 0.61 562 0.39 1385 

0.5 1.03 0.51 481 0.49 1324 

 

 

(b) P5C in Ethyl acetate + [x LiClO4+ (0.5-x) NaClO4]                                                           

x [M] 

 

2  a1 1  (ps) a2 2  (ps) 

0.0 1.03 0.96 68 0.04 970 

0.1 1.13 0.95 87 0.05 1030 

0.2 1.02 0.90 94 0.10 1572 

0.3 1.11 0.94 91 0.06 947 

0.4 1.05 0.95 97 0.05 1129 

0.5 1.03 0.95 62 0.05 901 
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(c) P4C in Acetonitrile + [x LiClO4+ (0.5-x) NaClO4]                                                           

x [M] 

 

2  a1 1  (ps) a2 2  (ps) 

0.0 1.13 0.94 202 0.06 1939 

0.1 1.23 0.94 206 0.06 1759 

0.2 1.04 0.91 203 0.09 1456 

0.3 1.05 0.93 202 0.07 1418 

0.4 1.01 0.92 224 0.08 1470 

0.5 1.08 0.91 191 0.08 1208 

 

 

(d) P5C in Acetonitrile + [x LiClO4+ (0.5-x) NaClO4]           

x [M] 

 

2  a1 1  (ps) a2 2  (ps) 

0.0 1.13 0.94 73 0.06 1680.9 

0.1 1.23 0.94 107 0.06 1442.7 

0.2 1.04 0.91 123 0.09 1911.1 

0.3 1.05 0.93 152 0.07 1120.5 

0.4 1.01 0.92 159 0.08 1202.8 

0.5 1.08 0.91 119 0.08 1074.7 
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9.3.2. Time Resolved Studies 

Time resolved decays for P4C and P5C in [xLiClO4+(0.5-x)NaClO4]/acetonitrile and  

[xLiClO4+(0.5-x)NaClO4]/ethylacetate solutions with x=0.0 to 0.5 have been collected. The 

kinetic framework used here is that discussed in ref.5. Collected decays were found to best fit 

to bi-exponential function of time. Such a decay is plotted in Figure A34 along with the fit. 

The adjacent panel shows the residual which does not show any non-random pattern.
66

 The 

goodness-of-fit parameter ( 2 ) and the fitted values are shown in the figure along with the 

decays. Table 9.1 shows the fitted parameters for the LE decays of P4C and P5C in [x 

LiClO4+ (0.5-x) NaClO4] solutions of acetonitrile and ethyl acetate. Since the decays were 

found to be bi-exponentials,  we can assert the decay kinetics of the CTLE   reaction of 

P4C and P5C (in acetonitrile and ethyl acetate under mixed electrolyte condition) to classical 

two state reversible reaction mechanism. This has earlier been formulated in the works of 

Maroncelli & co-workers
5
. Note that CT decays for the system were also collected for the 

system and they too were fitted to biexponential functions of time. The CT decays are not 

shown in the table to avoid complicacy. We will describe one such decay in details here. For 

x = 0.1, i.e. for [0.1 LiClO4+ 0.4 NaClO4] in ethyl acetate, P4C shows a CT decay (collected 

at 480nm) with a shorter time constant of 424ps as the rise component and a longer time 

constant of 2129ps ( 17.12  ). The corresponding LE decay (collected at 360nm) shows a 

fast component of 606ps (decay constant) which is similar to the rise component of the CT 

decay. No constraints were used for the fitting process. The likeness of the rise and decay 

time constants of CT and LE decays indicates that it is the reaction time for the CTLE   

conversion. Fixing the rise time of the CT decay to the fast time constant of the LE decay 

yielded a longer time constant of 2201ps with 21.12  . Introduction of a third component 

did not produce better fits. Thus it is seen that mixed electrolytes shows similar biexponential 

kinetics as unielectrolytic systems
59

 in solvents or pure solvents.
5,67

. 

The reaction time  rxn  is considered  to be the relatively shorter of the two time constants 

associated with the LE emission decays according to the convention used earlier in other 

works with these TICT molecules.
5,16,59,67

 Figure 9.7 shows the variation of reaction time 

 rxn  with  ‘x’ for P4C and and P5C for [x LiClO4+ (0.5-x) NaClO4] in ethyl acetate and 

acetonitrile. The reaction time is seen to be the least in unielectrolyte regions and 

comparatively larger in the mixed electrolyte region. The addition of Li
+
 to NaClO4 – solvent 
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system increases the reaction time and remains to be high until all Na
+
 are replaced by Li

+
 (at 

x=0.5M). The pattern of reaction time can be correlated with variation of viscosity (Figure 

9.1). The formation of complex aggregates
49,52,59,64

 due to the presence of two types of cations 

causes greater friction to the reaction mode of TICT reaction. Moreover, the reaction time at 

Na
+
 region is mostly similar to Li

+
 region for P4C in both the solvents. P5C in ethyl acetate 

also shows similar reaction time for Na
+
 and Li

+
 region. However, in acetonitrile P5C 

strikingly show a considerable difference in reaction time for Na
+
 and Li

+
.  
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Figure 9.7: Mixed electrolyte concentration dependence (x) of reaction time ( rxn )  of 4-(1-

azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile P5C for the system [x LiClO4 

+ (0.5- x)NaClO4] in ethyl acetate (EA, upper panel) and acetonitrile (ACN, lower panel) is 

shown here. rxn  for P4C is represented by circles and for P5C by triangles. 

Note that rxn   is the faster time constant as described in text and ref. 5. 

 

 

 

 

 

 

Figure 9.8 shows the variation for the forward reaction ( fk ) as given in the Scheme 2 and is 

defined according to earlier convention as follows: 

 11

1



eqrxn

f
K

k


                   (2) 

Where  eqK  and rxn  are defined above. 

 

The forward reaction rate shows similar trend with rxn  and viscosity for increasing ‘x’ for 

the mixed electrolyte system for [x LiClO4+ (0.5-x) NaClO4] in acetonitrile and ethyl acetate 

for P4C and P5C. fk  decreases as mixed electrolyte region is approached with x= 0.1 to 

0.4M. Now if we compare our results to some of the earlier studies
5
 it is revealed that through 

adding of electrolytes the CTLE   reaction is slowed down. Table B17 shows the 

comparison between fk  values obtained for pure solvent
5
 and electrolyte solution for the 

TICT molecules P4C and P5C. Furthermore the forward rate is also slowed in presence of 

mixed electrolyte system rather than unielectrolyte system. 
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Figure 9.8 

2D Graph 1
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Figure 9.8: Mixed electrolyte concentration dependence (x) of rate of forward reaction ( fk ) 

for CTLE   conversion of 4-(1-azetidinyl)benzonitrile (P4C) and 4-(1-

pyrrolidinyl)benzonitrile P5C for the system [x LiClO4 + (0.5- x)NaClO4] in ethyl acetate 

(EA) and acetonitrile (ACN) is shown here. fk  for P4C is represented by circles and for P5C 

by triangles. 

Note that fk   is calculated according to eq. 2 as per the convention of ref. 5. 
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9.4. Conclusion 

The outcome of conducting the mixed electrolyte effect on the reaction rate of P4C and P5C 

in the two solvents has been quite interesting. In summary, conductivity and viscosity 

dependence of increasing fraction of ‘x’ in the system [xLiClO4+ (0.5-x)NaClO4] in ethyl 

acetate has indicated a complex behaviour in the middle range where x=0.1 to 0.4M. The high 

conductivity and the high viscosity is a reflection of complex aggregation process nucleated 

by two types of cations. From the spectral envelopes, it is clear that P5C is more sensitive 

than P4C. Also, the CT bands of P5C are very strong in ethyl acetate as well as in 

acetonitrile.  Absorption frequencies show a slight increase in the mid-range of ‘x’ for P4C 

and P5C but are more sensitive in ethyl acetate solution than in acetonitrile. Emission form 

the CT state is greater in Na
+
 rich solution than Li

+
 which is guided by the charge/radius 

( ionrz / ) ratio of the cations. The ratio between the CT and LE bands ( LECT  / ) shows 

minimal change for P4C but P5C indicates strong dependence on ‘x’ in ethyl acetate as well 

as in acetonitrile. LECT  /  shows an increasing trend with more Na
+
. This is also reflected in 

the change in free energy for the CTLE  conversion. The conversion is mostly 

unfavourable in ethylacetate for P4C whereas favourable for P5C. However, the variation of 

(- rG ) with ‘x’ shows that the reaction is less favoured in presence of mixed electrolyte 

solution of acetonitrile and ethyl acetate. The variation of rxn  with ‘x’ shows that larger time 

is required for the conversion in mixed electrolyte than in individual electrolyte solutions of 

ethyl acetate and acetonitrile. Finally, the rate of forward reaction ( fk ) has been compared to 

show that the CTLE   conversion is slower for P5C in individual electrolyte solutions than 

in  mixed electrolyte systems. 
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Chapter 10 

Conclusions and Future Problems 

 

The main objective in this thesis has been to investigate whether longer-lived heterogeneity is 

always present in room temperature deep eutectic solvents  (DESs)  made of components with 

much higher individual melting points.  Our study that included several ionic and non-ionic 

deep eutectics have revealed that heterogeneity is not a generic feature of DESs; it’s rather a 

reflection of a specific type of complexation or inter-species H-bonding which can even be 

removed by the addition of another compound competing for complexation via H-bonding.  In 

addition, charge transfer reactions have been studied in these systems to understand how 

reactions are modified in such complex media. While time-resolved fluorescence technique has 

been employed to look at the viscosity coupling of relaxation rates and signatures for dynamic 

heterogeneity, steady state spectroscopic measurements have been carried out to gain 

knowledge about spatial heterogeneity. Supporting measurements using terahertz dielectric 

relaxation spectroscopy and Fourier-transformed infra red spectroscopy have also been carried 

out. Since each of the chapters contain conclusions separately, no separate chapter has been 

dedicated for over-all conclusion. Rather, a list of interesting and relevant problems have been 

discussed below which may be studied in future.  

 

10.1. Structure and Dynamics of Deep Eutectic Solvents 

 

Deep eutectic solvents (DES)
1,2

 are utilised in various industrial applications
3,4

 due to their 

exquisite solvent properties.
5,6

 Although we have explored structural and dynamical aspects of 

DESs to some extent here, there are still many areas unexplored. The systems of urea-DESs are 

found to be associated with comparatively faster time scales of relaxation
7
. Using other 

sophisticated spectral techniques  (for e.g. Kerr spectroscopy) and wide-window dielectric 

relaxation spectroscopy , one can better characterize the faster relaxation timescales and 

interactions in these media. Detailed investigation by all-atom molecular dynamics simulation 

can also reveal the correlation between the spatial and dynamical heterogeneities. Most 
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importantly, X-ray or neutron scattering measurements should be carried out to reveal the 

origin of the spatial heterogeneity of these systems. 

 

 

10.2. DESs made of electrolyte and choline chloride 

We have dealt with only a few combinations of the DESs of choline chloride in chapters 6 and 

7. There are numerous other combinations of other hydrogen bond acceptors and hydrogen 

bond donors that are used in various industrial solvents.
3,5

 The study of spatial and temporal 

heterogeneity can be extended to these systems in order to find about the interactions that 

renders them the property of “glassy” liquids.
8,9

  Also, we have not conducted any studies on 

Choline chloride + hydrated metal salts/electrolyte
4
 (e.g. SnCl2, ZnCl2, CrCl3.6H2O) systems. 

These systems have tremendous utility in electrochemical deposition
10

. For example, using 

these DESs it has been shown that chromium can be electrodeposited efficiently to yield  

crack-free surfaces.
10

 

 

 

10.3. Transport properties of electrolytes in DESs 

Development of rechargeable batteries with high energy density has been an area of extensive 

research over the years.
11,12

 Lithium metal anodes are ideally suited as resources as it gives a 5-

fold gain in cell energy density
13

. In spite of this, these anodes cannot be used extensively as 

conventional organic electrolytes are unstable against these, and lead to both poor cyclability 

and potentially hazardous lithium dendrite formation
14

. At this juncture, Ionic Liquids (ILs) 

emerged as an alternative that solvate Li-salts and form stable solid−electrolyte interfaces.
15,16

 

ILs containing bis(trifluoromethanesufonyl)imide ([TFSI]) anion or the 

bis(fluorosufonyl)imide ([FSI]) anion are found to be amongst the most promising candidates 

for stable battery generation
17

. While transport properties of neat ionic liquids have been 

characterized frequently,
18,19

 similar studies of DESs containing  Li-salts lack proper 

investigation. Studies of bulk transport properties can provide good estimation for 

electrochemical performance, with low viscosity and high diffusion being key to high 

discharge rates.
13

 Whereas solvation experiments can give information
20

 about the average 



Chapter 10 

 

212 

 

environment of Li
+
 , MD simulations

21
 can be suitably used to extract molecular level 

information and guidance for smarter use of DESs.
22-25

  

 

 

10.4. Deep eutectics of Guanidium salts and Urea 

The denaturation property of urea by disrupting the noncovalent bonds in the proteins is long 

known
26

. Ionic guanidine hydrochloride (GuHCl) and guanidine thiocyanate (GuSCN) are also 

among such denaturating agents.
27,28

 Urea forms stable liquids with GuHCl (58°C with 67% 

Urea) and GuSCN (42°C with 60% Urea)
26

. These moisture-free ionic DESs allow solubility of 

cytochrome c and bovine serum albumin and have high potential to be used for long-term 

storage of proteins.
26,29,30

 

 

 

 

10.5. Molecular rotors in DESs 

Thioflavin-T (ThT), which is a benzothiazole-based cationic dye,
31 

is not so emissive in 

water
32,33 

but shows strong emission on binding to amyloid fibrils
34-36

. This is why it is often 

used as an extrinsic sensor to identify diseases like Alzheimer’s disease and Parkinson’s.
37,38

 

ThT is also a molecular rotor by it’s structure
39,40

. It undergoes rotation around the single bond 

connecting the benzothiazole ring and N,N-dimethylaniline which is also responsible for non-

radiative decay,
40

 leading to low emission yield. This C-C bond rotation is significantly 

affected by viscosity.
33,41

 Molten mixture is a perfect solvent for providing a wide tuneable 

viscosity range that can regulate the bond rotation and reflect in the emission data.  
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Figure A1: Br
-
 ion concentration dependence (f) of absorption and emission 

frequencies )( of DTN in 0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3} at 303K and 318K 

(color coded).  
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Figure A2 
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Figure A2: Representative magic angle fluorescence intensity decays collected at the 

peak wavelengths of the corresponding steady state emission spectra. The circles 

indicate experimental data and the solid lines are the fits through them. Instrument 

response function (IRF) is also shown in the same figure (dashed lines). The fitting 

parameters (time constants are in picoseconds) are shown in the inset. The respective 
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residuals are also shown (lower panels). The goodness- of- fit parameters are 

07.12  and 20.12   for f= 0.0 and f= 1.0, respectively. 
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Figure A3: Composition dependence of the total differences (∆x = ∆ν, ∆Г) in 

frequencies and width is shown (color coded) at 303K.    ∆x (f, T) = x(f, T, λexc,b)- x(f, 

T, λexc,r), where λexc,b is the shortest (blue) and λexc,r is the longest (red) wavelengths of 

excitation. 
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Figure A4: Differential scanning calorimetric trace for [fCH3CONH2+ (1-

f)NH2CONH2] at f=0.6. The glass transition temperature (Tg) is indicated by the 

vertical line. 
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Figure A5 
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Figure A5: Representative absorption and emission spectra of C153 in  [f 

CH3CONH2+ (1-f) NH2CONH2] at 328K at different acetamide mole fractions (f). 
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Figure A6 
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Figure A6: Representative absorption and emission spectra of C153 in [f 

CH3CONH2+ (1-f) NH2CONH2] at f=0.70 at different temperatures. 
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Figure A7 
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Figure A7: Absorption spectra  of C153 and DMASBT in [fCH3CONH2+ (1-

f)NH2CONH2] at f=0.60 at 328 K. Chosen excitation wavelengths are shown by bullets 

for C153 (red, triangle, upper panel) and DMASBT (blue, circles, lower panel). 
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Figure A8 
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Figure A8: Composition dependence (f) of the fraction power, p, obtained via fit of 

the measured rotation times for C153 in [fCH3CONH2+ (1-f)NH2CONH2] deep 

eutectics. While measured data are shown by geometrical symbols, fits through them 

are by solid lines. 
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Figure A9 
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Figure A9: Arrhenius plot of  r/1ln  versus RT1  for C153 rotation times in 

[fCH3CONH2+ (1-f)NH2CONH2] deep eutectics. Solid lines represent fit through the 

respective data sets.   Composition dependent activation energies ( aE ) obtained from 

fits are shown in the inset.  
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Figure A10 
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Figure A10: Representative fluorescence intensity decays at blue (470nm) and red 

(640nm) wavelengths for C153 in molten mixtures of 0.10LiNO3 + 0.90[f Urea+ (1-f) 

Acetamide]  at f = 0.35 (T= 303 K). Circles denote the experimental data whereas the 

solid lines fit through them. Instrument response function (IRF) is also shown in the 

same figure (dashed lines). The respective residuals (color coded) are presented in the 

bottom panels. The fit parameters are shown in the inset of the upper panel.  Time 
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constants ( i ) are in the unit of nanosecond. The Goodness-of-fit parameters ( 2 ) in 

these two wavelengths 470nm and 670nm are 1.08 and 1.01, respectively. 
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Figure A11: Longest time constant ( longest versus fraction of urea (fUrea)) (T= 303K) 

for C153 in 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] has been plotted. These 

times are obtained from the fits of the collected fluorescence intensity decays at 

various fractions of urea. 
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Figure A12 
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Figure A12: Representative fluorescence anisotropy decay, r(t), of C153 (T = 303K) 

in the molten mixture of 0.10 LiNO3+0.90 [f Urea+(1-f) Acetamide] at f = 0.35. The 

circles in the upper panel represent the experimental decay and the solid line through 

them gives the biexponential fit. The solid line in the panel below represents the 

residual. The goodness of the fit is about 1.29. 
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Figure A13 

0.0

0.1

0.2

0.3

0.4

303

313

343

T (K)f
Urea

=0.3

0.10LiNO3+ 0.90[f Urea+ (1-f) Acetamide]  

Time (ps)

0 2000 4000 6000 8000

0.0

0.1

0.2

0.3

0.4

303

313

343

T (K)

0.10LiBr+ 0.90[f Urea+ (1-f) Acetamide]  

f
Urea

=0.3

r(
t)

 

 

Figure A13: Temperature dependence of fluorescence anisotropy (r(t)) decay of C153 

in 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] at 3.0f . Data representations 

are denoted in the panels. 
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Figure A14 
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Figure A14: Arrhenius plot of  r/1ln  versus RT1  for C153 rotation times 

 r in the DES 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] is plotted in the 

natural log-log form of the equation: p

r TA )(  .  Solid lines represent fit through 

the respective data sets.  
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Figure A15 
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Figure A15: Arrhenius type plot of  /1ln  versus RT1  for the DES 0.10LiNO3/ 

LiBr + 0.90[f Urea+ (1-f) Acetamide] is plotted here. Solid lines represent fit through 

the respective data sets. 
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Figure A16 
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Figure A16: Differential scanning calorimetric trace (heating curve) for the system 

(0.33Choline chloride+ 0.67Urea) is shown. The glass transition temperatures (Tg ) is 

indicated by the vertical line. 
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Figure A17 
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Figure A17: Temperature dependent total differences (Δx) in em  and em  for f= 0.40 

in [f Choline chloride+ (1-f) Urea] are shown in the lower panel. This is defined as 

Δx(T) = x(T, λexc, b) − x(T, λexc, r), x being em  or em . λexc, b and λexc, r are the shortest 

(bluest) and longest (most red) wavelengths used for solute excitation. 
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Figure A18 
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Figure A18: Longest time constant ( longest ) vs Temperature at f=0.33 for C153 in 

[f Choline chloride+ (1-f) Urea] has been plotted. These times are obtained from the 

fits of the collected fluorescence intensity decays at various temperatures. 
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Figure A19 
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Figure A19: Arrhenius plot of  s/1ln  vs 1/RT for rotational dynamics of C153 in [f 

Choline chloride+(1-f) Urea]. The solid lines are the linear fits through the data points. 

Circles represent natural logarithm of inversion of average solvation times of C153 in 

the system at f= 0.33, and triangles for f= 0.40. The respective activation energies are 

indicated along the legends. 
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Figure A20 
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Figure A20: Viscosity coupling of rotation times ( r ) for C153 in the system [f 

Choline chloride+ (1-f) Urea] (f=0.40) and comparison to hydrodynamic theory is 

shown in this figure. Temperature dependent measured times are shown as a function 

of temperature-reduced viscosity ( T ) in a log-log fashion 

[  TpLogALog r /  ]. Rotation times for C153 at various T  values from 

calculation by SDE equation are also shown in broken red and blue lines at the slip 

and stick boundaries respectively for a comparison. 

 

 

 

 

 

 



Appendix A 

236 

 

 

 

 

 

Figure A21   
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Figure A21: Representative LE and CT emission decays of P4C in [f Choline 

chloride+ (1-f) Urea] (f=0.33). The data are represented by circles, and the fit through 

the data is the solid line. The instrument response function (IRF) is shown by the black 

line. The fit (biexponential) results are also provided in the upper panel. Residuals are 

shown in the lower panel. 



Appendix A 

237 

 

 

 

 

 

 

Figure A22 

 

 
 

 

 

Figure A22: Differential scanning calorimetric traces (heating curve) for all the 

systems (mentioned in the figures) is shown. The glass transition temperatures (Tg ) is 

indicated by the vertical line. 
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Figure A23 
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Figure A23:  Representative absorption and emission spectra of the DES [f Choline 

chloride+ (1-f) HBD] (color coded) at 293K are shown here. The red filled symbols 

indicate the wavelengths selected for excitation wavelength dependence studies.  
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Figure A24 
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Figure A24:    Steady state emission frequencies ( em ) and emission frequencies (  ) 

obtained at time infinity ( t ) obtained from Fee-Maroncelli method (Ref. 27 of 

Chapter 7) is shown here for [f Choline chloride+ (1-f) HBD] (color coded) at different 

temperatures. 
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Figure A25 
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Figure A25: Emission peak frequencies (νem) and full width at half maxima, fwhm 

(Гem) for DMASBT in the system of [f Choline chloride+ (1-f) HBD] (f=0.33) at 293K 

are plotted against different excitation wavelengths (λexc). It is to be noted that 

DMASBT study with malonic acid and 3-phenylpropionic acid could not be 

performed due to probe-solvent reaction.  

Specifications of HBD types: ethylene glycol (blue squares), glycerol (pink inverse 

triangles).  



Appendix A 

241 

 

 

 

Figure A26 
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Figure A26: Longest time constant ( longest at different temperature) for C153 in [f 

Choline chloride+ (1-f) HBD] where HBD=Malonic acid at  f=0.50 has been plotted. 

These times are obtained from the fits of the collected fluorescence intensity decays. 
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Figure A27 
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Figure A27: Arrhenius type plot of  /1ln  versus RT1  for the DES [f Choline 

chloride+ (1-f) HBD] is plotted here. Solid lines represent fit through the respective 

data sets. 

Specifications of HBD types: f=0.50 for malonic acid (red circles), f=0.33 for 3-

phenylpropionic acid (green triangles), ethylene glycol (blue squares), glycerol (pink 

inverse triangles).  
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Figure A28 
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Figure A28: Cole-Cole deviation plots for (Acetamide + Electrolyte) DES at ~293 K 

are shown here. Each combination is color-coded. 
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Figure A29 
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Figure A29: Residuals for 4-Debye simultaneous fits of the real and imaginary parts 

of the measured DR spectra for (Acetamide + Electrolyte) DESs at ~293 K are shown 

here. Two sets of electrolytes are considered here in the upper and the lower panel. 

Representations are color coded. 
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Figure A30 
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Figure A30: Comparison between residuals from 3-Debye and 4-Debye fits to the 

measured DR spectra for a representative system, (acetamide + LiClO4), at ~293 K. 

Residuals shown here correspond to fits to real and imaginary part of the DR 

spectrum.   
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Figure A31  
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Figure A31: The above figure shows the variation of refractive indices and densities 

of the system [x LiClO4 + (0.5- x)NaClO4] in  ethyl acetate at ~293K. 
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Figure A32 
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Figure A32: Absorption and emission spectra of 4-(1- pyrrolidinyl)-benzonitrile 

(P5C) is shown for different values of  ‘x’ (color coded) in the system [x LiClO4 + 

(0.5- x)NaClO4] in acetonitrile (upper panel, marked with “ACN”) and ethyl acetate 

(lower panel marked with “EA”) at ~293K.  

 

 



Appendix A 

248 

 

 

Figure A33 
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Figure A33: Mixed electrolyte concentration dependence of emission (LE and CT) 

inhomogeneous line widths (full width at half-maxima,
inh ) of 4-(1-

azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile P5C for the system [x 

LiClO4 + (0.5- x)NaClO4] in ethyl acetate (upper panel, marked with “EA”) and 

acetonitrile (lower panel, marked with “ACN”) are shown. The circles represent the 

solute P4C and the triangles are P5C respectively. Empty symbols represent LE and 

filled symbols represent CT line widths. These quantities have been obtained after 

deconvoluting the experimental emission spectra by broadening and shifting a 

reference spectrum with a Gaussian function (representing inhomogeneous solvent 

broadening described in ref. 5 of Chapter 9).   

The estimated uncertainty in widths is 300 cm
-1

 (except when the LE is too small). 
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Figure A34 
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Figure A34: Representative LE emission decay for P4C in [x LiClO4 + (0.5- 

x)NaClO4] at x=0.3M in ethyl acetate is shown here. IRF is given by the broken black 

line whereas data are represented by red circles and the the fit is the solid black line 

through them. Inset provides the fit parameters. The lower panel shows residual 

obtained for the fit.  
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Table B1: Fitting parameters of the decays collected at magic angle (55˚) for DTN in 

0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3} at 303K for various compositions along 

with viscosity coefficients (η). The calculated  life  is the weighted average of the 

individual time constants. η values are from Ref. 7 of Chapter 3. 

 

 

 

Table B2: Composition and temperature dependence of the fitting parameters of the 

decays collected at magic angle (55˚) for DTN in 0.78CH3CONH2+ 0.22{fLiBr+ (1-

f)LiNO3} along with the viscosity coefficients (η). The calculated  life  is the 

weighted average of the individual time constants. 

 

T (K) η (cP) a1 τ1 (ps) a2 τ2 (ps) =  life  

(ps) 

fLiBr = 0.0 

303 210.57 0.82 94 0.18 338 138 

313 109.25 0.91 71 0.09 285 90 

fLiBr η (cP) a1 τ1 (ps) a2 τ2 (ps) =  life  

(ps) 

0.0 210.57 0.82 94 0.18 338 138 

0.2 393.67 0.81 90 0.19 346 139 

0.4 267.67 0.79 112 0.21 392 171 

0.6 609.91 0.81 141 0.19 492 208 

0.8 738.89 0.65 129 0.35 505 261 

1.0 1311.90 0.77 154 0.23 658 270 
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318 82.24 0.90 56 0.10 212 71 

333 39.35 0.95 45 0.05 190 53 

348 21.59 0.98 39 0.02 277 44 

fLiBr = 0.2 

303 267.67 0.81 90 0.19 346 139 

313 133.34 0.87 63 0.13 277 90 

318 98.05 0.89 55 0.11 250 77 

333 44.99 0.95 43 0.05 273 54 

348 24.27 0.96 34 0.04 274 43 

fLiBr = 0.4 

303 393.67 0.75 125 0.25 398 193 

313 190.07 0.8 113 0.2 276 146 

318 138.88 0.86 92 0.14 213 109 

333 64.02 0.91 69 0.09 159 77 

348 28.51 0.96 43 0.04 196 49 

fLiBr = 0.6 

303 609.91 0.81 141 0.19 492 208 

313 278.57 0.88 103 0.12 382 137 

318 197.67 0.91 98 0.09 383 120 

333 84.69 0.96 66 0.04 414 80 

348 30.99 0.97 55 0.03 352 53 

fLiBr = 0.8 

303 738.89 0.65 130 0.35 505 261 

313 323.40 0.77 97 0.23 429 173 
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318 225.51 0.81 91 0.19 379 146 

333 90.83 0.92 73 0.08 327 93 

348 44.62 0.97 61 0.03 406 71 

fLiBr = 1.0 

303 1311.90 0.77 154 0.23 658 270 

313 534.025 0.87 123 0.13 606 186 

318 360.49 0.91 116 0.09 677 167 

333 134.53 0.95 83 0.05 925 125 

348 64.88 0.96 68 0.04 1016 106 

 

 

Table B3: Rotational relaxation times as obtained from the anisotropy decays for 

DTN in the DU melt, [0.78CH3CONH2+ 0.22{fLiBr+ (1-f)LiNO3}] at various ‘f’ and 

temperatures. 

  

 

fLiBr T (K) η (cP)  r (ps) 

0.00 303 210.57 1339 

313 109.25 1082 

318 82.24 1048 

333 39.35 821 

348 21.59 532 

0.20 303 267.67 1846 

313 133.34 1123 
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318 98.05 948 

333 44.99 924 

348 24.27 711 

0.40 303 393.67 2009 

313 190.07 1913 

318 138.88 1702 

333 64.02 951 

348 28.51 802 

0.60 303 609.91 2613 

313 278.57 2308 

318 197.67 1773 

333 84.69 1006 

348 30.99 814 

0.80 303 738.89 2744 

313 323.40 2138 

318 225.51 1191 

333 90.83 993 

348 44.62 887 

1.00 303 1311.90 3729 

313 534.025 2355 

318 360.49 2124 

333 134.53 1769 

348 64.88 949 
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Table B4: Temperature dependence of density ( ) and viscosity coefficients ( ) of 

[fCH3CONH2+ (1-f)NH2CONH2] DES at different compositions. (
a
T0.2 K, 

b
5%.  

c
T0.3 K.  

d
2%)  

T (K) Density
a,b

 

(ρ) (gcc
-1

) 

Viscosity
c,d

 

(η) (cP) 

f = 0.60 

328 1.090 11.94 

333 1.085 9.87 

338 1.083 8.26 

343 1.079 7.01 

348 1.075 5.98 

353 1.070 5.16 

f = 0.65 

328 1.101 11.03 

333 1.097 9.18 

338 1.094 7.72 

343 1.091 6.57 

348 1.087 5.67 

353 1.083 4.97 

f = 0.70 

328 1.111 10.56 

333 1.107 8.80 

338 1.105 7.43 

343 1.102 6.37 
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Table B5: Variation of estimated dynamic Stokes shift, t

est  (10
3
cm

-1
), for C153 in 

[fCH3CONH2+(1-f)NH2CONH2] deep eutectics with temperatures. The dynamic shift 

is estimated  as     ehep

emabs

mixture

abs

t

est t
tan

... )(    , by using the method 

described in Ref. 58 of Chapter 4.  ehep tan is measured as 4230 cm
-1

. We have 

approximated em   (steady state). 

 

Temperature (K) f = 0.60 f = 0.65 f = 0.70 

353 0.856 0.762 0.745 

348 0.830 0.810 0.776 

343 0.864 0.783 0.766 

338 0.871 0.796 0.784 

333 0.844 0.807 0.782 

328 0.790 0.830 0.801 

 

 

 

 

 

 

 

348 1.099 5.46 

353 1.096 4.74 
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Table B6: Composition and temperature dependence of the fit parameters of the 

measured dynamic fluorescence anisotropies, )(tr ,  for C153 in [fCH3CONH2+ (1-

f)NH2CONH2]. Calculated  r  is the weighted average of the individual time 

constants. 

Temp 

(K) 
1a  1 (ps) 2a  2  

(ps)  r  

(ps) 

f = 0.60 

328 0. 25 15 0.75 381 287 

333 0.27 15 0.73 319 238 

338 0.28 15 0.72 267 197 

343 0.29 15 0.71 228 166 

348 0.31 15 0.69 199 142 

353 0.31 15 0.69 165 118 

f = 0.65 

328 0. 49 15 0.51 416 249 

333 0.54 15 0.46 381 182 

338 0.42 15 0.58 252 171 

343 0.60 15 0.40 311 132 

348 0.42 15 0.58 208 128 

353 0.41 15 0.59 196 111 

f = 0.70 

328 0. 47 18 0.53 393 217 

333 0.49 15 0.51 327 173 

338 0.50 15 0.50 324 152 

343 0.34 15 0.64 200 133 
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Table B7: Viscosities (η) and densities (ρ) as obtained from measurements for 

0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] at various mixture compositions and 

temperatures are listed below.   

(a) 0.10LiNO3 + 0.90[f Urea+ (1-f) Acetamide]                                                           

T (K) η (cP) ρ (gcc
-1

) 

f = 0.25 

303 73.05 1.1502 

313 43.69 1.1428 

323 26.08 1.1357 

328 21.20 1.1318 

333 17.16 1.1281 

338 14.35 1.1234 

343 12.06 1.1207 

f = 0.30 

303 83.30 1.1613 

313 44.70 1.1540 

323 27.40 1.1467 

328 22.10 1.1430 

333 17.99 1.1393 

348 0.50 15 0.50 205 110 

353 0.76 15 0.24 340 94 
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338 14.84  1.1356 

343 12.40 1.1319 

f = 0.35 

303 83.2 1.1744 

313 46.9 1.1672 

323 28.3 1.1600 

328 22.80 1.1564 

333 18.50 1.1528 

338 15.30 1.1491 

343 12.90 1.1456 

f = 0.40 

303 87.00 1.1812 

313 48.13 1.1749 

323 29.20 1.1681 

328 22.50 1.1648 

333 18.61 1.1614 

338 15.20 1.1579 

343 12.92 1.1544 

f = 0.50 

303 99.80 1.2068 

313 55.33 1.1996 

323 32.02 1.1924 

328 26.3 1.1888 

333 20.7 1.1852 
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338 17.6 1.1816 

343 14.3 1.1780 

f = 0.60 

303 114.78 1.2307 

313 63.68 1.2235 

323 38.65 1.2162 

328 27.95 1.2125 

333 22.78 1.2088 

338 18.75 1.2052 

343 15.62 1.2019 

 

 

(b) 0.10LiBr + 0.90[f Urea+ (1-f) Acetamide] 

 

T (K) η (cP) ρ (gcc
-1

) 

f = 0.20 

303 106.91 1.1875 

313 55.64 1.1802 

323 32.30 1.1728 

333 20.53 1.1653 

343 13.93 1.1578 

f = 0.30 

303 111.96 1.1960 

313 57.91 1.1887 
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323 33.54 1.1814 

333 21.28 1.1740 

343 14.46 1.1665 

f = 0.40 

303 130.29 1.1909 

313 65.59 1.1835 

323 36.82 1.1759 

333 23.00 1.1680 

343 15.50 1.1617 

f = 0.50 

303 194.45 1.2554 

313 93.46 1.2479 

323 51.23 1.2406 

333 31.07 1.2332 

343 20.52 1.2258 

f = 0.60 

303 432.45 1.2962 

313 183.40 1.2887 

323 91.49 1.2815 

333 51.39 1.2743 

343 31.93 1.2670 
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Table B8: Relaxation parameters obtained from bi-exponential fits to r(t)  of C153 in 

molten mixture of 0.10LiNO3/ LiBr + 0.90[f Urea+ (1-f) Acetamide] at various 

mixture compositions and temperatures.   

(a) 0.10LiNO3 + 0.90[f Urea+ (1-f) Acetamide]                                                           

T (K) η (cP) 
1a  1  (ps) 2a  2  (ps)  r (ps) 

f = 0.25 

303 73.05 67.12 3103 32.88 15 2088 

313 43.69 69.43 1664 30.57 15 1160 

323 26.08 68.04 1097 31.96 15 751 

328 21.20 61.97 919 38.03 84 602 

333 17.16 66.74 695 33.26 15 469 

338 14.35 71.31 542 28.69 23 393 

343 12.06 65.97 525 34.03 15 351 

f = 0.30 

303 83.30 75.14 2940 24.86 60 2224 

313 44.70 78.78 2011 21.22 15 1587 

323 27.40 70.28 1140 29.72 15 795 

328 22.10 63.67 806 36.33 15 519 

333 17.99 63.15 690 36.85 24 445 

338 14.84  60.57 541 39.43 34 341 

343 12.40 61.48 467 38.52 18 294 

f = 0.35 

303 83.2 68.56 2893 31.44 29 1992 

313 46.9 68.22 1685 31.78 31 1166 



Appendix B 

 

262 

 

323 28.3 64.48 1101 35.52 30 721 

328 22.80 63.54 871 36.46 45 570 

333 18.50 63.18 728 36.82 24 469 

338 15.30 60.61 616 39.39 37 388 

343 12.90 58.31 517 41.69 45 320 

f = 0.40 

303 87.00 86.50 3076 13.50 15 2662 

313 48.13 87.40 1815 12.6 15 1588 

323 29.20 86.50 1100 13.50 15 953 

328 22.50 82.21 923 17.79 90 775 

333 18.61 85.98 763 14.02 15 658 

338 15.20 86.88 584 13.12 15 509 

343 12.92 74.92 576 25.08 98 456 

f = 0.50 

303 99.80 71.77 5450 28.23 299 3992 

313 55.33 73.61 2626 26.39 15 1937 

323 32.02 74.69 1563 25.31 15 1171 

328 26.3 73.99 1297 26.01 30 967 

333 20.7 75.10 998 24.90 15 753 

338 17.6 70.75 908 29.25 15      647 

343 14.3 75.21 652 24.79 15 494 

f = 0.60 

303 (114.78) 37.51 1836 62.49 7525 5391 

313 (63.68) 35.18 6896 64.82 1595 3460 
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323 (38.65) 88.53 1356 11.75 15 1202 

328 27.95 68.09 1466 31.91 348.7 1109 

333 22.78 87.3 886 12.7 15 775 

338 18.75 69.99 906 30.01 204 695 

343 15.62 88.12 615 11.88 15 544 

 

(b) 0.10LiBr + 0.90[f Urea+ (1-f) Acetamide] 

 

T (K) η (cP) 
1a  1  (ps) 2a  2  (ps)  r (ps) 

f= 0.20 

303 106.91 0.38 15 0.62 4610 2855 

313 55.64 0.38 28 0.62 2186 1370 

323 32.30 0.37 32 0.63 1385 882 

333 20.53 0.39 25 0.61 879 550 

343 13.93 0.37 15 0.63 556 357 

f= 0.30 

303 111.96 0.32 29 0.68 4273 2905 

313 57.91 0.29 24 0.71 2507 1787 

323 33.54 0.31 42 0.69 1463 1026 

333 21.28 0.30 21 0.70 854 602 

343 14.46 0.35 36 0.65 619 415 

f= 0.40 

303 130.29 0.40 15 0.60 5320 3185 
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313 65.59 0.38 21 0.62 2404 1502 

323 36.82 0.32 38 0.68 1812 1242 

333 23.00 0.33 47 0.67 1185 810 

343 15.50 0.36 44 0.64 834 553 

f= 0.50 

303 194.45 0.30 15 0.70 5915 4118 

313 93.46 0.28 15 0. 72 3065 2202 

323 51.23 0.27 27 0.73 1690 1241 

333 31.07 0.29 15 0.71 1054 750 

343 20.52 0.29 15 0.71 703 499 

f = 0.60 

303 432.45 0.50 15 0.50 10960 5491 

313 183.40 0.40 15 0. 60 6551 3919 

323 91.49 0.36 15 0.64 3496 2259 

333 51.39 0.33 28 0.67 2087 1407 

343 31.93 0.34 39 0.66 1304 875 
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Table B9: The values of ‘p’ for average rotation time (  r ) dependence on 

temperature reduced viscosities ( ) at various fractions of urea in the DES according 

to the equation )/log(loglog TpAr    derived from p

r TA )(   

 

 

f p (LiNO3) p (LiBr) 

0.20  0.94 

0.25 0.93  

0.30 0.99 0.92 

0.35 0.92  

0.40 0.88 0.83 

0.50 0.98 0.89 

0.60 1.01 0.81 
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Table B10:  The measured values of density (ρ), viscosity coefficient (η) and 

refractive index  (n) of the system [f Choline chloride+ (1-f) Urea)] at f= 0.33 and 0.40 

at different temperatures are given in the table. 

 

 

T (K) η (cP) ρ (gcc
-1

) n 

f= 0.33 

298 1008 1.1955 1.437 

303 631 1.1928 1.436 

308 411 1.1901 1.435 

313 278 1.1874 1.433 

318 195 1.1846 1.432 

323 141 1.1820 1.431 

333 80 1.1768 1.428 

f= 0.40 

298 1244 1.1838 1.438 

303 932 1.1811 1.436 

308 671 1.1785 1.434 

313 451 1.1759 1.433 

323 214 1.1707 1.430 

333 118 1.6567 1.428 
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Table B11: The values of dielectric constants ( 0 ) are shown here as calculated from  

ref. 52 along with the refractive indices (n) and emission frequencies ( em ) of C153 at 

f= 0.33 and 0.40 in the system [f Choline chloride+ (1-f) Urea)]. 

 

 

T (K) n em  (10
3
 cm

-1
) 0  Calculated) 

f= 0.33 

298 1.437 18.596 14.34 

303 1.436 18.391 18.99 

313 1.433 18.265 23.50 

323 1.431 18.199 26.80 

333 1.428 18.149 29.95 

f= 0.40 

298 1.438 18.652 13.40 

303 1.436 18.472 16.89 

313 1.433 18.400 18.81 

323 1.430 18.257 23.96 

333 1.428 18.191 27.35 
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Table B12: Parameters Obtained from biexponential fits/ tri-exponential fits to the LE 

and CT decays of P4C/P5C in [f Choline chloride+ (1-f) Urea] at fCC=0.33 at three 

representative temperatures.  

 

Temp 

(K) 

λ 

(nm) 

2  1a  1  

(ps) 
2a  2  

(ps) 
3a  3  

(ps) 

P4C 

293 LE 1.096 0.65 385 0.35 1195   

 CT 1.039 -0.48 374 1.48 1989   

313 LE 1.005 0.86 287 0.14 719   

 CT 1.021 -0.31 299 1.31 1486   

333 LE 1.147 0.96 120 0.04 797   

 CT 1.156 -0.16 137 1.16 1039   

P5C 

293 LE 1.091 0.56 107 0.29 616 0.15 1938 

 CT 
1.033 -0.24 238 1.12 1312 0.12 4509 

313 LE 
1.103 0.74 126 0.17 443 0.09 1704 

 CT 
1.046 -0.18 202 1.02 807 0.15 3308 

333 LE 1.152 0.90 116 0.07 412 0.03 1684 

 CT 
0.966 -0.11 166 0.94 671 0.17 2056 
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Table B13. Composition and temperature dependence density (ρ), viscosity 

coefficients (η) and refractive indices in [f Choline chloride+ (1-f) HBD] are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temp(K) ρ (gcc
-1

) η  (cP) Refractive index 

Malonic acid, f=0.50 

293 1.2339 1092 1.40375 

303 1.2272 693 1.40602 

313 1.2206 289 1.40832 

323 1.2139 186 1.41058 

333 1.2073 86 1.41262 

3-Phenylpropionic acid, f=0.33 

293 1.1189 570 1.45460 

303 1.1118 276 1.45159 

313 1.1049 149 1.44877 

323 1.0980 89 1.44613 

333 1.0915 58 1.44389 

Ethylene glycol, f=0.33 

293 1.1193 50 1.40202 

303 1.1136 34 1.40005 

313 1.1080 24 1.39757 

323 1.1023 17 1.39442 

333 1.0967 13 1.39226 

Glycerol, f=0.33 

293 1.1942 526 1.41780 

303 1.1886 265 1.41503 

313 1.1831 150 1.41301 

323 1.1776 92 1.41104 

333 1.1721 60 1.40897 
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Table B14: Parameters obtained from simultaneous fitting of the real (  ) and 

imaginary (   ) parts of the measured DR spectra for (Acetamide + Electrolyte) DES at 

~293 K are summarized. Here only the 3-Debye fits are shown. 

 

 

 

 

 

 

 

Electrolyte 0  
1  1

b
 

(ps) 
2  2  

(ps) 
3  3  

(ps) 
  av c 

(ps) 

2  

LiBr 

 

 

27 
23.69

a 

(93%) 
32 

1.12789 

 (1.9%) 

 

0.298 
0.49271 

 (4.4%) 
0.08 1.689 30.31 

1.19 

LiNO3 

 

 

25.2 
21.4 

(92%) 
38.2 

1.3073 

(2.1%) 
4.2 

0.5039 

(5.6%) 
0.114 1.989 35.32 

1.26 

LiClO4 

 

 

34 
30.776 

(96%) 
23 

1.094 

(3.4%) 
0.1206 

0.242 

(0.75%) 
0.08 1.888 22.05 

1.12 

NaClO4 

 

 

22 
18.381 

(91%) 
22.69 

0.9989 

(4%) 
0.277 

0.803 

(4.9%) 
0.08 1.817 20.68 

1.03 

NaSCN 

 

 

16.5 
12.847 

(88%) 
28.44 

0.654 

(4.5%) 
0.403 

1.099 

(7.52%) 
0.08 1.942 25.05 

1.22 

KSCN 

 

 

29.1 
25.3876 

(94%) 
20.116 

0.6124 

(2.3%) 
0.2166 

1.03465 

(3.8%) 
0.08 1.965 18.90 

1.09 
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a) Number in parenthesis indicates dispersion amplitude of a given dispersion 

step in percentage.  

b) i (i=1-3) are better within ±5% of the reported values.  

c) 


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

n

1i

i

i
ia . 

 

 

Table B15: Viscosity coefficients ( ) and conductivities ( ) of six (acetamide + 

electrolyte) deep eutectics studied. 

DES K293  (cP)
a 

K293 (S/m)
b 

 

K293  (S/m)  

(from  measurements) 

Acetamide + LiBr 
1950 0.121 0.141 

Acetamide + LiNO3 
263 0.095 0.103 

Acetamide+LiClO4 
220 0.141 0.171 

Acetamide 

+NaClO4 

195 0.082 0.145 

Acetamide 
+NaSCN 

~2000 0.041 0.055 

Acetamide + KSCN 
~180 0.23 0.249 

 

a) Viscosity values at ~293 K are obtained from extrapolation of the temperature 

dependent data available in refs. 28, 29 and 31 from Chapter 8. 

b) Conductivity values are used form ref. 33 from Chapter 8. 
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Table B16: Ion volumes and radii from ref. 33 & 34 from Chapter 8. 

 

 

Anion Volume 

(nm
3
) 

Radius(nm)  Cation Volume 

(nm
3
) 

Radius(nm) 

Br
-
 0.056 0.34 Li

+
 0.00199 0.11 

NO3
-
 0.064 0.36 Na

+
 0.00394 0.14 

SCN
-
 0.071 0.37 K

+
 0.00986 0.19 

ClO4
-
 0.082 0.39 - -  

 

 

 

 

 

 

 

Table B17: The following table presents the comparison between the forward reaction 

rate ( fk ) for the reaction CTLE  for the TICT molecules 4-(1-

azetidinyl)benzonitrile (P4C) and 4-(1-pyrrolidinyl)benzonitrile P5C in ethyl acetate 

(EA) and acetonitrile (ACN) for pure solvents (taken from ref.5 of Chapter 9) and for 

the systems [0.5M NaClO4 + ACN/EA] and [0.5M LiClO4 + ACN/EA]. 

 

 

  

 

 

 
 

 P4C 

System Pure 

acetonitrile 

Acetonitrile 

+0.5M NaClO4 

Acetonitrile 

+0.5M LiClO4 

fk /ns 0.034 2.9988 3.2167 

System Pure ethyl 

acetate 

Ethyl acetate 

+0.5M NaClO4 

Ethyl acetate 

+0.5M LiClO4 

fk /ns 0.008 0.6517 0.7809 
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 P5C 

System Pure 

acetonitrile 

Acetonitrile 

+0.5M NaClO4 

Acetonitrile 

+0.5M LiClO4 

fk /ns 0.51 12.1654 7.7260 

System Pure ethyl 

acetate 

Ethyl acetate 

+0.5M NaClO4 

Ethyl acetate 

+0.5M LiClO4 

fk /ns 0.15 12.6463 13.8097 
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Charge transfer reaction in (0.33Choline chloride+ 0.67Urea) 

deep eutectics: 

Absorbance and emission spectra of P4C were collected in [0.33 Choline chloride+ 

0.67 Urea] at five different temperatures (shown in Figure C1). Corresponding spectra 

for P5C is given in the lower panel of the same figure. It may be noted that for both 

the systems, LE and CT bands show red shift with increasing temperature along with 

the concomitant increase in intensity of the CT band. The change in frequency and 

FWHM (for absorption and LE, CT emission spectra) obtained at each temperature is 

shown in Figure C2. With increase in temperature, red shift is noticed in abs  

accompanied by spectral narrowing. CT  and LE   also shows a red shift with 

increasing temperature. The trends in changing abs  and CT  indicate that increasing 

temperature leads to emission from a more polar environment in comparison to lower 

temperature. Here, we may also connect with the change in em  of the non-reactive 

probe C153 which showed a considerable red shift on increasing temperature 

discussed in Chapter 6.  
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Figure C1 
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Figure C1: Absorption and emission spectra of P4C (upper panel) and P5C (lower 

panel) in [f Choline chloride+ (1-f) Urea] for f =0.33.  
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Figure C2 
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Figure C2: Temperature dependence of absorption ( abs ) and emission ( LE , CT ) 

peak frequencies and line widths (full width at half-maxima) of the absorption spectra 

( abs ) and LE( LE ) and CT( CT ) bands of  P4C  and P5C in [f Choline chloride+ (1-f) 

Urea] at f= 0.33.  The circles represent the solute P4C, and the triangles are P5C. 

Filled symbols denote CT and empty symbols denote LE. The uncertainty in 

frequencies and widths is (  300 cm
-1

).  

 

 

Next in Figure C3 we present the ratio of areas under the CT and LE band of the 

emission envelope denoted by LECT  / . For P4C as well as P5C, there is an overall 

increase in LECT  /  with rise in temperature. This is evident from emission spectra of 

P4C and P5C (Figure C1). The increase of LECT  /  means that the formation of CT 

state is largely preferred at elevated temperatures. The difference in preference for CT 

state for the two different molecules is reflected here via higher values of LECT  /  

for P5C.  

The equation below (eq. C6) shows the relation between the area under the curves and 

equilibrium constant ( eqK ) of the reaction (See scheme 3 of Chapter 6), which gives 

us the change in free energy ( rG ) associated with the CTLE  reaction.
1
 

]/ln[ln 33

CTLELECTeqr RTKRTG                                                     (C6) 

 We have plotted rG  for the CTLE   reaction associated with respective 

molecules against temperature in lower panel of Figure C3. The corresponding 

calculated properties are summarised in Table C4. The behaviour of rG  is guided by 

LECT  / . For P4C, the conversion of  CTLE   is slightly favourable only at very 
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high temperatures. Also, for P5C, the transformation is favourable at higher 

temperature range. eqK  of CTLE   conversion for P4C at 333K is about five times 

than eqK  at 293K whereas it is double in case of P5C. fk (forward reaction rate 

for CTLE  ) is also tabulated in Table C4. 

 

Figure C3 
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Figure C3: Temperature dependence of formation of CT population in [f Choline 

chloride+(1-f) Urea] at f= 0.33. The ratio between areas under the CT and LE bands 

( LECT  / ) are shown in the upper panel. Circles denotes ratio for P4C and triangles 

represent data for P5C. 

The uncertainty for CT band area is typically within (10%). 

The lower panel depicts the change in reaction free energy ( rG ) for 

CTLE  conversion for P4C and P5C in [f Choline chloride+ (1-f) Urea] at f= 0.33. 

rG  is obtained from the area ratio (shown in upper panel) by eq (C6). 

 

 

 

Table C4. Summary of LE-CT reactions for P4C/P5C reactions in [f Choline 

chloride+ (1-f) Urea] at fCC=0.33 from at different temperatures. 

fk , eqK  and rG are described in text and ref.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 P4C 

Temp 

(K) 
fk  

/10
10

s
-1 

eqK  rG  

kJ/mol 

293 0.208 0.216 -3.80 

303 0.318 0.310 -2.95 

313 0.434 0.417 -2.28 

323 0.544 0.655 -1.14 

333 0.873 0.949 -0.15 
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Reference  

1. Dahl, K.; Biswas, R.; Ito, N.; Maroncelli, M. J. Phys. Chem. B 2005, 109, 

1563. 

 P5C 

Temp 

(K) 
fk  

/10
10

s
-1

 
eqK  rG  

kJ/mol 

293 0.466 0.761 -0.68 

303 0.416 0.909 -0.24 

313 0.427 1.049 0.12 

323 0.547 1.205 0.50 

333 0.497 1.331844 0.79 


