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ABSTRACT

From decades of inventions, researchers have developed some novel solvents, as the
conventional organic solvents are believed to not just affect the environment but also living
beings. These novel solvent systems have an immense potential to act as green solvents, and in
turn, can replace hazardous organic solvents. Throughout the years, many of their properties
have been discovered; however, an ample scope is still left. This thesis is devoted to the
identification of unique solvation behavior and solute-solvent interactions that persist in
different novel media.

The thesis titled ‘A Quenchofluorometric Investigation of Alternative Solvent
Media’ targets information concerning molecular-level dynamics within newly developed
solvent systems, such as renewable solvents, deep eutectics solvents (DESs), and
perfluorinated solvents, utilizing spectroscopic techniques, mainly fluorescence quenching
among others. A comprehensive study is undertaken to explore the recently discovered
anomalous behavior of pyrene fluorescence quenching by an efficient fluorescence quencher
nitromethane within lithium salt-added DES/ionic liquid (IL). This is extended to various other
DESs by undertaking detailed and rigorous analysis. A thorough investigation of the DESs
constituting lithium salt and number of H-bond donors (HBDs) is carried out to reveal their
physicochemical properties as well as solute dynamics therein. The thesis further continues
with less explored perfluorinated media and focuses upon their distinct solvent features by
comparing them with their hydrocarbon counterparts.

Chapter 1 (Background and Introduction) not only provides introduction to the work,
it also lists up-to-date literature in the area. Although water's prospective qualities as a medium
are still unrivalled, many compounds remain partially or completely insoluble in water due to
its high dielectric strength. The discovery of volatile organic solvents (VOCs) has overcome

some of the drawbacks of water, but their high toxicity and bio-incompatibility have prompted



researchers to create new classes of solvent media that have the potential to replace hazardous
organic solvents and dissolve a variety of substances.

DESs have emerged as an important alternative for various synthetic, electroanalytical,
and separation processes. They can be prepared by simple mixing and continuous
heating/stirring at fairly low temperatures. Recently, peculiar diffusion dynamics of choline
chloride (ChCl)-based DESs have been studied using fluorescence techniques which have
garnered the attention of the scientific community. Apart from DESs, perfluorinated solvents
are another emerging class of solvents whose distinctive solvation characteristics afford many
interesting outcomes. They are extremely non-polar and have high thermal as well as chemical
stability. Renewable solvents have also emerged as media of utmost importance recently.
Overall, this work explores the physicochemical properties of these solubilizing media and
provides a critical explanation of solute diffusion and solvation.

Chapter 2 titled ‘Materials and Methodologies’ provides an in-depth description of all
the techniques and protocols involved in the procurement/synthesis of chemicals as well as the
investigative procedures followed. Specifically, steady-state, time-resolved fluorescence and
UV-Vis molecular absorbance, dynamic viscosity (1) and density (p) measurements have been
employed to establish the findings of this thesis. All the hygroscopic chemicals used in the work
are stored in an Auto Secador desiccator cabinet. They are further dried under vacuum for at least 24
hours to expel traces of moisture before use. A freshly prepared LiCl-added glycerol solution is kept
tightly covered with Teflon tape to avoid contact with moisture. Required amount of water is then
added after monitoring the total moisture content using Karl-Fischer titrator. The type III hydrophilic
DESs used are ChCl-based DESs including Glyceline (ChCl : glycerol) along with other HBDs,
such as, ethylene glycol (EG), methyl urea (MeU) and phenol (Ph) in 1 : 2 mole ratios. The
hydrophilic type IV DESs have been prepared using lithium bis(trifluoromethylsulfonyl)imide

(LiTf;N) salt in combination with monoamides — acetamide and 2,2,2-trifluoroacetamide, and
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diamide urea with varying constituents and molar ratios, namely, LiTf2N : acetamide (1: 2, 1 :
3and 1 :4), LiTEN : 2,2,2-trifluoroacetamide (1 : 2, 1 : 3 and 1 : 4), and LiTHaN : urea (1 : 2,
1:3 and 1 : 4). n-Perfluorooctane (PFO) and n-octane are obtained in highest purity available
and used as such. Due to their high volatility, they are kept in a refrigerator. Solvents with
varying polarity, e.g., acetonitrile (ACN), ethanol (Eth), cyclohexane (Cyc) and ethylbenzene
(EtB) are also utilized for comparison purposes. Popular fluorophore pyrene (Py), along with
different electron-withdrawing fluorescence quenchers, such as, nitromethane and
nitrobenzene and amide-based electron-donating materials, N, N-dimethylaniline (DMA) and
triethylamine (TEA), are employed to determine bimolecular diffusion properties as well other
solvent characteristics. Another popular fluorophore perylene is used to investigate rotational
diffusion dynamics at different temperatures. Solvatochromic probes, such as, Reichardt’s
betaine dye 33, N,N-diethylaniline (DENA) and 4-nitroaniline (NA) are used to estimate
dipolarity/polarizability and H-bond donating/accepting strength of the media investigated in
the work.

Chapter 3 titled ‘Effect of Lithium Salt on Fluorescence Quenching in Glycerol: A
Comparison with Ionic Liquid/Deep Eutectic Solvent’ aims to study the influence of added
LiCl on the solute diffusion via detailed fluorescence quenching analysis of fluorophore pyrene
with a well-established fluorescence quencher nitromethane within a judicially selected 1 wt%
water in glycerol solution. The results are then compared with those of previously reported
lithium salt-added IL [CoCiim][Tf2N] ([C2Crim]: 1-ethyl-3-methylimidazolium) and DES ChCl
:urea (1 : 2). The choice of system is solely based on the similarity in terms of dynamic
viscosity with LiCl-added ChCl : urea (1 : 2) in the temperature range 298 — 358 K. Increasing
LiCl concentration of 1 wt% water in glycerol solution from 0 to 3.0 m causes the dynamic
viscosity to increase exponentially, a behaviour similar to both ([C2Ciim][Tf2N] + LiTf2N) and

[ChCI : urea (1 : 2) + LiCl] systems. However, despite of the parallel trends in dynamic
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viscosity with the salt addition, trends in bimolecular quenching rate constant (kq) [which was
expected to follow Stokes-Einstein diffusion law] for the pyrene—nitromethane fluorophore—
quencher pair at each investigated temperature showed a contrasting feature. In case of IL and
DES, it was observed that, as the lithium salt is incrementally added, kg, instead of decreasing
monotonically, first increases, reaches a maximum and only then decreases. On the contrary,
fluorescence quenching within LiCl-added 1 wt% water in glycerol solution is found to follow
a simple Stokes-Einstein diffusion law. The unusual increase in kg at initial additions of lithium
salt within LiCl-added ChCl : urea (1 : 2) and LiTf:N-added [C>Ciim][TfoN] is attributed to
the higher “effective” concentration of the anions ClI” and TN, respectively, since a
substantial amount of CI” is already present in bulk DES ChCl : urea (1 : 2) and of THz2N" in
bulk IL [C2Ciim][TfaN]. It is hypothesized that the anions solvate the pyrene moiety in the
excited-state during the charge-transfer process which leads to stabilization and consequently
to higher rate constants. No such stabilization is thought to occur in LiCl-added 1 wt% water

in glycerol solution. It is thus believed that the anomalous behavior, where kg increases even

when the viscosity of the medium increases, originates from the unique structural features of
the DES ChCl : urea (1 : 2) and IL [C,Ciim][Tf:N], respectively, in the presence of lithium
salt.

Chapter 4 titled ‘Lithium Salt Added (Choline Chloride : Glycerol) Deep Eutectic
Solvent: Lithium Salt Recognition and Solute Diffusion’ highlights the efficacy of
Reichardt’s betaine dye 33 in recognizing the presence of LiCl salt over other methods, such
as, pyrene polarity scale (Py /i/l3), and further extends to study the impact of LiCl on
physicochemical properties and solute diffusion within Glyceline (ChCI : glycerol in 1 : 2
molar ratio) DES. Solvatochromic probes have the potential to gauge changes occurring due to
additives or any other external stimuli. Herein, it is reported that the negative solvatochromism

of Reichardt’s betaine dye 33 effectively manifests the changes taking place in DES Glyceline
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as LiCl salt is added. From the absorbance spectra of betaine dye 33, normalized empirical
scale of solvent polarity, EY, is obtained which is a combination of solvent
dipolarity/polarizability (7*) and HBD acidity («). A linearly increasing trend of E¥ is noticed
with addition of up to 3.0 m LiCl to Glyceline. With the help of DENA and NA (to obtain
empirical Kamlet-Taft parameters), it is concluded that the addition of LiCl renders HBD
acidity of the Glyceline to increase with little or no change in dipolarity/polarizability and HBA
basicity (). The interaction of lithium ions with oxygens of -OH functionalities of glycerol
impart increased HBD acidity to the medium. It is important to note that the response of Py
Ii/Iz is only visible at higher concentrations of LiCl. It is noteworthy that the density of
Glyceline increases linearly whereas dynamic viscosity is found to increase exponentially with
increasing LiCl molality. Fluorescence quenching of pyrene with nitromethane in LiCl-added
Glyceline follows simple Stern-Volmer formulation and reveals a monotonously decreasing

trend of kg as LiCl is progressively added up to 3.0 m. This is in contrast to the previously
studied LiCl-added ChCl based DES ChCI : urea (1 : 2) where the effect of nano-
heterogeneities on kg was amply highlighted. To comprehend the observations, similar
quenching studies of pyrene-nitromethane pair is performed within other LiCl-added ChCl-
based DESs, namely, ChCl : EG (1 : 2), ChCl : MeU (1 : 2) and ChCI : Ph (1 : 2) at 358 K.

Again, k is observed to decrease linearly as concentration of LiCl is increased. The contrasting

behavior of LiCl-added amide-based DES and LiCl-added alcohol-based DESs is explained on
the basis of higher affinity of Li* ions for -NH> group of urea in ChCl : urea (1 : 2) which
releases more number of Cl™ to solvate and stabilize partially positively charged pyrene moiety
in its excited-state. Thus, the relative translational diffusion of the solutes pyrene and
nitromethane is governed simply by dynamic viscosity of the medium in case of LiCl-added
alcohol-based DESs. Effect of LiCl on rotational diffusion of solute perylene again highlights

the importance of dynamic viscosity in describing the solute diffusion within LiCl-added
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Glyceline. The micro- and nano-heterogeneities associated with LiCl-added Glyceline reported
earlier have no major role in the translational and rotational diffusion within this medium.
Chapter S titled ‘Lithium bis(Trifluoromethylsulfonyl)imide Containing Deep
Eutectic Solvents: Physicochemical Properties, Empirical Polarity Parameters, and
Fluorescence Quenching Analysis’ affords a detailed insights of the DESs prepared from
LiTf:N as HBA with three different HBDs - acetamide, 2,2,2-trifluoroacetamide and urea in
their molar ratios 1 : 2, 1:3 and 1 : 4. It is observed that the densities of LiTf2N-containing
DESs are in between those of ChCl-based and type IV lanthanide metal-based DESs of similar
mole ratios filling the gap in the density spanning DESs of various types and classes. Dynamic
viscosities also vary considerably depending on the identity of the HBA and composition of
the DES. Both density and dynamic viscosity show a decreasing trend as the amount of HBD
is increased. However, with increasing temperature in the range 298 — 358 K, the density of
DESs decreases linearly whereas dynamic viscosity decreases exponentially, irrespective of
the HBD identity and their mole ratios. Composition-dependent electrical conductivity (o),
surface tension (y) and refractive index (np) of LiTf2N-based DESs are determined at 298 K
with 2,2,2-trifluoracetamide as HBD possessing the highest electrical conductivity and urea as
HBD exhibiting the highest surface tension and refractive index among all the DESs. From the
analysis of absorbance spectra of Reichardt’s betaine dye 33, DENA and NA, a high
dipolarity/polarizability and HBD acidity of these media is estimated with relatively poor HBA
basicity. Fluorescence quenching experiments with pyrene—nitromethane fluorophore-
quencher pair reveal the presence of both dynamic and static components as steady-state
quenching data is found to follow ‘sphere of action’ model. This is confirmed by the TCSPC
data, where quenching clearly satisfies the Stern-Volmer formulation and describes the
dynamic component. Preferential solvation of excited pyrene and nitromethane by TH2N™ ions

during the charge-transfer process can be the reason for such anomalous quenching behavior.



Chapter 6 titled ‘n-Perfluorooctane versus n-Octane: Pyrene Fluorescence to
Compare and Contrast Solute Solvation’ provides a comparative study of solute
solvation/diffusion within PFO and its hydrocarbon analogue n-octane by utilising pyrene
fluorescence. Due to the inherently high electronegativity of fluorine, PFO offers a
considerably different solubilizing microenvironment as compared to n-octane. The density
and dynamic viscosity of PFO is found to be much higher than that of n-octane owing to the
bulkier fluorine atoms. Also, PFO displays more non-polar character to the cybotactic region
of pyrene as observed from Py /i/]5 data. To study diffusional properties of PFO and n-octane,
fluorescence quenching of pyrene is employed with electron/charge acceptor quenchers —
nitrobenzene and nitromethane. Both pyrene-quencher pairs follow the Stokes-Einstein
formulation in both PFO and n-octane. However, due to high electron affinity and aromatic -

7 interactions between fluorophore and quencher, k; of pyrene-nitrobenzene pair is

significantly higher than the diffusion-controlled rate constant, kgif, in both solvents. In
contrast, relatively weak electron-withdrawing quencher nitromethane is able to manifest the
different solvation behavior of PFO and n-octane, while kg < kgjfr in n-octane, kq > kgjgr in
PFO. In addition to that, kg in PFO is higher than k in n-octane, despite of the higher dynamic
viscosity of PFO. This is due to the fact that highly electronegative fluorines on PFO stabilize
the partial positive charge that develops on excited pyrene during electron/charge transfer to
the quencher nitromethane, facilitating quenching in the process. In case of exciplex forming
systems, fluorines also facilitate the development of charge on the pyrene-TEA exciplex in
PFO, resulting in higher exciplex formation efficiency in PFO as compared to n-octane, despite
1MPFO > Nn—octane- EXCiplex formation efficiency is comparable in PFO and n-octane in the case
of Pyrene-DMA system possibly due to charge delocalization over the benzene ring of DMA.
Another striking feature in solvation is attributed to the fact that some ground-state

heterogeneity is evident in the case of PFO for Pyrene-DMA exciplex-forming system whereas
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n-octane does not exhibit such heterogeneities. Overall, this work highlights unusual solvation
characteristics of fluorous solvents.

Chapter 7 titled ‘Conclusions and Future Prospects’ encapsulates the key findings and
insights derived from the comprehensive investigation undertaken. Detailed investigation into
the solute solvation within alternative media is performed via different spectroscopic
techniques, especially fluorescence quenching. A systematic analysis of various
physicochemical properties served as the basis for the explanation of some never-seen-before
phenomena. The findings from this thesis contribute not only to the fundamental understanding
of fluorescence characteristics in unique solvents but also open new avenues in solvent-
dependent chemical synthesis, extraction and other applications. The versatility of DESs and
perfluorinated solvents as a replacement for conventional organic solvents is amply

highlighted.
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LiTf;N-based DESs at a molar ratio 1 : 2 (panel A) and for
LiTf:N/acetamide DES system in the composition range 1 : 2 to 1
: 4 (panel B). Solid lines indicate an excellent agreement of the
experimental data to the Arrhenius-type equation. Errors associated
with decay times are < +2%.

Representative plots of double-exponential fit to the excited-state
emission intensity decay of pyrene (10 xM) in different LiTf,N-
based DESs (panels A-E) in the absence and presence of 0.27 M
nitromethane at 298 K. Residuals are provided for each decay
below decay plots. Excitation is achieved using a 341 nm Nano-
LED.

Plots of 1ty,/t,vs [CH3NO2] for pyrene-nitromethane
fluorophore-quencher pair in different LiTf2N-based DESs (panels
A-E) at different temperatures in the range 298 — 358 K. Solid lines
show good agreement to the simple Stern-Volmer equation. Errors

associated with decay times are < +2%.
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5.16.

5.17.

5.18.

5.19.

5.20.

5.21.

5.22.

Plots of In kg vs 1/T for investigated LiTf,N-based DESs at a
molar ratio 1 : 2 (panel A) and for different compositions of
LiTf;N/acetamide DES system. Solid lines show good fit to the
empirical Arrhenius expression.

Steady-state fluorescence quenching of pyrene (10 uM) with
varying concentration of nitromethane within LiTf:N : urea (1 : 2)
at different temperatures in the range 298 — 358 K.

Steady-state fluorescence quenching of pyrene (10 uM) with
varying concentration of nitromethane within LiTHhN @ 2,2,2-
trifluoroacetamide (1 : 2) at different temperatures in the range 298
—358 K.

Steady-state fluorescence quenching of pyrene (10 uM) with
varying concentration of nitromethane within LiTfz2N : acetamide
(1 : 2) at different temperatures in the range 298 — 358 K.
Steady-state fluorescence quenching of pyrene (10 uM) with
varying concentration of nitromethane within LiTfz2N : acetamide
(1 : 3) at different temperatures in the range 298 — 358 K.
Steady-state fluorescence quenching of pyrene (10 uM) with
varying concentration of nitromethane within LiTfz2N : acetamide
(1 : 4) at different temperatures in the range 298 — 358 K.

Fy/F vs [CH3NO:] plots for pyrene-nitromethane fluorophore-
quencher pair in different LiTf2N-based DESs at the investigated
temperatures in the range 298 — 358 K. Solid curves represent fit
to a quenching sphere-of-action model combined with dynamic

quenching.
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5.23.

5.24.

6.1.

6.2.

6.3.

6.4.

Modified Stern-Volmer plots obtained from the linear regression of
the data acquired from the steady-state fluorescence quenching
within LiTEHN : acetamide (1 : 2) DES.

kq as functions of T/n (panel A) for pyrene-nitromethane
fluorophore quencher pair in all LiTf:2N-based DES systems
investigated and for the individual LiTf;N-based DES systems
(panel B). Solid lines represent the linear regression analysis of the
data.

Density (p) of PFO and n-octane as a function of 7' (K) (panel A).
The slopes (a) of p vs T for both the solvents are compared in the
inset of panel A. In  of PFO and n-octane as a function of 1/T
(panel B) and corresponding activation energy of the viscous flow
(Eay) (inset of panel B). Errors associated with p and n of PFO are
<40.005 g.cm™ and < 2%, respectively.

Absorbance spectra, normalized at A,y (panel A), and
fluorescence emission spectra [Aqy (PFO/n-Octane) = 328/335 nm,
excitation/emission slit = 2/2 nm], normalized at /1 (panel B), of
pyrene (10 uM) acquired within PFO and n-octane at 298 K.

Band 1-to-band 3 emission intensity ratio of pyrene (Py I;/I3)
within various investigated solvents at 298 K. Slopes of Py I, /I3
as a function of 7 (K) are shown in the inset.

Representative plots of single-exponential fit to the excited-state
emission intensity decay of pyrene (10 pM) in PFO (panel A) and

n-octane (panel B) at 288 K and 318 K. Residuals are provided for
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6.5.

6.6.

6.7.

6.8.
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each decay below decay plots. Excitation is achieved using a 308
nm Nano-LED.

Plots of In (1/7) as a function of 1/T for pyrene dissolved in PFO
and n-octane. Solid lines indicate an excellent agreement of the
experimental data to the Arrhenius-type equation. Estimated
activation energy for radiative transition (Ej,q) 1s shown in the
inset. Errors associated with decay times are < +2%.
Representative plots of single-exponential fit to the excited-state
emission intensity decay of pyrene (10 uM) in PFO (panel A) and
n-octane (panel B) in the absence and presence of 3.33 mM
nitrobenzene at 298 K. Residuals are provided for each decay
below decay plots. Excitation is achieved using a 308 nm Nano-
LED.

Plots of 7y/7 vs [CsHsNO:] for pyrene-nitrobenzene fluorophore-
quencher pair in PFO and n-octane at 288 K and 318 K. Solid lines
show good agreement with the simple Stern-Volmer equation.
Plot of kg vs T/n for pyrene-nitrobenzene fluorophore-quencher
pair in PFO and n-octane showing adherence to Stokes-Einstein
relation (panel A). Plot of In kq vs 1/T showing good fit to the
empirical Arrhenius expression (panel B). Activation energy (E,)
for the bimolecular quenching process is shown in the inset of
panel B.

Representative plots of single-exponential fit to the excited-state
emission intensity decay of pyrene (10 pM) in PFO (panel A) and

n-octane (panel B), in the absence and presence of 56 mM
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6.10.

6.11.

6.12.

6.13.

6.14.

nitromethane under ambient conditions. Residuals are provided for
each decay below decay plots. Excitation is achieved using a 308
nm Nano-LED.

Plot of 7y/7 vs [CH3NOz2] for pyrene-nitromethane fluorophore-
quencher pair in PFO and n-octane under ambient conditions.
Experimentally-observed (Exp) ratio of kg in PFO to that in n-
octane and the same ratio obtained from Stokes-Einstein (SE)
formulation is shown in the inset.

Fluorescence spectra of pyrene (excitation/emission slit = 2/2 nm)
dissolved in PFO with incremental additions of TEA at different
temperatures. Insets show variation in monomer intensity at A«
(nm) =370 and exciplex intensity at A,;,,5 (nm) =480 with increase
in [TEA].

Normalized fluorescence spectra [at A, (nm) =370] of pyrene in
the presence of up to 0.41 M TEA in PFO at different temperatures.
Insets show a linear dependence of Ig,/I\y on [TEA].

Fluorescence spectra of pyrene (excitation/emission slit = 2/2 nm)
dissolved in m-octane with incremental additions of TEA at
different temperatures. Insets show variation in monomer intensity
at A.x (nm) = 372 and exciplex intensity at A, (nm) = 480 with
increase in [TEA].

Normalized fluorescence spectra [at A, (nm) = 372] of pyrene in
the presence of up to 0.41 M TEA in n-octane at different

temperatures. Insets show a linear dependence of Ig,/I\y on [TEA]
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6.15.

6.16.

6.17.

6.18.
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6.20.

Slopes of Igy/Iyy vs [TEA] obtained from the linear regression
analysis in PFO and n-octane vs temperature. Representative
Igx/I vs [TEA] plot at 298 K is shown in the inset.
Representative plots of double-exponential fit to the excited-state
emission intensity decay of pyrene (10 uM) in PFO and n-octane
(panels A and B, respectively), in the presence of 0.41 M TEA at
Aem (nm) = 480 at 288 K. Residuals are provided for each decay
below decay plots. Excitation is achieved using a 308 nm Nano-
LED.

Fluorescence excitation spectra (excitation/emission slit = 2/2 nm)
of pyrene (10 uM) dissolved in PFO in the presence of 0.41 M TEA
at different temperatures.

Fluorescence excitation spectra (excitation/emission slit = 2/2 nm)
of pyrene (10 pM) dissolved in n-octane in the presence of 0.41 M
TEA at 288 K and 293 K.

Fluorescence spectra of pyrene (excitation/emission slit = 2/2 nm)
dissolved in PFO with incremental additions of DMA at different
temperatures. Insets show variation in monomer intensity at A, x
(nm) =370 and exciplex intensity at A,;,,, (nm) =438 with increase
in [DMA].

Normalized fluorescence spectra [at A, (nm) =370] of pyrene in
the presence of up to 5.62 mM DMA in PFO at different
temperatures. Insets show a linear dependence of Igy/ly on

[DMA].
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6.21.

6.22.

6.23.

6.24.

6.25.

6.26.

Fluorescence spectra of pyrene (excitation/emission slit = 2/2 nm)
dissolved in m-octane with incremental additions of DMA at
different temperatures. Insets show variation in monomer intensity
at A.x (nm) = 372 and exciplex intensity at A, (nm) =438 with
increase in [DMA].

Normalized fluorescence spectra [at A, (nm) = 372] of pyrene in
the presence of up to 5.62 mM DMA in n-octane at different
temperatures. Insets show a linear dependence of Igy/ly on
[DMA].

Slopes of Igy/Iyy vs [DMA] obtained from the linear regression
analysis in PFO and n-octane vs temperature.

Representative plots of double-exponential fit to the excited-state
emission intensity decay of pyrene (10 pM) dissolved in PFO and
n-octane (panels A and B, respectively), in the presence of 5.62
mM dimethylaniline at A, (nm) = 438 at 288 K. Residuals are
provided for each decay below decay plots. Excitation is achieved
using a 308 nm Nano-LED.

Fluorescence excitation spectra (excitation/emission slit = 2/2 nm)
of pyrene (10 uM) dissolved in PFO in the presence of 5.62 mM
DMA at different temperatures.

Fluorescence excitation spectra (excitation/emission slit = 2/2 nm)
of pyrene (10 uM) dissolved in n-octane in the presence of 5.62

mM DMA at different temperatures.
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