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Résumé

Parmi les différentes sources d'énergie renouvelables disponibles, les cellules solaires dopées à colorants font l'objet d'études approfondies. Il existe de nombreuses directions de recherche pour améliorer l'efficacité de ces cellules. Dans cette thèse, nous avons choisi de nous concentrer sur les photosensibilisateurs et les électrolytes (mélange de liquides ioniques (LI) et de solvants aprotiques polaires (SM)). L'objectif étant de caractériser la polarité et la dynamique de réorientation de ces mélanges et également d'étudier l'effet de la composition du mélange sur la photophysique des sensibilisateurs. À cette fin, un ensemble de techniques spectroscopiques avancées ont été utilisées, qui comprennent l'absorption UV-visible et la fluorescence en régime stationnaire, la résonance paramagnétique électronique (RPE), la spectroscopie résolue en temps (la fluorescence, l'effet Kerr optique (EKO) et l'absorption transitoire (AT)). Les sensibilisateurs étudiés sont des colorants organiques à base d'indoline D102, D149 et D205 et les électrolytes sont des mélanges [Bmim][BF4/PF6/TFO/TFSI]-ACN/γ-BL/PC (LI-SM). Les différents types d'interactions comme ionion, ion-solvant, solvant-solvant, colorant-solvant sont modulées en changeant la fraction molaire du liquide ionique (XIL). Ceci permet de démêler la contribution de chaque type de ces interactions sur les propriétés physico-chimiques des mélanges LI-SM et également sur la photo physique des colorants étudiés.

Par conséquent, dans une partie de cette thèse est consacrée à l'analyse de l'effet de la composition des mélanges LI-SM sur leurs propriétés physico-chimiques. Nous avons commencé par utiliser l'effet EKO résolu en temps pour caractériser l'effet de la composition du mélange sur la dynamique de réorientation dans le mélange [Bmim][PF6]-ACN. Nous avons analysé le signal EKO dans les domaines temporel et fréquentiel. Trois temps de relaxation ont été identifiés. Avec l'aide de la simulation de dynamique moléculaire, nous avons proposé une interprétation de ces temps de relaxation ainsi que de la réponse en basses fréquences du signal EKO. Par ailleurs, nous avons aussi utilisé la spectroscopie RPE pour analyser la polarité des mélanges LI-SM. Nous avons donc analysé l'effet de la composition du mélange LI-SM sur la constante de couplage hyperfine (AN), et sur les temps de corrélation rotationnels (τR) de la sonde de spin TEMPO. Notre analyse montre que les valeurs de ces deux paramètres changent faiblement entre XIL =1 et 0.4, alors qu'elles diminuent fortement en diluant le mélange. Nous avons discuté de la corrélation entre la polarité quantifiée par la sonde magnétique et le paramètre de polarité déterminé par une sonde optique. De plus, en utilisant la fluorescence résolue en temps picoseconde, nous avons constaté que la dynamique de solvatation de C153 dans ces mélanges devient plus lente tout en augmentant XIL et dépendent de façon non linéaire de la viscosité des mélanges. Dans l'autre partie de cette thèse, nous avons caractérisé la dynamique de l'état excité de trois colorants indolines dans la composition complète des mélanges LI-SM, en utilisant des techniques de spectroscopie UV visible et de fluorescence en régime stationnaire et d'AT. Nous avons montré, en considérant les maximas des spectres stationnaires d'absorption et d'émission, que les déplacements de Stokes et les valeurs du rendement quantique relatif subissent un changement important principalement pour les plus valeurs de XIL < 0.1. En outre, sur la base de l'ajustement global des données AT, quatre temps de relaxation caractérisent la dynamique de l'état excité. Nous avons remarqué une diminution globale de leurs valeurs lors de la dilution du LI et pour les deux plus lents, leurs valeurs passent par des minima à XIL autour de 0.1. Nous avons également discuté de la dépendance de la viscosité et de la polarité de ces quatre composantes du temps de relaxation. 

Table of contents

Introduction

Among different forms of renewable energy sources, solar energy is the most effective one. Sun is the main source of energy on earth. To capture the solar energy, we need to have photovoltaic cell called solar cell. Photovoltaic cells work according to the principle of photovoltaic effect which is nothing but conversion of photon energy to electrical energy. First silicon crystalline solar cell was invented by Chaplin et al. at Bell Lab in 1954 with 6% light to electric conversion efficiency. 1 After this ground-breaking discovery, we have come through a long period of time and different types of solar cells have been invented. Throughout the years, different types of photovoltaic cells were invented and many research attempts are going on optimization of their efficiencies.

Figure 1: Number of publications per year as a result of the literature search using the keywords "dye sensitized" and "solar" (Source Clarivate Web of Science) Dye sensitized solar cell is one of among the available solar cells nowadays which is a third generation solar cell with power conversion efficiency (PCE) exceeds 14%. [2][3][4] It was invented by Gratzel and O'Regan in the year 1991. 5 This third-generation cell is low cost and easy to prepare and handle and it gives good performance. Also this type of cell is a greener option than traditional photovoltaic cells. All these properties draw more and more interests nowadays and the figure below will show how the research on this type of solar cells are growing day by day. There are still many areas of improvement in the efficiency of these types of solar cells.

In Figure 2, the scheme of a typical DSSC is shown. After the sunlight absorption by the sensitizer molecules, which is adsorbed on a film consisting of n-type nanoparticles like TiO2, ZnO etc., it reaches to its excited state. The excited state of the dye then transfer an electron to the conduction band of the semiconductor whose fermi energy is lower than the electron energy of the excited state of the dye. This electron then travels through the external Total publications 26,236 circuit which helps to get the power from the cell. On the other hand, the redox couple present in the electrolyte solution helps the oxidized dye to return to its initial state by transferring an electron, which in turn takes an electron from the photocathode. These set of reactions are known as forward reaction and they are helpful for the efficiency of the DSSC. However, the reasons behind the decrease in the efficiency of DSSC are the occurrence of the backward/reverse reactions in the cell, mainly the charge back transfers to sensitizer and direct recombination between electron and hole transporting layers. Few previous reports show a scheme of different dynamical processes within a typical DSSC with corresponding timescales. [6][7][8] According to these studies, all the forward reactions that are helpful for the higher efficiency of DSSC are quite fast as compared to the unfavorable electron recombination from semiconductor conduction band to the sensitizer or to the redox pair. Hence, these reverse processes are not very disadvantageous to DSSC. However, sometimes the lifetime of the excited state of the sensitizer molecule, which varies with the type of sensitizers, becomes comparable to the timescales of forward reactions in DSSC and can cause decrease in the efficiency of the solar cell. 9 A conventional DSSC contains mainly five components, namely photoanode, mesoporous semiconductor metal oxide film, sensitizer, redox electrolyte and counter electrode, whose properties must be optimized to get optimum output from the cell. Among them, the studies in this thesis are mainly concentrated on the characterization of the electrolyte and the sensitizer of the DSSC using various spectroscopic techniques which includes steadystate UV-visible, EPR, time resolved transient absorption, TCSPC and OKE techniques. To be considered as a good sensitizer for DSSC, a molecule must have some properties. They should have high quantum yield and high redox potential and they should absorb all wavelengths till 920 nm. In addition, the highest occupied molecular orbital (HOMO) energy level of the sensitizer/dye should lie below the energy level of the hole-transporter/redox material so that the oxidized dyes after electron donation to the conduction band of TiO2 can be regenerated effectively. 10 Besides that, they should also have an anchor group by which they can attach with the semiconductor layer. Over the years, different types of sensitizers are being used by scientists, lots of articles and reviews were also published mainly on this topic [10][11][12][13][14][15][16][17][18] and many are still going on with the goal to improve various properties of the DSSC sensitizers. Many different types of dyes are available nowadays starting from the traditional metalcentered ones to organic dyes. [10][11][12][13][14][15][16][17][18] Among them, organic sensitizers are quite popular nowadays as a greener alternative of traditional metal-centered ones. 11,12 Among the available organic dyes, indoline derivatives have greater power conversion efficiency (PCE) compared to othes. 19 These indoline dyes have common donor-π-bridge-acceptor (D-π-A) type structures with common donor group D with different acceptor groups. One rhodanine ring acts as an acceptor in case of D102, whereas an extra rhodanine ring with two different alkyl extensions (ethyl in D149 and n-octyl in D205) are used as acceptors in D149 and D205. 14,[20][21][22] The octyl chain in D205 was introduced to hinder the undesired electron recombination process of the dye by creating some space between the dye and semiconductor. 23 Besides, a common -COOH group is present in the structure of all these dyes, which can act as an anchor group and help them to stick to the semiconductor surface in DSSC and facilitates the electron injection process from the dye to the semiconductor surface at the same time. As the dye excited state is mainly involved in the reactions of the DSSC, one need to characterize their exited state relaxation dynamics. In this aspect, various studies have been performed. [24][25][26][27][28][29][30][31][32][33] In particular, the excited state dynamics of D149 was very extensively studied. For instance, Fakis et al., 26 Lohse et al. 27 had studied the excited state dynamics of indoline dye D149 in various organic solvents using transient absorption (TA) spectroscopy, followed by a series of studies by El-Zohry et al. 25,28,29 These studies also discussed about different ways to stabilize the excited state of the organic D149 dye. However, in case of other indoline dyes like D102, D131, D205 etc., the number of reports about their excited state dynamics is quite small. [30][31][32][33] Similarly, the number of literatures explaining the excited state dynamics of the organic dyes in IL-MS mixtures is still quite small. 24 Furthermore, the story is also the same in the case of electrolytes. As DSSC is a photoelectrochemical cell, the primary role of electrolyte is to carry the electrons between cathode and anode. A good electrolyte provides good ionic conductivity in the cell. Besides that, the electrolyte in DSSC also carries the red-ox pair molecules. A good electrolyte must have these following properties: (a) low viscosity and high conductivity, (b) low volatility, (c) high thermal and electrochemical stability, (d) optical transparency, and (e) low cost of purification. There are many choices of electrolytes available nowadays starting from liquid state to solid state. Many quasi-solid electrolytes are also useful due to their favorable properties. Many articles and reviews were also published on this topic also. 12,[34][35][36][37][38][39] Among all the available electrolytes nowadays, ionic liquids (IL) are used extensively in the DSSC as well as in many other electrochemical devises due to some of their interesting properties like nonflammability, low vapor pressure, high electrochemical and thermal stability, large electrochemical potential window, high conductivity etc. 39 However, high viscosity and cost of purification of ILs are the main drawbacks of using them as electrolyte. Therefore, ILs are generally mixed with conventional molecular solvents (MS) like acetonitrile (ACN), γbutyrolactone (γ-BL), propylene carbonate (PC) etc. to overcome these drawbacks of using ILs as electrolytes. These types of MSs are also chosen among other available solvents due to their profitable properties like wide electrochemical window, relatively high dielectric constant, low viscosity, wide liquid state temperature range, nontoxicity etc. [40][41][42][43][44] The structures of the used ILs and MSs in this thesis can be noticed in Figure 3. Composition dependent values of some properties of the IL-MS mixtures like viscosity, [45][46][47][48][49][50][51][52] conductivity 45,47,[51][52][53] and density 54,55 are well-documented. However, there are still differences about the notion of polarity of the IL-MS mixtures, which is important while studying the photophysics of the sensitizer/dye molecule. While the solvatochromic polarity parameter values suggest that ILs are quite polar (polarity in the range of short chain alcohols), static dielectric constant values indicate the polarity of ILs are in the range of medium chain alcohols like n-pentanol. 56 Indeed, the idea of polarity in ILs as well as in IL-MS mixtures is not the same as that in conventional solvents due to the presence of ions in the medium. 56,57 Furthermore, mixing MSs in ILs can not only change the values of the macroscopic properties like viscosity, density, polarity, conductivity etc., but also can modulate the overall microscopic structures because of the composition dependent changes of interactions between the mixture components. In this aspect, while dipole-dipole interactions are predominant in the case of polar aprotic molecular solvents, ionic interactions are the most effective ones in case of ILs. Therefore, it is important to consider all these factors while characterizing various properties of the IL-MS mixtures. Furthermore, the situation become more complicated while the dipolar dye/sensitizer molecules are present in a typical IL-MS mixtures. Therefore, the overall aim regarding the thesis is mainly two-fold. First, to characterize various physicochemical properties of these IL-MS mixtures which have potential to be used as electrolytes in DSSC and second, to study the photophysics of organic indoline dyes in these IL-MS mixtures. The overall results from this thesis can give us an idea about these systems before using them in the presence of electrodes and other components in the DSSC.

Organization of the thesis

This thesis mainly presents the characterization of the polarity, solvation and reorientation dynamics in imidazolium IL-MS mixtures alongside with the study of photophysics of organic sensitizers used in DSSC in these IL-MS mixtures. The overall thesis is divided in the following manner.

To start with, the study of organic indoline dyes in the IL-MS mixtures using the steadystate UV-visible absorption and fluorescence spectroscopy is presented in Chapter 1. The effect of mixture compositions on the steadystate properties like absorption and emission maxima, Stokes shift and relative quantum yield is described in this chapter. In addition, Chapter 2 consists of the femtosecond transient absorption studies of the similar types of indoline dyes in the same sets of IL-MS mixtures to study the composition dependency on the excited state dynamics of those dyes. In this chapter, special attention was given to various relaxation timescales and their changes with mixture properties during the discussion. The studies in these two chapters will help us to understand the effect of interactions between the dye and neighboring medium on both the ground state and excited state of the dye molecules. Furthermore, the characterization of mixture polarity and microheterogeneity in the IL-MS mixtures is presented in Chapter 3 using CW-EPR spectroscopy. The correlation between different polarity parameters alongside with the mixture viscosity dependence of the rotational relaxation times of the probe molecule in IL-MS mixtures is shown in this chapter.

In addition, the complete reorientation dynamics in a particular IL-MS mixture, namely BmimPF6-ACN mixture, is discussed in chapter 4. Besides, picosecond solvation dynamics of the fluorescent probe C153 is also discussed in the case of BmimPF6-ACN mixture in this chapter. The effect of changing the IL-MS mixture compositions is mainly discussed in the case of both solvation and reorientation dynamics study in this chapter of the thesis. Moreover, there is one chapter (Chapter 5) which is mainly dedicated to the various experimental techniques alongside with the data analysis processes used in this thesis. At the end of this thesis, a collective conclusion alongside with the future perspectives of these studies are jotted down thoroughly.

Finally, all the tables and figures, which are not eligible for the main text of the thesis but important enough to explain the results, are placed in the Appendices. Indoline-based organic dyes are being used as the replacement of the traditional metal-based complexes as the photosensitizers in a DSSC. Thus, it is important to characterize their spectroscopic properties especially when they are dissolved in the electrolyte in the cell. In this aspect, ionic liquid-molecular solvent mixtures also have the potential to be used as the electrolyte in the DSSC due to some of their advantageous properties. Therefore, we have studied the steady state properties of three solar cell dyes D102, D149 and D205 in various imidazolium ionic liquid-molecular solvent mixtures in this chapter. We have shown the effect of the change of composition on the spectroscopic properties like absorption and emission maxima, Stokes shift and relative quantum yield values. All the steady-state properties show noticeable changes in their values at the low mole fraction (XIL) region of ionic liquids in the mixtures. In addition, the presence of extrema at the low XIL region in the values of the emission maxima, Stokes shift and relative quantum yield indicates the presence of interactions between the dye and neighboring medium. The results from this chapter will be quite useful for the study of excited state dynamics which is going to be discussed in the next chapter.

Introduction:

After the invention of DSSC in the year 1991 by Grätzel and O'Regan, the optimization of the solar cell is one of the rising interests nowadays. Among the commercially available ones, organic indoline based dyes D102, D149, D205 and D131 are used also as photosensitizer in a DSSC. In the case of organic dyes, the indoline dyes have greater power conversion efficiency (PCE) compared to other available organic dyes. 1 These indoline based dyes have donor-πbridge-acceptor (D-π-A) type structures with common donor group D (Figure 1.1) with different acceptor groups. One single rhodanine ring acts as an acceptor in the case of D102, whereas an extra rhodanine ring with two different alkyl extensions (-C2H5 in case of D149 and -C8H17 in the case of D205) are used as acceptors in D149 and D205. [2][3][4][5] The n-octyl chain in D205 was introduced to stop the undesired electron recombination process of the dye by creating some gap between the dye and semiconductor surface. 3 Besides, a common -COOH group is present in the structure of all these dyes, which helps these dyes to anchor them to the semiconductor surface in DSSC and also speeds up the process of electron injection from the dye to the semiconductor surface at the same time.

There are a few reports about the photophysical properties of these types of indoline dyes. [6][7][8][9][10] However, their photophysics is still not completely clear. Especially, when the surrounding medium is ionic liquid and even a particular mole fraction of IL-MS mixtures, the study of photophysics of these dyes become quite complicated. To study the photophysics of these dyes in ILs and in IL-MS mixtures, one must study their steady state properties by studying the experimental absorption and emission spectra. By studying these time integrated spectra, we can get an idea about the exact values of changes of absorption and emission maxima, Stokes shift, relative quantum yield. These types of steady state information will be helpful for further time resolved studies like transient absorption and TCSPC studies.

Among the available reports about the steady state properties of the indoline dyes, Fakis et al. had performed both experimental and quantum calculation studies of the indoline dye D149. 9,11 According to their study, 9 when the dye molecule is adsorbed on TiO2 and Al2O3 and dispersed in PMMA, it shows broader S0-S1 absorption band than that in organic solvents which in turn suggests the presence of aggregates in those mediums. In addition, according to them, the S0-S1 absorption peak of the dye also shows a typical blue shift in case of TiO2 than that in pure organic solvents. Both the broader absorption band and blue shift of absorption peak can be due to the presence of hydrogen bonding between parallelly arranged D149 molecules. The absorption spectra contain two peaks. The shorter wavelength S0-S2 peak (~390 nm) has lower intensity than the longer wavelength S0-S1 (~520-550 nm) peak. Both of them have charge transfer (CT) characteristics. [10][11][12] The S0-S2 absorption peak of D149 does not show much changes with the change of solvents, whereas the S0-S1 peak show a non-monotonic dependence on the solvent polarity. [9][10][11] In this regard, Lohse et al. had showed the dependence of the S0-S1 absorption peak shift of D149 with the polarizability parameter [(∆𝑅 = 𝑛 % -1 𝑛 % + 2 ⁄ ), 𝑛 =medium refractive index] in case of pure solvents 10 and also in case of another dye 12'CA in HmimNTf2-ACN mixture. 13 In addition, the dependency of the polarizability parameter values of the mediums can also be noticed in case of polyene and carotenoid type dyes in different organic solvents, ILs and also in IL-MS mixtures. [13][14][15][16][17][18] In the case of emission study, they also found the evidence of aggregation on the emission maxima values in various types of solvents. Due to the aggregation on TiO2 and Al2O3, the dye emission (S1-S0) peaks are quenched and red-shifted compared to that in pure solvents. Among the organic solvents, they have found the prolific effect of polarity on the emission maxima values also. While increasing the polarity of the solvent, the emission maxima values show red shift. In addition, the effect of the dye concentration on the emission spectra is also quite noticeable. For instance, the fluorescence peak of D149 in chloroform is found at 620 nm by Fakis et al. 9,11 , while it was found at 636 nm by Dentani et al. 19 and at 643 nm by Lohse et al. 10 Also, the fluorescence peak of D149 in MeOH was found at 644 nm by Le-Bahers et al. 12 and at 670 nm by Lohse et al. 10 These types of discrepancy in the emission maxima values was attributed to different experimental conditions, especially due to the concentration of the dyes in the solution. The concentration of the dyes varies between 0.2 -1× 10 ./ (M) in these studies. In addition to the prominent S1-S0 peak, while exciting at 390 nm, there exists another peak with much lower intensity in the wavelength range 430-460 nm. This peak is attributed to the S2-S0 emission of the dye. Another important property of D149 is that, it follows the Lippert-Mataga equation in case of pure solvents which results in the value of dipole moment change (∆𝜇) upon excitation up to 13.2D. 11 This value is in agreement with the theoretically calculated values of 10.8D and 11.6D using PBE0/6-311þG (d, p) and RI-CC2/TZVP levels of theory respectively. In this aspect, this change of the transition dipole moment measured and calculated by Fakis et al. 11 was quite small compared the one calculated by Le-Bahers et al. 12 , because the later calculation was based on a different conformation of the dye D149 and also due to the choice of different solvation model (PCM model). In this aspect, a comparison between different theoretical and experimental values of the absorption spectra of the dye D149 in different organic solvents were performed which resulted that M05 exchange-correlation functional 20 gave the best results in comparison to experimental one. 21 Previously, this M05 functional also gave excitation energies similar to the experimental values for the dye D149. 22 All the values of steady state properties gathered from previous studies are given in the following table (Table 1.1). All three indoline dyes used for our study (D102, D149 and D205) have large excited state dipole moment than ground state dipole moment, according to previous reports. 11,12 Also Lippert-Mataga equation was helpful in the calculation of the dipole moment change between excited state and ground state. 21 According to that, Δµ D205 (16.7 D) > Δµ D149 (15.5 D) > Δµ D102 (14.1 D). In addition, multivariate regression analysis suggested the effect of polarizability on the absorption spectra, which also suggests the dominance of dispersion interaction in the ground state. 21 However, similar analysis also suggested the effect of dipolarity of surrounding medium is more important over the polarizability while explaining emission spectra in various solvents. 21 Later in this chapter, we will find out the similar effect of polarizability parameters in absorption spectra and effect of polarity on the emission spectra. Furthermore, hydrogen bonding interactions between dye excited state and solvents are also important, which is the outcome from the fact that alcohols with small dipole moment show more red-shift in the emission maxima values compared to aprotic solvents with higher dipole moments. Besides that, the gas phase Stokes shift values increase following the order D205 ≈ D149 < D102. 21 As discussed earlier, concentration dependency on the dye performance was also noticed in some of the studies. The high concentration of the dyes trigger dye aggregation which was studied by some previous experimental and theoretical studies. In general, this aggregation process affect the electron injection process. A study by Sobuś et al., 27 by creating the whole DSSC cell using D149 dye (D149, TiO2/ZnO and commercial iodide-based electrolyte), also suggested the presence of singlet-singlet annihilation process as a method of self-quenching of the dye excited state in presence of semiconductor in the medium. Another study by El-Zohry et al. suggested that, high concentration of the dye helps the self-quenching process of the dye which eventually affects the photophysics of D149. 29 Therefore, besides the electron injection, the high concentration of the dye also affects the excited state dynamics of the dye. To get rid of this dye aggregation process, anti-aggregating agent like CDCA (chenodeoxycholic acid) helps to increase the efficiency of the cell. 30,31 Furthermore, various properties of a particular IL-MS mixture like density, viscosity, conductivity etc. have been already measured experimentally by various groups. [32][33][34][35][36][37][38][39][40][41][42][43][44] Changes of the values of these properties have already been settled. As an example, Stoppa et al. had measured the conductivities of the IL-MS mixtures. According to their study, conductivity of IL-MS mixtures starts to increase at the lower XIL region due to increase of ions in the mixtures. However, after reaching at the maximum value at particular XIL (at XIL ≈ 0.1-0.25, varies between binary mixtures), the conductivity starts to decrease while increasing XIL due to increase of viscosity (i.e. decrease of speed of the ions) of the mixtures. 42 In addition, according to Buchner et al., IL-MS mixtures behave like lubricated ionic liquid down to XIL ≈ 0.2. Below that concentration, their properties are similar to the weakly associated electrolyte solutions. In the transition region at XIL ≈ 0.2, the re-dissociation of the ion pairs of IL occurs which eventually helps to build the IL-like "lubricated" structure. 39 In addition, the concept of polarity of the IL-MS mixture is still quite contradictory. Indeed, the solvatochromic polarity parameter (𝐸 = > ) values of ILs are quite high (same range as short chain alcohols), whereas their static dielectric constants are comparatively low (same range as medium chain-length alcohols like n-pentanol). According to Wakai et al., due to the presence of ions in the IL-MS mixtures, the concept of polarity is not similar to the one which are used to describe polarity of conventional solvents. 45 Therefore, these is a contradiction in the composition dependent change of polarity parameters in a typical IL-MS mixture. For instance, in case of BmimBF4-ACN mixture, the solvatochromic polarity parameter value (𝐸 > = ) of pure BmimBF4 is greater than that of pure ACN. [46][47][48] Besides, according to Manchini et al., 𝐸 > = values of BmimBF4-ACN mixtures also increases while increasing XIL. 49 However, Stoppa et al. 39 had measured dielectric constant (𝜀) of BmimBF4-ACN binary mixture at different XIL using dielectric relaxation spectroscopy (DRS). Although there is an initial increase at very low XIL of BmimBF4 (XIL ≤ 0.01), overall values of 𝜀 show a gradual decrease from pure ACN to pure BmimBF4. Overall, these previous studies in different IL-MS mixtures show some peculiar characteristics about these mixtures.

Therefore, in this chapter, we are going to show the experimental study of the steady state photophysical properties of the three organic solar cell dyes D102, D149 and D205 in different IL-MS mixtures. Four different imidazolium based ILs and three different polar aprotic solvents (ACN, γ-BL and PC) were used to make overall twelve different IL-MS mixtures. By discussing the steady state properties of these three indoline-based dyes in these IL-MS mixtures, we can understand how the solvent and solvent mixture properties effect the steady state photophysical properties of the dyes.

This chapter proceeds as follows: first we will discuss the changes of steady state absorption and emission spectra and maxima values in pure components as well as in the studied IL-MS mixtures. Then, we will discuss the same for the Stokes shift values and finally we will make a general conclusion after discussing the variation of the relative quantum yield values of the dyes in the IL-MS mixtures and their pure counterparts.

Experimental section:

1.

Chemicals:

The dyes D102, D149, and D205 and all molecular solvents (acetonitrile, ACN (≥ 99.5%), γbutyrolactone, γ-BL (≥ 99%) and propylene carbonate, PC (99.7%) were bought from Sigma Aldrich. The Imidazolium ionic liquids 1-butyl-3-methylimidazolium tetrafluoroborate, BmimBF4 (≥ 98%), 1-butyl-3-methylimidazolium hexafluorophosphate, BmimPF6 (99.5%), 1butyl-3-methylimidazolium trifluoromethanesulfonate, BmimTFO (99.5%) and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, BmimTFSI (99.5%) were bought from Solvionic. All the ionic liquids and molecular solvents were stored under inert argon atmosphere to keep them away from the moisture. All binary solvents mixtures were prepared and kept inside the argon atmosphere glove box. The optical cuvettes were also filled with the samples inside the glove box just before the experiment to minimize the risk of introducing impurities. The structures of all the three dyes and other chemicals are shown in Figure 1.1 and in Figure 3 in the Introduction. 

Experimental Setups:

All the steady state absorption and emission experiments are performed by using Varian Cary 100 and on Jobin Yvon Fluoromax respectively.

Results and Discussions:

Our results can be divided into three main parts. Steady state absorption and emission spectra, Stokes Shift and relative quantum yields of the dyes in all IL-MS mixtures.

Absorption and Emission Spectra:

General Characteristics:

In this section, we will show all the steady state absorption and emission spectra and discuss about their different changes while changing the mixture composition. There are some general features of these absorption and emission spectra of the dyes (D102, D149 and D205) in IL-MS mixtures. Similar to previous reports, 7,[50][51][52] all the absorption spectra (right spectra in Figures 1.2, A1 and A2) in this study consist of two peaks corresponding two electronic transition, namely higher energy S0-S2 peak and lower energy S0-S1 peak. According to Le-Bahers et al., 50 both these electronic transitions are 𝜋-𝜋 * transitions and they have charge transfer (CT) characteristics also.

Furthermore, the emission spectra of these dyes (left spectra in Figures 1.2, A1 and A2) can be obtained by excitation of the sample using 460 nm light wavelength. The excitation wavelength was chosen in a way that the sample can be excited to S1 state, as we are mainly interested to study the relaxation dynamics from first excited state of the dye. Similar excitation wavelengths were chosen mainly to get better comparison among all the samples using all three studied dyes. Thus, emission spectra contains one peak corresponds to S1-S0 transition with very weak vibronic shoulder. 6

Composition dependent absorption and emission spectra:

In case of the absorption and emission spectra of D102, D149 and D205 in different IL-MS mixtures, we have to take a look at Figures 1.2 These type of steady state spectral behavior clearly suggests the presence of two different regions in a particular IL-MS mixture, which was previously suggested by many previous studies. 39,[53][54][55][56][57][58] Before XIL = 0.20, the MS characteristics of a particular IL-MS mixture is more prominent in the mixture whereas the IL characteristics starts to dominate after XIL = 0.20. In the transition region at XIL ≈ 0.20, there exists a particular mixture composition from where the mixture behavior started to show IL dominated behavior from MS dominated behavior.

Correspondingly, the change of absorption and emission maxima should be discussed now as we have discussed about the spectra already. Values of the steady state properties of the dyes in IL-MS mixtures have been shown in Tables A1-A35 in the appendix. For the discussion of S0-S1 absorption maxima of three studied indoline dyes in pure solvents and in pure ILs, one can easily notice that, the values of 𝜆 RHD STU are red-shifted in case of pure ILs compared to that in pure MSs. In this regard, previous studies showed that the absorption maxima of these D-dyes are weakly solvent dependent in case of pure solvents. However, this typical red shift of the absorption maxima of the dyes in ILs compared to that in pure organic solvents can be explained considering the presence of interactions between the dyes and the ions in ILs. Indeed, previous studies 18,59,60 also found this typical red shift of 𝜆 RHD STU in pure ILs compared to that in pure solvents using pyrene and 12'-CA probes and gave similar types of descriptions behind their observation. All the values of absorption maxima in pure solvents and pure ILs are given in Table 1.2, while previous reports are shown in Table 1.1. In case of absorption maxima, generally in the range of XIL between 1 and 0.1, we notice that the values of 𝜆 RHD STU of D-dyes are comparatively less affected (Figure 1.5). It seems that in this range of mole fraction, the interactions between the dye and the mixture components are not affected while changing mixture compositions. The exception to this general trend is observed when the dyes are dissolved in IL-ACN mixtures. In addition, for further decrease of XIL (0.1 ≥ XIL ≥ 0) the decrease of 𝜆 RHD STU is quite noticeable. This observation gives a hint that in this range of mole fraction (XIL=0-0.1), a strong change in the local structure around these dyes occurs which may be due to stronger interaction between the dye and the dye surrounding medium.

In addition to that, Figure 1.5 and Tables A1-A35 (Appendix) show the typical red shift while increasing XIL in case of all three indoline dyes in all imidazolium IL-MS mixtures. This red shift of absorption maxima was also observed in the case of different polyene and carotenoid type dyes in different organic solvents and in HmimNTf2-ACN binary mixture. 14,17,61,62 This typical red shift was attributed to the increase of polarizability of the surrounding medium of the dye. In addition, multivariate regression analysis also showed the effect of polarizability on this shift of absorption maxima suggesting the effect of dispersion interaction in the ground state of the dyes. 21 We can also calculate the value of polarizability parameter (ΔR(n)) if we have the idea about experimental refractive index of these IL-MS mixtures in our study. To our knowledge, the experimental values of both refractive index (n) of BmimBF4-ACN 39 and BmimPF6-ACN 34 mixtures are only reported till date. We have calculated the values of ΔR and found a non-linear increase of absorption maxima while increasing the polarizability parameter of these two IL-MS mixtures (Figure 1.4, Table 1.3). In case of other IL-MS mixtures, the observed redshift of the absorption maxima is similar to the red shift in BmimBF4-ACN and BmimPF6-ACN mixtures. Another possible reason of this typical red shift of 𝜆 RHD STU of D-dyes in the IL-MS mixtures while increasing XIL can be due to the interactions present in the medium.

In previous studies related to the pyrene dye in various pyridinium and imidazolium-based IL-MS mixtures, Zhu et al. 59 and Carrete et al. 60 have also noticed this typical red shift of 𝜆 RHD STU while increasing IL-concentration in the mixtures and described viscosity increase and interactions between the dye and ionic liquid as the origin of this behavior.

Another important aspect can be discussed from Figure 1.4 considering the non-linear mixing behavior in IL-MS mixtures. In case of these two IL-MS mixtures (BmimBF4-ACN 39 and BmimPF6-ACN 34 ), The absorption maxima values show non-linear change while changing the solvent polarizability function (ΔR). This non-linear dependence indicates that, the bulk composition of the mixture is not similar to the composition of the mixture in the cybotactic region i.e. in the vicinity of the probe, which in turn indicates that, there exists preferential solvation type behavior of the probe/dye molecule by the mixture components. 34,39 of the binary mixtures of different compositions Additionally, the absorption maxima of D149 and D205 are more red-shifted than that of D102 in all the pure solvents, ILs and in the IL-MS mixtures. This can be described considering the structures of these dyes (Figure 1.1). The extra rhodanine ring in the acceptor unit of both D149 and D205 helps to increase the π-conjugation 3 which results in the red-shift of the absorption maxima compared to D102. and ionic liquids are shown in Table 1.1 and Table 1.2 respectively.

In the case of the IL-MS mixtures, Figure 1.6 clearly shows the red-shift of emission maxima values while decreasing XIL until XIL=0.10. This red shift can be described considering the increase of medium polarity. Table 1.4 shows that MSs used in this study are more polar than the used ILs. In addition, DRS spectroscopic technique showed an overall increase of medium polarity values while decreasing XIL of the IL-MS mixtures, especially in EmimBF4, BmimBF4, HmimBF4-ACN 39 and HmimNTf2-ACN 62 mixtures. However, the 𝜆 RHD WX values of the three used dyes go through maxima at XIL = 0.05-0.10 in case of all the studied IL-MS mixtures and show a further blue shift while decreasing XIL to 0. In this regard, emission process of a dye is generally more sensitive towards the change of local environment of the dye compared to the absorption. Previous studies have already shown that, the cation-anion interactions in the studied IL-MS mixtures are weaker at the lower XIL region compared to higher XIL region. This in turn indicates that, competitive dye-ion interactions are comparatively stronger at lower XIL region of the mixture. Therefore, this presence of maxima in the values of 𝜆 RHD WX of the dyes at the low XIL region of the studied IL-MS mixtures may indicates the presence of interactions (dipole-dipole/ H-bonding/ Van der Waals) between the solute (dye) and the surrounding mediums. There are mainly two reasons behind this previous statement. First, the viscosity change in this low XIL region of the mixture is negligible and second, the values of dielectric constants of the IL-MS mixtures pass through maxima at XIL ~ 0.01. 39,62 Although experimental data are not available for all the studied mixtures, this behavior of the composition dependence of the dielectric constant values in IL-MS mixtures can be correlated with the composition dependent change of emission maxima here. 

= (ε-1)/(ε+2)-(n 2 -1)/(n 2 +2), 𝛥𝑅 = (n 2 -1)/(n 2 +2
), here ε and n are the values of dielectric constants 39,[63][64][65] and refractive indices [32][33][34]39,44 of the binary mixtures of different compositions

Stokes Shift:

Generally the emission spectra are red-shifted compared to absorption spectra. In other words, energy of emission is less than the energy of absorption. Upon excitation into higher energy levels, the excess energy is quickly dissipated, which helps the dye molecule to reach in the lowest vibrational level of its first excited state. 66,67 Therefore, the emission maxima values indicate the energy gap between the lowest vibrational level of the excited state and the ground state of the dye, and the energy difference between the absorption and emission for a particular dye/chromophore is known as Stokes shift, named after the first observer of this phenomena sir G. G. Stokes. 68 The extent of Stokes shift depends on the nature of fluorophore and its solvation environment. Indeed, more stabilized excited state due to various reasons would help to increase the Stokes shift values of a particular dye/fluorophore. While comparing the Stokes shift values of pure solvents and pure ionic liquids, it can be clearly noticed that the values of ν Z[\]^_ in pure solvents are larger than that in pure ILs. (Table 1.2) This can be described considering the values of polarity parameter (𝛥𝑓) of the surrounding medium of the dye (Table 1.4). The polarity parameter as well as the Stokes shift values are greater in pure molecular solvents than in pure ionic liquids. In addition, dyes in acetonitrile has higher values of Stokes shift because it is more polar (higher 𝛥𝑓) than other two molecular solvents (γ-BL and PC) used in our study. 39 Another way to observe the solvent effect on steady state spectral shifts is to follow the Lippert-Mataga equation for these three dyes D102, D149 and D205. The actual derivation of the equation are described elsewhere. 69,70 However, the final form of this equation looks like the following:

𝜈̅ Z[\]^_ = 𝜈̅ c -𝜈̅ d = % ef g h.i %hji - k l .i %k l ji m (o p .o q ) l r s + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.1)
Here ε and n are dielectric constant and refractive index of the medium and 𝜇 y and 𝜇 z are excited and ground state dipole moments of the dye respectively. Besides, ℎ is Planck's constant, c is the speed of light and a is the radius of the dye molecule. Furthermore, 𝜈̅ c and 𝜈̅ d are absorption and emission wavenumbers respectively.

In Figure 1.8, we have shown the Lippert-Mataga plot for three dyes in BmimBF4-ACN mixtures as the experimental values of ε and n in case of other IL-MS mixtures are not available.

From this figure, we can see an almost linear relation only in case of D149. However, in case of other two dyes, the Lippert-Mataga plots are non-linear. On this note, it is worth mentioning that the Lippert-Mataga equation only considers dipole-dipole and dispersion interactions between dye and the surrounding medium. Thus, non-linear Lippert-Mataga plots of D102 and D205 in BmimBF4-ACN mixture also suggests that other specific interactions like hydrogen bonding and electron pair donor/acceptor interactions may be present between the dye and the surrounding medium.

Relative Quantum Yield:

From the steady state absorption and emission spectra, we can also get an idea about relative quantum yield (𝜙 }C~HGF•C ) of the dyes in solvents and solvent mixtures. This can be expressed as the area under the emission spectra normalized with respect to absorption intensity at the excitation wavelength. Previously this type of relative quantum yield calculation was shown in case of D149 in pure solvents by El-Zohry et al. 8 In case of our study, we are extrapolating this concept in case of other dyes D102, D149 71 and D205 in various imidazolium IL-MS mixtures.

To get a better comparison, we have set the value of 𝜙 }C~HGF•C of D149 in ACN to 1 in order to get an idea of the comparative changes of 𝜙 }C~HGF•C values while changing the dyes, MSs, ILs and also the compositions of IL-MS mixtures. However, the reported experimental quantum yield of D149 in ACN is 4.64%. 72 𝜙 }C~HGF•C values in Figure 1.9 of the dyes in different IL-MS mixtures show a decrease from XIL=1 to XIL=0.1 and minima at XIL ~ 0.05-0.1. In general, 𝜙 }C~HGF•C values increase when the rate of non-radiative processes decreases and vice versa. This minimum in 𝜙 }C~HGF•C suggests that at this specific range of mixture composition, the relaxation of the excited state prefers nonradiative process over radiative decay. This minimum can't also be explained regarding the viscosity of the surrounding medium as there is no presence of minimum in the composition dependence of the viscosity values of these IL-MS mixtures. [34][35][36][37][38]40,41,43,73 Based only on these spectroscopic data, it is difficult to interpret the appearance of this minimum in the quantum yield. However, in some previous studies, [74][75][76][77][78] the change in the conformation of the dye molecules, the hydrogen bonding between the dye and the surrounding medium are also regarded as reasons for the decrease in quantum yield. To get further idea about dye conformation change or hydrogen bonding interactions in our case, we need to do further molecular level calculations, which is out of the scope of this study. 

Conclusions:

In this chapter, we have comprehensively discussed about the steady state properties of the three organic indoline based solar cell dyes D102, D149 and D205 in various imidazolium-based ionic liquid-polar aprotic molecular solvent mixtures. To conclude, we would like to summarize what we have discussed throughout this chapter. First, the composition dependence of the absorption maxima values of all three dyes show and overall red-shift while increasing XIL and also a noticeable change in the mole fraction range 0 to 0.1 in the studied IL-γ-BL,PC mixtures, whereas it is not exactly true in case of IL-ACN mixtures. In addition, this typical red shift of absorption maxima is also correlated with the calculated values of the polarizability parameter in case of only available BmimBF4, BmimPF6-ACN mixtures.

In the case of composition emission maxima change, although a polarity dependent overall blue shift occurred while increasing the XIL values, an initial red shift indicates the effect of interactions in the local environment of the dyes in case of all the studied IL-MS mixtures. Similar type of the presence of the maxima at lower XIL region also suggests the effect of local environment on the values of the Stokes shift (ν Z[\]^_ ) of the studied dyes in the solvent mixtures. In addition, the non-linear Lippert-Mataga plots of D102, D149 and D205 in BmimBF4-ACN mixture also indicates the presence of other specific interactions like hydrogen bonding and electron pair donor/acceptor interactions between the dye and the neighboring medium. Furthermore, the relative quantum yield (𝜙 }C~HGF•C ) values also show the presence of a clear minima at the similar mole fraction range, which is another proof of the presence of stronger interactions between the dye and surrounding medium especially at the lower XIL region due to the presence of weaker cation-anion interactions in the similar mixture composition range.

Overall, all these steady state properties of the dyes in the IL-MS mixtures suggests the presence of specific interactions between the dye and neighboring medium in the lower XIL region. From this, we might also expect the similar type of behavior in case of fluorescence lifetimes of these dyes in the solvent mixtures. The outcome from this chapter surely creates the baseline for the further study. Talking about further study, the more detailed study of the excited state dynamics as a result of the photo-excitation of the indoline dyes, will be discussed in the following chapter.

Chapter 2 In this chapter, we are going to discuss about the study of the excited state relaxation dynamics of three metal-free substituted indoline dyes D102, D149 and D205 in whole mixture composition range of various IL-MS mixtures containing four different imidazolium-based ionic liquids (ILs) and three different polar aprotic molecular solvents (MSs) binary mixtures using femtosecond transient absorption (TA) spectroscopy. We have already discussed about the steady state properties of these dyes in previous chapter. Here we will discuss about their excited state relaxation dynamics after the excitation to their first excited state using a femtosecond pump pulse. The global analysis of the TA spectra reveals us about the presence of four different time components in the relaxation process of all three dyes in all the studied IL-MS mixtures. First, we have discussed about the origin of these four timescales in the mixtures as well as in the pure components. Then, we have described the composition, polarity and viscosity dependence of these four timescales. The viscosity and polarity dependence of these four relaxation time components indicates the importance of local structures of the surrounding medium in describing the behavior of these four timescales. Furthermore, in case of the composition dependence of the longest global analysis timescale, related to the emission lifetime of the dye, there exist minima at lower XIL region (XIL=0.05-0.10) of the mixtures, which can be an indication of the presence of stronger interactions between the dye and the neighboring medium due to the weaker cation-anion interactions in ILs especially at the lower XIL region. The modulation of the preferential interactions between the ions, ion-solvent and ion-dye interactions play an important role in describing the composition dependent change of emission lifetime of the dyes. This typical behavior of the excited state of the dyes can be correlated to the steady state emission, Stokes shift and also relative quantum yield of the dyes which was described in previous chapter.

Introduction:

As we have discussed the steady state properties of the organic solar cell dyes in the previous chapter, we are now going to study the excited state dynamics of these dyes in various IL-MS mixtures to get further idea about the photophysics of the excited state.

To start with, there are mainly two important components of DSSC cell, electrolyte and the photosensitizer. ILs are used nowadays as electrolytes due to some advantageous properties of them. Indeed, in recent years, we have seen a rise of interest in the research on ILs. 1,2,11-16,3- 10 Due to some very interesting properties of ILs like non-flammability, negligible vapor pressure, large electrochemical potential window, high thermal stability, high electrical conductivity etc., they are quite useful in various types of chemical and biological applications. [17][18][19][20][21][22][23][24][25] In particular, the family of 1-alkyl-3-methylimdazolium (C4mim + ) cation combined with perfluorinated anions (PF6 -, BF4 -, CF3SO3 -, (CF3SO2)2N -) are mainly used in various electrochemical devices such as supercapacitors or electrochemical actuators due to their high electrical conductivity. 2,10,[26][27][28][29] Moreover, they also have many other applications. 30,31,[40][41][42][32][33][34][35][36][37][38][39] However, the high viscosity of ILs alongside high purification cost can causes a hindrance to their applications. The viscosity can be reduced to only one order of magnitude by varying the temperature. 43 Therefore, the problem regarding the high viscosity of ILs can be solved by mixing the ILs with low-viscous MSs, which leads to an almost exponential decay of the viscosity as a function of molar fraction of the IL (XIL). [44][45][46] this decrease of viscosity helps to improve the electrical conductivity of the resulting IL-MS mixtures. Therefore, various polar aprotic solvents like acetonitrile (ACN), γ-butyrolactone (γ-BL) and propylene carbonate (PC) can be a reasonable choice as MSs for mixing with the ILs. In particular, in the field of electrochemical applications, [47][48][49] these polar aprotic solvents also possess several advantageous properties like wide electrochemical window, relatively high dielectric constant and low viscosity for which they can be easily dissolved in the ILs. Moreover, wide temperature range of the liquid state, nontoxicity along with environmental friendliness of cyclic organic esters and carbonates (like γ-BL and PC) are the reasons behind their usage as electrolytes media in many electrochemical devices.

In general, mixing molecular solvents with ILs changes the overall microscopic structures because of the presence of composition dependent interactions between the mixture components. While ion-ion interactions are more prominent in case of ILs, dipole-dipole interactions are dominant in case of the polar aprotic MSs. Therefore, depending upon the tendency of the pure components to give up their intrinsic interaction patterns to help the solvation process, one can expect the presence of different concentration regime over the whole composition range in a typical IL-MS mixture. 50 Therefore, it is important to analyze the IL-MS mixtures based on different microscopic interactions between the mixture components to predict their different macroscopic properties. The composition dependent spectroscopic and physicochemical data of IL-MS can be summarized as follow. From pure IL to pure MS, a composition dependent characteristic red shift of C-H vibration mode was noticed in case of some IL-MS mixtures, like BmimBF4-DMSO, EmimTFSI-PEO, and BmimPF6/BF4-PEO, [51][52][53][54][55] while no apparent shift can be observed in some of the them, like CnmimBF4-H2O, EmimTFSI-MeOH, RmimBF4-EG etc. 52,[56][57][58][59][60][61][62][63] Similar behavior of 1 H chemical shift can also be noticed in various IL-MS mixtures. 59,64,[73][74][75][76][77][78][79][80][81][65][66][67][68][69][70][71][72] In particular, the corresponding values of the C-H vibration mode and the double difference of the 1 H chemical shift values are relatively unaffected in the XIL range between 1.0 and 0.3 in those studies. However, with further decrease of XIL, large changes are observed in the case of both spectroscopic parameters. This typical behavior of the spectroscopic data can also be correlated to the composition dependence of static dielectric constant values in BmimBF4-ACN mixture. 82 These changes are compatible with the physical picture that the solvent molecules compete with the anions to occupy positions close to the cation ring hydrogen atoms. The presence of two competitive interactions, ion-ion and ion-solvent interactions, in the IL-MS mixture make the interactions between the cations and anions in ILs weaker. In fact, at a specific low mole fraction of a particular IL-MS mixture, a crossover between the average distance between the cation and anion and between the solvent and the ion indicates that the solvent molecules can dissociate the cation-anion interactions in the ILs at a certain dilution. 83 Another important component of the DSSC cell is the photosensitizer. The sunlight helps the dye/sensitizer molecule to reach its excited state and from there the other reactions in the cell initiates. Therefore, the excited state of the dye is mainly involved in the DSSC cell reactions and we have to characterize their exited state relaxation dynamics. Many studies have been performed in this matter. [84][85][86][87][88][89][90] In particular, the excited state relaxation dynamics of the dye D149 was very extensively studied in recent years. For instance, Fakis et al., Lohse et al. had studied the excited state dynamics of indoline dye D149 in various organic solvents with different polarity, viscosity and H-bond formation ability. Fakis et al. used femtosecond upconversion spectroscopy to study the excited state dynamics of D149 dye in various organic solvents and also on TiO2, Al2O3 and in PMMA films. 84,85 Lohse et al. used femtosecond pumpsupercontinuum probe (PSCP) spectroscopy and time correlated single photon counting (TCSPC) to study the photophysics of D149 also in various organic solvents. 86 El-Zohry et al. had also published a few articles related to the excited state of the dye D149. All of these reports together give an overall idea about the present excited state processes in the D149 dye like photo-isomerization and aggregation, 87 excited state proton transfer (ESPT) 88 and ultrafast twisting in D149 donor moiety. 90 Furthermore, Lin et al. had also showed the effect of the presence of isomerization process in the sensitizer on the efficiency of the cell. 89 Overall, all these processes which are competitive to the radiative relaxation lifetime of the dye excited state result in decrease in the efficiency of the solar cell. The authors also suggested that, these non-radiative competitive processes of the dye can be overcome by using some methods like attaching the dye to a semiconductor oxide electrode 87 and introducing quasi-solid 84 and solid 87 states as the medium surrounding the dye molecules. However, in case of other indoline dyes like D102, D131, D205 etc., the number of reports about their excited states are quite small. 91- 95 In addition, in most of the studies, the conventional organic polar and non-polar solvents were used as the local environments of the dye.

These previous studies about the excited state dynamics of D149 in various solvents also indicated the presence of four different relaxation timescales among which two faster ones are related to solvation dynamics. [84][85][86][87]90 In addition, the slowest one was previously attributed to S1-S0 decay of the dye molecule. 84,86,90 This slow S1-S0 decay time of the dye also depends on the polarity of the surrounding medium. 84,86 However, two different ideas are present about the origin of the third and moderately longer timescale. Fakis et al. 84 and Lohse et al. 86 had attributed this timescale to the vibrational relaxation/structural relaxation of the dye excited state, whereas El-Zohry et al. 90 suggested that this fast relaxation timescale is due to a twisting motion around the double bond in the donor unit of the dye.

As the two faster relaxation timescales of the dye are related to the solvation process, one need to study the solvation dynamics more thoroughly. In this regard, there are few studies present where the solvation dynamics in ILs were rationalized using Coumarin 153 (C153) as a model dye. [96][97][98][99][100][101] The interpretations regarding the two solvation dynamics timescales are following. While the faster sub-picosecond relaxation time is related to the inertial motions of the solvent and ions, the slower one is originated from the structural reorganization of the ions surrounding the dye molecule. [96][97][98][99][100][101] In addition, the solvation dynamics in ILs is much slower compared to that in common solvents such as acetonitrile, methanol, and water, which can be described considering very high viscosity of ILs compared to conventional solvents. As an example, the solvation dynamics of C153 in BmimBF4 showed that the overall solvation process has two time constants of 278 ps and 3.98 ns. 102 Maroncelli et al. had also showed that the solvation times of C153 display an approximate power law relationship with viscosity in case of BmimBF4-ACN solvent mixture. 101,103 Furthermore, According to a review by Samanta, solvation process in ionic liquids is not similar to that in organic solvents. While the dipole-dipole interactions are dominant in the case of pure organic solvents, the interactions between charged groups of the ions and polar molecules of solute play the major role in the solvation process in ionic liquid. 96 As it was pointed out above, most of the studies about the excited state dynamics of the dyes are carried out when they are dissolved in conventional organic solvents which are chosen to mimic different polar and non-polar environmental conditions of the dye. To our best knowledge, there are very few reports where the photophysics of the dye dissolved in a IL-MS mixtures were studied. [104][105][106][107] Therefore, the goal of this chapter is to fill the gap and provide a systematic study of three indoline-based dyes namely, the D102, D149 and D205 dissolved in various IL-MS mixtures where IL represents four different 1-butyl-3-methylimdazolium ILs with four different perfluorinated anions and MS represents three polar aprotic molecular solvents, such as acetonitrile (ACN), γ-butyrolactone (γ-BL), and propylene carbonate (PC). In case of each of these three studied dyes, twelve sets of IL-MS mixtures, each containing five intermediate compositions in addition to seven pure components were used. The ultimate goal was to get an overall idea about the excited state dynamics of the three indoline dyes dissolved in various intermediate compositions of the IL-MS mixtures. In the previous studies, different solvents with different properties like polarity, viscosity, hydrogen bonding ability etc. were used to study the excited state relaxation dynamics of the dye molecule. However, here we are using different intermediate compositions of IL-MS mixtures with varying solvent mixture properties and interactions (ion-ion, ion-solvent and solute-solvent) as the surrounding medium of the dye molecule. This also suggests that, the physicochemical properties of the pure components of the mixtures remain similar yet they are regulated by the change of the mixture composition. We have used femtosecond transient absorption (TA) spectroscopic technique to study the excited state dynamics of the dyes in these systems. It is also noteworthy that, this type of study of the excited relaxation dynamics of these organic dyes in the chosen IL-MS mixtures is considered as the initial stage of research related to DSSC before exploring their exited state relaxation dynamics at the interface of an electrode. [108][109][110][111] This chapter consists of these different sections. First, we will take a short look on the used chemicals, experimental setups and data analysis methods. Then, we will present and analyze the experimental results which will eventually leads us to our final conclusions from this study.

Experimental Section:

Chemicals:

All the details about the dyes and ionic liquids were already described in the previous chapter (Chapter 1, section 1.2).

TA setup and data analysis:

The scheme of transient absorption setup with the description is discussed in the experimental techniques chapter (Chapter 5, section 5.1).

Results and Discussions:

Time dependent spectral changes of TAS:

In this section, all the time dependent changes of the experimental TAS are going to be discussed. As the general characteristics of the femtosecond TA spectra of the three indoline dyes are used for our study are very similar, the discussion in this section is going to be concentrated only on one of the three used dyes D102. The TA spectra of other two dyes (D149 and D205) in the IL-MS mixtures are shown in the Appendix (Figures B3, B4, B6, B7 and B27-B66). In case of D102, the overall TA spectra are also divided into three different sub-sections where each of them contains the time dependent spectral changes of TAS at a particular mole fraction (XIL=0.10) of BmimPF6-ACN, BmimPF6-γ-BL and BmimPF6-PC mixtures. As the overall spectral changes are disentangled into time and composition dependent changes, we have only chosen one particular mole fraction (XIL=0.10) of the mixture to show only the time dependent changes. However, the figures of the time dependency of the TAS of D102 in case of other compositions of the IL-MS mixtures are also shown in the Appendix (Figures B2,B5 and B8-B26).

In Figure 2.1, all the time dependent TAS of D102 in BmimPF6-ACN/γ-BL/PC mixtures are shown respectively and each of them is divided into few subfigures for better and easier discussion.

The faster timescale TAS spectra can be divided into two different wavelength regions. In the shorter wavelength region of the Figures 2.1 [(A), (B), (C)], a negative ground state bleach (GSB) band emerges and starts to increase initially with the increase of time delay. This negative GSB is mainly due to depopulation of the ground state (S0) of the dye. The spectral overlap between the GSB band and steady state absorption spectra (black dotted one in each subfigures) also supports the fact that the former one is due to ground state absorption of the dye. After a few hundred femtoseconds (fs), this GSB band intensity starts to decrease due to ground state recovery of the dye molecule. Additionally, a positive excited state absorption (ESA) band appears in the first few fs in the longer wavelength region of the TA spectra. Due to a few fs delayed arrival of negative stimulated emission (SE) band, we can finally notice three distinct wavelength regions (480-530 nm GSB, 530-630 nm ESA and 630-750 nm SE respectively) within 1 picosecond (ps) of time delay between probe and pump pulse in the case of BmimPF6-ACN mixture [ In Figure 2.1(D), the negative GSB band doesn't show any significant change in this time region, whereas a small GSB intensity decrease happened in both BmimPF6-γ-BL/PC mixtures due to continuation of ground state recovery process of the dye (Figures 2.1(E) and 2.1(F)). However, positive ESA shows a gradual increase in all three IL-MS mixtures (Figures

2.1[(D), (E), (F)]

) and it is mainly due to the geometric relaxation of the excited state of the dye (vide infra). In addition, a clear negative SE band is also observed at higher wavelength region in BmimPF6-ACN mixture (Figure 2.1(D)), whereas distinct SE band can only be noticed in the other two IL-MS mixtures after ~2 ps delay time (Figures 2.1(E) and 2.1(F)). The origin of this negative signal is nothing but stimulated emission (SE) of the excited state (S1) of the dye. Furthermore, the typical spectral overlap between the negative SE bands and the steady state emission also solidifies the same fact. The negative SE peaks show a gradual red shift with the increase of time in this time delay range (1-20 ps). This can be described in two ways. Firstly, a gradual red shift of SE bands while ESA intensity remains almost same with time and then it can be described as a solvent relaxation process. Secondly, the increase of ESA intensity while SE band position remains almost similar with time and then it can be described due to structural/vibrational relaxation of the dye molecule (Figure B1,Appendix B). Noticing the changes happening in our study [Figures 2.1((J),(K),(L))], both solvent relaxation and vibrational/structural relaxation of the dye can be regarded as the possible explanations in the case of our studied dyes in the IL-MS mixtures.

Finally, an overall decrease of TA signal in the whole spectral region is observed

(Figures 2.1[(G), (H), (I)]
) which is due to the excited state relaxation to the ground state (S1-S0 transition) with corresponding time constants. This is also supported by previous studies (vide infra). 87,105,[112][113][114] Overall, after this discussion related to the time dependent TAS, we can certainly generalize the time dependent spectral changes in case of all the other samples (Figures B2-B66). However, there is a slight difference among all these TAS figures, which is mainly related to the rate of the increase of TA signals in the ESA region and decrease in SE region at the middle timescales (Figures 2.1, and B2-B26), which are different for different samples even while using a particular dye like D102. This certainly indicates the fact that, the excited state processes of the dyes are dependable on the properties of surrounding medium. This similar type of difference in the rate of the TA signal increase/decrease mainly in the ESA and SE regions at middle timescales can also be noticed in case of the other two dyes also (Figure B27-B66). While discussing the composition dependent changes of the TAS in the next sub-section, this behavior of the spectra can be described more thoroughly.

Composition dependent spectral changes of TAS:

Beside the time evolution of the TA spectra, the composition dependence of TAS is shown and discussed in four different timescales which consist of two shorter timescales (500 fs and 1 ps) and two comparatively longer timescales (30 ps and 150 ps). In this section, we will get an idea about the effect of changing the mixture compositions on the TAS in case of all the studied IL-MS mixtures while using the same three indoline dyes D102, D149 and D205. Similar to the previous section, we would like to discuss about the composition dependent changes of D102 only because similar changes can be shown in the cases of the other two dyes. All the figures using D149 and D205 dyes are shown in the appendix. To show the effect of changing MS and changing IL separately, here in this section, we will divide the discussion into two subsections. To initiate we will discuss about effect of changing three molecular solvents in the TAS of D102 in BmimPF6-MS mixtures. As the composition dependent spectral discussions for the other three ILs are similar, only the figures are shown in the Appendix (Figures B67-B69). Then we will discuss about the effect of changing four ionic liquids in the TAS of D102 in IL-ACN mixtures. Similarly, the figures of the TAS of D102 containing IL-γ-BL/PC mixtures are also shown in the appendix (Figures B70,B71).

2.3.2.1.

Effect of changing the MSs on the TA spectra: B67-B69) also confirms the fact that this change in the shape of TAS is not due to the IL present in the mixtures, as the similar changes can also be noticed in case of IL-ACN mixtures containing BmimBF4, BmimTFO and BmimTFSI as the IL. Therefore, the different TAS shape of BmimPF6-ACN mixtures compared to that in BmimPF6-γ-BL,PC mixtures at lower XIL at faster times (before ~1 ps) is mainly due to the effect of the MS used in the IL-MS mixtures. (Figures 2.2(A) and 2.2(B)). On the contrary, at higher XIL (XIL ≥ 0.50), the TAS show almost similar shapes in case of three different MSs (Figures 2.2(A) and 2.2(B)), which can be due to the increased viscosity of surrounding medium while increasing XIL of the mixtures and dominance of viscosity effect in changing the shapes of TAS. Moreover, there is not much of difference in the shapes of the TAS in Figures 2.2(C) and 2.2(D), i.e. at the longer time regions (30 ps and 150 ps), as positive ESA and negative SE bands are already formed at these times.

Effect of changing the ILs on the TA spectra:

As we have discussed about the effect of changing MSs on the TAS of D102 in the previous sub-section, we can now show the effect of changing four different ILs on the shape of the TAS of the dye D102 while keeping ACN as the same molecular solvent. In Figure 2.3, we have shown the TAS of the dye D102 in all the four IL-ACN mixtures at four different times starting from very fast 0.5 ps and 1 ps to comparatively slower 30 ps and 150 ps. From Figures 2.3(A) and 2.3(B), we can see the change of the shape of TAS while changing XIL at two shorter times. The TA spectra below XIL = 0.20 show nicely formed positive ESA and negative SE, while both the positive ESA and negative SE bands are not completely formed in the higher concentration regions of IL (XIL > 0.20) in case of all four IL-ACN mixtures. Similar types of observations can be noticed in case of IL-γ-BL (Figure B70(B)) and IL-PC (Figure B71(B)) mixtures while using D102 dye, as the spectral shapes at 1 ps show the differences with the mixture compositions. This is mainly due to the fast relaxation dynamics in three solvents compared to highly viscous ILs. Due to faster dynamics in MSs, the formation of ESA and SE bands are faster at the lower XIL region (where the mixture properties are mainly dominated by the solvents due to the abundance), which eventually slows down with the increase of XIL. In addition, the shapes of the TAS are almost similar in the whole composition range of IL-ACN mixtures at the other two comparatively longer times (30 ps and 150 ps, Figures 2.3(C) and 2.3(D)). In these two cases, the formation of ESA and SE bands already can be noticed due to longer delay time.

Furthermore, the polarity dependent shift of negative SE peaks in the longer wavelength region (> 600 nm), where they are formed already in Figure 2.3, is not visible while changing the ILs in the IL-ACN mixtures because of almost similar polarity of four ILs used in this study. However, the composition dependent blue shift of SE peaks while increasing XIL of the mixtures can be noticed while increasing XIL of the IL-ACN mixtures at two slower delay times (dashed arrows to show the blue shift of SE regions in Figures 2.2 and 2.3), which is due to the decrease of the polarity of the surrounding medium of the dye while increasing XIL of the mixtures. This type of polarity dependent shift of SE bands was also noticed in previous study. 112 Overall, the composition dependent changes of TAS in BmimPF6-MS and in IL-ACN mixtures mainly show the effect of surrounding mediums on the TAS shape changes. Similar types of changes can also be noticed in case of other two dyes in other IL-MS mixtures. Thus, they are not worthy for further discussions. The Figures are given in the appendix (Figures B72-B85). 

Global analysis:

The global analysis of the TA spectra of the samples was performed in the following way.

First, the experimental data were corrected using a LabVIEW tool for the GVD correction. The full details of the GVD correction process is described in another chapter (Chapter 5, Section 5.1). After that, the GVD corrected data were fitted by using a global analysis software called Ultrafast Toolbox. The basic principles and related equations of the global analysis process are described in Chapter 5, Section 5.1, which also contains the IRF measurement of the TA setup.

The global analysis of TA spectra gives us two important information about the excited state dynamics. The first one is number of excited state processes and corresponding time components (𝜏 " ) and the other one is the amplitude of the global fit (𝐴 " (𝜆)). All the values of global analysis time components of the dyes D102, D149 and D205 in the IL-MS mixtures used in this study are shown in the Tables B2-B37 in the Appendix section. In addition, the wavelength dependent plot of the pre-exponential factors, which are also known as decay associated spectra (DAS), are shown in Figures 2.4 and B86-B152 in the Appendix. Next, we would like to discuss more about the outcome of the global analysis procedure.

Decay Associated Spectra (DAS):

Our global analysis of TAS also results in four different DAS corresponding to four timecomponents (𝜏 " ) in case of each studied mixture. In this section, we would like to discuss about the behavior of these four DAS related to four time-components (Figure 2.4). All the DAS related to the time components in case of three dyes used in our study can be divided into two sets. Here, we are going to give a comparative discussion about these two sets of DAS by discussing one representative from each of the two sets in case of three dyes. Other DAS figures are shown in the Appendix (Figures B86-B152). In Figures 2.4(A) and 2.4(B), the DAS of D149 in pure ACN and in pure BmimBF4 are shown respectively. The discussion about the similarities and dis-similarities between these two DAS will cover the DAS of these dyes in the other studied samples. Firstly, DAS related to the longest 𝜏4 (Figures 2.4, B86-B152, green) have negative GSB, SE and positive ESA in case of all the samples and both GSB and SE overlaps with time-integrated absorption (black dashed line) and emission (blue dashed line) spectra respectively. Therefore, this 𝜏4 DAS is due to nothing but the excited state decay (S1-S0 transition) of the dye. 105 In the same figures, we can also see that the signs of both 𝜏1 and 𝜏2 DAS (Figures 2.4, B86-B152, red and black) are opposite to 𝜏4 DAS, evidently in the ESA and SE regions (~ 550-750 nm). This indicates that both of them are rise components and related to the excited state processes of the dye molecules. In addition, these two DAS corresponding to 𝜏1 and 𝜏2 have blue-shifted SE regions compared to steady state emission spectra which are also indications that these two time components can be due to the solvent relaxation in the surrounding mediums. 115 However, the DAS of 𝜏3 (Figures 2.4, B86-B152, blue) shows different behavior in case of different samples. For most of the samples, DAS of 𝜏3 shows similar behavior to that of 𝜏2 (characteristic blue shift of negative SE region compared to steady state emission spectra) which certainly suggest the involvement of excited state of the dye. However, for some of the samples (Figures 2.4(A), B108-B112), where common molecular solvent is ACN, 𝜏3 DAS shows the similar sign to 𝜏4 DAS, which also indicate that 𝜏3 is a decay timescale in case of those samples. In this regard, previous study by El-Zohry et al. 90 had attributed this 𝜏3 as a non-radiative decay timescale in ACN related to the twisting of a bond in the donor moiety of the D149 dye while Fakis et al. 114 and Lohse et al. 112 had attributed this 𝜏3 to the vibrational relaxation process of the excited state of D149 molecule. Thus, determining the nature of 𝜏3 remains unclear from this DAS analysis. Further studies are necessary in this aspect to get a better insight about the origin of 𝜏3. For this work, we are mainly interested in the composition dependent changes of the four global analysis time components for the three studied indoline dyes in the studied IL-MS mixtures.

Discussions:

In the first step of this discussion , we will compare the obtained relaxation times by the global analysis with those obtained in the literature for the same dyes used in this study. In Figure 2.5 and Table B1, we can see the previous values and values from this study of these relaxation times as a function of both the viscosity and polarity in different pure MSs and ILs. It is true that the conventional organic solvents, where the excited state dynamics of these dyes studied previously, have very low viscosity values compared to the ionic liquids used in our study. For instance, the highest viscous IL used for our study, BmimPF6, has ~750 times higher viscosity then lowest viscous MS, ACN, and the lowest viscous used IL, BmimTFSI, has almost 20 times higher viscosity than highest viscous MS, PC. Moreover, the viscosity values of other organic solvents shown in Figure 2.6 are quite similar and are below 2 cP.

The dependence of these four relaxation times on viscosity is very difficult to rationalize [Figures 2.5((A), (B), (C) and (D))

]. One reason behind this is the large scattering of the previous reported literature values. As an illustration, in the same solvent, namely ACN, the values of 𝜏 ' varies from 0.11 to 0.21ps for D102 and from 0.08 to 0.45 ps for D149. Analyzing the general trend of these relaxation times as a function of viscosity, it can be noticed that, for organic solvents the viscosity values of which are below 1 cP, the values of 𝜏 ' , 𝜏 ( , 𝜏 ) and 𝜏 * increase to reach maximum values of 0.19, 2.31, 40, 720 ps respectively. Although there is no particular correlation between the viscosity values and these four relaxation times values, one can notice the increase of these four relaxation timescales in more viscous ILs compared to the MSs [Figures 2.5 In this aspect, the viscosity dependence of these relaxation times of the excited state dynamics were also analyzed in the previous reports. For instance, the solvation dynamics studies using C153 dyes in various organic solvents 116 and ILs 96,99,100,[117][118][119][120] and even in IL-MS mixtures 121- 123 showed the viscosity dependence of these solvation time components. El Zohry et al. 87 had also studied the effect of viscosity by introducing highly viscous mediums like polymer matrices and ZrO2. They have noticed an increase of excited state relaxation time of D149 up to 2 ns. They have attributed this increase of lifetime of the dye to blocked internal motion of the dye while increasing medium viscosity. In addition, excited state relaxation dynamics study of a metal(Re)-based dye in ionic liquid showed that the lifetime of the excited state increases with the viscosity increase of the medium, and the decay time follows the series EmimBF4 (330 ps) < BmimBF4 (470 ps) < BmimPF6 (1570 ps). 124 To sum up, the literature data also show that, by increasing the viscosity (although the extent of this increase is small in comparison to that when considering ionic liquids) the relaxation times of the excited state increases.

Now, if we consider the effect of the polarity as quantified by the dielectric constant values, Figures 2.5 [(E), (F), (G) and (H)]

show that, for organic solvents (for which we recall that the viscosity values are smaller than 2cP), there exists no particular correlation between the solvent polarity and the values of these four relaxation time constants. In addition, while considering the ILs, it is the viscosity and not the polarity that determines the values of these relaxation times. These findings are also consistent with the literature data. Indeed, Fakis et al. 84,85 and Lohse et al. 112 have found that with the increase of the solvent polarity, the excited state lifetime (τ4 in our case) of the dye decreases. Similar type of solvent polarity dependence was also noticed in case of carotenoid-type dyes also. [125][126][127][128][129] In addition to polarity, the solvents with possibility of the formation of hydrogen bond between the dye and the solvent also have an impact on the values of these relaxation times. Therefore, the excited state relaxation times of the dye D149 is lower in different alcohols than that in aprotic solvents. 112 In addition, Lohse et al. 130 also found that the relaxation time of 12'-CA decreases with the increase of medium polarity in case of pure organic solvents, whereas there is no particular correlation between the medium polarity and the dye relaxation times in case of the ILs. According to them, the main reason behind this type of behavior in ILs is the presence of dominant probe/dye-cation interactions in them, which can't be quantified by the microscopic properties. 130 84,86,87,94 This previous discussion about the dependence of the dye relaxation times on the polarity and viscosity of pure ILs and MSs mainly point out the fact that, it is really difficult to interpret the excited state relaxation times considering only the macroscopic properties like the polarity and the viscosity of the surrounding medium of the dyes. In case of viscosity dependence, the high values of the viscosity (such as in ILs) results in high values of these relaxation times and objectively this is associated with the hindrance of the change of the conformation of flexible molecules (such as our chosen dyes). Similarly, we didn't find any correlation between these four relaxation time values and the polarity as determined by the dielectric constant of the mediums. Therefore, we conjecture that, these relaxation times are mainly determined considering the local distribution of the solvent or the ions (hydrogen bonding, stacking interactions etc.) around the given dye, not by the values of macroscopic parameters like polarity and viscosity.

When it comes to the physical meaning of the four relaxation times after the global analysis, there is agreement in the interpretation of the 𝜏 ' , 𝜏 ( and 𝜏 * in the previous studies. 84,86,87,90 While both 𝜏 ' and 𝜏 ( are considered due to solvation in the medium, the longest 𝜏 * was regarded as a decay timescale from the excited state to the ground state. However, there is disagreement regarding the origin of 𝜏 ) . Indeed, Fakis et al. 84 and Lohse et al. 86 had attributed this 𝜏 ) to the vibrational/structural relaxation of the excited state of the dye, whereas El-Zohry et al. 90 had described this timescale as a relaxation timescale due to a twisting process in the donor unit of the dye.

By studying the mixtures composition dependence of these relaxation times, our goal is to get more insight about the behavior of these relaxation times. Therefore, we have their behavior as a function of the mixture composition for the three studied dyes reported in Figures 2.7, 2.8, 2.9 and 2.10. In addition, all the values of global analysis timescales are given in Tables B2-B37. Of course it is true that, the change of the composition of the mixture helps in the gradual modulation of the properties of the IL-MS mixtures like polarity, viscosity, hydrogen bond, the interionic, ion-solvent, dye-ion and dye-solvent interactions. In general, we notice an overall decrease of these four relaxation time values (Figures 2.7, 2.8, 2.9 and 2.10) when the XIL of the mixtures decrease. However, the rate of this decrease is high in the range of XIL between 1 and 0.2 while it slows down for further dilution of IL. This decrease can be correlated with the gradual decrease of the viscosity and increase in the polarity of the mixture. Indeed, the polarity of the solvent measured by dielectric constant being higher by a factor of 3 to 6 than that of the used ILs while the viscosity of the latter's are higher by a factor of 50 to 100 than the formers. In particular, this is the case of 𝜏 ' and 𝜏 ( relaxation times. They decrease with the decrease of the viscosity and the increase of the polarity which indicates that the composition dependent changes of these two timescales are modulated by the gradual change of the viscosity/polarity of the corresponding mixtures. However, the presence of a minimum in the case of the values of both 𝜏 ) and 𝜏 * at XIL ~ 0.05 suggests the fact that this excited state dynamics is not only dependent on mixture polarity and viscosity. In addition, it is also true that the values of 𝜏 * also go through a minimum for D102, and D149 in all the studied IL-MS mixtures while this minimum is not very well-defined for the D205. The occurrence of the minima in the values of 𝜏 ) is also observed but to a less extent, even not present in some mixtures (in most of the mixtures while the dye is D102). This type of overall increase and also the presence of the minima in the composition dependence of the dye relaxation time using the dye 12'-CA was also observed in the case of HmimNTf2-ACN mixture. 104 The authors described this overall increase with respect to the medium polarity parameter (Δf) and the presence of the minima due to ion pair interactions in the surroundings of the dye. 104 A careful analysis of the literature data shows that by increasing the viscosity [131][132][133][134][135][136][137] (the high viscosity hinders the change of the conformation of the dye 87,90 and also reduces its diffusion) while the polarity increase 84,86,104 of the surroundings help to open up non-radiative decay channels of the excited state of the studied dyes. Considering the polarity of our studied mixtures, the experimental values of the dielectric constant as a function the mixture composition are only available for BmimBF4-ACN mixtures to our best knowledge. 138 These values increase with dilution and go through a maximum at XIL ~ 0.01. 139 This indicates that, at this range of mole fraction, particular interactions between the components of the IL-MS mixture and the dye are present in considerate amount to effect the medium polarity. Although the experimental data on dielectric constant of the other mixtures used in our study are not available, we can expect the similar behavior of the dielectric constant may occur in our other studied mixtures, as the trend is similar in case of other IL-MS mixtures like EmimBF4-ACN, HmimBF4-ACN, HmimNTf2-ACN and EmimEtSO4-DCM mixtures. 138- 140 Furthermore, various other properties of IL-MS mixtures also show drastic changes in this low XIL region. 82,[141][142][143][144][145][146] Indeed, in this mole fraction range, the spectroscopic studies reported a noticeable change of the vibration mode and NMR chemical shift and conductivity of the mixtures. One of the possible explanation was also given in a previous work by Marekha et al., 83 where the average distance between the ions, the ions and the solvent were calculated through MD simulations at different mixture compositions in case of the IL-MS mixtures similar to our study. A crossover between the cation-anion distance and that between the cation-solvent and anion-solvent was noticed in that study. The mole fraction at which this crossover occurs depend on how the solvent is competing on the cation-anion interactions, it is higher in the case of PC and γ-BL than in ACN. 83 In the mixture of the dye-IL-MS, the same crossover in the hydrogen bonding between the dye and the ions and the solvent molecules may occur at this range of mole fractions. Preliminary results of the molecular dynamics simulation of a D205 in a mixture with BmimBF4-ACN, show that the average distance between the dye and the ions remains same as it is in the neat IL at the higher mole fraction region of the IL-MS mixtures. However, the average cation-anion distance increases drastically for XIL below 0.2. Concomitantly, the average distance between the dye and the ions decreases to be lower than that between the cations and the anions. These results indicate that the structural changes occurring especially at the low range of mole fraction of the IL-MS mixture correlates well with behavior of the relaxation dynamics of the excited state. The dye is acting as a probe of this crossover region of the mixtures and it is expressed by the occurrence of the minima in case of 𝜏 ) and 𝜏 * . However, we don't have any microscopic explanations regarding various interactions in the medium and we believe that further investigation using MD simulations of these dyes in the case of these studied mixtures are needed to clarify the origin of the minimum observed particularly for the two larger relaxation time components (𝜏 ) and 𝜏 * ). 

Conclusions:

In this chapter, we have studied the excited state relaxation dynamics of indoline dyes, namely the D102, D139 and D205 in different IL-MS mixtures containing four different imidazolium cation based ILs and three different polar aprotic MSs using time-resolved transient absorption spectroscopy. The time dependent TA spectral analysis showed us the time dependent changes of three overlapping regions consist of negative GSB, positive ESA and negative SE regions in case of all three studied dyes. In addition, the composition dependent TAS analysis helped us to understand the effect of both ILs and MSs in the IL-MS mixtures in determining the shapes of the dye TA spectra at different delay times. Furthermore, the global analysis of experimental TA data reveals that the excited state relaxation occurs through four relaxation times. The viscosity and polarity dependence of these four timescales are not fully understood; however, the high viscosity, particularly in pure ILs and also at the higher mole fraction region (XIL ≥ 0.50) of ILs, causes the hindrance in the conformational change of such flexible dyes and also in slowing down its diffusion. Besides, the increasing polarity induces an overall decrease of the slowest relaxation time (𝜏 * ). This lack of both polarity and viscosity correlations of these four timescales in pure components and also in the mixtures suggest the need of introduction of the interactions between the dye and surrounding mediums in the discussion of these four timescales. Moreover, the composition dependence of the values of excited state decay timescale 𝜏 * pass through a minimum in case of D102, D149 and D205 in all the studied IL-MS mixtures. The occurrence of a minimum in the values of 𝜏 ) also is observed but to a less extent. Similar to the two longer excited state relaxation times of the dyes, this occurrence of extrema was also noticed in the case of steady-state properties like emission maxima, Stokes shift, the minimum in the relative quantum yield as well (Chapter 1). This typical behavior of the dye at low XIL indicates that, the dye is experiencing a change in the constitution of its local structure from being dominated by the ions in ionic liquids to the one dominated by the solvent molecules, which is behind the regulation of the interactions between the dye and the surrounding environment. However, to know further about the types of interactions present in between the dye and surroundings, detailed molecular dynamics simulation studies are needed, which is mainly the next goal regarding this study.

Comment on Polarity and Heterogeneity in Ionic Liquid -Molecular Solvent Mixtures: EPR Study

This chapter is mainly dedicated to the analysis of polarity of IL-MS mixtures in the whole mixture composition range using the Electron Paramagnetic Resonance (EPR) spectroscopy of a magnetic probe TEMPO. We have chosen the similar set of IL-MS mixtures i.e. four imidazolium ILs containing same Bmim cation and four different anions (BF4, PF6, TFO and TFSI) and three molecular solvents (ACN, γ-BL and PC) for this study also. We have two main goals to achieve through this EPR study. Firstly, to study and comment on the hyperfine coupling constant values, which is considered as a polarity parameter, of the EPR probe in these set of IL-MS mixtures. Secondly, to calculate and comment on the rotational relaxation time constant (𝜏 " ) values of the probe molecules in the same set of mixtures. In addition, a detailed analysis about various polarity parameters while using the probe TEMPO is also carried out in case of BmimBF4-ACN mixture.

Introduction:

While discussing the photophysics of the spectroscopic probes in different pure ILs and in various IL-MS mixtures, one need to characterize the polarity of these mediums first. Polarity of ILs and IL-MS mixtures had been measured using various solvatochromic [1][2][3][4][5] and EPR [6][7][8][9][10] probes and also using FT-IR, 11 RAMAN, 12 DRS 13,14 spectroscopic techniques. There are various ways of measuring the polarity of a solvent such as dipole moment, kinetic rate constant, Hildebrand solubility parameter, dielectric constant (ε), spectroscopic polarity parameters (magnetic 𝐴 $ and optical 𝐸 & $ ). There are various studies about the polarity of ionic liquids and their mixtures with molecular solvents. Two different set of polarity parameters give different results. While dielectric constants denote ILs as moderately polar (i.e. similar to npentanol), solvatochromic polarity parameters suggests that ILs are as polar as primary alcohols. Even there are two sets of results regarding these two polarity parameters in BmimBF4-ACN mixtures. While the DRS study by Stoppa et al., 14 showed an overall decrease of dielectric constant values from pure ACN to pure IL, solvatochromic polarity parameter (𝐸 & $ ) measured by Manchini et al. 15 had displayed an overall increase of 𝐸 & $ values while increasing XIL. Thus, apparently the probe independent and probe dependent polarity parameters give us different ideas about the polarity of ILs and IL-MS mixtures. In this aspect, there also exists some previous reports by Wang et al., 16,17 which suggest correlation between hyperfine coupling constant (𝐴 $ ) measured by EPR and solvatochromic polarity parameter

(𝐸 & $ )
measured by UV-Visible spectroscopy. However, all the studies related to the correlation between different polarity parameters were only shown in the case of pure solvents and in pure ionic liquids. To our knowledge, there are no studies related to the correlation between the polarity parameters in IL-MS mixtures.

In addition to the polarity, microheterogeneity is also an important property in the case of the imidazolium IL-MS mixtures. There are various previous experimental studies which suggest the presence of heterogeneities in imidazolium ILs. 6,10,[26][27][28][29][18][19][20][21][22][23][24][25] As a result, non-Gaussian type rotational and translation diffusions are present in case of ILs. Indeed, Maroncelli et al. had showed that the rotational correlation time was acquired from the stretched exponential fitting of the fluorescence anisotropy decay of the dye C153. 19 Hu et al. had also showed the presence of dynamics heterogeneity which is the main reason behind the red edge effect (REE) in room temperature ILs by using MD simulations. 20 In a series of papers from Samanta group, it was described that the presence of heterogeneity in ILs is the main reason behind the excitation wavelength dependent fluorescence spectra in ILs. 21,23,30 Using EPR paramagnetic probe studies, one can also monitor the heterogeneities in ILs and also in IL-MS mixtures. The interactions between the EPR probe and the nearby microenvironment can give us idea about the microheterogeneity in the medium. Various EPR studies have also reported microheterogeneities in case of both in ILs and IL-MS mixtures. 6,6,[37][38][39][40][41][42][43][44][45][46]10,47,48,26,[31][32][33][34][35][36] On the account of the EPR paramagnetic probe, nitroxide radicals are one of the most used among the available paramagnetic species. In general, radicals are very reactive species and unstable in the nature. However, nitroxide radicals are stable in room temperature. Therefore, these types of stable radicals are used in numerous chemical reactions. Besides this, due to the presence of unpaired electron in the anti-bonding orbital (SOMO) 49 , nitroxide radicals also exhibit significant EPR signal and they are used as paramagnetic probes for EPR studies. 6,10,43,46,[50][51][52][53][54][55]22,25,[27][28][29]31,32,42 Various types of stable nitroxide radicals are used as spin levels for the EPR study, like TEMPO, TEMPOL, ATEMPO etc. to name a few. Among these available nitroxide probes, TEMPO has least number of interactions with the surrounding mediums (IL-MS mixtures in our case) due to absence of any substituted groups in the structure.

As there exists various types of interactions in the IL-MS mixtures, other EPR probes with different substituted groups can complicate the situation by adding more and more interactions with the substituted groups in them. Therefore, we have used TEMPO for our study.

Furthermore, when a solute molecule is present in IL-MS mixtures, there exists various types of interactions in the medium. Although the electrostatic interactions are the most dominant one due to presence of ions in the mixture, other types of interactions like H-bonding, Van der Waals and even hydrophobic interactions (interaction by using hydrophobic moiety in the structure) are also present. 31,56 Various molecular modeling and simulations were also used to study the structures and interactions in ILs and IL-MS mixtures. [57][58][59][60][61][62] According to Tokuda et al., 58 ILs are defined as self-organized phases with polar charged zones and non-polar regions containing the alkyl extensions. The size of alkyl extensions determines the size of nonpolar domains in different ionic liquids. The presence of both polar and nonpolar regions in ILs also explains the solvation of different types of solutes in them.

Another important information which can also be extracted from the spectral analysis of the EPR line-shape is the rotational correlation time (𝜏 " ) of the probe. Various studies have been performed to show the viscosity dependence of the 𝜏 " values in different solvents and ILs while using solvatochromic and EPR probes. In case of solvatochromic probes, fluorescence anisotropy studies are performed in general to study 𝜏 " , 63,64,[73][74][75][76][65][66][67][68][69][70][71][72] whereas the analysis of the spectral broadening of EPR hyperfine lines can provide us the same information while using the EPR probes. 10,27,48,50,55,[77][78][79][80][81][82]31,35,39,[41][42][43][44]46 68 In a similar type of temperature dependent fluorescence anisotropy study using another fluorescence probe 9-PA, Dutt et al. 65 had shown the effect of cation and anion determining 𝜏 " values in case of a set of imidazolium based ILs. Super-stick behavior of the temperature dependence of 𝜏 " values was also noticed in case of various ILs. 71,76,83 In addition, Gierer-Wirtz type of viscosity dependence of 𝜏 " values was also noticed in case of pure ILs. 43,46,48,53,54,82,84,85 However, the number of studies related to the rotational correlation times in the whole mixture compositions of IL and MS are quite low. 70,74,75,[86][87][88] In general, composition and viscosity dependent changes of 𝜏 " values were studied in those studies. Similar to the spectroscopic probes, the number of studies related to the EPR probes in IL-MS mixtures are also quite small, 37,89,90 and also, to our knowledge, there are no EPR studies in IL-MS mixtures other than IL-water mixture till now.

As we have discussed earlier about the correlation between the different polarity parameters in the case of IL-MS mixtures, the correlation between spectroscopic polarity parameters (𝐴 $ and 𝐸 & $ ) and dielectric constant (ε) was shown using a modified Onsager's reaction field model. 16,17 Generally, Onsager's reaction field model is considered as a classic model to correlate the spectroscopic polarity parameters with the dielectric constant values of the medium. According to Onsager's reaction field theory, 91 a solute molecule polarizes the solvent surrounding it and this polarization generates an electric field, known as the reaction field. In this aspect, according to the linear solvation energy relationships (LSERs), the spectroscopic polarity parameters such as 𝐸 & $ and 𝐴 $ are regarded as a sum of electrostatic interactions, hydrogen bonding and other specific interactions. However, the reaction field according to the Onsager's theory can be applied for electrostatic interaction term. Without other terms like hydrogen bonding and other specific interaction terms, these spectroscopic polarity parameters would be proportional to the reaction field. As the hydrogen bonding and other types of specific interactions can't be ignored while discussing about the ILs and IL-MS mixtures, the modified Onsager's reaction field model 16,17 should be applied while correlating the polarity parameters.

Considering the Onsager's reaction field, the molecular model of solvation 92 of molecules suggests the presence of three important components in a solute-solvent system which are solute, first solvation sphere and bulk solvent. Generally, radius of solute was used as the radius of reaction field in the Onsager equation. However, there are some modifications of Onsager's reaction field. Wang et al. introduced the primary solvation sphere alongside the radius of the probe/solute as the reaction field in applying Onsager model in correlating 𝐸 & $ and 𝐴 $ with dielectric constant of different organic solvents and they found good agreement with experimental value. 16 They even extended their work by applying Onsager's theory in ionic liquids by modifying the reaction field. 17 However, due to the less-availability of experimental values of various polarity parameters like 𝐸 & $ , 𝐴 $ and ε, this type of correlation wasn't performed yet in the case of IL-MS mixtures.

To sum up, in this chapter, we are going to discuss an overall CW-EPR study of the spin probe TEMPO in various imidazolium IL-MS mixtures. First, we will discuss composition dependent changes of hyperfine coupling constants and rotational correlation times in the IL-MS mixtures. Then, we are going to discuss about a particular case, the EPR study of TEMPO in BmimBF4-ACN mixture. In the case of this particular IL-MS mixture, we are going to use the similar type of correlation between 𝐴 $ and ε values which were already used in case of pure counterparts.

In addition, the relation between two spectroscopic polarity parameters (i.e. 𝐸 & $ and 𝐴 $ ) in case of BmimBF4-ACN mixture is also discussed in this chapter. Besides, we are going to get further idea about the composition and viscosity dependence of the rotational relaxation time (𝜏 " ) of the probe molecule while comparing with that of UV-visible probe coumarin 153 in the case of same binary mixture.

Sample Preparation:

The EPR probe TEMPO (purity 98%) was bought from Sigma Aldrich (Figure 3.1). All the ionic liquids and solvents were bought from the same places as discussed in chapter 1, section 1.2. All the samples were stored inside the glove box in inert gas atmosphere. In doing so, we can remove two sources of impurity in the EPR spectra. Firstly, the moisture of the air can't impure the ILs and solvents and also the probe. Secondly, the oxygen in the air can't also intervene the EPR signal. In addition, all the sample preparation processes were performed inside the inert atmosphere (argon filled) glove box. All the sample capillaries were vacuumsealed inside the glove box. After all these steps, the tubes with samples and EPR probes became ready for the experiment. In this regard, the concentration of the EPR probe TEMPO in the solvents and solvent mixtures were 3 × 10 +, -5 × 10 +, (M). This probe concentrations were kept almost similar throughout our whole sets of measurements. C4). In Figure 3.2, one can clearly notice the change of the shapes of the spectra while increasing XIL. In pure solvents like ACN, γ-BL and PC, the TEMPO EPR spectra are symmetrical. However, while increasing IL mole fractions, the symmetry of the EPR spectra starts to decrease as the heights and width of the three EPR peaks start to become dissimilar. The two higher field peaks become wider and the intensities start to decrease more and more as XIL increases. This type of solvent dependent changes in EPR spectra was also noticed in previous studies. Mladenova et al., 43,44 Akdogan et al., 31 Dhale et al. 25 have also seen this type of broadening of EPR spectra in different ILs while using different EPR probes. To describe this composition dependent spectral behavior, we need to consider heterogeneity in IL mediums. The EPR probe TEMPO is quite sensitive towards the changes in the surrounding mediums. As discussed earlier, ILs are mostly known as heterogeneous mediums. Moreover, EPR spectroscopy can probe this heterogeneity in ILs and IL-MS mixtures. Thus, previous EPR studies in pure ILs and also in IL-MS mixtures showed this type of decrease of symmetry and broadening of peaks of the EPR spectra. 6,10,30,35,[18][19][20][21]23,[25][26][27] The similar effect also has been noticed in case of our study. While increasing the XIL of the IL-MS mixtures, the heterogeneity is increased in the surrounding mediums of the probe molecule (TEMPO). This increase of heterogeneity in the IL-MS mixtures eventually causes the decrease of symmetry of the EPR spectra. Now, to discuss more about heterogeneity in ILs, we need to take a look at their molecular structures. Although they are present as ions in the medium, they are not at all similar to the conventional salt solutions containing metal cations and different anions. The main structural characteristic of ILs that distinguishes them from conventional solvents is that they have a structure consisting of polar and non-polar domains. The latter domains are generally associated with the correlated position of the neutral alkyl side chains of the cations, which self-associate particularly for long alkyl chains (despite the expected repulsion forces) to form spatially heterogeneous domains. On the other hand, the polar domains, associated with both the positions of the cation rings as well as of the anions, are governed mainly by their attractive interactions. This induces a sort of charge ordering at the level of local structure. This heterogeneity creates inherent interfaces, which should influence the solvation process in such media. 6,10,35,38,[18][19][20][21][23][24][25][26] Indeed, the solvation of a solute depends strongly on its preferential localization in these different regions of the IL (i.e., within the polar network, in the non-polar domains, or at the interface between the polar and non-polar domains). This heterogeneity in ILs makes them interesting and difficult to study at the same time. 22,37,[93][94][95][96][97] This type of heterogeneity in ILs eventually causes the decrease of symmetry in the EPR spectral shape. 6,10,30,35,[18][19][20][21]23,[25][26][27] Similar to these studies, while increasing XIL, the heterogeneity increases in our case and the broadening of EPR spectral line-shapes increases eventually.

The EPR spectral shape showed that the spectral broadening is inevitable while increasing XIL of all the studied IL-MS mixtures. When this spectral broadening happens to an EPR spectra, calculation of 𝐴 $ values directly from the experimental EPR peaks is not accurate. 27 One needs to consider the average distance between the centers of the hyperfine lines in an EPR spectra to get the correct value of 𝐴 $ . 25,44,98 Therefore, to get the correct analysis of the EPR spectra, we have used the SimLabel 99 tool which is basically a graphical user interface for the Easyspin 100 program. All the data analysis procedure is given in the EPR data analysis section of theories and experimental techniques chapter (Chapter 5, Section 5.4). In addition, an example of EPR spectral fitting is given in Figure C1(C) in the Appendix.

As a result of the EPR spectral fitting, one can get idea about the hyperfine coupling constant (𝐴 $ ) and rotational relaxation time (𝜏 " ) of the probe molecule TEMPO in the studied mixtures. First, we are going to discuss about the values of 𝐴 $ of TEMPO in different pure components as well as in different IL-MS mixtures. Then we will do the same type of discussion in case of the 𝜏 " of the probe molecule TEMPO.

The hyperfine coupling constant (𝑨 𝑵 ):

The hyperfine coupling constant of a particular EPR probe is the measure of the perturbation of its spin density distribution in a medium. In the viewpoint of the EPR spectra, the hyperfine coupling constant is nothing but the average distance between two EPR hyperfine lines. These 𝐴 $ values have a physical importance. This is the EPR parameter which can be correlated to the medium polarity and they are considered as polarity parameter using probe molecules, similar to the solvatochromic polarity parameter 𝐸 & $ . It has been previously described that the 𝐴 $ values are intimately related to the charge transfer (CT) nature of the EPR probe. 51,101 The more polar the solvent is, the more it can stabilize the CT structure of the EPR probes, which also has higher electron spin density on the nitrogen atom and higher 𝐴 $ values. 51,101 Thus, the change of 𝐴 $ values of the EPR probe can give us an idea about polarity of the medium.

First, we have tried to compare the values of 𝐴 $ in pure solvents and also in pure ILs with previous results. In doing that, we have found a good agreement between the previous studies and our results. 25,28 All the analyzed 𝐴 $ values of TEMPO in various IL-MS mixtures and previous values of 𝐴 $ of TEMPO in pure solvents and ILs are shown in Tables C1, C2 and 3.2.

The hyperfine coupling constant values in pure MSs used in this study are smaller than that in pure ILs, similar to the values of other spectroscopic polarity parameter 𝐸 $ & (Table 3.2). Similar type of correlations can also be noticed for the other EPR probes in pure solvents and also in ILs. 25,102 In this regard, it is pertinent to discuss that the dielectric constant values (ε) of pure ILs are quite smaller than that of pure MSs used in this study. [103][104][105][106] Thus, probe independent (ε) and probe dependent (𝐸 $ & and 𝐴 $ ) polarity parameters give us a conflicting idea about polarity of ILs and IL-MS mixtures. In addition, it is also true that, the concept of polarity in ionic liquids is dissimilar to that in conventional solvents due to their complex nanostructure and presence of charged species in the medium. 107 Therefore, it is important to get a correlation between these types of polarity parameters (probe dependent and probe independent). We will get further insights about the correlation between these polarity parameters in case of IL-MS mixtures while discussing the EPR study in BmimBF4-ACN mixture (section 3.4). In addition, considering IL-MS mixtures, a typical non-linear increase of 𝐴 $ values is noticed while increasing the XIL of the mixture. If we notice the composition dependence of 𝐴 $ values in the studied IL-MS mixtures, we can see a common trend. The 𝐴 $ values show a noticeable change in the lower mole fraction range of all the mixtures (0 ≤ XIL ≤ 0.4). After that, the change in the 𝐴 $ values are quite small. This type of composition dependence of 𝐴 $ values are quite similar with the changes of other physicochemical and spectroscopic properties in IL-MS mixtures, where most of the changes in the values happen at the lower XIL regions. 14,[108][109][110][111][112][113] This type of changes in various properties in the IL-MS mixtures can be originated from the local interactions between the probes and the surrounding medium especially in the lower mole fraction range.

Rotational correlation time (𝝉 𝑹 ):

Besides isotropic hyperfine coupling constant (𝐴 $ ) values, the analysis of CW-EPR spectra results in rotational correlation time (𝜏 " ) values of the probe TEMPO in various studied mixtures. In the fast-motion region (𝜏 " < 3 ns), the rotational correlation time of the probe can be determined using motional narrowing theory, 114 where the EPR spectral line width (∆𝐻 55 ) can be obtained by asymmetric line broadening in EPR quantum number 𝑚 7 = ±1,0 for the nitroxide radical TEMPO. Here, the parameters A, B and C can be expressed by the formula which contains anisotropic rotational correlation time, g-tensor values (arises from the interaction of the electron spin with external magnetic field) and hyperfine coupling constant values of the radical TEMPO in various mixtures. In this regard, various previous reports have already nicely described the calculation of rotational relaxation time. 44,100,101,[115][116][117] Only the basic equations are going to be discussed here, which will help us to understand the process.

Firstly, in the absence of paramagnetic broadening of the EPR spectra, the parameters 𝐵 and 𝐶 become 𝐵 ABCDEE and 𝐶 ABCDEE , which can be expressed as-

𝐵 ABCDEE = 0.5∆𝐻 G HI J K J LM -I J K J NM O (3.2) 𝐶 ABCDEE = 0.5∆𝐻 G HI J K J LM + I J K J NM -2O (3.3) 
Here ∆𝐻 G is the overall linewidth of the central line and 𝑉 +R,G,SR is the peak-to-peak intensity of the high, middle and low field EPR spectral lines respectively (corresponding to the spin states of the N atom). To understand the parameters in equation 3.2 and 3.3, a scheme of EPR signal is shown here (Scheme 3.1).

Scheme 3.1: Parameters in a typical EPR spectrum of TEMPO However, the hyperfine coupling between the electron and the neighboring protons makes the EPR line broadening inhomogeneous in nature. Indeed, the subscript in equation 3.2 and 3.3 'uncorr' indicates the fact that the correlation for the inhomogeneous broadening of the hyperfine lines is not yet performed so far. 101 To consider the case of inhomogeneous broadening in the EPR signal, one need to make some corrections in equations 3.2 and 3.3.

𝐵 = 𝑄𝑆𝐵 ABCDEE (3.4) 𝐶 = 𝑄𝑆𝐶 ABCDEE (3.5)
Where,

𝑄 = V+RSW(RS,X Y )Z @X Y (3.6) 𝑆 = [RSR.\]XSR.]^X Y _ (RS@.G]X) (3.7) 
And 𝜒 = a

∆b K ∆b c - ∆b c ∆b K d (3.8)
Here ∆𝐻 e is the Gaussian contribution in the hyperfine lines and 𝜒 represents the Voigt parameter.

Finally, the rotational correlation times can be calculated using the following equations:

𝜏 f = 𝐶 R . 𝐵 (3.9) 
𝜏 C = 𝐶 @ . 𝐶 (3.10)

𝜏 " = W𝜏 f 𝜏 C (3.11)
Here 𝐶 R and 𝐶 @ are constants whose values are dependent on exact values of the hyperfine coupling constant (𝐴 $ ) and g-tensor elements. 101,118,119 All these calculations were performed internally during the process of the fitting of experimental EPR spectra by using the SimLabel 99 tool and EasySpin 100 program.

After the thorough analysis of the CW-EPR spectra of TEMPO using the SimLabel toolbox, we have also found the values of the weighted average of 𝜏 " values of the probe TEMPO in all the studied IL-MS mixtures. Similar to the discussion related to the hyperfine coupling constant in the mixtures, the discussion related to 𝜏 " values are also divided into two parts. First, we will discuss about the changes of 𝜏 " values in case of pure solvents used in our study. Then, we will concentrate our discussion on the changes of 𝜏 " values in the studied IL-MS mixtures while using the EPR probe TEMPO.

In case of pure components, the 𝜏 " values in pure ILs are much higher than those in pure MSs used in this study (Figure 3.4). In this aspect, previous studies also showed higher viscosity of the surrounding medium of the probe molecules can be the reason behind higher 𝜏 " values. 28,29,43,46,48,53,54,82,84,120 Similarly, highly viscous ILs show longer rotational relaxation time values of the probe than that of low viscous molecular solvents. Two interesting points can be made from this Figure . Firstly, the viscosity dependence of 𝜏 " follows fractional Stokes-Einstein-Debye (SED) law, i.e. 〈𝜏 " 〉 ∝ 𝜂 k , where 𝑝 < 1 (Table 3.1) , similar to some of the previous studies. 52,55,84,86,121,134 Secondly, the viscosity dependence is not similar in all the intermediate mole fractions of the mixtures. While the IL-MS mixtures with XIL ranging from 0.1 to 1 follows fractional SED relation with mixture viscosity, the mixtures before this composition range (0 ≤ XIL < 0.1), doesn't follow the same trend. We are going to discuss about it more while discussing about the particular case of BmimBF4-ACN mixture in the next section. values show a decrease with the increase of XIL. 104 In this section, we would like to address this problem regarding the medium polarity in BmimBF4-ACN mixtures through this EPR analysis.

In addition, we are going to show the correlation between two probe dependent spectroscopic polarity parameters (𝐸 & $ and AN) in the aforementioned IL-MS mixture, as shown recently in case of pure solvents and also in pure ionic liquids. 25,27,28 

Correlation between two spectroscopic polarity parameters in

BmimBF4-ACN mixture: So far, we have discussed about the two solvatochromic polarity parameters and the relation between them. However, the concept of polarity in ILs and in IL-MS mixtures is quite difficult to understand. These type of spectroscopic polarity parameters give us an idea that these imidazolium ILs are as polar as short chain alcohols like methanol, ethanol. However, the dielectric constant values in IL and also in IL-MS mixtures suggest that ILs are not that polar. These types of discrepancy in the polarity parameter values in case of IL and IL-MS mixtures lead us to make a correlation between them. In this regard, there are some studies which also correlate these two types of polarity parameters, i.e. the probe dependent parameters (𝐸 $ & and 𝐴 $ ) and probe independent parameters (ε), in case of pure solvents and in pure ILs. 16,17 In these two studies, the authors used modified Onsager equation to create a relation between these polarity parameters. We are going to extend that particular type of studies in case of BmimBF4-ACN mixtures. Onsager's reaction field model 91 is the most used one to understand the relation between the dielectric constant of the medium and the probe dependent solvent polarity parameter (𝐴 $ ).

Correlation between 𝑨 𝑵 and 𝜺: Modified Onsager equation

It has been already known that, in the absence of hydrogen bonding between probe and solvent molecules, the spectroscopic polarity parameter (Y) is approximately proportional to the reaction field (𝐸 " ) 16,17,138,139 using the following equation:

𝑌 = 𝑌 G + 𝐾 " . 𝐸 " (3.12)
Here, 𝑌 G is the value of solvent dependent spectroscopic polarity parameter in a region with no external electric field, 𝐾 " is a constant which is probe dependent. This reaction field can be expressed using Onsager equation in the following way:

𝐸 " = - @… E † . ‡+R @ ‡SR (3.13)
According to Onsager theory, 91 ε is the dielectric constant of the medium, 𝜇 is the dipole of the probe molecule and r is the radius of reaction field. The equation 3.12 works well for nonhydrogen bonding solvents. However, in the case of hydrogen bonding solvents, this equation failed to give a good fit, 16,17,138 In general, the radius of solute molecule is chosen as the radius of the reaction field, especially in case of non-hydrogen bonding solvents. In this regard, according to molecular model of solvation, solvation of a solute in a solvent consists of the solute molecule, first solvation shell and the bulk solvent. 140 Previous studies by Wang et al. 16,17 related to the correlation among these solvent parameters had already modified the radius of the reaction field by including the primary solvation shell while calculating the values of the radius of the reaction field. The modified equation 3.12 can be written as-

𝑌 = 𝑌 G -𝐾 " . @… ‰ † . ‡+R @ ‡SR (3.14)
Here,

𝑎 = 𝑟 @ + 2𝑟 R (3.15) 
𝑟 @ and 𝑟 R the radius of solute and solvent respectively and 𝑎 is the radius of primary solvation shell

To calculate the radius of primary solvation shell (𝑎), one need to consider the values of molar volumes. As our target mixture contains ACN and BmimBF4, we need to concentrate on the values of molar volumes of these two pure components. In case of ACN, the molar volume VM is 52.86 𝑐𝑚 u 𝑚𝑜𝑙 +R16 , which was used for this calculation also. However, the value of the molar volume calculated in case of BmimBF4 (𝑉 R ) is 31.25 𝑐𝑚 u 𝑚𝑜𝑙 +R17 which is much smaller than its actual molar volume i.e. 188.1 𝑐𝑚 u 𝑚𝑜𝑙 +R . In this aspect, it is important to know that, in case of pure BmimBF4, the effective radius is nothing but the distance of the first chemical bond further from the interaction site. 17 Therefore, only the cation without the butyl extension can be considered for the calculation of the effective radius in case of ILs (Figure 3.7 (B)). 17 Using the values of modified molar volume as well as the effective radius of the modified reaction fields, the experimental results were fitted in a better way in case of ILs. Now, while 𝐴 $ is the chosen spectroscopic parameter, the simplified equation 3.14 will be,

𝐴 $ = 𝐴 𝑁 0 + 𝐾. " ‰ † (3.18)
Here 𝑅 = ‡+R @ ‡SR and 𝐾 = -2𝜇𝐾 " and 𝐾 is a constant for a particular probe molecule (TEMPO in our case) For this study, we have used the previous values of molar volumes 16,17 From Figure 3.8, we can see an overall decrease of the radius of the first solvation sphere while increasing XIL. However, this decrease is not linear. At low XIL (0 ≤ XIL < 0.2) region, the rate of decrease is greater compared to that in higher XIL regions. This type of composition dependence show similarities with previously discussed composition dependence of steadystate properties while using UV-Vis probes (Chapter 1). Similarly, various measured physicochemical and spectroscopic properties in IL-MS mixtures 14,108-113 also show noticeable change in the low XIL regions. In this regard, it is worthy to remember that the main reason behind the smaller effective molar volume (VM) as well as the effective radius values in BmimBF4 compared to that in pure ACN is due to the presence of dominant electrostatic interactions over H-bonding and Van der Waals interactions in the medium. 17 Now, according to that logic, the high rate of decrease of 𝑎 values at low XIL regions in Figure 3.8 also can suggest a dominance of ionic interactions in these mixture compositions. On the other hand, the extent of decrease of the radius of first solvation sphere is comparatively less at higher XIL regions (XIL ≥ 0.2) which in turn shows large interactions between the ions of ILs especially at the higher XIL regions.

Rotational relaxation time: In addition, the EPR data fitting also results in the weighted average rotational relaxation time (𝜏 " ) values which is shown in Table C3. In addition to that, we have plotted (Figure 3.9) the values of 𝜏 " to show both composition and viscosity dependence in BmimBF4-ACN mixtures. From Figure 3.9 (A), we can clearly see the overall composition dependent changes of rotational relaxation time of TEMPO in BmimBF4-ACN mixtures. In addition, we have also tried to compare this composition dependent change of the EPR probe with that of previously published spectroscopic probe C153. 17 From Figure 3.9, it can be noticed that, the rate of the composition dependent change of 𝜏 " values of the EPR probe TEMPO is not exactly similar to that of UV-Vis probe C153. While the difference is smaller at lower XIL regions, the deviation is quite large at very high XIL regions and also in pure BmimBF4. To get further idea about the changes of 𝜏 " values in the mixture, we have also shown the viscosity dependence of 𝜏 " values in BmimBF4-ACN mixture. As it can be seen from Figure 3.9 (B), the values of 𝜏 " starting from XIL=0.1 (XIL ≥ 0.1) can be fitted using the following equation-

log〈𝜏 " 〉 = 0.65 + 0.55log𝜂 (3.20)
Therefore, the viscosity dependence of rotational relaxation time of TEMPO is not linear and it follows the following relation in the region XIL ≥ 0.1-〈𝜏 " 〉 ∝ 𝜂 k with p = 0.55 (3.21) In this regard, this type of viscosity dependence can be noticed while using UV-Vis spectroscopic probe C153 as a probe in BmimBF4-ACN mixture 86 and even in BmimBF4-PC mixture 121 throughout the whole mole fraction range of these mixtures. However, unlike C153, 𝜏 " values of TEMPO can't be fitted using the same straight line in the whole intermediate XIL range. At low XIL (0 ≤ XIL ≤ 0.1) region, the values of 𝜏 " are comparatively small. In this regard, it is also important to mention that, Maroncelli et al. have shown the viscosity dependence of 𝜏 " of C153 in the XIL range from 0.2 to 1 in BmimBF4-ACN mixtures. 86 Furthermore, Stoppa et al. 14 had also noticed that, the correlation times follow the SED model in the composition range 0.2 ≤ XIL ≤ 1 in their DRS study in BmimBF4-ACN mixture. In addition, although not much but a deviation from the fitted line in the similar type of plot like Figure 3.9(B) was also noticed in the viscosity dependent change of 𝜏 " values of C153 dye in BmimBF4-PC mixture. 121 To describe this deviation from linearity and not following the viscosity dependence at low XIL regions may suggests that, one need to consider the effect of local and specific interactions like H-bonding, dipole-dipole, Van der Waals interactions etc. while describing 𝜏 " values in these mixture compositions.

Overall, according to the modified Onsager equation used in case of BmimBF4-ACN mixture, the reason behind the overall increase of 𝐴 $ value in BmimBF4 despite the decrease of dielectric constant ε is the decrease of the radius of the reaction field surrounding the probe. As the modified reaction field is nothing but the radius of first solvation sphere surrounding the probe molecule, its value in BmimBF4 is less than that in ACN. The radius of the first solvation shell revealed from this study in case of BmimBF4-ACN mixture can be useful in studying the solvation process in these mixtures. Indeed, various previous studies discussed about the composition of solvation shell in different IL-MS mixtures. 141-143 Also, the composition dependence of the radius of reaction field give us an idea about the present interactions in a typical IL-MS mixture. In addition, the viscosity dependence of rotational relaxation times of TEMPO also showed unusual deviation at low XIL region of BmimBF4-ACN mixture, which can be explained considering the presence of local and specific interactions in the mixture.

Conclusions:

In conclusion, in this chapter, we have performed CW-EPR experiments using a paramagnetic probe TEMPO to study different imidazolium ionic liquid-molecular solvent mixtures. We have noticed a significant change of the shapes of EPR hyperfine lines while increasing the mole fractions of ionic liquids. In case of each studied IL-MS mixtures, addition of IL in the mixtures increases the heterogeneity in the medium, which is the main cause of the EPR spectral broadening while increasing XIL. Spectral analysis results in two different properties named the hyperfine coupling constant (𝐴 $ ) and rotational relaxation time (𝜏 " ) of the probe molecule. We have showed the composition dependent changes of the 𝐴 $ values in case of studied IL-MS mixtures. In addition, we have made a correlation between different polarity parameters for the very first time in case of BmimBF4-ACN mixture using TEMPO as a probe. Besides, the composition and viscosity dependence of the 𝜏 " values of TEMPO was also studied in this chapter. In the case of viscosity dependence, the rotational correlation times of the probe molecules follow the fractional SED equation only in a particular XIL range (0.1≤ XIL≤1).

As an extension of this study, we can do some high-field EPR measurements to study the polarity and hydrogen bonding effects simultaneously by studying the changes of gxx and Azz parameters. 31 Similarly, temperature dependent changes of rotational relaxation time values of the EPR probe in the IL-MS mixtures can also be performed while doing variable temperature EPR studies, which will give us an idea about activation energy of the rotation process of the probe molecules in the IL-MS mixtures. In addition, varying nitroxide EPR probes with different substituents in the IL-MS mixtures and studying their EPR spectra can give us idea about types of interaction presents in between the probes and the IL-MS mixtures. Therefore, there are various ways to follow up this type of EPR study discussed in this chapter. Furthermore, very recently an article was published to study the structural anomaly in a BmimBF4-water mixture using pulsed and CW-EPR spectroscopic techniques. 37 These type of studies using pulsed EPR techniques can also be helpful to get an idea about the peculiar behavior of the EPR probes in the IL-MS systems used in our study. Getting an idea about the excited state dynamics of the sensitizers present in the electrolyte medium is one of the important aspects for the optimization of the efficiency of the DSSC. In this chapter, we will discuss the solvation and reorientational dynamics in a particular IL-MS mixture, i.e. BmimPF6-ACN mixture. For the steady-state and time resolved solvation dynamics study, we have used the so called 'golden' probe coumarin 153 and we have performed this study only using the TCSPC technique with picosecond time resolution. In addition, by using the femtosecond Kerr-effect spectroscopy, we have also studied the complete reorientational dynamics in the same IL-MS mixture. 1 By combining these two types of spectroscopic techniques, we can get an idea about both the solvation and reorientational relaxation dynamics with and without the probe molecules respectively. In this regard, it is worth mentioning that, I was involved in preparing the samples and the measurements of experimental OKE signals by using the oscillator and amplifier modes of measurements. The other parts (molecular dynamics simulation and experimental data analysis) of the optical Kerr effect spectroscopic study were performed by our collaborators. Therefore, in this chapter, the results from the OKE study will be discussed without much details on the data analysis and MD simulation process.

Introduction:

The chapter containing the transient absorption studies of the indoline photosensitizers in the IL-MS mixtures (Chapter 2) showed us the importance of solvation processes in the excited state relaxation dynamics of the dye molecules. Therefore, it is important to study the solvation dynamics and orientational relaxation of the solvent molecules in case of the IL-MS mixtures to get better insights about these mixtures.

To do an experimental study about the solvation dynamics, first we need to get an idea about the origin of the solvation dynamics process. 4.1) will depict the solvation dynamics in the best way. In general, the dyes or fluorophores show a big change in their dipole moments (µ) while they become excited. This process of dipole moment change of the fluorophores is very fast. It happens just after the photoexcitation. However, as the movements of atoms are much slower than the movement of electrons, the surrounding medium can't show that fast change in their positions compared to the dipole moment change of the excited fluorophores. The surrounding atoms were in statistic equilibrium with the ground state dipole initially before the photoexcitation (state 1). They still remains in the Franck-Condon state of the ground state of the fluorophore just after the photoexcitation (at time t = 0, state 2). 2 After the photoexcitation, to accommodate and to recreate the statistic equilibrium with this newly generated dipole, the surrounding atoms have to reorient themselves (State 3). Unlike the photoexcitation of the dye, this process is not instant and is known as the solvation dynamics. This process of solvation can be detected experimentally by studying the time dependent fluorescence Stokes shift of the dye/fluorophore molecule. This process can cover multiple timescales (from picosecond to nanosecond).

In theory, the solvation dynamics process is a probe independent process, i.e. it is an inherent property of solvent. However, there are quite a few exceptions. The solvation times vary while varying the dye/probe molecules. [3][4][5][6][7][8][9][10] In general, these probe dependency of the solvation process arises when there is a possibility of the solvent-probe interactions [8][9][10] and also due to the rotational motion 5,6 of the probe molecules. Therefore, choosing a suitable probe molecule for studying the solvation dynamics is quite tricky. Previous study showed that, for studying the solvation process in ILs on in IL-MS mixtures, coumarin 153 (C153) is the most efficient probe among the available probes due to its rigid structure and simple two electronic state model for S0-S1 transition. 11 Therefore, we will also use C153 molecule for the study of solvation dynamics in BmimPF6-ACN mixtures.

As we have discussed about the probe used for our study, we can describe our choice of IL-MS mixture for this study, i.e. BmimPF6-ACN mixture. To initiate, ILs are very interesting mediums for various physical and electrochemical applications due to their interesting properties like high conductivity, thermal stability, low vapor pressure etc. However, their abnormally high viscosity is the reason for their limit in some electrochemical applications. One can overcome the limit in their applications by mixing them with different molecular solvents like ACN, γ-BL, PC etc. [12][13][14][15][16][17] The solvation response in these types of IL-MS mixtures normally varies from several picoseconds to several nanoseconds. These type of solvation dynamics in the IL-MS mixtures strongly varies on the mixture compositions and also the microviscosity of the mixtures. [18][19][20] Among the imidazolium ILs and MSs, there are various options of IL-MS mixtures by changing the ions and MSs in the mixture. However, we have chosen only one of them out of all the options which is BmimPF6-ACN mixture. The main reason behind choosing this mixture to study the solvation process lies in the presence of different interactions between the mixture components in a typical IL-MS mixture. A previous theoretical study (using MD simulations) by Koverga et al. 21 had showed that, the IL-MS mixtures with common cation Bmim + can be divided into two sets of mixtures depending upon the cation-anion interaction strength and it depends on the size of anions. First set consists of ILs like BmimBF4 and BmimTFO where the cation-anion interactions are relatively strong due to smaller anions whereas the second set contains BmimPF6 and BmimTFSI with weaker cation-anion interactions due to larger anion size. Therefore, the probe molecule used for solvation dynamics study should interact more with the ions in the IL-MS mixtures containing BmimPF6 and BmimTFSI as the ILs than those consist of BmimBF4 and BmimTFO as ILs. Besides, different molecular solvents should also have different effect on the solvation process. In this aspect, the solvation dynamics studies have been already performed in the case of IL-MS mixtures containing BmimBF4 and BmimTFSI as ILs. [18][19][20]22 In addition to the solvation dynamics study using C153 probe and TCSPC technique, optical Kerr effect study was also performed to study complete reorientation dynamics of BmimPF6-ACN mixture. During the OKE discussion, our main goal will be to explain the OKE response and its composition dependence in case of the BmimPF6-ACN mixture. The slow dynamics, which is due to the reorientation in molecules, was analyzed using a multi-exponential decay. The resulting decay times were then attempted to connect with the relaxation of mixture components. In addition, the low frequency spectra, containing the information about intermolecular dynamics, were also analyzed. This type of low frequency OKE spectral analysis was achieved by following steps. First, the low frequency spectra in ACN and in pure BmimPF6 were interpreted in terms of rotations and translations of the components. Then, the composition dependence of the rotational and translational spectra was discussed describing the changes in the OKE spectra. This chapter is organized as follows: in the next section, we will give a comprehensive literature review about previous solvation dynamics study and reorientation dynamics study in solvents and solvent mixtures. Next, we will discuss our experimental results, we will start our discussion with the steady state and TCSPC results and discuss about them and then we will elaborate our results and discussions about the OKE study. Finally, we will give an overall conclusion about this chapter.

Literature preview:

There are already quite a few previous reports present describing the solvation dynamics process in various solvents, ionic liquids and even in the mixtures between them. We will try to revisit these previous studies in this section. This literature survey can educate us about the solvation dynamics process which is going to be very useful for the solvation and reorientation dynamics study in BmimPF6-ACN mixture.

The solvation dynamics studies using various picosecond and femtosecond time-resolved fluorescence spectroscopic techniques were performed already in different organic solvents, 5,9,10,23-26 ionic liquids, [27][28][29][30][31][32][33][34][35][36] solvent mixtures, 3,37 IL/MS mixtures, [18][19][20]22,38,39 micelle 40 and also in protein 40 . The probe dependent solvation dynamics study was performed using various fluorescent probe molecules like substituted coumarins, 3-aminopthalimide (3AP), 4aminopthalimide (4AP), 4-amino-N-methyl pthalimide (4ANMP), aniline, dimethyl aniline, 1aminonapthalene, 2-aminoanthrcene, 1-aminopyrene and others. 3,5,23-30,32,33,6,34-39,41- 44,7,45,46,8,9,11,18-20 In the case of pure BmimPF6 ionic liquid, there exist also a few literature data related to its solvation dynamics. 33,36 In this regard, the other imidazolium ILs like BmimBF4 and BmimTFSI, there exist a few previous reports about the solvation process in the mixtures with these ILs and different solvents like water, ACN and PC. [18][19][20] In addition to the pioneering study of solvation dynamics in various organic solvents, 25 Maroncelli group had published an article on the study of solvation in different ILs (pyrrolidinium, imidazolium ILs and others) using TCSPC and broadband ultrafast fluorescence up-conversion technique. 47 This study reveals the bimodal nature of the solvation process in ILs, similar to their previous study using only the TCSPC technique. 48 While the faster solvation component are attributed to the inertial motion of the components in the medium, the slower component can be described due to the structural organization of ILs in the medium and strongly correlated with the medium viscosity in the case of different ILs. 42 In addition, the rotational relaxation times of C153 in ILs behave similar to that in pure conventional solvents. Furthermore, the non-exponential character of the anisotropy decay was due to non-Markovian friction effects due to abnormally high viscosity of ILs. Similarly, various solvation dynamics studies by Paul et al., 31 Karmakar et al. 44 and Samanta et al. 49 also found biexponential solvation dynamics of various ILs while fitting the solvent response functions of them. Although the solvation in some of the ILs can easily be fitted by biexponential function, thinking the solvation in ILs similar to that in conventional molecular solvents is naive from our part. According to a review article by Samanta, 50 even if we don't think about the heterogeneity in a particular IL, the solvent reorganization process in ILs is quite complex and assignment of these different solvation timescales are even more challenging.

There are also other studies regarding the assignment of two solvation dynamics timescales in the case of different ILs. In contrary to the results from Maroncelli work in ILs, works by Headley et al. 46 and Mukherjee et al. 45 had claimed a faster solvation response which finished in 100 ps time range. The main reason behind the difference between these two sets of results originated from the difference in the solvation response function (SRF) formation. In addition, a study by Muramatsu et al. 30 revealed that the origin of faster component in solvation process is due to anions' inertial motion and the longer component originates from motions of the other components including the cations.

Unlike the pure components, the number of reports regarding the solvation dynamics in different IL-MS mixtures is comparatively less. [18][19][20]22,38,39 All the reports have the solvation dynamics study using the similar probe molecule C153. While both reports from Maroncelli group was concentrated on BmimBF4-ACN 18 and BmimBF4-water 20 mixtures, Smortsova et al. 19 had studied the solvation in BmimTFSI-PC mixture using different time-resolved spectroscopic techniques. However, before all these works, Paul et al. 38 and Chakrabarty et al. 39 had published another work regarding the solvation in BmimPF6-nonpolar solvent and BmimPF6-water mixtures respectively. The similarities in all of these works is the presence of two different time scales in all the intermediate mole fractions in the IL-MS mixtures. Moreover, the average solvation time values in BmimBF4-ACN/PC/water mixtures maintain the power law relation with the medium viscosity, whereas this type of power law relation with mixture viscosity was not followed in case of the solvation in BmimPF6-nonpolar solvent mixtures. On the similar note, theoretical calculations 51 using dielectric continuum model and semi-molecular theories did not give satisfactory predictions of the experimental results in case of the IL-MS mixtures initially. Later, a modified semi-molecular theory 52 had almost predicted the experimental results in case of BmimBF4-ACN/water mixtures. In addition, MD simulations suggests the role of translational and rotational motions in the solvation process. [53][54][55] As a result, translational motion, anion translation to be precise, is more important in case of IL solvation process.

Similar to the probe dependent solvation dynamics study, there are also quite a few literature data related to the optical Kerr effect study of the reorientation dynamics in various pure solvents, ILs and IL-MS mixtures. In the case of pure ACN, previous OKE studies [56][57][58][59][60][61][62][63] revealed that the diffusive reorientation component can be fitted using single exponential decay and the relaxation time range is between 1.4-1.98 ps. The low-frequency part of the OKE response also has only one peak at 50 cm -1 , 61 which is a combination of translational (peak at 10 cm -1 ) and librational (peak at 50 cm -1 ) bands. [62][63][64] These experimental results were also supported by simulation studies. 65,66 In addition, there are also a few studies related to the OKE response in pure BmimPF6. However, none of them could capture the whole dynamics as up to a few nanoseconds of delay times are needed. [67][68][69][70][71][72][73] In this regard, OKE response of another IL BmimBF4 was also studied by Fayer et al., 74,75 which suggested the presence of longest decay time of 1400 ps. However, the lower frequency OKE response study showed the presence of a bimodal intermolecular band and also the presence of low frequency interionic modes. 68,[76][77][78][79][80] Generally, the low-frequency part of the intermolecular band is described due to translational motion while the high-frequency one is due to librational motion. However, there are some disputes about this assignment. 68,78,[80][81][82] Giraud et al. had also described additional libration bands at 30 and 65 cm -1 . 76 In addition to the intermolecular band, presence of an intramolecular band between 85-111 cm -1 was also found and it was ascribed to the bending motion between butyl group an imidazolium ring. 69,76,83,84 Ishida et al. had showed in their combined theoretical and experimental study of the low-frequency OKE response that while both cations and anions show the lower frequency part of the intermolecular spectrum, only the cation translation is the reason behind the higher frequency part of the spectra. 68 

Sample preparation:

The ionic liquid BmimPF6 (Purity 99.5%, Solvionic) and acetonitrile (99%, Sigma Aldrich) were kept in a glove box in an argon atmosphere. All the mixtures were prepared inside the glove box for the optical Kerr effect measurements to minimize the impurity from the air. In case of TCSPC experiments, mother solutions of pure BmimPF6 and pure ACN were prepared separately containing the dye molecule C153. Then they were mixed accordingly inside the glove box to prepare the particular mole fractions of BmimPF6-ACN mixture containing the dye.

Experimental setups:

The TCSPC setup used for this study is built in the LASIR unit. The detailed description of this setup is described in the experimental details chapter (chapter 5, section 5.2). The data analysis method using the TCSPC setup after the experiments is also discussed at the same place (chapter 5, section 5.2). In addition, the OKE measurements were performed using the femtosecond OKE setup situated in the InFemto laboratory, University of Warsaw. Similar to the TCSPC setup, the detailed OKE setup is also described in the experimental details chapter (chapter 5, section 5.3).

Results:

Steady state measurements:

Before getting an idea about the solvation dynamics, one should have an idea about the steady state behaviors of the same dye C153 in the studied IL-MS mixtures. In Figure 4.2(A), the absorption and emission spectra of the dye can be noticed in the whole composition range of BmimPF6-ACN mixtures. From this figure, one can easily notice that only the transition between S0 and S1 contributes to the absorption and emission process in this wavelength region, as there is only one peak in case of both absorption and emission spectra. In addition to the steady-state absorption and emission spectra, the positions of the peaks in the absorption and emission spectra can also be discussed. All the values of the steady-state properties are shown in Table 4.1. Furthermore, the values of absorption and emission maxima and the Stokes shift values in pure components are quite similar to the previous studies. 18,42 In the case of the absorption and emission maxima (Figure 4.2 (B) and Table 4.1), both of them show an overall composition dependent red shift in their values while increasing the XIL of the mixture. Similar type of composition dependent shift was also noticed in the case of previous studies using C153 dye in other IL-MS mixtures. [18][19][20]22 In addition, the composition dependent Stokes shift values of the dye in the studied IL-MS mixtures also show an overall increase in their values while increasing the IL-concentration in the mixture, similar to previous studies. [18][19][20]22 This type of red-shift in absorption and emission maxima as well as the increase of the Stokes shift values while increasing the XIL was previously described considering the increase of polarity of the IL-MS mixtures while increasing IL concentration. Indeed, the solvatochromic polarity parameter (𝐸 1 2 ) values of ILs are greater than that of the polar aprotic MSs like (ACN, γ-BL and PC) and are in the range of primary alcohols. However, another probe independent solvent polarity parameter, static dielectric constant (ε) values of ILs are much smaller than that of MSs. Therefore, it is quite difficult to describe this type of red-shift in absorption and emission maxima and the increase in the Stokes shift values while increasing XIL only by considering the polarity of the IL-MS mixture, because a clear idea about the polarity parameter values in the ILs as well as in the IL-MS mixtures is still not available. As there are ions in the medium, one should also consider about the fact that, the other type of possible interactions like ion-ion, ion-solvent and dye-solvent interactions may play an important role in describing the steady state behaviors of the C153 dye.

Furthermore, both absorption and emission maxima values show the non-linear composition dependent red-shift while increasing the IL-mole fractions in BmimPF6-ACN mixtures (Figure 4.2 (B)). In this aspect, Zhang et al. 20 had suggested that this type of non-linear dependency can be an indication of preferential solvation in the medium. In the case of both the absorption and emission maxima (Figure 4.2(B)), a rapid change is observed at the low XIL region, which was also observed previously. 18,19,22 

TCSPC measurements:

Here we will discuss about the procedure to calculate the solvation dynamics of C153 dye in BmimPF6-ACN mixtures. The overall process passes through two important steps. First, the reconstruction and fitting of time resolved emission spectra (TRES) from the experimental TCSPC time-dependent decays and second, the calculation of the solvation response function as well as the solvation dynamics. It is important to mention that, we could not get the complete solvation using the TCSPC setup as the previous studies mentioned that the overall solvation dynamics of C153 extends from femtoseconds to nanoseconds time region and the instrumental response function (IRF) of our TCSPC setup is 32 ps. For the femtosecond timescale solvation dynamics study, we need to use the femtosecond up-conversion setup, which is out of the scope of this study. By combining the results from both TCSPC and up-conversion setups, we can get the complete idea about the solvation dynamics in BmimPF6-ACN mixture.

Reconstruction of Time-Resolved Emission spectra (TRES):

As an outcome of the deconvolution and multi-exponential fitting (described in chapter 5, section 5.2) of TCSPC decays at different wavelengths throughout the whole emission spectrum of a sample, one can have different values of time components (𝜏 4 (𝜆 7 )), corresponding amplitude (𝐴 4 (𝜆 7 )) and number of components (𝑛) for a particular wavelength 𝜆 7 . These fitted parameters are then used to scale the steady-state emission spectrum for a particular sample using the equation 4.1.

𝐼 <=>> ?𝑡, 𝜆 7 B = D(E F ) ∑ H I (E F )J I (E F ) K ILM ∑ 𝐴 4 (𝜆 7 )exp Q- S J I (E F ) T U 4VW (4.1)
Where 𝑆(𝜆 7 ) is nothing but the steady-state emission intensity at that particular wavelength 𝜆 7 .

Using these corrected intensities at particular time and wavelength [𝐼 <=>> ?𝑡, 𝜆 7 B] we can 

Calculation and fitting of the Solvation response function (SRF):

The solvation response function (C(t)) corresponding to each studied samples can be created using the equation 4.2.

C(t) = b(S)cb(d) b(e)cb(d) (4.2)
Here, 𝜈(𝑡) is the time dependent mean wavenumbers and 𝜈(∞) is the same at a very large time (10 ns in our case). The determination of 𝜈(0) is the most uncertain thing because of the timeresolution of the setup. Therefore, we have followed the method suggested by Fee and Maroncelli, to calculate the values of 𝜈(0). 85 According to them, the steady-state absorption and emission spectra in given polar and non-polar solvents can be used to calculate 𝜈(0) values for a particular sample. Therefore, equation 4.3 is used to calculate the 𝜈(0) values for a given sample.

𝜈(0) ≈ 𝜈 ijk -l(𝜈 ijk ) Um -(𝜈 no ) Um p (4.3) (𝜈 ijk ) Um and (𝜈 no ) Um are values of absorption and emission maxima of same dye molecule in a non-polar solvent. Cyclohexane was used as a non-polar solvent in this case. This method of calculation from the steady-state spectrum provides us the values of 𝜈(0) with the error range of ~ ± 200 cm -1 .

After the calculation of SRF for the studied samples, it is fitted by using multi-exponential functions. The number of exponentials was chosen considering the values of 𝜒 Y . In Table 4.2, all the fitting parameters are shown. 

Discussions:

From Figure 4.4, one can clearly notice the effect of mixture composition on the solvation process, as well as on the values of solvation response functions (SRF). The solvation dynamics are getting longer while adding more and more ILs in the mixtures. To get a further idea about this solvation dynamics, the weighted average solvation times are calculated from the fitted parameters using the multi-exponential functions shown in Table 4.2. We have also tried to compare the average solvation times of C153 in pure BmimPF6 with previous literature values, which also results in a quite good similarities. (0.85 ps in this study compared to 1 ns in previous studies 7,43 ). In addition, the viscosity dependence of the average solvation time values in case of BmimPF6-ACN mixtures is plotted alongside with the previous results in It this important to mention that, this fractional 𝑝 value doesn't fall in the range between 0.7-0.8 which is the case for other IL-polar-aprotic MS mixtures. 18,19,22 In this regard, Smortsova et al. 19 had also mentioned that, the 𝑝 value of 0.8 is the characteristics of Bmim + cation, as the viscosity dependence of average solvation times in IL-MS mixtures containing Bmim + cation follows the power law dependence with 𝑝 ~ 0.8. To explain this deviation in our study, we need to consider the fact that, this study was performed only with the TCSPC setup with 32 ps time resolution. Therefore, we were unable to consider the faster time components present in the solvation process. To get a much better idea about the complete solvation process, we need to carry out the solvation dynamics measurements with sub-picosecond time resolution, i.e. the up-conversion setup, which is our next goal regarding this study. Only then, the complete solvation dynamics process in BmimPF6-ACN mixture can be captured. 4.7), one can clearly notice that each of these three relaxation time components overall increase up to two order of magnitudes while increasing XIL. However, there is only one relaxation time in case of pure ACN and its value is 1.62 ps, which is in perfect agreement with the previous studies by Loughnane et al. 60 and Bardak et al. 64 In addition, the longest relaxation time in case of pure BmimPF6 is 1637 ps, which is also in the similar range of 1400 ps in pure BmimBF4. 86,87 As the viscosity of BmimPF6 is higher than that of BmimBF4, one can expect the increase of the orientational relaxation time. In addition, the 1.17 fold increase of the longest relaxation time is lower than the viscosity increase from BmimBF4 to BmimPF6. Indeed, the change of the behavior of local environment plays an important role in case of simple liquids which results in non-SED type viscosity dependence of the reorientational time values. 88,89 This can also be applied in case of ionic liquids to describe the non-SED behavior of the longest orientational time. One more aspect to be considered for the sake of this discussion. Due to the symmetry of the anions present in the IL-MS mixtures, only the cations and ACN molecules can contribute in the values of three orientational time components. It can be safely stated that, the origin of longest one (𝜏 ‰ ) is associated to the ionic liquid cations, whereas the effect of the ACN dynamics can't be ignored in case of the other two timescales (𝜏 W and 𝜏 Y ).

To support this analysis, we have also used molecular dynamics simulation to calculate the contributions of both ACN (𝜓 o=…,H †2 (𝑡)) and IL (𝜓 o=…, ‡ˆ( 𝑡)) cations (as the anions are symmetric, no contributions) to the total polarizability correlation function (𝜓 S=S (𝑡)) of the system. (Figure 4.8) The reason behind calculating the overall polarizability correlation function is that this gives us an idea about collective reorientation observed in the OKE response. While the time dependent decay of 𝜓 o=…, ‡ˆ( 𝑡) can be fitted by using 2 exponential decay, the decay of 𝜓 o=…,H †2 (𝑡) function can be fitted by using both single (XIL ≤ 0.01) and double exponentials (XIL > 0.01). All the fitted values of relaxation times are shown in Figure 4.7 and Tables D1 and D2 in the appendix. Although the MD simulation of the studied systems is not a part of this thesis, we can get the correlation with the experimental findings through the MD simulation outcome.

From the MD simulations, the following interpretations of the experimental OKE response can be achieved. Secondly, the experimental short decay time of the fitted OKE response is mainly due to the reorientation of ACN molecules in the bulk or in the neighborhood of the alkyl chain extension of the cation. In addition to that, it was also noticed during this theoretical study that, the ACN contribution towards the fast relaxation is greater than the cation contribution up to XIL=0.15. (Figure 4.9) Furthermore, the acetonitrile relaxation dynamics is also slowed down by more than 2 orders of magnitude starting from 1.6 ps in pure ACN to 444 ps at XIL=0.90, which was also noticed in case of ACN in BmimBF4 90 and also in silica nanopores [91][92][93][94][95][96] previously. Besides, from the previous discussion about decay times, it can be noticed that two different decay times (intermediate and short) are originating from ACN molecules in different environments in BmimPF6-ACN mixture. This similar type of results were also noticed in the case of BmimBF4-ACN mixture in the study by Stoppa et al. 97 and also in silica nanopores [91][92][93][94][95][96] .

For the further validation of these interpretations from the fitted experimental OKE response and MD simulations, we need to do a more detailed study of the reorientation dynamics, which is going to be discussed later. 

OKE low frequency response:

The low frequency OKE response was calculated by using the Fourier transform deconvolution after subtraction of the slow picosecond timescale decay from the whole OKE response. In a typical low frequency OKE response, reduced spectral density (RSD) is generally plotted against wavenumber (ν (cm -1 )). In this section, we are going to discuss the low frequency OKE response in the following way. First, we would like to describe the RSD function in case of pure components, i.e. in pure ACN and pure BmimPF6. Later, we will show the composition dependence of the OKE low frequency response in the mixture between BmimPF6 and ACN.

Pure components:

The OKE reduced spectral densities in pure components are shown in Figure 4.10. We are going to focus only on the intermolecular part of the figures which can be seen as a broad band below 200 cm -1 . In case of pure ACN (Figure 4.10(A)), the intermolecular RSD can be distinguished by the presence of a wide band with the maximum at 41 cm -1 . From Figure 4.10, one can also notice that the OKE responses were also calculated theoretically (blue) using the polarizability correlations. Although the simulated signals are quite noisy, they can give us the correlation between the experiments and theory. From the simulated RSD, we can notice a clear agreement with the experimental one in case of pure ACN. Similarly, the simulated signals are also quite similar in pure BmimPF6. However, the higher frequency side of the wide band peak at 85 cm - 1 of the experimental RSD spectra in BmimPF6 became shifted towards lower frequency (65 cm -1 ) in the simulated spectra. In addition, the intermolecular RSD of BmimPF6 (Figure 4.10(B)) can be recognized by the occurrence of wide band with two peaks at ~ 25 cm -1 and ~ 85 cm -1 . Not only are these two peaks available in the OKE low frequency response of BmimPF6, but five other small peaks are also visible in 150-300 cm -1 wavenumber range. 69,78 In addition, it was also previously shown that, there exists a resemblance between the simulated low frequency response using the Fourier transform of the polarizability and the velocity and angular velocity correlation functions of the mixture components. 98 Therefore, all the calculations of velocity (C V ) and angular velocity (C W ) correlations in case of pure ACN, Bmim cation and PF6 anion can be noticed in Figure 4.10. These two sub-figures corresponding to pure ACN and pure BmimPF6 show that, the spectral contributions due to translation starts at lower frequency values than that due to rotation. In addition, the high frequency shoulders in velocity contribution of the Bmim cation suggests the presence of specific interactions like Hbonding. The 65 cm -1 peak in case of the velocity contribution of the cation is due to specific interactions, whereas the other peak at 25 cm -1 is due to translations dominated by weaker interactions. It is also worth noting that, the position of the C V peak at 65 cm -1 corresponds to the peak of spectral contribution due to angular velocity (C W ). Therefore, this previous interpretation of the low frequency OKE response with respect to the linear (C V ) and angular (C W ) velocity correlations is not straightforward due to overlapping of translational and rotational contributions. While the low frequency side of the spectral density function is related to the oscillation of mixture components in a cage formed by neighboring molecules, the high frequency part has the signature of both the rotational and specific interactions (H-bonding and anion-solvent interactions). In Figure 4.11, the variation of the low frequency OKE response (i.e. the reduced spectral density) can be noticed while changing the composition of the mixture between BmimPF6 and ACN. For the ease of comparison, the spectral amplitudes are normalized at 40 cm -1 . From the previous discussion about low frequency OKE response in pure components, we came to know that while RSD of pure ACN has only one peak, RSD of pure BmimPF6 has two peaks. In addition, the lower frequency RSD peak also overlaps with the RSD peak in pure ACN. From Figure 4.11, it can be easily observed that, while the lower frequency part shows very less variation, the higher frequency OKE response become more and more shifted towards lower wavenumber region while decreasing XIL of the mixture.

Composition dependence of low frequency OKE response:

Similar to the study of low frequency OKE response in pure components, the MD simulation was also performed in the case of the mixtures by calculating the translational and rotational spectral densities for different mixture components (ACN, Bmim cation and PF6 anion) at various intermediate mole fractions of the IL-MS mixture. We can now discuss the results of these MD simulations in case of the mixtures. In Figure 4.12 ((A), (D)), in case of both velocity (C V ) and angular velocity (C W ) correlations of ACN, we can clearly see the shift of the peak towards higher wavenumber regions while increasing IL concentration in the mixture. At the same time, a very weak shoulder can also be seen at around 90 cm -1 . These observations of the translational spectral density function in ACN indicates that the cage surrounding the ACN molecules is getting more and more rigid while increasing XIL. Similar type of cage stiffening while increasing XIL was observed in previous studies related to C5mimNTf2 ionic liquid. 64,99 Also, the weak shoulder at 90 cm -1 is an indication of the interactions between the ions and ACN molecules. Similar to translation spectral density, the rotational one also shifts towards higher frequency compared to pure ACN while increasing XIL of the mixture. This observation indicates an increase of rotational hindrance while increasing the mole fraction of the IL-MS mixture.

Moreover, while decreasing XIL, both the velocity and angular velocity correlations of the cations [Figures 4.12 ((B), (E))] and anions [Figures 4.12 ((C), (F))

] show the shift of the peak towards lower wavenumbers. In the case of cation, the translational spectral density function shows a noticeable decrease of the higher wavenumber peak (65 cm -1 ) while the weak shoulder remains visible at 90 cm -1 while decreasing the XIL of the mixture. This decrease of intensity of the peak at 65 cm -1 is an indication that the specific interactions involving the cations are getting weakened while decreasing XIL. In addition, similar to the translational spectral density function, this 90 cm -1 weak shoulder indicates the interactions between the ions and ACN molecules in the medium. Another important finding from these MD simulations is that, the rotational spectral density function (C W ) of the anions shows a center at around 0 cm -1 , which eventually suggests that the rotational motion of anions at lower XIL regions become almost free. Similar to the ACN molecules, the shift of both the translational and rotational spectral density function towards lower wavelength regions mainly indicates that the surrounding cages are getting more and more loose while decreasing XIL. Furthermore, these findings about the local cage strengths from the low frequency OKE signal study can be correlated with the composition dependence of experimental diffusion coefficients of solvents, cations and anions. 100,101

Conclusions:

In this chapter, we have discussed both the probe dependent solvation dynamics and probe independent OKE study of the completer reorientational relaxation dynamics using TCSPC and OKE techniques respectively in case of BmimPF6-ACN mixture. The overall conclusions from this chapter is mainly divided into two parts.

Conclusions from TCSPC study:

Few points can be pointed out from this steady-state and solvation dynamics study using C153 probe. Firstly, the C153 solvation dynamics get slower while increasing the XIL of BmimPF6-ACN mixture. This is mainly due to the increase of the viscosity of the surrounding medium while increasing the IL-concentration in the mixture. Secondly, the average solvation time values follow the power law viscosity dependence, where 𝑝 is the fractional power value, with mixture viscosity, similar to the other studied IL-MS mixtures. However, 𝑝 value doesn't fall in the same range as suggested in the previous studies [18][19][20]22 containing the solvation dynamics of other IL-MS mixtures. This in turn suggests the importance of using faster sub-picosecond timescale measurements in addition to this study to get an idea about complete solvation process in the mixture.

Conclusions from OKE study:

In the femtosecond optical Kerr effect study, we have measured the complete reorientational dynamics in case of the same IL-MS mixture (BmimPF6-ACN). We have used two types of measurements to accumulate the OKE response, namely the high resolution oscillator setup and low resolution amplifier setup. The low resolution amplifier setup was used to collect the completer decay process due to the reorientation of the molecules. Firstly, the slow orientational relaxation component in the time domain was discussed. Later, we have subtracted the slow component from the OKE response and carry our discussion for the faster component in the frequency domain. In addition, MD simulations were also provided to correlate with the experimental OKE response.

In case of the time domain slow orientational component study, we have found the presence of three distinguished relaxation times after fitting the experimental OKE decay. With the help of MD simulations, we concluded that the long and intermediate relaxation times can be attributed to the reorientation of the Bmim cation and ACN molecules which are in the vicinity of the imidazolium ring, whereas the experimental short decay time of the fitted OKE response can be attributed to cation rotations and the reorientation of ACN molecules in the bulk or in the neighborhood of the alkyl chain extension of the cation.

In the case of frequency domain measurements of the low frequency OKE response, first we have discussed about the frequency dependent changes of reduced spectral density function (RSD) in pure components. While the RSD in pure ACN has only one peak, the RSD of pure BmimPF6 showed the bimodal nature. In addition, the MD simulation results also agrees with the experimental one in case of pure ACN, whereas the higher frequency peak of the simulated intermolecular band shows 20 cm -1 downshift from the experimental value in case of pure BmimPF6. In this regard, the similarities between the experimental and MD simulation results are better than previous studies in case of pure BmimPF6. 66,68 Then the velocity and angular velocity correlation functions are also calculated in case of pure components for further analysis. This helped us to conclude that, while the intermolecular band of ACN is dominated by translations and rotations at the low wavenumber side and high wavenumber side respectively, the high frequency side of ionic liquid RSD is associated to both librations of the cation and translations governed by specific interactions like H-bonding and anion-π + interactions.

Furthermore, we have also studied the composition dependence of the low frequency OKE response of different intermediate mole fractions of BmimPF6-ACN mixtures. The experimental data of RSD showed that while the lower frequency part of the spectra remains less affected, the higher frequency part showed noticeable decrease in its intensity while decreasing XIL. Similar to the pure ACN and BmimPF6, the velocity and angular velocity contributions of the mixture components (solvents, cations and anions) were also analyzed in case of IL-MS mixtures. This type of analysis revealed that the lower frequency band, related to rattling of the molecule in the cage created by neighboring molecules, shows its position change towards higher wavenumbers in case of ACN while increasing XIL and towards lower wavenumbers in case of IL ions while decreasing XIL of the mixture. In addition, the disappearance of the high-frequency RSD in BmimPF6 while decreasing XIL can be described due to decrease of the imidazolium ring libration frequency and also due to the decrease of cation-anion interactions.

Therefore, as an outlook from this chapter, the sub-picosecond solvation dynamics alongside with the fluorescence anisotropy study to get an idea about rotational relaxation times (𝜏 Š ) and also to get a correlation between the solvation and rotational dynamics need to be performed to get a complete idea in these systems. In addition, the OKE study describes the general results regarding the contributions of rotational and translational motions to the OKE response in BmimPF6-ACN mixture. However, a further detailed study is needed for better idea about these systems.

Chapter 5

Experimental Techniques

Transient Absorption (TA):

Theory:

In case of the transient absorption spectroscopy, a part of the molecules is excited using the excitation pulse. Then, the excited molecules are probed using time-delayed probe pulse with a time delay 𝜏 with respect to the pump pulse. In a transient absorption experiment, mainly the difference absorption spectrum is calculated. The difference absorption spectrum (Δ𝐴) is nothing but the difference between the absorption spectrum of excited sample and the ground state sample. This Δ𝐴 spectrum is collected while changing experimental wavelength (𝜆) and time delay (𝜏). This Δ𝐴(𝜆, 𝜏) spectrum has the information about the excited state dynamics of the probe molecule in the medium. In case of our studied dyes, the Δ𝐴(𝜆, 𝜏) spectrum has mainly three regions:

(a) Negative ground state bleach (GSB) -When the probe/dye molecule become excited by using the probe pulse, a fraction of these molecules are promoted to the excited state and the number of ground state molecules become decreased. That is the reason, this GSB signals are negative. (b) Negative stimulated emission (SE) -Stimulated emission occurs only if there are some population of the excited state. Then the probe pulse goes through the excited state population to create the stimulated emission signal to the ground state. This, SE signal indicates that more light comes to detector when the probe/dye molecule is excited than the ground state sample, which indicates that, the Δ𝐴 signal should also be negative. (c) Positive excited state absorption (ESA) -Upon excitation using the pump beam, the excited fraction of the sample also can absorb the probe pulse energy to go to higher excited state. This is the origin of ESA signal and this signal exists in certain wavelength range. The Δ𝐴 signal in this wavelength range is positive.

Experimental setup:

Femtosecond transient absorption setup is home-built and situated in the InFemto laboratory at the University of Warsaw. The full description of this setup used for our study has been stated elsewhere. 1 In short, the initial output of Coherent sapphire oscillator Micra 10 is amplified using 1 KHz regenerative amplifier Coherent Legend Elite. Then, the output pulse with 3.5 mJ energy and 45 fs time duration at 800 nm is divided into two pulses with different energy using a beam splitter. The stronger one with energy ≤ 15 µJ travels through the optical parametric amplifier (Opera Solo) to create the pump pulse at a particular wavelength for the excitation of the sample. In addition, the weaker pulse with < 1 µJ energy passes through a CaF2 crystal to generate the white light supercontinuum probe pulse. Initially, the pump pulse at 460 nm excites the sample. After that, the delayed probe pulse passes through the same excited cross-section of the sample to create the transient absorption (TA) spectra which is then collected by using a spectrometer. The delay time between the pump and the probe pulse was controlled by using a mechanical delay line situated in the path of the probe pulse. The covered wavelength range of the probe beam for our experiment was chosen from 470 nm to 750 nm. The instrument response function (IRF) of the setup is 90 fs which was calculated from the TA signal of pure acetonitrile at short time delay range (this way pump-probe cross-correlation was detected and fitted using a Gaussian function). The simplified figure of the transient absorption setup is shown in Figure 5.1 and a more detailed scheme of the TA setup is shown in Figure 5.2. 

Chirp correction:

The white light is chirped in general by the nature of the white light generation process, i.e. the blue wavelengths are generated later in time compared to the red wavelengths in a white light continuum. However, specific temporal properties of white light depends upon the conditions during the generation. Thus, the white light continuum has an intrinsic group velocity dispersion (GVD). This GVD becomes enhanced up to picoseconds when the white light passes through optically dense materials like lenses and cuvettes. 2 Therefore, in the case of femtosecond TA setup, there also exists a significant amount of chirp in the experimental data. Although by using the parabolic mirrors in the setup, this effect can be minimized, but not completely ignored. Thus, one need to do a chirp-correction before analyzing the experimental TA "raw" data. Correction of GVD is not an easy task. In this work, it was performed using a LabVIEW software. The chirp correction process contains a shift in time of the kinetics at different wavelengths in a way that, they have the time zero at the same time. In our case, the TA signal of pure acetonitrile molecule was used to correct the chirp in the experimental data. The chirp coefficients were obtained after fitting using a polynomial function. After that, these sets of coefficients were used to correct all the experimental data used in our study. The chirp uncorrected ( 

Global analysis:

The global analysis of the chirp-corrected experimental TA data was done using a MATLAB based tool called ultrafast Toolbox. 3 In this type of analysis, generally we can refine the enormous amount of data into relatively small number of time independent spectra, each of them associated with a particular excited state process or more than one excited state processes, characterized by a time constant. Therefore, the transient absorption signal is described as a sum of first order processes shown in equation 5.1 each characterized by a rate constant 𝑘 ) . 𝛥𝐴(𝑡) = 𝐼 0 + ∫ 𝑑𝑡 4 ∑ 𝐴 ) (𝜆)𝑒 78 9 : ; 𝐼 <= (𝑡 -𝑡 4 ) ? )@0 A 7A (5.1) Where I0 is the offset, m is the number of processes and Irf is the instrumental response function (IRF)

𝐼 <= (𝑡) = exp F-G : H 9IJ K L M (5.2)
The IRF is obtained from the transient absorption signal of pure acetonitrile on very fast timescale where 𝜏 )<= is the instrument response time. The wavelength dependent preexponential factor Ai(λ) forms a separate time independent decay associated spectrum (DAS) for each rate constants 𝑘 ) , that corresponds to a decay time 𝜏i = (𝑘 ) ) 7N .

Time-Correlated Single-Photon Counting (TCSPC):

Experimental setup:

The TCSPC setup in LASIR was described elsewhere previously. 4 Here we will discuss about the setup in brief. A Ti:sapphire laser (Coherent Chameleon Ultra II, 200 fs, 3.8 W) with the repetition rate of 80 MHz and tunable output wavelength range of 700-1200 nm is used as the excitation source for this setup. This 80 MHz output beam from the source become the input of a pulse picker where the repetition rate become 1/20 th of the input beam. The output beam with 4 MHz repetition rate then goes through a second harmonic generator (SHG/THG, APE) which helps to generate the excitation pulse with the wavelength range 350-600 nm. The fluorescence lifetimes are recorded using FT200 PicoQuant spectrometer. The emission is collected at right angle with respect to incident beam using a Czerny-Turner type monochromator where the detection wavelengths can be chosen by computer. A polarizer between output beam and monochromator at magic angle (54.7°) helps to get rid of the anisotropy effects. Finally, the photons are detected by using a microchannel plate (Hamamatsu R3809U) cooled by using Peltier effect. A neutral density filter on the way of the excitation beam path helps to control the intensity of the incident beam and helps not to damage the microchannel plate. PicoHarp 

Data collection and analysis: 5.2.2.1. Data collection:

For the reconstruction of TRES, one needs to gather the time-dependent decay of the sample containing the dye molecule at different wavelengths spanning the whole range of the steadystate fluorescence spectrum. As the overall range of the emission spectrum of each studied samples was from 480 nm to 650 nm, we have gathered time-dependent decays at 18 different intermediate wavelengths with 10 nm wavelength steps in case of each studied sample. The intermediate mole fractions (XIL) between pure ACN and pure BmimPF6 are 0.05, 0.10, 0.20, 0.50 and 0.80.

Data analysis:

These experimental TCSPC decays at 18 intermediate wavelengths spanning the emission spectrum were then fitted after the deconvolution of the IRF spectrum. Here, in this data analysis section, we will discuss about the deconvolution and data fitting of the TCSPC decay at a particular wavelength. Fluofit 5 software from PicoQuant GmbH was used to fit all the experimental TCSPC decays. In Figure 5.5, we can see an example of the experimental and fitted data after deconvolution of the instrument response function (IRF) of our TCSPC setup. 

Here, 𝐼 O (𝑡) is the measured TCSPC decay which is a convolution of 'real' decay 𝐼 P (𝑡) and the instrument response function R(t). After the deconvolution of the experimental decay function, the 'real' decay 𝐼 P (𝑡) is then fitted by using multi-exponential function. A non-linear least square analysis method is used to calculate the goodness of the fit parameter 𝜒 L . In general, as the number of data points (𝑛) in TCSPC measurements is very much higher than the number of fitting parameters, 𝜒 P L is used instead of 𝜒 L where (𝜒 P L = 𝜒 L 𝑛 ⁄ ) as the goodness of fit parameter. Typically, for TCSPC data the value of 𝜒 P remains in the range 0.8-1.2. The closer the value of 𝜒 P is to 1, the better the quality of the TCSPC data fit.

Femtosecond Optical Kerr Effect Spectroscopy (OKE):

Experimental setup:

The overall femtosecond optical Kerr effect measurements were performed using two different types of experimental setups. The first one, based on sapphire oscillator, is already discussed comprehensively in a previous article by Polok et al. 7 In short, the initial femtosecond pulse is divided to pump and probe pulses by using a beam splitter. The relative polarization between the pump and probe pulses are fixed to 45°. The pump pulse is used mainly to generate the birefringence in the sample. After the generation of the birefringence in the sample, the pump pulse is blocked. The sample is placed right between a set of crossed polarizers for the probe pulse. For the heterodyne detection of the OKE signal, a wave plate is placed before the last polarizer whose optical axis is set at 45° with respect to the probe polarization before entering in the sample cuvette. The signal is then detected using a homebuilt balanced photodiode detector. The time delay between pump and probe pulse is created using a delay line whose maximum range is ~ 260 ps. The FWHM (full width half maxima) of the pulse was 23 fs. Using this oscillator setup, two different types of measurements were done for the sample. First, a high-resolution measurement with 1 fs steps until 50 ps pump-probe delay and second, a lowresolution measurement with 5 fs steps until 250 ps delay time. The figure of the setup is shown in Figure 5.6. Beside this oscillator setup, another amplifier-based setup was also used to measure the OKE signals in case of sample containing ionic liquids because the orientational relaxation times in case of these highly viscous samples are quite slow (as long as a few nanoseconds). The amplifier used for this type of measurements is Coherent Legend Elite, with 1 kHz repetition rate and output power of 2.9 Watts. To get rid of the sample degradation and other additional effects during the experiments using this setup, the much higher energy of the input pulse is stretched to ~ 2 ps. This setup was mainly used to study the slow orientational dynamics of the samples with higher ionic liquid mole fraction (XIL ≥ 0.20) because the oscillator setup was unable to collect the complete orientational dynamics for these samples. The temperature of the samples was kept constant at 295±1 K for the oscillator setup and 297±1 K for the amplifier setup. The power of the pump pulses was ≤ 500 kW in both setups, whereas the power of the probe pulses was more than one order of magnitude lower than that of the pump pulses. Therefore, under all these measurement conditions, the other nonlinear processes can be neglected.

Data collection:

For the time-dependent OKE data collection, two separate sample sets were prepared for measurements on two different OKE setups. In case of the sample set for oscillator setup measurements, the intermediate ionic liquid mole fractions (XIL) were 0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50 and 0.70 alongside the pure components. Besides, we have also used XIL = 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.80, and 1.00 for the amplifier setup. 

Data analysis:

Each of the slow picosecond dynamics was fitted with a multi-exponential function. The slow picosecond orientational diffusion part of the signal was fitted using two decay times for XIL > 0.20, whereas the number of time components vary from 1 to 4 in the case of OKE decay fitting using the oscillator setup in the whole composition range. In addition, the higher resolution data was used to obtain the OKE low frequency spectra using the McMorrow and Lotshaw deconvolution procedure. 8 Also, the pump-probe cross-correlation was measured using the CaF2 crystal whose orientation was in a way that the nuclear contribution is minimized and the signal only consists of the response from the electron cloud. 7,9 Furthermore, to obtain the reduced spectral density (RSD), the fit of the slow picosecond component was subtracted from overall OKE response in the time domain in the following way:

𝑟(𝑡) = G1 -𝑒 7 X Y I K ∑ 𝐴 ) 𝑒 7 X Y 9 Z )@N (5.4.1)
Here 𝐴 ) and 𝜏 ) are the amplitude and time constant corresponding to each component of the fit of the slow picosecond dynamics respectively, and 𝜏 < is the inertial rise time which was kept constant at 200 fs for our study.

CW-EPR Spectroscopy:

Experimental setup:

CW-EPR experiments were performed with a Bruker Elexsys E500 spectrometer operating at with X-band at 9.862 GHz at room temperature. For measurement of probes in solution, a solution of 300-500 µM of was filled into a glass capillary of 50 µL inside the glove box, which was in turn, placed in 4 mm quartz EPR tubes before EPR experiment. All the CW-EPR spectra were recorded using 0.02 mW of microwave power and 2 G of modulation amplitude with the sweeping field range of 3480 G -3560 G.

Data simulation:

All the experimental EPR spectra were simulated using Matlab (The Mathworks, Inc.) in combination with the SimLabel 10 tool. In this aspect, SimLabel is nothing but a graphical user interface (GUI) of the EasySpin 11 program. In the Easyspin program, for analyzing the hyperfine splitting in the EPR spectra in liquid state, Easyspin uses the simulation function named "garlic". By using the "garlic" function, the resonance fields are computed by using the Brett-Rabi expression for the different energy levels as a function of external magnetic field (B) and it is solved for B by using the fixed-point iteration method. 11 As an output of this fitting of the EPR hyperfine lines, optimized values of all the other important parameters like the gmatrix, the hyperfine coupling constant (𝐴 [ ), both the homogeneous and inhomogeneous broadening contributions (considering a mixture of both the Lorentzian and Gaussian functions) are found. In addition, the values of the average rotational relaxation time values are also calculated as an outcome of this fitting procedure. For the calculation of rotational relaxation time (𝜏 < ), "garlic" uses the so-called Kivelson's formula in the fast motion regime. 11

Conclusions and perspectives

This thesis consists of the study of the spectroscopic and physical properties of ionic liquidmolecular solvent (IL-MS) mixtures and indoline-based dyes D102, D149 and D205 by using various time-integrated and time-resolved spectroscopic techniques. These spectroscopic techniques include steady-state UV-visible, electron paramagnetic resonance (EPR), picosecond time-resolved fluorescence and femtosecond optical Kerr effect (OKE) and transient absorption (TA). The studied organic indoline dyes are used as the photosensitizer in the so-called dye sensitized solar cell (DSSC) as they are considered as one of the most efficient among the available organic dyes used in DSSC. In addition, the studied IL-MS mixtures contain the imidazolium-based (Bmim) ionic liquids containing four different perfluorinated anions (BF # $ , PF & $ , TFO $ and TFSI $ ) and three polar aprotic solvents (ACN, γ-BL and PC), which are considered as suitable replacement for the viscous ILs due to some of their advantageous properties like lower viscosity and cost over pure ILs. In is aspect, ionic liquids are already been used as electrolyte medium in DSSC and also other electrochemical devices due to their high conductivity, high thermal electrochemical stability and low volatility. Therefore, before using in a DSSC as an electrolyte, it is necessary to study different physical and spectrochemical properties in the IL-MS mixtures to optimize their useful properties. Of note is that, the presence of various types of interactions like ion-ion, ion-solvent, dye-solvent interactions makes the investigations challenging, which also explains the scarce number of previous studies about these IL-MS mixtures compared to that in pure solvents and ILs.

Therefore, part of the thesis was related to the characterization of the effect of the composition of IL-MS mixtures on their physicochemical properties. To start with, we have characterized polarity, one of the important property in ILs and also in the IL-MS mixtures, by using CW-EPR spectroscopy. As a result of this study, we have showed the composition dependent changes of the spectroscopic polarity parameter, hyperfine coupling constant (𝐴 , ), and rotational relaxation time (𝜏 . ) values of the paramagnetic probe molecule TEMPO in case of all the aforementioned IL-MS mixtures. The careful EPR spectral fitting of the corresponding signals have resulted that, 𝐴 , values are less affected in the mole fraction (XIL) range between 1 and 0.4, whereas it strongly decreases with further dilution of the IL. Besides, the similar trend can also be observed in case of the composition dependent 𝜏 . values. In addition, we have showed the correlation between two probe dependent polarity parameters 𝐴 , and the UVvisible one (𝐸 0 , ) in case of a particular IL-MS mixture, namely BmimBF4-ACN mixture. Furthermore, using the previously described modified Onsager field model as a correlation between 𝐴 , and static dielectric constant (ε) we have been able to explain the possible reason behind the discrepancy between the composition dependent changes of these two polarity parameter values in case of BmimBF4-ACN mixture. Furthermore, using femtosecond OKE technique, the complete reorientational dynamics in BmimPF6-ACN mixture have been studied thoroughly, which was also supported by the molecular dynamics simulations. The overall OKE study was carried out in two domains, namely time domain and frequency domain. Firstly, three different relaxation times have been found from the time domain picosecond slow orientational OKE decay. Among them, the two slower ones have been attributed to the reorientation of the cation and the acetonitrile molecules which are in the vicinity of the imidazolium ring whereas, the fastest one is associated to the cation rotations and the reorientation of acetonitrile molecules near the bulk or the alkyl extension of the cations. Secondly, the low frequency OKE response was studied experimentally and also using MD simulations in the frequency domain to interpret the intermolecular bands in the form of reduced spectral density (RSD) spectra. This combined analysis of the low frequency OKE response indicates that the low frequency side of the RSD spectra is dedicated to the oscillations of one of the mixture components in the cage formed by other neighbors, whereas the high frequency side is attributed to the librational motions of the cations and ACN molecules along with the intermolecular oscillations of the components. In addition, the composition dependent changes of the experimental RSD spectra was also obtained from the frequency domain analysis which was described considering the simulated velocity and angular velocity correlations in case of the mixture.

In addition to the reorientational dynamics, the solvation dynamics study was also performed using picosecond TCSPC technique and C153 as a probe in case of the similar IL-MS mixture, i.e. BmimPF6-ACN mixture. This study reveals that the C153 solvation dynamics get slower while increasing the XIL of BmimPF6-ACN mixture, which is due to the increase of the viscosity of the surrounding medium while increasing the IL-concentration in the mixture. Moreover, the average solvation time values follow the power law viscosity dependence with mixture viscosity, similar to the other studied IL-MS mixtures. However, the fractional power value 𝑝 in our study is not in the same range as suggested in the previous studies containing the solvation dynamics of other imidazolium based IL-MS mixtures. This indicates the presence of some shorter solvation time component in the solvation process which in turn suggests the importance of using sub-picosecond timescale measurements in addition to this study to get an idea about complete solvation process in the mixture.

In the other part of this thesis, the excited state dynamics of three organic indoline based dyes D102, D149 and D205 was characterized using the steadystate and femtosecond transient absorption spectroscopic techniques. All the values of steadystate absorption and emission maxima, Stokes shift and the relative quantum yield of these three studied dyes show large changes at low XIL regions of all the above mentioned imidazolium IL-MS mixtures. The first excited (S1) state of the dyes became accessible by exciting them using ultrashort laser pulses at 460 nm. As a result of the careful fitting of experimental TA spectra using the global analysis (GA) method, four distinguished characteristic relaxation timescales were found to describe the excited state dynamics of these three dyes in case of all IL-MS mixtures and corresponding pure components. The composition dependence of these four timescales shows an overall decay while decreasing the XIL of the mixtures. Moreover, in the case of two slower ones among them, the composition dependence pass thorough the characteristic minima at XIL ~ 0.10. In addition to the composition dependence, the viscosity and polarity dependence of these relaxation time components were also discussed which helped us to understand that fact that there is no particular correlation between the GA time components and the polarity and viscosity of pure components as well as in the mixtures. The outcomes from this study alongside with the appearance of the extrema in case of steadystate properties like the emission lifetime, Stokes shift and relative quantum yield values at the lower XIL region mainly indicates the presence of different specific and non-specific interactions between the dye and the neighboring medium. However, the types of interactions between the dye and local medium which eventually have an effect on the excited state dynamics is yet be determined. Further theoretical studies are needed to be performed to get a deep insight about this matter.

In short, thorough the various studies presented in this thesis, we can get an overall idea about composition dependence of different spectrochemical properties in case of imidazolium IL-MS mixtures, a potential candidate to replace pure ILs as electrolyte in electrochemical cell. Besides, the excited state dynamics of organic indoline-based solar cell dyes were also studied in these IL-MS mixtures.

In perspectives, the work presented in this thesis can be the cause of these following developments:

• Study on the excited state dynamics of the studied dyes in the solvent mixtures between polar protic and aprotic solvents (for example, methanol-acetone mixture) to speculate the effect of the composition dependence on the relaxation times of the dyes. • Dye concentration dependent change of the excited state dynamics in the case of studied indoline dyes as the aggregation due to higher concentration of the dye can affect the radiative relaxation process. • Study the effect of addition of acids and bases in the solutions on the excited state relaxation process of the studied dyes. • Finally, all the results in this thesis should be useful as the basis when the Dye-IL-MS mixture systems are present at the interface of the electrodes. 

Appendices Appendix A: Steadystate properties of indoline dyes in IL-MS mixtures

Appendix B: Transient absorption study in IL-MS mixtures
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 2 Figure 2: Scheme of a typical dye sensitized solar cell
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 3 Figure 3: Structures of ILs containing (A) Bmim cation, (B) BF # $ , (C) PF & $ , (D) TFO $ and (E) TFSI $ anions; also three different MSs, (F) γ-BL, (G) ACN and (H) PC
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 11 Figure 1.1: Structures of the organic indoline dyes D102, D149 and D205

  , 1.3 and A1-A4. However, for the discussion, we have chosen to discuss about the absorption and emission spectra of D102 in various IL-MS mixtures and also in pure components because the spectra in case of the other two dyes behave almost similarly (Figures A1-A4 in the appendix).In case of D102 in different IL-MS mixtures, for the sake of better comparison, we have divided the figures of steady state spectra into two main categories. First one contains the spectra of D102 in IL-MS mixtures containing a particular IL. As we have four different ILs, four subfigures (Figure1.2) are possible to prepare in this category. Describing them will help us to get an idea about the effect of changing MSs (ACN, γ-BL and PC) on the steady state behavior in case of each ILs used in this study. The other category contains the spectra of D102 in IL-MS mixtures containing a particular MS. Three different subfigures (Figure1.3) containing three different MSs will help us to understand the effect of changing four ILs (BmimBF4, BmimPF6, BmimTFO and BmimTFSI) on the steady state properties of each particular MS in this study.

Figure 1 . 2 :

 12 Figure 1.2: Normalized steady state absorption (right) and emission (left) spectra of D102 in (A) BmimBF4-MS, (B) BmimPF6-MS, (C) BmimTFO-MS and (D) BmimTFSI-MS mixtures (𝜆 CDEFGHGFIJ = 460 nm).
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 13 Figure 1.3: Normalized steady state absorption (right) and emission (left) spectra of D102 in (A) IL-ACN, (B) IL-γ-BL and (C) IL-PC mixtures (𝜆 CDEFGHGFIJ = 460 nm).Moreover, we have also plotted the absorption and emission spectra of D102 in IL-MS mixtures keeping MSs constant. Figure1.3 [(A), (B) and (C)] show the steady state spectral changes of this type. As each subfigure contains one particular solvent, it is expected that the absorption and emission spectra should show almost similar peaks in different ILs in lower XIL (XIL ≤ 0.20) regions, where the MS characteristics are dominant in the mixture and exactly the same thing happens in this case. However, increasing XIL starts to show the differences in both the absorption and emission spectra in four different ILs as the IL characteristics of the IL-MS mixtures starts to dominate. In the case of absorption spectra, the S0-S1 peaks remains almost at the same position while the other peak (S0-S2) intensity starts to show the differences. Furthermore, the position of emission maxima also show the shift while changing the ILs in the case of each of these subfigures [(A), (B) and (C)] which becomes evident at XIL > 0.50.

Figure 1 . 5 :

 15 Figure 1.5: Change of absorption maxima of (A) D102, (B) D149 and (C) D205 in IL-MS mixtures
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 16 Figure 1.6: Change of emission maxima of (A) D102, (B) D149 and (C) D205 in IL-MS mixtures In Figure 1.6, the emission maxima values of the dyes are plotted against composition of the IL-MS mixtures. From this figure, we can notice that the emission maxima of the dyes in pure ILs are blue shifted compared to that in pure MSs. In addition, ACN has the most red-shifted emission maxima value compared to other MSs. The 𝜆 RHD WX values of the dyes in pure solvents
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 17 Figure 1.7: Change of Stokes shift values of (A) D102, (B) D149 and (C) D205 in IL-MS mixtures In Figure 1.7, we can see the change of Stokes shift values of D102, D149 and D205 with increasing XIL in the IL-MS mixtures. Besides, all the Stokes shift values are shown in Tables A1-A35. The change of Stokes shift values behaves differently in case of the IL-MS mixtures used in this study while using the three different dyes. From Figure 1.7, starting from pure ILs, we can see an overall increase of the values of Stokes shift with dilution of the ILs which can be correlated with an overall increase of polarity parameter values (Δf). However, in the case of some IL-MS mixtures (example: BmimBF4-ACN mixture), the Stokes shift values go through a maximum at around XIL =0.05-0.1. This type of maxima in Stokes shift values of the three dyes at the lower XIL region of some IL-MS mixtures can be the outcome of the stronger dye-ion interactions due to weaker cation-anion interactions especially at the lower XIL region of the IL-MS mixtures.
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 18 Figure 1.8: Lippert-Mataga plot for three dyes in BmimBF4-ACN mixtures. ε and n values of the mixtures are taken from a previous report39 
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 19 Figure 1.9: Relative quantum yield values of (A) D102, (B) D149 and (C) D205 in IL-MS mixtures

  Figure 2.1(A)]. However, these three distinct wavelength regions are not clearly formed within 1 ps delay time in case of other two IL-MS mixtures containing γ-BL and PC mixtures [Figures 2.1(B) and 2.1(C)].
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 21 Figure 2.1: Transient Absorption spectra of D102 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6-γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale (200-900 fs), [(D), (E), (F)] middle timescale (1-20 ps), [(G), (H), (I)] long timescale (50-1500 ps) and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 2 Figure 2.2 will show the composition dependent changes of TAS of D102 in binary mixtures with BmimPF6 and all three MSs used in our study.
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 22 Figure 2.2: Composition dependent TAS of D102 in BmimPF6-MS mixtures at (A) 500 fs, (B) 1 ps, (C) 30 ps and (D) 150 ps At the shorter times (500 fs and 1ps, Figures 2.2(A), 2.2(B)), the TAS show large difference in shape at the lower XIL (XIL ≤ 0.20) region of BmimPF6-ACN mixtures compared to the other two IL-MS mixtures. The reason behind this can be due to the faster dynamics in ACN compared to that in γ-BL and PC. The faster excited state dynamics of the dye in ACN helps to form definite SE regions in case of IL-ACN mixtures at low XIL regions (XIL ≤ 0.20) compared to that in IL-γ-BL and IL-PC mixtures. We have also noticed the similar effect while discussing time evolution of TAS in fast timescales in case of three different IL-MS mixtures with three different MSs. Figures 2.1((A), (B) and (C)) clearly show that, in case of BmimPF6-ACN mixture (Figures 2.1(A)) the TAS have already formed the negative SE region and the positive ESA region within 1 ps. However, in case of BmimPF6-γ-BL and BmimPF6-PC mixtures (Figures 2.1(B) and 2.1(C)), it takes more than 1 ps time to form negative SE and positive ESA region (~ 2 ps) in the TAS spectra. Furthermore, the Figures in the appendix section (FiguresB67-B69) also confirms the fact that this change in the shape of TAS is not due to the IL present in the mixtures, as the similar changes can also be noticed in case of IL-ACN mixtures containing BmimBF4, BmimTFO and BmimTFSI as the IL. Therefore, the different TAS shape of BmimPF6-ACN mixtures compared to that in BmimPF6-γ-BL,PC mixtures at lower XIL at

Figure 2 . 3 :

 23 Figure 2.3: Composition dependent TAS of D102 in IL-ACN mixtures at (A) 500 fs, (B) 1 ps, (C) 30 ps and (D) 150 ps

Figure 2 . 4 :

 24 Figure 2.4: DAS of D149 in (A) ACN, (B) BmimBF4. Absorption and emission spectra are shown in black and red dashed lines respectively.

  ((A), (B), (C) and (D))].
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 25 Figure 2.5: Different time-components of D102, D149 and D205 in various pure solvents with respect to [(A), (B), (C) and (D)] viscosity and [(E), (F), (G) and (H)] dielectric constant84,86,87,94 
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 27 Figure 2.7: Change of 𝜏 ' of (A) D102, (B) D149 and (C) D205 with the composition of IL-MS Mixtures

Figure 2 . 8 :

 28 Figure 2.8: Change of 𝜏 ( of (A) D102, (B) D149 and (C) D205 with the composition of IL-MS Mixtures

Figure 2 . 10 :

 210 Figure 2.10: Change of 𝜏 * of (A) D102, (B) D149 and (C) D205 with the composition of IL-MS Mixtures.

Figure 3 . 1 :

 31 Figure 3.1: Structure of the EPR probe TEMPO 3.3. Results and discussion:3.3.1. CW-EPR spectra:In Figure3.2, we can see the CW-EPR spectra of TEMPO in a particular IL-MS mixture (BmimBF4-ACN). Other spectra are shown in the appendix and have similar characteristics as Figure3.2. Therefore, they don't need further discussion (FiguresC1-C4). In Figure3.2, one can clearly notice the change of the shapes of the spectra while increasing XIL. In pure solvents like ACN, γ-BL and PC, the TEMPO EPR spectra are symmetrical. However, while increasing IL mole fractions, the symmetry of the EPR spectra starts to decrease as the heights and width of the three EPR peaks start to become dissimilar. The two higher field peaks become wider

Figure 3 . 2 :

 32 Figure 3.2: EPR signal of TEMPO in BmimBF4-ACN mixture Discussion about the shape of EPR spectra:

Figure 3 . 3 :

 33 Figure 3.3: Composition dependence of the 𝐴 $ values in IL-MS mixtures Similar to the EPR study in different pure solvents and in pure ILs, we have studied using EPR probe TEMPO in various IL-MS mixtures containing imidazolium-based ILs and three different polar aprotic solvents. Our EPR spectral analysis also resulted in the values of hyperfine coupling constants (𝐴 $ ) depending upon the mixture compositions. All the analyzed 𝐴 $ values are shown in Table C2 in the Appendix.
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 34 Figure 3.4: Mixture composition dependence of the 𝜏 " values of TEMPO in IL-MS mixturesFurthermore, in the case of IL-MS mixtures, a non-linear increase of 𝜏 " values can be noticed in the case of the composition dependence of 𝜏 " values (Figure3.4). The increase of viscosity of the mixtures while increasing XIL can be a reason behind that. Indeed, previous spectroscopic studies also showed the viscosity dependence of 𝜏 " values in case of various IL-MS mixtures.86,88,[121][122][123][124] Therefore, we have also plotted these 𝜏 " values of the probe in various IL-MS mixtures with respect to the mixture viscosity values. Although available for most of the studied IL-MS mixtures[125][126][127][128][129][130][131][132][133] , the viscosity values of some of the mixtures (BmimBF4-PC, BmimTFO-PC and BmimTFSI-γ-BL) were unavailable. Therefore, this viscosity correlation is impossible to show for these three mixtures. The viscosity dependence of 𝜏 " values in the nine IL-MS mixtures with available viscosity values can be noticed in Figure3.5.
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 3135 Figure 3.5: Viscosity dependence of 𝜏 " values of TEMPO in IL-MS mixtures. (A) BmimBF4γ-BL, (B) BmimPF6-ACN, (C) BmimPF6-γ-BL, (D) BmimPF6-PC, (E) BmimTFO-ACN, (F) BmimTFO-γ-BL, (G) BmimTFSI-ACN and (H) BmimTFSI-ACN 3.4. A particular case study: TEMPO in BmimBF4-ACN mixture Among the imidazolium based IL-MS mixtures, BmimBF4-ACN mixture is the mostly studied one. Various physicochemical and spectroscopic properties (density, conductivity, viscosity, static dielectric constant, solvatochromic polarity parameter, 𝐸 & $ etc.) are already published in case of BmimBF4-ACN mixture. 112,113,133,135,136,125-132 Among them, composition dependent values of different polarity parameters are not yet settled. While spectroscopic polarity parameter 𝐸 & $ increases with the increase of IL concentration, 15 static dielectric constant (ε)

  2 and Figure3.6 shows that the correlation between the 𝐸 $ & and 𝐴 $ values in BmimBF4-ACN mixture also follows the line which correlates these two spectroscopic polarity parameters in case of previously known pure solvents and pure ILs.25,51 As the similar type of linear correlation in pure ILs and MSs are followed in case of one of the studied IL-MS mixtures (BmimBF4-ACN mixture), this result can be extrapolated in case of other IL-MS mixtures. However, we need more experimental data points for proving that. Although the values of 𝐸 $ & are unknown in case of other imidazolium IL-MS mixtures, the measured experimental values of 𝐴 $ (Tables C2) and this linear correlation in Figure 3.6 can help us to predict the values of 𝐸 $ & in other IL-MS mixtures.
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 36 Figure 3.6: Correlation between 𝐸 & $ and 𝐴 $ values in BmimBF4-ACN mixture. The red circles represent the values for BmimBF4-ACN mixtures, whereas black squares are for known values in different solvents and ILs 25,51,137
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 37 Figure 3.7: (A) Molecular model for modified reaction field in the Onsager model, (B) Modified reaction field in case of pure BmimBF4
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 38 Figure 3.8: Radius of first solvation sphere in BmimBF4-ACN mixtures using TEMPO as a probe.
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 39 Figure 3.9: (A) Composition and (B) Viscosity dependence of 𝜏 -values of TEMPO in BmimBF4-ACN mixtures

Chapter 4 Composition

 4 Dependence on the Solvation and Reorientation Dynamics in BmimPF 6 -ACN mixture A part of this chapter (optical Kerr effect study) is the basis of the publication-Dynamics in the BmimPF6/acetonitrile mixtures observed by femtosecond optical Kerr effect and molecular dynamics simulations. Phys. Chem. Chem. Phys., 2020, 22, 24544-24554 DOI: 10.1039/d0cp03847d
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 41 Figure 4.1: A schematic description of the physical processes involved in the solvation dynamics process This Figure (Figure4.1) will depict the solvation dynamics in the best way. In general, the dyes or fluorophores show a big change in their dipole moments (µ) while they become excited. This process of dipole moment change of the fluorophores is very fast. It happens just after the photoexcitation. However, as the movements of atoms are much slower than the movement of electrons, the surrounding medium can't show that fast change in their positions compared to the dipole moment change of the excited fluorophores. The surrounding atoms were in statistic equilibrium with the ground state dipole initially before the photoexcitation (state 1). They still remains in the Franck-Condon state of the ground state of the fluorophore just after the photoexcitation (at time t = 0, state 2).2 After the photoexcitation, to accommodate and to recreate the statistic equilibrium with this newly generated dipole, the surrounding atoms have to reorient themselves (State 3). Unlike the photoexcitation of the dye, this process is not instant and is known as the solvation dynamics. This process of solvation can be detected experimentally by studying the time dependent fluorescence Stokes shift of the dye/fluorophore molecule. This process can cover multiple timescales (from picosecond to nanosecond).
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 42 Figure 4.2: (A) Normalized absorption and emission spectra, (B) absorption and emission maxima of C153 in BmimPF6-ACN mixture With these background knowledge about the steady state behavior of the dye in the studied IL-MS mixtures, we can now proceed to discuss time resolved fluorescence measurements using the TCSPC techniques which is in the next sub-section.

  construct a time-wavelength matrix in the time range 32 ps -10 ns with varying time steps, considering time resolution of the TCSPC setup and lifetimes of these indoline-based dyes. Then, each of these wavelength-dependent spectrum was converted into wavenumberdependent one by multiplying with a 𝜆 Y conversion factor. The overall procedure finally leads us to the construction of time dependent emission spectra (TRES) in case of each sample. After the re-construction of TRES, each of these time-resolved emission spectra was then fitted by using a lognormal function, leading to the time dependent values of the mean wavenumbers (𝜈 [\]^( t)) alongside with other parameters. These 𝜈 [\]^( t) values are used to calculate the solvation response function (SRF). The time resolved emission spectra of C153 in pure BmimPF6 can be noticed from Figure 4.3. The evolution of the values of 𝜈 [\]^( t) and 𝜈 []_ (t) after fitting the time-resolved fluorescence in pure BmimPF6 is shown in the appendix D (Figure D1).
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 43 Figure 4.3: Time resolved emission spectra of C153 in pure BmimPF6. The black dotted one is the steady state emission spectra.

Figure 4 . 5 .Where 𝑝=0. 48 Figure 4 . 4 :

 454844 Figure 4.4: Observed solvation response functions (circles) in BmimPF6-ACN mixture. The dashed lines refer to the fits of SRF using multi-exponential function
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 454434431 Figure 4.5: Viscosity dependence of the average solvation times in BmimPF6-ACN mixture In the next sub-section, we are going to discuss about the results from the complete reorientational dynamics study of the same IL-MS mixtures using the femtosecond OKE technique. 4.4.3. Femtosecond optical Kerr-effect spectroscopy: 4.4.3.1. Orientational diffusion study:
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 46 Figure 4.6: The OKE signals measured using (A) amplifier and (B) oscillator setups In Figure 4.6, we can notice the OKE signals in the logarithmic scale both in the amplifier and oscillator modes of measurements. From this figure, it can be clearly noticed that, the long-time decay, which is associated to the orientation relaxation, decreases while decreasing the ionic liquid mole fraction. The main reason behind this decrease is the decrease of medium viscosity
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 47 Figure 4.7: The decay times after fitting the experimental OKE response and simulated polarizability correlation function 𝜓 o=…,H †2 (𝑡) and 𝜓 o=…, ‡ˆ( 𝑡) due to the rotation of ACN and Bmim cation respectively. The part of the plot until XIL ≤ 0.60 is zoomed in the inset.
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 48 Figure 4.8: Time dependent decay of correlation function of the molecular contributions to the total polarizability of the system due to ACN [(A), (B)] and Bmim cation [(C), (D)] at different mixture compositions in BmimPF6-ACN mixture Firstly, the long and intermediate relaxation times after the fitting of OKE decay can be attributed to the reorientation of the Bmim cation and ACN molecules which are present near the imidazolium ring. In addition, the cation contribution is dominant in case of all the compositions of the mixtures.Secondly, the experimental short decay time of the fitted OKE response is mainly due to the reorientation of ACN molecules in the bulk or in the neighborhood of the alkyl chain extension of the cation. In addition to that, it was also noticed during this theoretical study that, the ACN contribution towards the fast relaxation is greater than the cation contribution up to XIL=0.15. (Figure4.9) Furthermore, the acetonitrile relaxation dynamics is also slowed down by more than 2 orders of magnitude starting from 1.6 ps in pure ACN to 444 ps at XIL=0.90, which was also noticed in case of ACN in BmimBF490 and also in silica nanopores[91][92][93][94][95][96] previously. Besides, from the previous discussion about decay times, it can be noticed that two different decay times (intermediate and short) are originating from ACN molecules in different environments in BmimPF6-ACN mixture. This similar type of results were also noticed in the case of BmimBF4-ACN mixture in the study by Stoppa et al.97 and also in silica nanopores91-96 . 
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 49 Figure 4.9: Ratio of the amplitudes of the fast and slow components after the fitting of 𝜓 o=…,H †2 (𝑡) and 𝜓 o=…, ‡ˆ( 𝑡)

Figure 4 .

 4 Figure 4.10: Experimental RSD (black) and simulated RSD (blue) in pure (A) ACN and in pure (B) BmimPF6. They are also overlapped with the velocity (red) and angular velocity (green) correlation functions calculated for (A) ACN and (B) BmimPF6
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 411 Figure 4.11: Mole fraction dependence of the experimental OKE reduced spectral density

Figure 4 . 12 :

 412 Figure 4.12: Simulated correlation function of velocity (top panel) and angular velocity (bottom panel) for the centers of mass of acetonitrile [(A), (D)] Bmim cation [(B), (E)] and PF6 anion [(C), (F)]
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 5152 Figure 5.1: Simplified diagram of the TA setup used in our study

  Figure 5.3(A)) and corrected (Figure 5.3(B)) TA signals can be noticed in Figure 5.3 in the case of pure acetonitrile using our TA setup.
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 53 Figure 5.3: (A) Uncorrected and (B) chirp-corrected signals of pure ACN, 𝜆 &' = 460 nm 5.1.3.2.Global analysis:

  300 TCSPC system helps to detect the time correlation of the photons. The time resolution or instrument response function (IRF) of this TCSPC setup is 32 ps which is excitation wavelength dependent and determined by measuring the signal of Ludox solution. Ludox solution (aqueous dispersion of silica particles) is used to disperse the excitation beam so that we can get the time resolution of the setup. A schematic diagram of the TCSPC setup in LASIR is shown in Figure 5.4.
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 54 Figure 5.4: TCSPC setup in LASIRE

Figure 5 . 5 :

 55 Figure 5.5: Representative experimental TCSPC decay (red circle), IRF (navy) and fitted trace (black) To start with the data fitting procedure, deconvolution is mainly used to get rid of the finite time resolution of a particular TCSPC setup. All the experimental TCSPC data are fitted after getting deconvoluted by the Instrument response function of the setup. The instrument response function (R(t)) is generally measured from the TCSPC response through a scattering medium (Ludox solution in our case). The experimental fluorescence decay is inherently convoluted 6 as following: 𝐼 O (𝑡) = ∫ 𝐼 P (𝑡 -𝑡 4 )𝑅(𝑡 4 )𝑑𝑡 4 : 0
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 56 Figure 5.6: Femtosecond OKE setup in InFemto, Warsaw. PCU -power control unit, SCUshutter control unit, PC+DAQB -computer with data acquisition board, BS -beam splitter , SH -shutter, HWP -half-waveplate, STCU -sample temperature control unit, QWP -Quarterwaveplate , 𝜏 N -Fast variable delay, 𝜏 L -Slow variable delay, D -diaphragm and Bal. det.balanced detector. This Figure is prepared by Dr. Kamil Polok.

Figure A1 :

 A1 Figure A1: Normalized steady state absorption (right) and emission (left) spectra of D149 in (A) BmimBF4-MS, (B) BmimPF6-MS, (C) BmimTFO-MS and (D) BmimTFSI-MS mixtures (𝜆 45678987:; = 460 nm).

Figure A2 :

 A2 Figure A2: Normalized steady state absorption (right) and emission (left) spectra of D205 in (A) BmimBF4-MS, (B) BmimPF6-MS, (C) BmimTFO-MS and (D) BmimTFSI-MS mixtures (𝜆 45678987:; = 460 nm).
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 A3 Figure A3: Normalized steady state absorption (right) and emission (left) spectra of D149 in (A) IL-ACN , (B) IL-γ-BL and (C) IL-PC mixtures (𝜆 45678987:; = 460 nm).

Figure A4 :

 A4 Figure A4: Normalized steady state absorption (right) and emission (left) spectra of D205 in (A) IL-ACN , (B) IL-γ-BL and (C) IL-PC mixtures (𝜆 45678987:; = 460 nm).

Figure B1 :

 B1 Figure B1: Two different situations to describe the time dependent changes of the TAS, (A) increasing the ESA intensity, (B) Red-shift of SE region of the TA spectra

Figure B3 :

 B3 Figure B3: Transient Absorption spectra of D149 in ACN [(A), (D), (G), (J)], γ-BL [(B), (E), (H), (K)] and in PC [(C), (F), (I), (L)]. [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B4 :

 B4 Figure B4: Transient Absorption spectra of D205 in ACN [(A), (D), (G), (J)], γ-BL [(B), (E), (H), (K)] and in PC [(C), (F), (I), (L)]. [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B5 :

 B5 Figure B5: Transient Absorption spectra of D102 in BmimBF4 [(A), (E), (I), (M)], BmimPF6 [(B), (F), (J), (N)], BmimTFO [(C), (G), (K), (O)] and BmimTFSI [(D), (H), (L), (P)]. [(A), (B), (C), (D)] short timescale, [(E), (F), (G), (H)] middle timescale, [(I), (J), (K), (L)] long timescale and [(M), (N), (O), (P)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B6 :

 B6 Figure B6: Transient Absorption spectra of D149 in BmimBF4 [(A), (E), (I), (M)], BmimPF6 [(B), (F), (J), (N)], BmimTFO [(C), (G), (K), (O)] and BmimTFSI [(D), (H), (L), (P)]. [(A), (B), (C), (D)] short timescale, [(E), (F), (G), (H)] middle timescale, [(I), (J), (K), (L)] long timescale and [(M), (N), (O), (P)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B7 Figure B7: Transient Absorption spectra of D205 in BmimBF4 [(A), (E), (I), (M)], BmimPF6 [(B), (F), (J), (N)], BmimTFO [(C), (G), (K), (O)] and BmimTFSI [(D), (H), (L), (P)]. [(A), (B), (C), (D)] short timescale, [(E), (F), (G), (H)] middle timescale, [(I), (J), (K), (L)] long timescale and [(M), (N), (O), (P)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B8 :

 B8 Figure B8: Transient Absorption spectra of D102 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B9 Figure B9: Transient Absorption spectra of D102 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B10 :

 B10 Figure B10: Transient Absorption spectra of D102 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B11 :

 B11 Figure B11: Transient Absorption spectra of D102 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B12 :

 B12 Figure B12: Transient Absorption spectra of D102 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B13 :

 B13 Figure B13: Transient Absorption spectra of D102 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B14 Figure B14: Transient Absorption spectra of D102 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B15 :

 B15 Figure B15: Transient Absorption spectra of D102 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B16 :

 B16 Figure B16: Transient Absorption spectra of D102 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B17 Figure B17: Transient Absorption spectra of D102 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B18 :

 B18 Figure B18: Transient Absorption spectra of D102 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B19 Figure B19: Transient Absorption spectra of D102 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B20 :

 B20 Figure B20: Transient Absorption spectra of D102 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B21 Figure B21: Transient Absorption spectra of D102 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B22 Figure B22: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B23 :

 B23 Figure B23: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.
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 B24 Figure B24: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B25 :

 B25 Figure B25: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B26 :

 B26 Figure B26: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B27 :

 B27 Figure B27: Transient Absorption spectra of D149 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B28 :

 B28 Figure B28: Transient Absorption spectra of D149 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B29 :

 B29 Figure B29: Transient Absorption spectra of D149 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B30 :

 B30 Figure B30: Transient Absorption spectra of D149 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B31 :

 B31 Figure B31: Transient Absorption spectra of D149 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B32 :

 B32 Figure B32: Transient Absorption spectra of D149 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B33 :

 B33 Figure B33: Transient Absorption spectra of D149 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B34 :

 B34 Figure B34: Transient Absorption spectra of D149 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B35 :

 B35 Figure B35: Transient Absorption spectra of D149 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B36 :

 B36 Figure B36: Transient Absorption spectra of D149 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B37 :

 B37 Figure B37: Transient Absorption spectra of D149 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B38 :

 B38 Figure B38: Transient Absorption spectra of D149 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B39 :

 B39 Figure B39: Transient Absorption spectra of D149 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B40 :

 B40 Figure B40: Transient Absorption spectra of D149 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B41 :

 B41 Figure B41: Transient Absorption spectra of D149 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B42 :

 B42 Figure B42: Transient Absorption spectra of D149 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B43 :

 B43 Figure B43: Transient Absorption spectra of D149 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B44 :

 B44 Figure B44: Transient Absorption spectra of D149 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B45 :

 B45 Figure B45: Transient Absorption spectra of D149 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B46 :

 B46 Figure B46: Transient Absorption spectra of D149 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B47 :

 B47 Figure B47: Transient Absorption spectra of D205 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B48 :

 B48 Figure B48: Transient Absorption spectra of D205 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B49 :

 B49 Figure B49: Transient Absorption spectra of D205 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B50 :

 B50 Figure B50: Transient Absorption spectra of D205 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B51 :

 B51 Figure B51: Transient Absorption spectra of D205 in BmimBF4-ACN [(A), (D), (G), (J)], in BmimBF4γ-BL [(B), (E), (H), (K)] and in BmimBF4-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B52 :

 B52 Figure B52: Transient Absorption spectra of D205 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B53 :

 B53 Figure B53: Transient Absorption spectra of D205 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B54 :

 B54 Figure B54: Transient Absorption spectra of D205 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B55 :

 B55 Figure B55: Transient Absorption spectra of D205 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B56 :

 B56 Figure B56: Transient Absorption spectra of D205 in BmimPF6-ACN [(A), (D), (G), (J)], in BmimPF6γ-BL [(B), (E), (H), (K)] and in BmimPF6-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B57 :

 B57 Figure B57: Transient Absorption spectra of D205 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B58 :

 B58 Figure B58: Transient Absorption spectra of D205 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B59 :

 B59 Figure B59: Transient Absorption spectra of D205 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B60 :

 B60 Figure B60: Transient Absorption spectra of D205 in BmimTFO-ACN [(A), (D), (G), (J)], in BmimTFO-γ-BL [(B), (E), (H), (K)] and in BmimTFO-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B62 :

 B62 Figure B62: Transient Absorption spectra of D205 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.05). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B63 :

 B63 Figure B63: Transient Absorption spectra of D205 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.10). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B64 :

 B64 Figure B64: Transient Absorption spectra of D205 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.20). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B65 :

 B65 Figure B65: Transient Absorption spectra of D102 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.50). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B66 :

 B66 Figure B66: Transient Absorption spectra of D205 in BmimTFSI-ACN [(A), (D), (G), (J)], in BmimTFSI-γ-BL [(B), (E), (H), (K)] and in BmimTFSI-PC [(C), (F), (I), (L)] mixtures (XIL= 0.80). [(A), (B), (C)] short timescale, [(D), (E), (F)] middle timescale, [(G), (H), (I)] long timescale and [(J), (K), (L)] solvation timescale. Dashed spectra are steady state absorption (black) and emission (blue) spectra.

Figure B67 :

 B67 Figure B67: Composition dependent TAS of D102 in BmimBF4-MS mixtures at (A) 500 fs, (B) 1 ps, (C) 30 ps and (D) 150 ps

Figure B92 :C. 1 : 1 ) 3 ,

 B92113 Figure B92: DAS of (A) D102, (B) D149 and (C) D205 in pure BmimTFSI

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Chapter 1 Steady State Behavior of Indoline dyes in Ionic Liquid-Molecular Solvent Mixture: An Experimental Study

  This chapter is the basis of the paper titled-Effect of the Mixture Composition of BmimBF4-Acetonitrile on the Excited-State Relaxation Dynamics of a Solar-Cell Dye D149: An Ultrafast Transient Absorption Study Nishith Maity, Piotr Piatkowski, Kamil Polok, François-Alexandre Miannay, and Abdenacer Idrissi The Journal of Physical Chemistry C 2021 125 (32), 17841-17852

Table 1 . 1 :

 11 Previous literature data about steady state properties of the dyes D102, D149 and D205

	Medium 𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬	𝝀 𝐌𝐚𝐱 𝐄𝐦	𝝂 𝑺	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬	𝝀 𝐌𝐚𝐱 𝐄𝐦	𝝂 𝑺	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬	𝝀 𝐌𝐚𝐱 𝐄𝐦	𝝂 𝑺	Ref
		(nm)	(nm)	(cm -1 )	(nm)	(nm)	(cm -1 )	(nm)	(nm)	(cm -1 )	
			D102			D149			D205		
	C6H6				540,	590,	1570,				9,11,
					532,	571,	1284				23
					529	597					
	ACN	503	626	4182	526,	640,	3749,	525	640	3616	9,11,
					530,	661,	3740,				21-
					522,	615,	2897,				
					538,	607,	4050				
					529,	664					

Table 1 .

 1 2: Steady state properties of the studied indoline dyes in pure solvents and ILs

	Solvs/		𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)		𝝂 𝑺𝒕𝒐𝒌𝒆𝒔 (𝐜𝐦 .𝟏 )
	ILs	D102	D149 D205 D102 D149 D205	D102	D149	D205
	ACN 494.1	531.0 527.9 633.6 665.0 646.8 5101.1 4285.5 3980.9
	γ-BL 499.5	538.1 533.9 631.6 661.3 642.3 4611.6 3749.1 3485.5
	PC	501.7	532.9 534.6 633.2 646.1 643.1 4798.9 3695.6 3998.4
	Bmim	512.7	542.3 543.4 630.5 644.0 641.5 4051.0 3328.4 3242.5
	BF4					
	Bmim	513.5	542.6 543.2 622.9 637.9 639.1 3818.3 3075.8 3377.8
	PF6					

Bmim TFO 513.5 540.5 542.4 631.3 640.7 638.5 4259.5 3116.7 3078.9 Bmim TFSI 512.4 540.5 541.7 630.8 643.9 640.1 4074.6 3367.0 3174.1 Figure 1.4: Variation of absorption maxima with polarizability parameters (ΔR) of the medium

Table 1 . 3

 13 +2), here n are the values of refractive indices

	XIL	BmimBF4-ACN Mixture		BmimPF6-ACN Mixture
	n	ΔR*	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬	n	ΔR*	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬
			D102 D149 D205		D102	D149	D205
	0.00 1.344 0.212 494.12 531.00 527.86 1.344 0.212 494.12 531.00 527.86
	0.05 1.347 0.214 505.56 532.00 535.09 1.358 0.219 505.13 532.37 533.96
	0.10 1.351 0.216 506.82 534.00 536.89 1.368 0.225 506.29 533.81 535.26
	0.20 1.357 0.219 508.52 536.50 538.17 1.382 0.232 508.26 534.70 536.76
	0.50 1.377 0.230 510.95 539.50 539.44 1.399 0.242 510.46 536.80 540.35
	0.80 1.397 0.241 512.05 542.00 541.22 1.407 0.246 511.73 539.50 541.98
	1.00 1.410 0.248 512.71 542.50 543.82 1.408 0.247 513.47 542.60 543.22
	*𝛥𝑅 = (n 2 -1)/(n 2				

: Absorption maxima of three dyes and polarizability parameter values in BmimBF4-ACN and BmimPF6-ACN mixtures.

Table 1

 1 

	.4 : Polarity parameters (Δf) and polarizability parameter (ΔR) of pure solvents and ILs
	used in this study.				
	Liquids	ε	n	ΔR	Δf
	ACN	35.96	1.34	0.21	0.71
	γ-BL	41.70	1.44	0.26	0.67
	PC	64.96	1.42	0.25	0.70
	BmimBF4	11.70	1.42	0.25	0.53
	BmimPF6	11.40	1.41	0.25	0.53
	BmimTFO	13.20	1.44	0.26	0.54
	BmimTFSI	11.60	1.43	0.26	0.52
	Δf				
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  Khara et al. had shown that the temperature dependence of the 𝜏 " values of C153 in various ILs follows the Stokes-Einstein-Debye (SED) relation in between stick and slip boundary conditions.

Table 3 .

 3 

Table 3 . 2
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	Pure solvents/Mixtures	𝑬 𝑵 𝑻 *	𝑨 𝑵 (G)
	ACN	0.46 15	15.50
	XIL=0.05	0.62 15	15.90
	XIL=0.10	0.64 15	15.97
	XIL=0.20	0.66 15	16.00
	XIL=0.25	0.67 15	16.03
	XIL=0.30	0.67 15	16.06
	XIL=0.40	0.68 15	16.07
	XIL=0.50	0.69 15	16.07
	XIL=0.60	0.70 15	16.10

: Values of solvatochromic polarity parameters in pure solvents, ILs and BmimBF4-ACN mixtures (XIL = IL mole fraction in the mixtures)

  of pure ACN and BmimBF4 to calculate the values of 𝐴 $ K and 𝐾 in the equation 3.7. The whole calculation is shown in Appendix C.1.

	Thus, the equation 3.18 will look like-	
	𝐴 $ = 14.987 + 914.94 × 𝑅 • 𝑎 u	(3.19)

Our goal is to use this equation in case of intermediate mixtures between BmimBF4 and ACN. We already have experimental values of dielectric constant of the mixture to calculate R values in case of each mixture compositions. Besides, after the fitting of experimental EPR hyperfine lines, we have already collected the 𝐴 $ values for the same intermediate mixture compositions (Table

C2

in the Appendix). Therefore, using equation 3.19, we can calculate the values of 𝑎, which is nothing but the radius of first solvation shell in case of each intermediate mixture composition.

Table 4 .

 4 1: Steady state properties of Coumarin 153 in BmimPF6-ACN mixture. All the values of wavenumbers and wavelengths are given in 10 3 cm -1 and nm respectively.

	XIL	𝝀 𝑨𝒃𝒔 𝑴𝒂𝒙	𝝂 𝑨𝒃𝒔 𝑴𝒂𝒙	𝝀 𝑬𝒎 𝑴𝒂𝒙	𝝂 𝑬𝒎 𝑴𝒂𝒙	𝝂 𝑺𝒕𝒐𝒌𝒆𝒔
	0	418.57	23.68	518.45	18.53	5.15
	0.05	420.92	23.57	524.64	18.45	5.12
	0.1	422.8	23.46	526.57	18.33	5.13
	0.2	421.61	23.44	528.31	18.27	5.17
	0.3	422.88	23.4	530.68	18.18	5.22
	0.4	423.01	23.45	529.79	18.21	5.24
	0.5	424.56	23.38	530.38	18.13	5.25
	0.65	424.37	23.39	530.81	18.11	5.28
	0.8	424.89	23.37	531.11	18.06	5.31
	1	425	23.36	531.68	17.92	5.44

Table 4 .

 4 2: Best fit parameters of the SRFs of C153 using multi-exponential functions

	XIL 𝒚 𝟎 . 𝟏𝟎 𝟒	A1	𝝉 𝟏 (ps)	A2	𝝉 𝟐 (ps)	A3	𝝉 𝟑 (ps)	𝝌 𝟐
	0.2	12±2	0.25±	172±15.02 0.21±	29±0.51 0.12±0.	9±0.03 0.0031
			0.04		0.05		04	
	0.3 10.1±3.1 0.28±	252±20.53 0.18±	43±0.98 0.11±0.	12±0.05 0.0021
			0.05		0.04		02	
	0.4 15.1±4.5 0.26±	349±29.51 0.19±	60±1.01 0.09±0.	16±0.08 0.0038
			0.07		0.03		01	
	0.5 20.1±5.3 0.41±	430±31.61 0.22±	86±1.63 0.10±0.	24±0.11 0.0026
			0.05		0.04		02	
	0.65 12.6±3.3 0.42±	668±42.35 0.21±	103±2.8	0.12±0.	31±0.25 0.0034
			0.08		0.05	4	01	
	0.8	11.9±4	0.35±	926±51.61 0.28±	181±3.6	0.08±0.	50±0.34 0.0041
			0.13		0.04	1	01	
	1	5.89±1.2 0.31±	1743±100.5	0.26±	376±5.8	0.20±0.	92±1.31 0.0013
			0.05	2	0.06	6	04	

Table 4 .

 4 3: Composition dependent values of the decay times after fitting OKE signals measured with amplifier setup.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝒂 𝟏 . 𝟏𝟎 𝟐	𝒂 𝟐 . 𝟏𝟎 𝟐
	0.20	60.8	28.8	2.42	5.95
	0.25	72.2	31.3	3.43	5.11
	0.30	92.9	34.9	2.98	5.21
	0.40	146	48.9	2.8	4.09
	0.50	222	61.5	1.79	4.61
	0.60	362	77.7	1.59	2.54
	0.80	648	105	1.07	1.75
	1.00	1637	346	0.291	0.356

Table 4 .

 4 4: Composition dependent values of the decay times after fitting OKE signals measured with oscillator setup. 𝒂 𝟏 . 𝟏𝟎 𝟒 𝒂 𝟐 . 𝟏𝟎 𝟒 𝒂 𝟑 . 𝟏𝟎 𝟒 𝒂 𝟒 . 𝟏𝟎 𝟒a This component was not involved in the analysis of reorientation. However, it is taken into account while removing the picosecond components from OKE signal before calculation of the reduced spectral density From this Figure (Figure

	0.00	-	-	1.62	-	-	-	103	-
	0.05	17.4	5.55	2.08	-	2.48	8.29	57.3	-
	0.10	22.8	6.63	2.34	-	3.89	11.1	40.6	-
	0.15	43.9	17.2	5.27	1.98	1.91	5.47	15.9	29.9
	0.20	55.7	21.9	6.5	2.14	2.25	4.94	12.9	25.3
	0.30	92.9	34.9	9.56	2.59	1.99	3.86	8.74	19.3
	0.40	146	48.9	13	3.15	1.91	2.76	6	15.2
	0.50	222	61.5	14.4	3.28	1.75	2.05	4.93	13.5
	0.70	475	90.3	19.5	4.28	0.867	1.75	3.49	10.5
	1.00	1637	346	42.8	6.77	0.356	0.434	2.64	7.68

XIL

𝝉 𝟏 (ps) 𝝉 𝟐 (ps) 𝝉 𝟑 (ps) 𝝉 𝟒 (ps) a a

Table A1 :

 A1 Steady state properties of D102 in BmimBF4-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	494.12	20131.16	633.62	15030.10	5101.06
	0.05	505.56	19691.16	657.30	14297.95	5393.21
	0.10	506.82	19646.36	656.18	14316.84	5329.52
	0.20	508.52	19567.54	652.55	14431.89	5135.65
	0.50	510.95	19470.99	642.00	14836.79	4634.20
	0.80	512.05	19440.10	634.55	15191.18	4248.92
	1	512.71	19389.08	630.54	15338.05	4051.03

Table A2 :

 A2 Steady state properties of D102 in BmimBF4-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	499.52	19923.01	631.62	15311.41	4611.60
	0.05	511.59	19468.81	648.41	14678.49	4790.32
	0.10	512.30	19441.18	648.74	14668.17	4773.01
	0.20	512.56	19426.41	646.66	14717.70	4708.71
	0.50	512.68	19387.70	640.69	14971.45	4416.25
	0.80	513.07	19401.39	634.64	15213.99	4187.40
	1	512.71	19389.08	630.54	15338.05	4051.03

Table A3 :

 A3 Steady state properties of D102 in BmimBF4-PC mixtures.

	0.10	506.29	19656.29	656.00	14326.65	5329.64
	0.20	508.26	19586.29	651.26	14490.62	5095.67
	0.50	510.46	19505.61	641.04	14925.37	4580.24
	0.80	511.73	19459.32	627.54	15450.98	4008.34
	1	513.47	19381.70	622.99	15563.44	3818.26
		Table A5 : Steady state properties of D102 in BmimPF6-γ-BL mixtures.	
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	499.52	19923.01	631.62	15311.41	4611.60
	0.05	510.12	19512.14	643.75	14819.80	4692.34
	0.10	512.22	19439.31	648.40	14668.19	4771.12
	0.20	512.45	19428.27	645.90	14738.12	4690.15
	0.50	513.13	19408.03	640.00	15030.19	4377.84
	0.80	513.27	19391.01	629.11	15448.11	3942.90
	1	513.47	19381.70	622.99	15563.44	3818.26
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	501.66	19839.72	633.25	15040.81	4798.91
	0.05	510.14	19465.68	648.71	14578.59	4887.09
	0.10	510.57	19455.25	647.52	14647.45	4807.80
	0.20	511.07	19430.07	645.11	14758.63	4671.44
	0.50	511.79	19389.25	638.82	15022.31	4366.94
	0.80	512.07	19411.01	635.41	15149.19	4261.82
	1	512.71	19389.08	630.54	15338.05	4051.03
		Table A4 : Steady state properties of D102 in BmimPF6-ACN mixtures.	
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	494.12	20131.16	633.62	15030.10	5101.06
	0.05	505.13	19710.10	656.00	14371.14	5338.96

Table A6 :

 A6 Steady state properties of D102 in BmimPF6-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	501.66	19839.72	633.25	15040.81	4798.91
	0.05	511.63	19455.15	649.45	14585.34	4869.81
	0.10	511.95	19450.57	647.89	14648.05	4802.52
	0.20	512.46	19420.23	643.76	14831.72	4588.51
	0.50	512.95	19400.14	638.91	15037.59	4362.55
	0.80	513.04	19390.17	629.41	15402.93	3987.24
	1	513.47	19381.70	622.99	15563.44	3818.26

Table A7 :

 A7 Steady state properties of D102 in BmimTFO-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	494.12	20131.16	633.62	15030.10	5101.06
	0.05	501.74	19858.60	654.61	14356.05	5502.55
	0.10	506.28	19681.90	654.28	14356.70	5325.20
	0.20	507.91	19585.05	652.96	14405.76	5179.29
	0.50	510.86	19500.60	643.17	14798.07	4702.53
	0.80	512.07	19434.60	637.83	14952.72	4481.88
	1	513.52	19379.84	631.27	15120.30	4259.54

Table A8 :

 A8 Steady state properties of D102 in BmimTFO-γ-BL mixtures.

	0	499.52	19923.01	631.62	15311.41	4611.60
	0.05	510.90	19493.15	648.43	14645.65	4847.50
	0.10	511.37	19468.31	648.60	14619.88	4848.43
	0.20	511.84	19462.71	647.14	14660.59	4802.12
	0.50	512.04	19454.58	640.73	14905.80	4548.78
	0.80	512.58	19436.78	639.84	14977.78	4459.00
	1	513.52	19379.84	631.27	15120.30	4259.54
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )

Table A9 :

 A9 Steady state properties of D102 in BmimTFO-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	501.66	19839.72	633.25	15040.81	4798.91
	0.05	511.43	19488.95	648.15	14656.67	4832.28
	0.10	511.50	19475.48	647.33	14668.35	4807.13
	0.20	512.17	19462.30	645.50	14729.61	4732.69
	0.50	512.43	19415.25	641.53	14817.43	4597.82
	0.80	512.59	19404.33	639.15	14923.80	4480.53
	1	513.52	19379.84	631.27	15120.30	4259.54

Table A10 :

 A10 Steady state properties of D102 in BmimTFSI-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	494.12	20131.16	633.62	15030.10	5101.06
	0.05	504.97	19710.85	656.20	14336.38	5374.47
	0.10	506.53	19656.47	654.16	14384.70	5271.77
	0.20	507.88	19599.06	650.20	14485.64	5113.42
	0.50	510.18	19505.96	641.28	14897.62	4608.34
	0.80	510.85	19474.31	635.03	15197.57	4276.74
	1	512.37	19424.73	630.81	15350.10	4074.63

Table A11 :

 A11 Steady state properties of D102 in BmimTFSI-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	499.52	19923.01	631.62	15311.41	4611.60
	0.05	510.89	19497.06	648.30	14731.40	4765.66
	0.10	511.00	19495.96	647.52	14693.73	4802.23
	0.20	511.00	19493.21	646.53	14767.19	4726.02
	0.50	511.07	19487.23	640.00	14955.04	4532.19
	0.80	511.13	19483.42	635.45	15182.69	4300.73
	1	512.37	19424.73	630.81	15350.10	4074.63

Table A12 :

 A12 Steady state properties of D102 in BmimTFSI-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	501.66	19839.72	633.25	15040.81	4798.91
	0.05	510.38	19518.81	647.38	14646.76	4872.05
	0.10	510.98	19484.25	646.58	14657.83	4826.42
	0.20	511.22	19475.51	643.14	14823.74	4651.77
	0.50	511.31	19470.28	639.59	14984.27	4486.01
	0.80	511.63	19467.46	634.51	15220.70	4246.76
	1	512.37	19424.73	630.81	15350.10	4074.63

Table A13 :

 A13 Steady state properties of D149 in BmimBF4-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	538.12	18473.62	661.32	14724.57	3749.05
	0.05	540.97	18416.21	664.32	14696.05	3720.16
	0.10	541.11	18389.24	665.11	14672.64	3716.60
	0.20	541.28	18388.01	661.05	14684.29	3703.72
	0.50	541.67	18387.04	656.41	14854.74	3532.30
	0.80	542.10	18365.47	648.41	15001.18	3364.29
	1	542.30	18353.44	644.00	15025.08	3328.36

Table A14 :

 A14 Steady state properties of D149 in BmimBF4-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	532.91	18688.22	646.10	14992.65	3695.57
	0.05	539.50	18482.19	659.04	14621.76	3860.43
	0.10	539.72	18460.01	658.41	14626.25	3833.76
	0.20	539.92	18422.88	650.71	14751.28	3671.60
	0.50	541.00	18381.21	647.33	14964.37	3416.84
	0.80	541.95	18363.28	648.22	15001.65	3361.63
	1	542.30	18353.44	644.00	15025.08	3328.36

Table A15 :

 A15 Steady state properties of D149 in BmimPF6-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	531.00	18727.60	665.00	14442.10	4285.50
	0.05	532.37	18643.07	668.50	14534.88	4108.19
	0.10	533.81	18591.08	662.30	14525.51	4065.57
	0.20	534.70	18542.06	660.20	14528.60	4013.46
	0.50	536.80	18443.38	650.80	14748.60	3694.78
	0.80	539.50	18356.10	643.10	15021.10	3335.00
	1	542.60	18300.37	637.90	15224.60	3075.77

Table A16 :

 A16 Steady state properties of D149 in BmimPF6-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	538.12	18473.62	661.32	14724.57	3749.05
	0.05	540.00	18422.38	665.64	14536.09	3886.29
	0.10	540.28	18408.41	666.22	14535.35	3873.06
	0.20	540.71	18404.29	665.17	14548.52	3855.77
	0.50	540.85	18364.73	656.93	14731.18	3633.55
	0.80	541.75	18330.94	646.19	15184.67	3146.27
	1	542.60	18300.37	637.90	15224.60	3075.77

Table A17 :

 A17 Steady state properties of D149 in BmimPF6-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	532.91	18688.22	646.10	14992.65	3695.57
	0.05	539.00	18458.75	663.23	14563.23	3895.52
	0.10	539.67	18436.91	663.73	14557.38	3879.53
	0.20	540.14	18436.06	662.83	14563.99	3872.07
	0.50	541.13	18376.50	655.71	14661.75	3714.75
	0.80	542.07	18342.56	645.37	15139.56	3203.00
	1	542.60	18300.37	637.90	15224.60	3075.77

Table A18 :

 A18 Steady state properties of D149 in BmimTFO-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	531.00	18727.60	665.00	14442.10	4285.50
	0.05	535.11	18604.65	665.37	14517.89	4086.76
	0.10	535.53	18596.21	664.45	14660.28	3935.93
	0.20	537.17	18534.19	659.37	14803.07	3731.12
	0.50	540.10	18452.33	652.19	15018.45	3433.88
	0.80	540.21	18416.14	645.94	15159.26	3256.88
	1	540.53	18402.18	640.71	15285.47	3116.71

Table A19 :

 A19 Steady state properties of D149 in BmimTFO-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	538.12	18473.62	661.32	14724.57	3749.05
	0.05	539.87	18437.66	665.84	14541.40	3896.26
	0.10	540.07	18433.79	658.76	14705.11	3728.68
	0.20	540.13	18428.76	652.33	14884.29	3544.47
	0.50	540.31	18415.80	648.13	14943.28	3472.52
	0.80	540.50	18409.52	644.24	15086.34	3323.18
	1	540.53	18402.18	640.71	15285.47	3116.71

Table A20 :

 A20 Steady state properties of D149 in BmimTFO-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	532.91	18688.22	646.10	14992.65	3695.57
	0.05	539.28	18478.10	660.59	14647.74	3830.36
	0.10	539.46	18467.22	654.12	14808.04	3659.18
	0.20	539.50	18459.84	650.80	14893.04	3566.80
	0.50	539.76	18450.85	648.54	14977.58	3473.27
	0.80	540.09	18447.62	646.38	15061.82	3385.80
	1	540.53	18402.18	640.71	15285.47	3116.71

Table A21 :

 A21 Steady state properties of D149 in BmimTFSI-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	531.00	18727.60	665.00	14442.10	4285.50
	0.05	533.25	18649.55	666.11	14391.46	4258.09
	0.10	534.94	18671.38	662.93	14426.68	4244.70
	0.20	536.41	18602.23	659.36	14497.13	4105.10
	0.50	537.82	18468.76	652.04	14729.40	3739.36
	0.80	538.51	18497.00	648.26	14861.73	3635.27
	1	540.46	18413.99	643.99	15046.96	3367.03

Table A22 :

 A22 Steady state properties of D149 in BmimTFSI-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	538.12	18473.62	661.32	14724.57	3749.05
	0.05	539.00	18459.79	663.82	14467.98	3991.81
	0.10	539.51	18456.49	662.54	14481.01	3975.48
	0.20	539.86	18449.10	660.00	14523.82	3925.28
	0.50	540.13	18439.34	651.58	14798.07	3641.27
	0.80	540.22	18430.40	646.78	14919.19	3511.21
	1	540.46	18413.99	643.99	15046.96	3367.03

Table A23 :

 A23 Steady state properties of D149 in BmimTFSI-PC mixtures.

	0.80	539.72	18438.95	646.55	14938.95	3500.00
	1	540.46	18413.99	643.99	15046.96	3367.03
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	532.91	18688.22	646.10	14992.65	3695.57
	0.05	537.00	18481.62	656.24	14629.87	3851.75
	0.10	538.00	18474.87	655.53	14644.74	3830.13
	0.20	539.00	18468.28	655.64	14652.94	3815.34
	0.50	539.70	18450.18	650.52	14770.19	3679.99

Table A24 :

 A24 Steady state properties of D205 in BmimBF4-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	527.86	18839.37	646.77	14858.41	3980.96
	0.05	535.09	18617.65	650.64	14807.25	3810.40
	0.10	536.89	18558.62	647.51	14825.02	3733.60
	0.20	538.17	18494.57	645.98	14872.29	3622.28
	0.50	539.44	18431.47	643.67	14912.63	3518.84
	0.80	541.22	18349.35	642.91	14933.78	3415.57
	1	543.82	18183.10	641.51	14940.57	3242.53

Table A25 :

 A25 Steady state properties of D205 in BmimBF4-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	533.91	18647.33	642.33	15161.83	3485.50
	0.05	539.22	18507.21	645.73	14774.88	3732.33
	0.10	540.90	18447.45	644.96	14793.60	3653.85
	0.20	541.33	18424.15	643.11	14840.56	3583.59
	0.50	542.25	18370.42	642.36	14881.51	3488.91
	0.80	542.77	18310.50	641.83	14906.35	3404.15
	1	543.82	18183.10	641.51	14940.57	3242.53

Table A26 :

 A26 Steady state properties of D205 in BmimBF4-PC mixtures.

	0.20	536.76	18522.23	651.31	14716.96	3805.27
	0.50	540.35	18410.52	647.45	14741.31	3669.21
	0.80	541.98	18325.08	644.88	14752.64	3572.44
	1	543.22	18254.81	639.11	14877.00	3377.81
		Table A28 : Steady state properties of D205 in BmimPF6-γ-BL mixtures.	
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	533.91	18647.33	642.33	15161.83	3485.50
	0.05	540.06	18410.96	649.35	14632.22	3778.74
	0.10	541.13	18394.93	646.61	14751.99	3642.94
	0.20	541.33	18398.26	645.17	14801.82	3596.44
	0.50	542.36	18348.53	644.54	14823.78	3524.75
	0.80	543.01	18313.11	642.71	14846.57	3466.54
	1	543.22	18254.81	639.11	14877.00	3377.81
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	534.62	18624.75	643.09	14626.34	3998.41
	0.05	535.59	18593.10	646.03	14516.08	4077.02
	0.10	540.63	18441.41	645.71	14524.53	3916.88
	0.20	541.27	18405.51	644.52	14578.11	3827.40
	0.50	542.19	18371.52	643.23	14691.42	3680.10
	0.80	542.51	18369.92	642.01	14810.23	3559.69
	1	543.82	18183.10	641.51	14940.57	3242.53
		Table A27 : Steady state properties of D205 in BmimPF6-ACN mixtures.	
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	527.86	18839.37	646.77	14858.41	3980.96
	0.05	533.96	18639.96	653.22	14523.73	4116.23
	0.10	535.26	18567.36	652.50	14525.51	4041.85

Table A29 :

 A29 Steady state properties of D205 in BmimPF6-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	534.62	18624.75	643.09	14626.34	3998.41
	0.05	537.52	18368.65	654.16	14561.78	3806.87
	0.10	540.01	18350.62	653.18	14567.13	3783.49
	0.20	540.89	18348.06	649.97	14602.42	3745.64
	0.50	541.50	18328.62	645.09	14710.07	3618.55
	0.80	542.70	18315.02	642.23	14825.86	3489.16
	1	543.22	18254.81	639.11	14877.00	3377.81

Table A30 :

 A30 Steady state properties of D205 in BmimTFO-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	527.86	18839.37	646.77	14858.41	3980.96
	0.05	531.18	18730.83	652.61	14652.21	4078.62
	0.10	532.70	18626.36	648.63	14672.06	3954.30
	0.20	534.83	18541.77	646.31	14793.53	3748.24
	0.50	540.01	18453.10	643.93	14961.26	3491.84
	0.80	541.34	18342.32	640.36	15021.23	3321.09
	1	542.44	18267.51	638.46	15188.65	3078.86

Table A31 :

 A31 Steady state properties of D205 in BmimTFO-γ-BL mixtures.

	0.05	540.09	18407.18	650.33	14919.39	3487.79
	0.10	540.61	18403.59	648.56	14998.72	3404.87
	0.20	540.74	18363.66	645.67	15068.79	3294.87
	0.50	541.61	18309.32	643.89	15126.28	3183.04
	0.80	542.01	18244.60	641.15	15153.02	3091.58
	1	542.44	18267.51	638.46	15188.65	3078.86
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	533.91	18647.33	642.33	15161.83	3485.50

Table A32 :

 A32 Steady state properties of D205 in BmimTFO-PC mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	534.62	18624.75	643.09	14626.34	3998.41
	0.05	539.53	18454.68	651.51	14451.03	4003.65
	0.10	540.62	18425.69	647.28	14548.26	3877.43
	0.20	541.64	18402.46	643.05	14631.05	3771.41
	0.50	541.88	18338.32	641.28	14898.45	3439.87
	0.80	542.03	18293.25	640.13	15028.13	3265.12
	1	542.44	18267.51	638.46	15188.65	3078.86

Table A33 :

 A33 Steady state properties of D205 in BmimTFSI-ACN mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	527.86	18839.37	646.77	14858.41	3980.96
	0.05	536.81	18491.26	646.54	14841.35	3649.91
	0.10	537.61	18411.63	644.35	14892.03	3519.60
	0.20	538.13	18350.21	643.51	14951.20	3399.01
	0.50	539.03	18293.64	642.83	14983.21	3310.43
	0.80	540.21	18251.30	641.10	15001.21	3250.09
	1	541.66	18195.41	640.13	15021.29	3174.12

Table A34 :

 A34 Steady state properties of D205 in BmimTFSI-γ-BL mixtures.

	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬 (nm)	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬 (cm -1 )	𝝀 𝐌𝐚𝐱 𝐄𝐦 (nm)	𝝂 𝐌𝐚𝐱 𝐄𝐦 (cm -1 )	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬 (cm -1 )
	0	533.91	18647.33	642.33	15161.83	3485.50
	0.05	535.10	18416.21	652.23	14451.26	3964.95
	0.10	536.72	18366.20	650.12	14526.31	3839.89
	0.20	537.53	18335.13	649.02	14623.05	3712.08
	0.50	538.29	18303.27	647.51	14801.23	3502.04
	0.80	539.00	18255.69	643.21	14923.21	3332.48
	1	541.66	18195.41	640.13	15021.29	3174.12

Table A35 :

 A35 Steady state properties of D205 in BmimTFSI-PC mixtures.

		(nm)	(cm -1 )	(nm)	(cm -1 )	(cm -1 )
	0	534.62	18624.75	643.09	14626.34	3998.41
	0.05	537.09	18421.65	653.21	14401.02	4020.63
	0.10	538.91	18393.18	647.31	14502.15	3891.03
	0.20	539.49	18352.18	643.51	14621.79	3730.39
	0.50	540.07	18323.33	642.72	14743.61	3579.72
	0.80	540.92	18245.88	641.16	14901.26	3344.62
	1	541.66	18195.41	640.13	15021.29	3174.12
	𝐗 𝐈𝐋	𝝀 𝐌𝐚𝐱 𝐀𝐛𝐬	𝝂 𝐌𝐚𝐱 𝐀𝐛𝐬	𝝀 𝐌𝐚𝐱 𝐄𝐦	𝝂 𝐌𝐚𝐱 𝐄𝐦	𝝂 𝐒𝐭𝐨𝐤𝐞𝐬

Table B1 :

 B1 Excited state relaxation times of D102, D149 and D205 in various solvents and ILs. 𝜀 and 𝑛 are the dielectric constants and refractive indices of pure components

	Solvent		𝜼	∆𝒇	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)	Ref
	/IL						D149
									1-3
							0.08, 0.16,	0.65, 0.63,	33.34, 18.5,	275.65, 320,
	ACN		0.35	0.71	0.35, 0.089	0.77, 1.4	23, 19	220, 280
	γ-BL		1.76	0.67	0.14	1.26	13.93	418.65
	PC		2.65	0.70	0.23	2.31	14.67	372.12
	BmimBF4	109	0.53	0.51	10.39	120.71	912.27
	BmimPF6	261	0.53	0.83	11.48	161.06	1595.21
	BmimTFO		89	0.54	0.82	10.46	84.88	878.17
	BmimTFSI 50.05 0.52	1.29	14.88	110.87	835.55
	MeOH	0.54	0.71	0.12	0.99, 2.5	11.9, 13.2	99, 103	2-4
	EtOH		0.98	0.66	0.39	5.03	29.6	178	2
	Acetone	0.3	0.65	0.187	1.09	540
	THF		0.46	0.44	0.228	1.52	30	720
	Hexane	0.3	0.003			25	310	4
	Toluene	0.56 0.024	0.45		40	630	1
								D102
	ACN		0.35	0.71	0.11, 0.21	0.84, 0.91 17.37, 17.5 228.92, 310	3
	γ-BL		1.76	0.67	0.19	1.15	15.85	334.7
	PC		2.65	0.70	0.3	1.72	16.45	324.56
	BmimBF4	109	0.53	0.99	11.23	112.36	891.25
	BmimPF6	261	0.53	0.42	12.46	143.41	1305.22
	BmimTFO		89	0.54	1.01	7.49	102.36	853.55
	BmimTFSI 50.05 0.52	0.49	10.81	72.4	768.13
	MeOH	0.54	0.71	0.1	1.4	11	70	3
								D205
	ACN		0.35	0.71	0.12	1.11	16.72	240.75
	γ-BL		1.76	0.67	0.13	1.12	12.5	357.24
	PC		2.65	0.70	0.28	1.78	13.35	354.25
	BmimBF4	109	0.53	0.91	14.29	125.17	1041.96
	BmimPF6	261	0.53	0.96	10.16	166.93	2208.3
	BmimTFO		89	0.54	0.99	12.3	103.62	1014.81
	BmimTFSI 50.05 0.52	0.86	19.9	121.94	973.65
	∆𝑓 =	FGH FIJ	-	L M GH L M IJ	; 2 and			

Table B2 :

 B2 Global analysis time constants of D102 in BmimBF4-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.30	1.72	16.60	324.56
	0.05	0.19	2.52	16.45	315.28
	0.10	0.22	2.64	17.21	293.72
	0.20	0.22	2.73	18.95	338.53
	0.50	0.24	3.89	40.08	613.34
	0.80	0.28	7.69	101.56	897.91
	1	0.42	12.46	143.41	1305.22
	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.11	0.84	17.37	228.92
	0.05	0.13	1.01	17.61	163.31
	0.10	0.15	1.21	22.88	169.86
	0.20	0.17	1.94	26.99	182.13
	0.50	0.33	2.27	57.80	372.37
	0.80	0.55	6.48	90.97	560.73
	1	0.99	11.23	112.36	891.25

Table B8 :

 B8 Global analysis time constants of D102 in BmimTFO-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.11	0.84	17.37	228.92
	0.05	0.15	1.27	18.95	176.37
	0.10	0.18	1.40	20.14	185.66
	0.20	0.25	2.19	25.39	219.20
	0.50	0.42	3.66	38.79	377.81
	0.80	0.57	5.22	97.25	648.57
	1	1.01	7.49	102.36	853.55

Table B9 :

 B9 Global analysis time constants of D102 in BmimTFO-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.19	1.15	15.85	334.70
	0.05	0.23	2.13	24.26	291.48
	0.10	0.28	2.76	32.26	288.93
	0.20	0.37	4.05	41.60	306.15
	0.50	0.52	5.22	51.30	454.32
	0.80	0.90	6.26	69.94	745.92
	1	1.01	7.49	102.36	853.55

Table B10 :

 B10 Global analysis time constants of D102 in BmimTFO-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.30	1.72	16.45	324.56
	0.05	0.31	2.62	18.93	264.16
	0.10	0.32	3.17	22.15	280.94
	0.20	0.41	4.23	23.14	303.20
	0.50	0.59	5.08	47.66	454.02
	0.80	0.84	6.07	107.20	739.10
	1	1.01	7.49	102.36	853.55

Table B11 :

 B11 Global analysis time constants of D102 in BmimTFSI-ACN mixtures.

	0.20	0.27	3.06	22.92	381.11
	0.50	0.40	6.76	62.04	492.32
	0.80	0.47	8.19	112.20	724.35
	1	0.51	10.39	120.71	912.27
	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.11	0.84	17.37	228.92

Table B16 :

 B16 Global analysis time constants of D149 in BmimBF4-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.23	2.31	14.67	372.12
	0.05	0.20	2.34	13.95	308.16
	0.10	0.15	2.95	15.97	312.53
	0.20	0.21	3.02	24.09	342.52
	0.50	0.27	4.18	40.31	511.25
	0.80	0.50	8.75	96.98	681.75
	1	0.51	10.39	120.71	912.27

Table B17 :

 B17 Global analysis time constants of D149 in BmimPF6-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.08	0.65	33.34	275.65
	0.05	0.13	1.01	25.41	213.93
	0.10	0.19	1.52	18.71	210.90
	0.20	0.25	1.99	24.12	265.95
	0.50	0.48	5.81	56.09	659.67
	0.80	0.68	8.14	101.95	990.50
	1	0.83	11.48	161.06	1595.21

Table B18 :

 B18 Global analysis time constants of D149 in BmimPF6-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.14	1.26	13.93	418.64
	0.05	0.16	1.43	9.44	339.47
	0.10	0.25	1.97	12.77	316.66
	0.20	0.29	3.55	20.74	343.40
	0.50	0.46	4.72	50.91	577.29
	0.80	0.77	8.08	92.15	1018.91
	1	0.83	11.48	161.06	1595.21

Table B19 :

 B19 Global analysis time constants of D149 in BmimPF6-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.23	2.31	14.67	372.12
	0.05	0.14	2.50	10.19	359.59
	0.10	0.15	2.91	14.10	339.17
	0.20	0.21	3.58	30.84	413.29
	0.50	0.47	4.70	66.63	620.68

Table B24 :

 B24 Global analysis time constants of D149 in BmimTFSI-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.14	1.26	13.93	418.65
	0.05	0.16	1.69	13.11	324.67
	0.10	0.25	2.37	19.46	278.64
	0.20	0.40	3.25	27.68	331.55
	0.50	0.59	5.40	45.69	505.24
	0.80	1.13	13.93	83.88	718.06
	1	1.29	14.88	110.87	835.55

Table B25 :

 B25 Global analysis time constants of D149 in BmimTFSI-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.23	2.31	14.67	372.12
	0.05	0.16	2.56	12.79	308.56
	0.10	0.24	2.79	21.36	278.08
	0.20	0.27	3.15	23.96	356.28
	0.50	0.41	6.31	50.91	536.79
	0.80	0.76	8.51	83.72	616.15
	1	1.29	14.88	110.87	835.55

Table B26 :

 B26 Global analysis time constants of D205 in BmimBF4-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.12	1.11	16.72	240.75
	0.05	0.16	1.16	14.30	205.09
	0.10	0.20	1.29	14.86	233.16
	0.20	0.25	2.21	18.91	263.77
	0.50	0.33	3.45	32.43	552.11
	0.80	0.37	7.41	74.79	837.76
	1	0.91	14.29	125.17	1041.96

Table B27 :

 B27 Global analysis time constants of D205 in BmimBF4-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.13	1.12	12.50	357.24
	0.05	0.16	1.65	12.49	318.88
	0.10	0.16	2.04	13.48	368.28
	0.20	0.21	2.41	16.37	394.13
	0.50	0.35	4.49	36.05	548.16
	0.80	0.50	5.23	52.76	854.68
	1	0.91	14.29	125.17	1041.96

Table B28 :

 B28 Global analysis time constants of D205 in BmimBF4-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.28	1.78	13.35	354.25
	0.05	0.19	2.03	11.80	334.46
	0.10	0.20	2.10	21.02	305.32
	0.20	0.26	3.32	33.40	317.56
	0.50	0.55	7.31	58.51	524.01
	0.80	0.81	10.32	92.36	791.42
	1	0.91	14.29	125.17	1041.96

Table B29 :

 B29 Global analysis time constants of D205 in BmimPF6-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.12	1.11	16.72	240.75
	0.05	0.13	1.25	12.50	214.46
	0.10	0.14	1.29	33.39	240.86
	0.20	0.17	1.70	39.43	374.21
	0.50	0.19	2.13	43.38	733.64
	0.80	0.91	4.99	77.65	1081.29
	1	0.96	10.16	166.93	2208.30

Table B30 :

 B30 Global analysis time constants of D205 in BmimPF6-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.13	1.12	12.50	357.24
	0.05	0.13	1.26	12.34	334.60
	0.10	0.15	1.43	14.30	355.24
	0.20	0.17	1.72	17.57	403.10
	0.50	0.25	2.50	25.05	690.75
	0.80	0.46	5.51	98.24	1168.99
	1	0.96	10.16	166.93	2208.30

Table B31 :

 B31 Global analysis time constants of D205 in BmimPF6-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.28	1.78	13.35	354.25
	0.05	0.15	1.88	13.00	337.44
	0.10	0.17	2.13	13.88	356.10
	0.20	0.19	2.67	14.73	380.75
	0.50	0.37	2.87	48.90	775.95
	0.80	0.59	7.96	104.70	1188.03
	1	0.96	10.16	166.93	2208.30

Table B32 :

 B32 Global analysis time constants of D205 in BmimTFO-ACN mixtures.

	0.05	0.13	1.15	11.92	228.78
	0.10	0.14	1.31	14.91	260.63
	0.20	0.17	1.43	16.68	303.31
	0.50	0.33	2.86	27.13	594.03
	0.80	0.61	7.34	85.92	944.35
	1	0.99	12.30	103.62	1014.81
	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.12	1.11	16.72	240.75

Table B33 :

 B33 Global analysis time constants of D205 in BmimTFO-γ-BL mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.13	1.12	12.50	357.24
	0.05	0.15	1.19	10.50	328.59
	0.10	0.17	1.48	16.60	375.43
	0.20	0.20	2.20	26.72	464.83
	0.50	0.49	5.01	42.08	588.34
	0.80	0.65	8.55	81.19	861.82
	1	0.99	12.30	103.62	1014.81

Table B34 :

 B34 Global analysis time constants of D205 in BmimTFO-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.28	1.78	13.35	354.25
	0.05	0.27	3.13	13.29	334.01
	0.10	0.33	3.45	18.92	361.23
	0.20	0.37	3.75	27.57	389.89
	0.50	0.49	6.54	62.88	570.69
	0.80	0.69	10.23	73.70	818.93
	1	0.99	12.30	103.62	1014.81

Table B35 :

 B35 Global analysis time constants of D205 in BmimTFSI-ACN mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.12	1.11	16.72	240.75
	0.05	0.21	1.25	6.29	198.84
	0.10	0.25	1.54	15.76	255.74
	0.20	0.29	2.55	22.07	305.91
	0.50	0.34	4.39	37.80	509.26
	0.80	0.55	10.71	78.36	695.53
	1	0.86	19.90	121.94	973.65

Table B36 :

 B36 Global analysis time constants of D205 in BmimTFSI-γ-BL mixtures.

	0.20	0.32	3.89	47.77	399.15
	0.50	0.37	6.73	65.56	569.07
	0.80	0.56	12.33	83.72	733.25
	1	0.86	19.90	121.94	973.65
	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.13	1.12	12.50	357.24
	0.05	0.19	2.06	11.94	312.59
	0.10	0.25	2.81	15.51	344.21

Table B37 :

 B37 Global analysis time constants of D205 in BmimTFSI-PC mixtures.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝝉 𝟑 (ps)	𝝉 𝟒 (ps)
	0	0.28	1.78	13.35	354.25
	0.05	0.16	1.95	12.86	290.51
	0.10	0.22	2.17	17.79	315.69
	0.20	0.26	2.73	22.50	371.06
	0.50	0.27	5.08	57.11	520.94
	0.80	0.48	10.05	102.14	740.07
	1	0.86	19.90	121.94	973.65

Table D1 :

 D1 Composition dependence of the decay times after fitting the molecular contributions to the total polarizability of the system due to Bmim cation at different mixture compositions in BmimPF6-ACN mixture.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝒂 𝟏 . 𝟏𝟎 𝟑	𝒂 𝟐 . 𝟏𝟎 𝟑
	0.01	10.7	4.06	3.92	1.54
	0.05	15.7	7.32	10.1	10.7
	0.1	20.2	7.87	16.8	14.7
	0.15	26.2	7.54	19.9	22.1
	0.2	36.9	11.2	16.5	23.5
	0.25	42.7	9.5	19.8	23.3
	0.3	57.3	12.1	16.9	21.2
	0.4	99.3	26.6	12.1	10.4
	0.5	157	30.1	8.89	13.8
	0.6	232	47	6.65	9.66
	0.7	333	50.3	5.41	7.79
	0.8	454	55.7	4.64	7.08
	0.9	610	54.8	3.74	7.07
	1	1219	192	3.6	7.25

Table D2 :

 D2 Composition dependence of the decay times after fitting the molecular contributions to the total polarizability of the system due to ACN at different mixture compositions in BmimPF6-ACN mixture.

	XIL	𝝉 𝟏 (ps)	𝝉 𝟐 (ps)	𝒂 𝟏 . 𝟏𝟎 𝟑	𝒂 𝟐 . 𝟏𝟎 𝟑
	0	-	1.6	-	145
	0.01	-	1.85	-	123
	0.05	15.6	2.32	0.82	87.9
	0.1	19.0	3.54	1.14	40.8
	0.15	23.9	4.88	1.06	25.8
	0.2	23.7	5.73	1.67	17.5
	0.25	33.6	6.59	1.08	15.9
	0.3	36.0	8.06	1.22	10.5
	0.4	59.9	13.1	0.59	4.84
	0.5	80.4	16.7	0.47	2.42
	0.6	126.0	28.4	0.21	1.07
	0.7	260.0	57.9	0.05	0.44
	0.8	295.0	72.9	0.04	0.17
	0.9	444.0	98.2	0.01	0.07

Figure D1: Time dependent evolution of (A) νmax (t) and (B) νmean (t) of C153 in pure BmimPF6 using TCSPC technique
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Appendix C: CW-EPR Study in IL-MS mixtures