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surfactants are also present as monomers in the system. The aggregate number (average 

quantity of surfactant molecules in a micelle) depends on the type of surfactant and its 

concentration. When the solvent is changed from aqueous to a nonpolar medium, the 

representation of micelles is reversed. To minimize their contact with non-polar solvents in 

bulk, the head groups of surfactants are linked to water molecules, which extend its 

hydrophobic tails into the non-polar medium. RM may also be produced with materials that 

have reasonably high dielectric constants, including other non-aqueous polar solvents (such 

as glycerol, ethylene glycol, formamide etc.) that are immiscible with hydrocarbon solvents.11 

With its water content, the aggregation number of RMs increases, typically described in terms 

of the RM hydration level, w0= [H2O]/[surfactant].12 It has been shown from both 

thermodynamic model and molecular simulation studies that the development of large 

permanent aggregates of surfactants is triggered by a limited number of polar solvent 

molecules.13 

Often complex biomolecular systems are viewed as a simplistic model in the form of 

self-aggregated systems (M, RM, vesicles, etc.). In many areas, ranging from basic sciences 

to the relevant technical aspects, RMs are of particular interest and have various applications, 

such as models for biological systems, for the extraction and purification of biomolecules 

such as food additives or medicinal substances in biologically compatible systems, in the 

delivery of medicinal products and as enzymatic reaction media etc.14-18 Studying ligand-

surfactant (in aggregated and/or monomeric form) interaction, as well as ultrafast processes in 

such systems, leads towards a platform for understanding the mechanism of such interactions. 

This property of the self-aggregated systems has made them a useful biomimetic analogue of 

in-vivo systems. These bio-mimicking systems (RM) are less complex than the corresponding 

biomolecules and easy to plan for the benefit of real biological systems and have been 

recognized as an ideal medium for the past few decades to research the properties of 

confined/restricted water.19-25 Several techniques, including scattering techniques such as 

small-angle neutron scattering (SANS)26, small-angle X-ray scattering (SAXS)27, 28, and both 

dynamic and static light scattering29, have defined reverse micelle shape and size which can 

be experimentally varied from 0.3 - 20 nm by changing the w0.
20, 30  

Micro-heterogeneity in complex solutions (like RMs) have been investigated 

thoroughly as a result of recent developments in ultrafast laser technology. Water present in 

RMs has been studied previously, providing distinct variations in physical and chemical 

properties compared to its bulk counterpart.19, 20, 31-36 What kind of water is in the RMs water 
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Chapter 6 identifies how micro-heterogeneity in the aqueous environment affects the ESPT 

process; we investigate the ESPT of D-luciferin in aqueous mixtures of water-ethanol and 

water-TFE.  

Two-Photon Spectroscopy Studies (Ch. 7 & 8) 

Chapter 7 addressed the specific binding of probes with protein, and we investigated 

whether this could be exploited by using the unique spectroscopic technique, 2-photon 

absorption spectroscopy, to understand site-specific binding as well as conformational 

changes of proteins during thermal/chemical denaturation. This section is published in 

Journal of Fluorescence, 2017, 28 (3), 855-862. 

Chapter 8 demonstrated that the 2PAS could be used to investigate the molecular basis of 

cationic dye-surfactant (anionic) interactions, which were verified by classical simulation 

studies. To see if the hydrophobicity of the surfactant influences complex formation, we 

altered the chain length of anionic surfactants while keeping the cationic dye constant.  

Chapter 9 provides, along with some future plans, a concluding remark on the work carried 

out in the dissertation. 

 

1.2: References 
1. Zhang, T.-H.; Luo, J.; Zhou, J.-M., Conformational changes at the active site of 
adenylate kinase detected using a fluorescent probe and monoclonal antibody binding. 
Biochimie 2002, 84 (4), 335-339. 
2. Bautista-Gomez, J.; Usman, A.; Zhang, M.; Rafferty, R. J.; Bossmann, S. H.; Hohn, 
K. L.; Higgins, D. A., Fluorescence spectroscopy studies of crossed aldol reactions: a reactive 
Nile red dye reveals catalyst-dependent product formation. Catalysis Science & Technology 
2020, 10 (16), 5579-5592. 
3. Flora, K.; Brennan, J. D.; Baker, G. A.; Doody, M. A.; Bright, F. V., Unfolding of 
acrylodan-labeled human serum albumin probed by steady-state and time-resolved 
fluorescence methods. Biophysical journal 1998, 75 (2), 1084-1096. 
4. Lakowicz, J. R., Principles of fluorescence spectroscopy. Springer science & business 
media: 2013. 
5. Fleming, G., Chemical applications of ultrafast spectroscopy. 1986. 
6. Pal, S. K.; Peon, J.; Zewail, A. H., Biological water at the protein surface: Dynamical 
solvation probed directly with femtosecond resolution. Proceedings of the National Academy 
of Sciences 2002, 99 (4), 1763-1768. 
7. Bhattacharyya, K., Nature of biological water: a femtosecond study. Chem. Commun. 
2008, 44, 2848-2857. 
8. Stennett, E. M.; Ciuba, M. A.; Levitus, M., Photophysical processes in single 
molecule organic fluorescent probes. Chemical Society Reviews 2014, 43 (4), 1057-1075. 







 Chapter 1: Introduction 

 17 

49. Levinger, N. E., Ultrafast dynamics in reverse micelles, microemulsions, and vesicles. 
Current Opinion in Colloid & Interface Science 2000, 5, 118-124. 
50. Faeder, J.; Ladanyi, B. M., Molecular Dynamics Simulations of the Interior of 
Aqueous Reverse Micelles. The Journal of Physical Chemistry B 2000, 104, 1033-1046. 
51. Sarkar, N.; Das, K.; Datta, A.; Das, S.; Bhattacharyya, K., Solvation dynamics of 
coumarin 480 in reverse micelles. Slow relaxation of water molecules. The Journal of 
Physical Chemistry 1996, 100 (25), 10523-10527. 
52. Harpham, M. R.; Ladanyi, B. M.; Levinger, N. E.; Herwig, K. W., Water motion in 
reverse micelles studied by quasielastic neutron scattering and molecular dynamics 
simulations. The Journal of chemical physics 2004, 121 (16), 7855-7868. 
53. Chattopadhyay, A.; Mukherjee, S.; Raghuraman, H., Reverse micellar organization 
and dynamics: a wavelength-selective fluorescence approach. The Journal of Physical 
Chemistry B 2002, 106 (50), 13002-13009. 
54. Cringus, D.; Lindner, J.; Milder, M. T.; Pshenichnikov, M. S.; Vöhringer, P.; 
Wiersma, D. A., Femtosecond water dynamics in reverse-micellar nanodroplets. Chemical 
physics letters 2005, 408 (1), 162-168. 
55. Pieniazek, P. A.; Lin, Y.-S.; Chowdhary, J.; Ladanyi, B. M.; Skinner, J., Vibrational 
spectroscopy and dynamics of water confined inside reverse micelles. The Journal of 
Physical Chemistry B 2009, 113 (45), 15017-15028. 
56. Zhang, S., Fabrication of novel biomaterials through molecular self-assembly. Nature 
biotechnology 2003, 21 (10), 1171-1178. 
57. Bumajdad, A.; Eastoe, J.; Nave, S.; Steytler, D. C.; Heenan, R. K.; Grillo, I., 
Compositions of mixed surfactant layers in microemulsions determined by small-angle 
neutron scattering. Langmuir 2003, 19 (7), 2560-2567. 
58. Lisiecki, I.; Pileni, M. P., Synthesis of copper metallic clusters using reverse micelles 
as microreactors. Journal of the American Chemical Society 1993, 115 (10), 3887-3896. 
59. Simmons, B. A.; Li, S.; John, V. T.; McPherson, G. L.; Bose, A.; Zhou, W.; He, J., 
Morphology of CdS nanocrystals synthesized in a mixed surfactant system. Nano Letters 
2002, 2 (4), 263-268. 
60. Shi, H.; Qi, L.; Ma, J.; Wu, N., Architectural control of hierarchical nanobelt 
superstructures in catanionic reverse micelles. Advanced Functional Materials 2005, 15 (3), 
442-450. 
61. Alexandridis, P.; Olsson, U.; Lindman, B., A record nine different phases (four cubic, 
two hexagonal, and one lamellar lyotropic liquid crystalline and two micellar solutions) in a 
ternary isothermal system of an amphiphilic block copolymer and selective solvents (water 
and oil). Langmuir 1998, 14 (10), 2627-2638. 
62. Pandalai, S. G., Recent Research Developments in Physical Chemistry. Research 
Signpost 2000, 8 (4(Pt. 2)), 337. 
63. Paul, B. K.; Mitra, R. K., Water solubilization capacity of mixed reverse micelles: 
effect of surfactant component, the nature of the oil, and electrolyte concentration. Journal of 
colloid and interface science 2005, 288 (1), 261-279. 
64. Kunieda, H.; Yamagata, M., Mixing of nonionic surfactants at water-oil interfaces in 
microemulsions. Langmuir 1993, 9 3345-3351. 
65. Pes, M. A.; Kunieda, H., Surfactant distribution in mixed surfactant microemulsions. 
Trends Phys. Chem. 1995, 5, 75-89. 
66. Hou, M. J.; Shah, D. O., Effects of the molecular structure of the interface and 
continuous phase on solubilization of water in water/oil microemulsions. Langmuir 1987, 3, 
1086-1096. 











 Chapter 1: Introduction 

 22 

135. Erez, Y.; Presiado, I.; Gepshtein, R.; Pinto da Silva, L. s.; Esteves da Silva, J. C.; 
Huppert, D., Comparative study of the photoprotolytic reactions of D-luciferin and 
oxyluciferin. The Journal of Physical Chemistry A 2012, 116 (28), 7452-7461. 
136. Tran-Thi, T.-H.; Gustavsson, T.; Prayer, C.; Pommeret, S.; Hynes, J. T., Primary 
ultrafast events preceding the photoinduced proton transfer from pyranine to water. Chemical 
Physics Letters 2000, 329 (5-6), 421-430. 
137. Spry, D.; Goun, A.; Fayer, M. D., Deprotonation dynamics and Stokes shift of 
pyranine (HPTS). The Journal of Physical Chemistry A 2007, 111 (2), 230-237. 
138. Pines, E.; Huppert, D., Observation of geminate recombination in excited state proton 
transfer. The Journal of chemical physics 1986, 84 (6), 3576-3577. 
139. Bardez, E.; Goguillon, B. T.; Keh, E.; Valeur, B., Dynamics of excited-state reactions 
in reversed micelles. 1. Proton transfer involving a hydrophilic fluorescent probe. The 
Journal of Physical Chemistry 1984, 88 (9), 1909-1913. 
140. Smith, K.; Kaufmann, K.; Huppert, D.; Gutman, M., Picosecond proton ejection: an 
ultrafast pH jump. Chemical Physics Letters 1979, 64 (3), 522-527. 
141. Green, O.; Simkovitch, R.; Pinto da Silva, L. s.; Esteves da Silva, J. C.; Shabat, D.; 
Huppert, D., Excited-State Proton Transfer and Formation of the Excited Tautomer of 3-
Hydroxypyridine-Dipicolinium Cyanine Dye. The Journal of Physical Chemistry A 2016, 120 
(31), 6184-6199. 
142. Simkovitch, R.; Shomer, S.; Gepshtein, R.; Shabat, D.; Huppert, D., Excited-state 
proton transfer from quinone-cyanine 9 to protic polar-solvent mixtures. The Journal of 
Physical Chemistry A 2014, 118 (10), 1832-1840. 
143. Vodopyanov, K.; Richard, L. S., Handbook of nonlinear optics. Opt Photonics News 
1997, 8, 54-55. 
144. Andrews, D. L., Multiphoton absorption in molecules. In Molecular Photophysics and 
Spectroscopy, Morgan & Claypool Publishers: 2014; pp 14-11-14-17. 
145. Rumi, M.; Perry, J. W., Two-photon absorption: an overview of measurements and 
principles. Adv. Opt. Photon. 2010, 2 (4), 451-518. 
146. Göppert-Mayer, M., Über Elementarakte mit zwei Quantensprüngen. Annalen der 
Physik 1931, 401 (3), 273-294. 
147. Kaiser, W.; Garrett, C., Two-photon excitation in Ca F 2: Eu 2+. Physical review 
letters 1961, 7 (6), 229. 
148. Zipfel, W. R.; Williams, R. M.; Webb, W. W., Nonlinear magic: multiphoton 
microscopy in the biosciences. Nature biotechnology 2003, 21 (11), 1369. 
149. Kuebler, S. M.; Cumpston, B. H.; Ananthavel, S.; Barlow, S.; Ehrlich, J. E.; Erskine, 
L.; Heikal, A. A.; McCord-Maughon, D.; Qin, J.; Roeckel, H. In Three-dimensional 
microfabrication using two-photon-activated chemistry, Micro-and Nano-photonic Materials 
and Devices, International Society for Optics and Photonics: 2000; pp 97-106. 
150. Lin, T.-C.; Chung, S.-J.; Kim, K.-S.; Wang, X.; He, G. S.; Swiatkiewicz, J.; Pudavar, 
H. E.; Prasad, P. N., Organics and polymers with high two-photon activities and their 
applications. Polymers for Photonics Applications II 2003, 157-193. 
151. Ellis-Davies, G. C., Caged compounds: photorelease technology for control of cellular 
chemistry and physiology. Nature methods 2007, 4 (8), 619-628. 
152. Parthenopoulos, D. A.; Rentzepis, P. M., Three-dimensional optical storage memory. 
Science 1989, 245 (4920), 843-845. 
153. Burr, G., Volumetric storage Encyclopedia of Optical Engineering ed RB Johnson and 
RG Driggers. New York: Dekker: 2003. 
154. Spangler, C., Recent development in the design of organic materials for optical power 
limiting. Journal of Materials Chemistry 1999, 9 (9), 2013-2020. 









 

 
 

 

 

 

 

 

Basic Theories 
 This chapter explains the photophysical principles that underpin the use of fluorescent 

probes to detect microenvironments and biomolecular interactions. We also identify the 

experimental techniques used in this Ph.D. dissertation work to examine the environmental 

effect on the photophysical properties of different probes. Various steady-state and dynamical 

instruments have been used to investigate the structure, dynamics, and behavior of water in 

constrained environments. These include the basic theory of photophysics, quantum yield, 

fluorescence quenching, fluorescence lifetime, solvation dynamics, anisotropy, ESPT and 

two-photon absorption (by using two-photon absorption spectroscopy) analyses. We have 

included a brief discussion in this chapter about the dynamical tools and two-photon 

absorption spectroscopy mentioned above. An overview of the different systems and the 

fluorescent probes used in the dissertation has also been provided. 

2.1. Steady-state (1PA) and Dynamical Tools: 
2.1.1. Basic Theory of Photophysics 

 The definition of spectroscopy, referring to the study of matter through its interaction 

with light fields (electromagnetic radiation), is among the most important topics in time-

dependent quantum mechanics for researchers. To recognize the interaction between light and 
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This chapter presents some relevant theories, information and experimental 
methods used in chapters 4, 5, 6, 7 & 8. This chapter also contains the chemicals 
used in this dissertation work. 
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Experimental Methods:  

For the experimental determination of the solvation correlation function of a probe in 

an atmosphere, numerous fluorescence transients are taken from various wavelengths across 

the emission spectral range of the probe. All fluorescence transients collected are fitted to a 

function using a nonlinear least square fitting procedure, 

0

( ) ( ') ( ') '
t

X t E t R t t dt  (Eq. 2.12) 

including of convolution of the instrument response function (IRF) (E(t)) with a sum of 

exponentials, 

1

( ) exp -
N

i i
i

R t A B t   (Eq. 2.13) 

where Bi is the pre-exponential component, i is the characteristic lifetime of the ith process, 

and a background (A). In a multi-exponential decay, relative concentration is eventually 

represented as: 

1

.n
n N

i
i

B

B
  (Eq. 2.14) 

The significant importance of each decay factor (fn) to total fluorescence is calculated as 

follows: 
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Reduced chi-square (0.9-1.1) and residual data control the quality of the curve fitting. In an 

analytical method appropriate for advanced data processing, the motivation of the fitting is to 

overcome the decays. 
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Scheme 2.9: Molecular structure of different surfactants. 
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Cyclohexane 

2.3.2. Solvents  
 Cyclohexane (Cy) is a cyclic hydrocarbon consisting of a ring 

of six carbon atoms, a cyclic type of hexane, which is used in the 

manufacture of nylon as a raw material. As a non-polar solvent, it 

does have a function. It is a cycloalkane and an organic volatile 

compound. In this dissertation, hydrocarbon oil cyclohexane was 

used as a non-polar solvent for the preparation of RMs and mixed 

RMs. 

 The organic chemical compound and its chemical formula, C2H6O (or CH3-CH2-OH), 

is simply ethanol (also called ethyl alcohol or EtOH). Ethanol (scheme 2.10), with a mild 

characteristic odor, is a toxic, flammable, colorless liquid. Again, the colorless, water-

miscible organic compound with the formula CF3CH2OH is 2,2,2-Trifluoroethanol (TFE). 

TFE (scheme 2.10) is more acidic compared to EtOH due to the presence of highly 

electronegative fluorine atoms. 

 

Scheme 2.10: Molecular structure of different solvents. 

 

TFE is a flexible co-solvent in cell biology, pharmacology, protein denaturation, and peptide 

stabilization54 and is also used as an inhibitor in biochemistry to study enzymes.55 EtOH is 

extensively metabolized by the liver, particularly via the enzyme and as well as used in 

pharmacology and toxicology.56 The solvent cluster formed between the blend of alcohol and 

water is the key to the development of the systems. The higher hydrophobic value of the TFE 

molecule is due to the lower electron donation capability compared to EtOH.57 
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and other structural needs. Amino acids are made of proteins (H2N-HCR-CO2H). Only L-

amino acids were chosen by nature to constitute all proteins. Four levels of protein structure 

exist, such as (i) Primary structure: A sequence of amino acids that are bound to the 

polypeptide chain one after another by peptide bonds. (ii) Secondary structure: Polypeptide 

chains fold by hydrogen bonding into alpha-helix, beta-sheet, turns and coils. (iii) Tertiary 

structure: Water-soluble proteins are further folded into a compact structure by hydrogen 

bonding, van der Waals interaction, electrostatic interaction and di-sulphide bridges (covalent 

bonds formed between cysteine residues in different parts of the protein). (iv) Quaternary 

structure: Folded polypeptide chains are often assembled into multi-subunit structures. 

 

Scheme 2.14: Protein structures are classified into four levels: primary, secondary, tertiary, and quaternary. 
(Modified from the source file: https://en.wikipedia.org/wiki/File:Main_protein_structure_levels_en.svg ). 
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It is possible to obtain protein secondary and tertiary structures from the study of CD spectra. 

It is a very accurate instrument to underline the modifications in protein conformation. The 

secondary and tertiary structures can sense the 190-260 nm (far UV CD) and 250-310 nm 

(near UV CD) regions, respectively. The distinctive CD spectrum for each pure secondary 

conformation is shown in scheme 2.15. A negative peak with different maximums of 

comparable magnitude at 208 nm and 222 nm is characterized by the CD spectrum of alpha-

helices. The peptide n * transition is responsible for the negative 222 nm band, while the 

208 nm band outcomes from the exciton splitting of the lowest peptide * transition.90, 91 

The absorption of aromatic residues (phenylalanine, tyrosine, and tryptophan) and di-sulphide 

bonds are responsible for the spectrum characteristics occurring in the near UV zone. 

 

Scheme 2.15.: Typical CD spectra for each secondary structure content.92

 

2.5. Other Measurements 

2.5.1. Solubilization Capacity Control of Water in RM 

  Water was progressively injected into a 2-ml surfactant solution using a micro-

syringe of varying capacity in an organic solvent (oil) held at a constant room temperature 

while being stirred constantly in a vortex shaker. The beginning of persistent turbidity at 

every composition of the surfactant mixture in the oil indicates maximum water 

solubilization. 
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This chapter explains some of the experimental techniques and methods used in 
chapters 4, 5, 6, 7 and 8. Basic working principles and information behind those 
techniques will be briefly described. In order to explain the findings clearly, one 
should have a clear understanding of the instrumentation and underlining the 
physical processes. 
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3.1. Ultra Violet-Visible Spectrophotometer (UV-Vis) 
 The steady-state absorption spectrums shown in this dissertation were reported using 

the UV-2600 (SHIMADZU) spectrophotometer. Scheme 3.1 is a schematic description of the 

absorption spectrophotometer. Tungsten (W1) and deuterium (D2) lamps have been used as 

light sources for the visible and ultraviolet region in the absorption spectrophotometer, with a 

lamp exchange wavelength of 282-293 nm. The light that a mirror directs from the source 

lamp passes through a filter and enters the monochromator. High-performance blazed 

holographic grating, which extends the beam of light through its component wavelengths, is 

the only monochromator used in this instrument. A particular wavelength is then picked from 

the incoming light by the diffraction grating present in the monochromator. Until reaching the 

sample, the light with a particular wavelength (monochromatic light) is split into two beams.  

 

Scheme 3.1: Representation of an absorption spectrophotometer. Tungsten halogen (W1) and 
deuterium lamps (D2) are used in the visible and UV regions as light sources, respectively. Mc, M, L, 
RC, SC, BS, DD, PMT reflect concave mirror, plane mirror, lens, reference cell, sample cell, beam 
splitter, dispersion device, and photomultiplier tube, respectively. The A/D converter and the 
HV/Amp are analog to the digital converter and the high voltage/amplifier circuit respectively. 
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Scheme 3.7: An Automated Refractometer Ray Diagram.  CCD and CATR represent charge-
coupled devices and the critical angle of total reflection, respectively. 

 

3.8. Two-Photon (TP) Spectroscopy 
 In all of the experiments involving two-photon mediated fluorescence, a home-built 

fluorescence spectrometer was used. A femtosecond regenerative amplifier laser system 

(Libra HE, New Port, USA, Inc.) with a central wavelength of 800 nm, a repetition rate of 1 

kHz, and a pulse width of 40 fs was used (full width at half maxima, FWHM). Scheme 3.8 

depicts a schematic experimental setup. To minimize scattering from the excitation laser 

beam, we focused the laser pulses onto the sample using a 10 cm lens, and we observed 

fluorescence using a 5 cm lens held perpendicular to the excitation laser beam. The emission 

data were recorded using a high-resolution miniature grating spectrometer, the USB 4000 

(Ocean Optics, USA), connected to a personal computer. Temperature-dependent two-photon 

fluorescence experiments were performed using a temperature controller. Our experiments 

were carried out using laser pulses at 800 nm to excite the laser dyes since they have a large 

two-photon absorption cross-section. The laser power dependency experiments were 

performed using a neutral density filter (Model: 100FS04DV.4, Newport, USA, Inc.) to vary 

the laser intensity and register data at different laser powers. The two-photon phase was 

identified in this dissertation via a slope of ~2 after linear fitting of power dependence studies 

(see chapter 2, scheme 2.7). 
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Scheme 3.9: Two-Photon Microscopy Ray Diagram. 
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The excited-state proton transfer (ESPT) rate of photo-acids in the confined medium depends on 
several physical parameters of the immediate environment. In this chapter, we introduce a new 
parameter to modulate the ESPT 
rate: the interface charge type of 
reverse micellar (RM) systems. We 
investigate the ESPT reaction of D-
luciferin in mixed RM systems 
composed of non-ionic (Igepal CO-
520) with cationic (DDAB) and 
anionic (AOT) in cyclohexane (Cy) 
at different mole fractions of Ig 
(XIg) and fixed hydration (w0=10). 
The various physical parameters of 
water in the mixed RM water pool 
has been investigated using DLS 
and FTIR spectroscopy. The ESPT 
process is monitored using steady-
state and time-resolved fluorescence measurements. We found that ESPT is feeble in AOT RM, while 
it is favourable in the other two RMs. The addition of Ig is observed to introduce ESPT in AOT/Ig 
mixed RMs; in DDAB/Ig mixed RMs it shows a synergistic effect.  
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4.1. Introduction 
xcited-state proton transfer (ESPT) reaction in confined media has emerged as a 

fascinating field of research in chemistry and biology.1, 2 There have been several 

studies discussing the pathways of ESPT reaction of different excited-state photo-

acids and roles of the environment on proton transfer dynamics.3-10 ESPT is mostly governed 

by the local concentration of water molecules near the photo-acid and solvent 

reorganization.11 Following photo-acid excitation a proton is transferred to the surrounding 

solvent. In case of a reversible process proton diffusion recombines the two species, and in 

irreversible cases recombination of the RO-* with the proton re-forms the ground-state 

ROH.12 Reverse micelles (RM) often mimic the biological environment and ESPT in RM can 

be modeled for the specific activity of chromophores in real systems. ESPT offers valuable 

insights on the dynamical nature of water inside RM systems.3, 5, 7, 13-15 Location of the probe 

and corresponding ESPT dynamics inside RM has been found to be dependent markedly on 

the nature of the surfactant charge,3, 16 pH and dielectric constant of water inside RM 

environment,1 polarity of the environment and screening effects of counter-ions present at the 

interface.8 An important aspect in this regard is the role of the interface in deciding the fate of 

the ESPT reaction, and accordingly, the ESPT dynamics modulate with the charge type of the 

RM head groups. For example, in anionic AOT RMs the rate of ESPT increases with an 

increase in the water content (w0)3,7 while in cationic RMs, interface-localized probe offers 

only subtle changes with w0.16,4,5 Lawler et al. reported that in AOT RM ESPT kinetics of 8-

hydroxypyrene-1,3,6-trisulfonate (HPTS) resembles that in bulk water, suggesting a 

diffusion-controlled power-law time-dependent process whereas ESPT rate in non-ionic Ig-

520 RM shows a slow, two-component model with one relatively bulk water-like population 

and secondly surface-bound population with slower lifetime.3 A few studies have also 

correlated the solvation dynamics around ESPT probe and its intramolecular proton transfer 

dynamics.11, 14, 15 In this chapter we introduce a new parameter in terms of the interfacial 

polarity of RMs by systematically varying the interfacial charge by mixing of surfactants of 

different charge types and to investigate its effect on the ESPT of D-luciferin. 

D-luciferin, found in the Lampyridae family of fireflies, is the substrate that is 

oxidized into oxyluciferin, responsible for the emission of yellow-green light.17, 18 ESPT of 

D-luciferin has previously been studied in different solvents of varying polarity, pH, 

temperature and hydrogen-bonding ability.12, 19-21 Such studies in restricted water 

environments like in RMs are only in sparse.7 The study by Kuchlyan et al. suggests that 

E   
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ESPT of D-luciferin in AOT RM is only feeble at w0 12 and gets favourable as water content 

increases.7 ESPT of D-luciferin proceeds when sufficient water molecules stabilize the polar 

transition state (TS) and the products (proton and anion). The authors also found that ESPT 

changes as the polar protic core of RM are replaced with polar aprotic solvents like DMF and 

DMSO. In light of all these investigations, it is of interest whether the ESPT could be tuned 

by any other physical parameter, for example, the charge type at the interface, which could 

easily be achieved by mixing surfactants. In the present chapter, we have studied the ESPT 

process of D-luciferin in two different mixed RMs: anionic-nonionic (AOT/Igepal-520) and 

cationic-nonionic (DDAB/Igepal-520). Mixed surfactant-based RMs could potentially be 

employed in a wide range of practical applications because of their enriched performance 

over the individual components and the unique advantage of tuning the interface vis-à-vis 

water properties with simply changing the composition.22-24 Double-tailed anionic sodium 

bis(2-ethylhexyl)sulfosuccinate (AOT), double-tailed cationic didodecyldimethylammonium 

bromide (DDAB) and non-ionic  polyoxyethylene(5)nonylphenylether (Igepal CO-520) are 

the most widely used and well-studied surfactants to form RM in cyclohexane (Cy).23,25, 26 In 

our earlier studies we have explored how the physical properties of water in mixed surfactant 

RM systems tune with the interface stoichiometry.23, 24 DDAB RMs are known to exhibit 

unusual physical properties compared to the conventional AOT and Ig RMs. They offer 

unique phase behaviour; with increasing hydration its microstructure changes from 

cylindrical rod-like aggregated structures to discrete droplet type at w0 8.26 In order to 

exclude any effect arising out of the morphology of the concerned RM on the ESPT dynamics 

we perform all the studies fixing w0 at 10 with the assumption that all the RMs exist as 

spherical droplets. In both AOT and DDAB RMs, Ig is gradually added at different mixing 

ratios of XIg =0, 0.2, 0.4, 0.6, 0.8 and 1.0. We measure the micellar droplet sizes by dynamic 

light scattering (DLS) technique. To understand the structure and dynamics of the entrapped 

water in these RM waterpool we have used Fourier transform infrared spectroscopy (FTIR) 

and time (sub-ns) resolved fluorescence spectroscopy (TRFS) using coumarin 500 (C500) as 

the fluorophore. We have investigated the ESPT reaction in these RM systems 

spectroscopically and tried to correlate if the process could indeed be modulated by the 

modification of the interface. 
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4.2. Materials and Methods 
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT), didodecyldimethylammonium 

bromide (DDAB), polyoxyethylene(5)nonylphenylether (Igepal-520), cyclohexane (Cy), 

Coumarin-500 (C-500) and D-luciferin [see chapter 2] were products of Sigma-Aldrich. All 

the chemicals were used without further purification. AOT, DDAB and Ig were individually 

dissolved in Cy keeping the surfactant concentration fixed at 0.1 (M) to prepare two stock 

solutions and then mixed in the desired proportions to vary the mole fraction of Igepal, XIg = 

[Igepal]/([AOT] or [DDAB] + [Igepal]), from 0 to 1. Reverse micelles (RM) are produced by 

adding a calculated amount of water into it so as to fix w0 ([water]/[surfactant])=10. All the 

measurements were carried out at 298 K. 

We have used the following instruments and tools (for details see chapters 2 & 3). We 

determine the water solubilization capacity of these mixed RM systems by titration followed 

by visual inspection as described in our earlier studies.23 DLS is used to measure the 

hydrodynamic diameter (dH) of RM droplets. In the 2200-2800 cm-1 frequency window, FTIR 

spectra with 4% D2O in H2O were recorded in the FTIR spectrometer (transmission mode). 

Cy shows negligible absorbance in this frequency range. We measured absorbance of the wet 

RM (i.e. surfactant (s)/Cy/water mixture) following a baseline correction with the stock 

solutions (i.e. dry RM, w0=0) which takes care of the absorbance (if any) of the surfactant(s).  

To probe the local environment of fluorescence measurements done by steady-state 

absorption and fluorescence spectrometers. Time-resolved fluorescence measurements were 

performed using a diode laser with the central wavelength 375 nm and 409 nm (80 ps 

instruments response function (IRF)). Fluorescence decay data were fitted using 

commercially available F900 software provided by Edinburgh Instruments.  

4.3. Results and Discussion 
Solubilization Capacity Measurements: 

Figure 4.3.1a depicts the maximum water solubilization capacity (SC) of the mixed 

DDAB/Ig/Cy RM systems. The corresponding values of AOT/Ig mixed systems23 have also 

been plotted for comparison. DDAB is soluble in Cy only beyond w0=2 while Ig is soluble in 

Cy and Ig/Cy system can offer maximum solubilization capacity (w0,max) of 20-25.27 The 

highest solubilization capacity of the DDAB/Cy system has been observed to be ~13.27 

DDAB/Ig mixed RM exhibits a noticeable synergism at XIg=0.8, which in AOT/Ig was 
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Figure 4.3.2: FTIR spectra of AOT or DDAB/Igepal-520/Cy mixed RM systems at w0=10. The total curve 
(black colour) has been deconvoluted into three different Gaussian curves (green lines) peaking at 2450, 2545 
and 2640 cm-1. The red lines represent overall fits.

 

 

Figure 4.3.3: Relative area under curves peaking at 2450 cm-1 (a), 2545 cm-1 (b) and 2640 cm-1 (c) for AOT/Ig 
mixed RM systems and peaking at 2450 cm-1 (d), 2545 cm-1 (e) and 2640 cm-1 (f) for DDAB/Ig mixed RM 
systems at w0=10 as a function of XIg. 
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the time evolution of the two species, we deconvoluted each time-resolved emission spectrum 

into two Gaussian curves corresponding to the two concerned species, a representative 

deconvolution carried out in DDAB/Ig mixed RM at XIg=0.8 is shown in figure 4.3.11. The 

yellow shaded curves refer to the protonated form while the cyan ones represent the 

deprotonated form.  

 

Figure 4.3.11: Representative time-dependent emission spectra of D-luciferin in DDAB/Ig mixed RM system 
at XIg=0.8 and w0=10. The total spectra are deconvoluted into two Gaussian curves.

 

From the time-dependent deconvoluted curves, we calculate the relative intensity 

(R.I.) of the RO-* species compared to the maximum peak height; thus R.I. approximately 

corresponds to the progress of the ESPT process. We plot R.I. as a function of time for 

different mixed systems (Figure 4.3.12a, b). The curves are linear, however, with a noticeable 

change in the slope over the longer time as it approaches the equilibrium values. The slope of 

the linear fits (insets of figure 4.3.12) is a manifestation of the time evolved formation of the 

deprotonated form RO-*. In AOT/Ig mixed RM the slope is low and increases monotonically 

indicating the ease of ESPT with progressive addition of Ig. In DDAB/Ig mixed RM the 

ESPT process is fast as evident from the slope, however, it is not monotonic showing a 

distinct maximum at XIg~0.4. It could be noticed that in XIg=0.6, the equilibrium value of 

R.I., which is comparable to that of XIg=0.4 (Figure 4.3.6c), is reached at a longer time. 
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Figure 4.3.12: Relative Intensity (R.I.) of the deprotonated species (as normalized to the maximum peak 
height) in (a) DDAB/Ig and (b) AOT/Ig-mixed RMs at w0=10.

 

It is evident from the representative TRES of D-luciferin (Figure 4.3.13a,c) that the emission 

peak of the protonated species undergoes noticeable red-shift with time which indicates its 

solvation.43 We plot the emission peak frequency as a function of time for both the mixed 

RMs (Figure 4.3.14a,b). We fit the curves with a single exponential decay function and the 

corresponding time constants are plotted as a function of XIg (Figure 4.3.14c). The Stokes 

shift observed in both the mixed systems are in the order of 500-1000 cm-1, and is higher in 

the DDAB RMs. Solvation is in general slower in DDAB RM and is faster in AOT RM, that 

of Ig RM being intermediate. The solvation in DDAB/Ig mixed RMs decreases sharply 

beyond XIg=0.4, while in AOT/Ig mixed RMs it shows a subtle maximum at XIg=0.6. 
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Figure 4.3.13: (a) Time-resolved emission spectra (TRES) and (b) the time-resolved area normalized emission 
spectra (TRANES) of D-luciferin in DDAB/Ig mixed RMs at w0=10 and XIg = 0.6. (c) and (d) are the 
corresponding TRES and TRANES of D-luciferin in AOT/Ig mixed RMs. 

 

 
Figure 4.3.14: (a) Time-dependent change in the peak frequency of the protonated form of D-luciferin in 
DDAB/Ig mixed RMs at w0=10. (b) Solvation dynamics of the protonated species as a function of surfactant 
mixing ratio at w0=10. 
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We also measure time-resolved fluorescence anisotropy to understand the restriction 

imposed by the RM environment on the fluorophore, of both the protonated and deprotonated 

forms of D-luciferin in mixed RMs (a representative depiction is provided in figure 4.3.15). 

We observe that anisotropy of both the forms of D-luciferin is slower in DDAB RMs 

compared to the AOT RMs, the value is intermediate in the Ig RMs (Figure 4.3.16, Table 

4.3.3). Fluorescence anisotropy of a fluorophore is intimately related to its location inside 

RM.3  

 
Figure 4.3.15: Representative rotational anisotropy decay of D-luciferin of two forms for peak 1 (protonated) 
and peak 2 (deprotonated) inside (a, b) DDAB/Ig and (c, d) AOT/Ig mixed RMs w0=10 and XIg= 0.6. The solid 
lines are bi-exponential decay. 

 

As the probe D-luciferin prefers to stay in the core in anionic RM, its rotational anisotropy is 

relatively faster compared to cationic DDAB in which the probe is more interface bound and 

thus slow rotating. In the case of Ig, the polyethylene oxide (PEO) head group of Ig inhibit 

the rotation of the probe molecule. The deprotonated species shows noticeably slower 

rotational anisotropy compared to the protonated species in DDAB RMs, intuitively because 

of being more inclined to stay at the interface owing to charge neutralization. The charge 
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repulsion, on the other hand, makes the deprotonated species stay at the water pool of AOT 

RMs and shows a faster rotational dynamics (Figure 4.3.16b). The addition of Ig in DDAB 

RM does not ease the rotation noticeably up to XIg=0.4, beyond which it accelerates (Figure 

4.3.16a). In AOT/Ig RM system the rotation gets slower with XIg more or less linearly. 

 
Figure 4.3.16: Average rotational time constant < rot> of D-luciferin as a function of XIg for the protonated 
(filled symbols) and deprotonated (open symbols) species inside (a) DDAB/Ig and (b) AOT/Ig-mixed RMs at 
w0=10.

 

4.4. Summary  

 The proton transfer rate of D-luciferin depends on various parameters like the size of 

the RMs, water content (w0), pH of the interface in RM, etc. In this chapter, we introduce a 

new parameter in the form of mixing of surfactant(s) of different charge types. DLS 

measurements conclude that pure DDAB RMs are bigger in size compared to AOT RMs. The 

addition of Ig decreases the size of the former, while it increases the size of the latter. 

However, at and beyond XIg=0.2, the sizes of both the mixed RMs are more or less 

comparable (Figure 4.3.1b). FTIR measurements indicate an abundance of intermediate water 

(IW) inside RMs, which is highest in AOT RM followed by Ig and DDAB RMs. In AOT/Ig 

mixed RMs IW passes through a relatively low value at XIg~0.4, while in DDAB/Ig mixture 

the change is more or less monotonic (Figure 4.3.3b,e). ESPT is mostly prohibited in the 

AOT RMs even at w0=10 (Figure 4.3.6), this result is in accordance with a previous finding 

by Kuchlyan et al.7 On the other hand ESPT is relatively favourable in both Ig and DDAB 

RMs. The gradual addition of Ig in AOT RMs induces the formation of the deprotonated 

species. It can be noted that Ig RM is only slightly bigger in size than the AOT RMs (Figure 

4.3.1b), however, the ESPT process is 90% less in the latter one, which confirms the 
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comparable ESPT in these two systems. However, the strong charge repulsion and possible 

recombination probability eventually inhibits the ESPT process in AOT RMs. In DDAB, the 

fraction of protonated D-luciferin undergoing ESPT is high and it decreases rapidly at and 

beyond XIg=0.6. The time-resolved evolution of the deprotonated species, as manifested by 

the value of the change in the slope of R.I., is an approximate yet useful parameter to a priori 

understand the progress of the ESPT process. In AOT the slope is rather low corroborating 

the less ease to form the charged RO-* species, while in DDAB it presumably is high which is 

a manifestation of the fact that a larger number of the probe molecules are undergoing ESPT 

than the former (Figure 4.3.9b). The addition of Ig increases the slope in AOT/Ig mixed RMs 

almost linearly. In DDAB/Ig mixed RM it initially increases with increasing XIg and passes 

through a maximum. ESPT is favoured if the deprotonation step speeds up by the stabilisation 

of H3O+ and/or RO-*. Initially, larger droplet size, comparative higher HW content, diffusion 

of H3O+ to the core and RO-* stabilisation by electrostatic interaction in DDAB RM 

collectively assist the progress of ESPT to a greater extent compared to Ig. Additionally, the 

interaction of the PEO head-group in Ig interface could initially hinders the complete 

exposure of D-luciferin towards water molecules. However, as H3O+ and RO-* are formed 

they get stabilised by the PEO head-group and the forward deprotonation step gets 

accelerated. The high proton diffusion rate and a high fraction of ESPT undergoing ROH* is 

expected to show the maximum rate at an intermediate mixing ratio. Our results show that the 

ESPT rate inside RM water-pool can be modulated (both increase and decrease) by only 

mixing surfactants of different charge types keeping all other parameters unchanged. This 

finding could find its applicability in its broader implications, specially in situations where 

the proton is generated in restricted environments and at an interface exposed to water.  

 

  

















 

 
 

 
  

 

 

 

 

 A fundamental question in ESPT dynamics is 
related to its inherent coupling with the solvation 
process. A much-debated issue is which process 
precedes? This chapter addresses this fundamental 
question by conducting a detailed study of the ESPT 
process of a photo-acid D-luciferin at various 
temperatures in RMs composed of: anionic AOT, 
cationic DDAB, and neutral Igepal-520 using steady-
state and time-resolved fluorescence measurements 
at fixed hydration, w0=10. We found that with 
increasing temperature both solvation as well as the 
ESPT rate accelerates, however, the extent of the 
increase is RM specific, and they even not 
necessarily complement each other. Our study 
clearly identifies the pivotal role of solvation in such 
RM systems to guide the ESPT process. 
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5.1. Introduction 
xcited-state proton transfer (ESPT), in which, upon electronic excitation, a 

fluorophore photo-acid gives up a proton to the neighboring solvent to promote forms 

of its anionic form1, is a fundamental process of many chemicals and biological 

interest2 and it plays key roles in several processes including photosynthesis3, green 

fluorescence protein4, 5, in interchanging of the inter-base H-bond network in DNA6 and other 

chemical applications.7-10 Considering the inherent heterogeneity in real biological 

environments it deems informative to investigate ESPT reactions in constrained and confined 

environments rather than in conventional aqueous surroundings.11 Reverse micelles (RM) 

offer with such an unique bio-mimicking platform to study ESPT reaction. Owing to the 

varied physical nature of the water encapsulated in the RM water-pool and with the additional 

control of tuning the physical properties of water by changing the head group charge, 

dissipating solvent and water to surfactant ratio (w0), considerable interest has been paid in 

the recent past to investigate ESPT reaction of various photoacids in RM systems.12-20 ESPT 

is found to be relatively delayed in RMs compared to that in bulk solvents which manifests 

the bound nature of the water present in the RMs.  

While most of these studies have been carried out at ambient conditions, the effect of 

temperature on the ESPT process has been assessed only in limited attempts.21-24 It has been 

observed that temperature does play a pivotal role in determining the ESPT dynamics; 

however, a general comprehension has not yet been achieved. While most of the temperature-

dependent studies reported earlier have been carried out in neat or mixed solvents, those are 

sparse in RM systems. In this chapter, we have made a detailed investigation on the effect of 

temperature on ESPT dynamics of a well-known photoacid D-luciferin in three different RM 

systems of various charge types (anionic: AOT; cationic: DDAB and neutral: Igepal) using 

steady-state and ps-resolved fluorescence measurements.  

ESPT process of a photoacid can efficiently be probed by monitoring the fluorescence 

profiles of the protonated form (ROH*) and the deprotonated form (RO-*) of the fluorophore. 

Additionally, time-resolved fluorescence measurements enable to estimate of the ESPT 

dynamics. D-luciferin (Scheme 4.3.1) is a light-emitting compound, found in organisms that 

generate bioluminescence.25 This molecule consists of two rings 6-hydroxy-benzothiazole 

system that undergoes an efficient excited-state deprotonation process of the hydroxyl group. 

E   
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ESPT of D-luciferin in water is a fast process with a rate constant of 3 1010 s-1, however, is 

associated with a noticeable quenching of the deprotonated form due to an irreversible 

geminate recombination process.26 This fluorescence quenching of deprotonated form is 

mainly attributed to the excited-state protonation of the nitrogen heteroatom of the 

benzothiazole moiety.27  It has been found that this ESPT process is dependent on the solvent 

composition28, pH29 and temperature.21,30,22, 31, 32 From the previous result it has been 

observed that D-luciferin is a weak acid in its ground state with pKa value of ~7, while in 

excited-state it turns into a much stronger acid with pKa
* value approximately 0.5.32 A few 

early reports suggest that ESPT of D-luciferin is mild in AOT RMs at low hydration, 

however, it gets favoured as the content of water increases in the RM.14 In a recent study19 we 

have explored the effect of surfactant charge type on the ESPT dynamics of D-luciferin in 

three different RMs composed of AOT (ionic), DDAB (cationic) and Igepal-520 (non-ionic) 

and their mixtures. We found that the ESPT rate could be modulated by varying the mixing 

ratio of the surfactant(s). As a pertaining continuation of that study in the present chapter, we 

investigate the effect of temperature on ESPT dynamics in those RM systems. We fix the 

surfactant concentration at 0.1 M and w0 at 10 in order to ensure all the RMs are spherical in 

nature.33 Since ESPT in a micro-heterogeneous environment is believed to be an optimization 

between the local concentration of water and solvent relaxation,24 hydration dynamics is 

expected to play a pivotal role in determining the dynamics. We measure both ESPT 

dynamics and solvation dynamics using ps-resolved fluorescence measurements and we 

observe marked distinction between the two rates depending on the surfactant charge type 

and also on temperature. 

5.2. Materials and Methods 

 Sodium bis(2-ethylhexyl) sulfosuccinate (AOT), didodecyldimethylammonium 

bromide (DDAB), polyoxyethylene (5) nonylphenylether (Igepal-520), cyclohexane (Cy), D-

luciferin and coumarin 500 (C-500) (chapter 2) were products of Sigma-Aldrich. All the 

chemicals were used without further purification. AOT, DDAB, and Igepal were dissolved in 

Cy at a concentration of 0.1 (M). Then a suitable amount of water was added into it to 

produce the RMs of w0 = 10.  

We have used the following instruments and methods (for details see chapters 2, 3). 

For the measurement of the droplet size of the RM water pool by DLS technique. A UV-Vis, 

spectrophotometer was used for all the absorption spectrum measurements. To understand the 
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local environment of the fluorophore probe done by steady-state fluorescence techniques. 

Time-resolved fluorescence measurements were performed using a diode laser with the 

central wavelength 375 nm and 80 ps instruments response function (IRF). Fluorescence 

decay data were fitted using commercially available F900 software provided by Edinburgh 

Instruments.  

5.3. Results and Discussion 
DLS Measurements:  

 We measure the size of the RM droplets using DLS technique and the results are 

depicted in figure 5.3.1. The droplet size follows the order DDAB>Ig>AOT and it decreases 

with temperature.  

 

Figure 5.3.1: Dynamic light scattering profiles of (a) AOT (b) Ig-520 and (c) DDAB RMs at different 
temperatures at a fixed w0=10. (d) The average hydrodynamic diameter of different RMs at different 
temperatures.
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Steady-State Fluorescence Measurements:  

 Steady-state fluorescence spectra of D-luciferin in different RMs (at 293 K) are 

shown in figure 5.3.2a. For comparison, the emission spectrum in pure water is shown in the 

same figure. The ESPT behaviour is rather contrasting in these RMs. In bulk water we 

observe only one peak at ~530 nm which is due to the deprotonated species RO-*. However, 

in the RMs we observe two peaks, one at ~430 nm (protonated form, ROH*) and another one 

at ~530 nm (deprotonated form, RO-*). The protonated species is predominantly present in 

AOT RM while in DDAB and Ig-520 RMs, the RO-* peak is also prominent.19 With 

temperature both the peak intensities decrease (Figure 5.3.3), a representative figure for 

DDAB RM is shown in figure 5.3.2b. A mild temperature-induced blue-shift (3-4 nm) in the 

ROH* emission peak is observed for Ig RM. The decrease in the emission intensity could be 

ascribed to the possible increase in the associated non-radiative processes with temperature. 

We plot the ratio of the intensities of the deprotonated and the protonated species (IRO
-*/IROH

*) 

in figure 5.3.2c. The ratio is high and comparable for DDAB and Ig at all temperatures, while 

it is quite low in AOT RMs. This ratio is more or less featureless showing only a subtle 

decrease with temperature. 

 
Figure 5.3.2: (a) Emission spectra of D-luciferin ( ex=375 nm) in AOT, DDAB and Ig RM systems (w0=10) at 
293 K. Emission spectrum of D-luciferin in pure water is shown in the broken line. The peaks at ~430 nm are 
due to the protonated form (ROH*) and the peaks at ~530 nm are due to the deprotonated form (RO-*) of D-
luciferin.  (b) Emission spectra of D-luciferin in DDAB RM at six different temperatures. The emission curves 
(due to ROH* and RO-*) are deconvoluted into two Gaussian curves. A representative such deconvolution at 318 
K is shown as the filled curves. (c) The ratio of the intensities of RO-* and ROH* (at the peak) in three different 
RM systems as a function of temperature.
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Figure 5.3.3: Emission spectra of D-luciferin in three different RMs at different temperatures (excited at 375 
nm).

 

Time-Resolved Fluorescence Measurements:  

 We monitor fluorescence transients at 420 and 590 nm corresponding to the ROH* 

and the RO-* forms, respectively. Note that 420 nm is at slightly blue-sided while 590 nm is 

at the red side of the respective emission maximum of the two emitting forms. It can be 

observed from the deconvolution plot that the intensities of ROH* and RO-* are negligibly 

small at 590 and 420 nm, respectively. These wavelengths are intentionally chosen so as to 

minimize any undesired mixing of the contributions of the two emitting species.34 We fit the 

fluorescence transients using a triple exponential decay model and the fitting parameters are 

depicted in table 5.3.1. Representative decay transients in DDAB RM at different 

temperatures are shown in figure 5.3.4a. The ROH* species decays with time constants of 80 

ps ( 1), 600 ps ( 2) and a relatively longer component ( 3) of ~2.6 ns (AOT), ~2 ns (DDAB) 

and ~1.6 ns (Ig) at 293 K. On the other hand, the 590 nm transients (of RO-*) could only be 

fitted considering a rise (negative) contribution of the 80 ps component ( 1), which exactly 

matches with that of the faster decay time constant of the protonated form at all temperatures. 

We plot the relative contribution of 1 (a1) in all the RMs at different temperatures in figure 
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and consequently in rotational diffusion as the temperature is increased, irrespective of the 

RM type. 

Discussions:  

 ESPT reaction in constrained environments of RMs is contrasting when compared to 

that in the bulk solvents, the reason mostly being the reduced polarity42, higher micro-

viscosity39 of the water molecules encapsulated, which in turn also makes solvation dynamics 

slower in RMs.11, 39 A pioneering work by Rini et al.38 using fs-resolved IR spectroscopy 

revealed that ESPT process initiates through a fast solvation stage (diffusion-controlled) 

followed by an encounter and finally a reaction stage in which proton transfer occurs through 

the connected H-bond within a few hundreds of fs. Several other studies have also concluded 

ESPT and solvation dynamics to be intrinsically coupled.24, 43 We therefore expect a similar 

sequence to follow in the RM systems, however, with a slower timescale. Recent THz 

dielectric relaxation study from our group44 has identified that static dielectric constant ( s) of 

water is low in these three RM systems (16.0, 17.7 and 22.8 in DDAB, AOT and Ig RMs as 

compared to ~80 in bulk water) and the strength of the cooperative relaxation ( s- 1) is ~67%, 

70% and 80% in these RMs. It is therefore also plausible that the inherent solvation dynamics 

of water would also be perturbed and that too would vary depending on the RM systems. The 

sluggish solvation that we recover from the ps-resolved transients are due to such sluggish 

dynamics of the water in the vicinity of the interface which mainly depends on the specific 

interaction of the probe molecules with the interface of RM and the analysis made therefrom 

grossly manifests local information. Thus the dynamic picture might vary from the steady-

state scenario, wherein ESPT from the total waterpool contributes. 

Interestingly, we observe that the fraction of ROH* undergoing ESPT decreases with 

the increase in temperature in Ig and AOT RMs, while in DDAB RM, the fraction is 

relatively high19 and does not change much with temperature (Figure 5.3.4c). This fact is 

apparently contrasting with the observed enhancement in the ESPT dynamics (Figure 5.3.6c). 

It has been argued that rapid solvation of the Frank Condon states of the photoacid moves the 

system away from the neighbourhood of the transition state which increases the barrier to 

proton transfer reaction eventually slowing down the reaction.43 In accordance to this 

argument an increase in temperature is expected to increase solvation dynamics and 

accordingly ESPT rate is expected to get slower. To verify the incurred temperature-induced 

change in solvation, we measure the solvation dynamics of the fluoroprobe C-500 (which 
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and DDAB participate in ESPT while in Ig ESPT process can initiate prior to full solvation. 

This perhaps reasons the observed high kPT in Ig.  

We now compare the temperature dependency of these two processes (Figure 5.3.6c). 

We observe that the solvation rate (ksolv) is always higher than the ESPT rate (kPT) and both of 

them increases with increasing temperature. It is evident from the anisotropy measurements 

that the rotational ease of both the emitting species increases with temperature, so at any 

given point of time, both these species tend to diffuse faster inside the RMs at elevated 

temperatures. So the effects of temperature on the physical mobility of both forms are equally 

favouring. For a better apprehension on the correlation between solvation and the ESPT we 

measure k (the difference between kSolv and kPT). We observe that this parameter is 

comparable in AOT and DDAB, and the difference increases linearly with temperature 

(Figure 5.3.6d, left panel). This implies that with temperature both kPT and kSolv increases 

which also corroborates the anisotropy findings. Interestingly we observe that the extent of 

increase of both time constants is RM specific. For a further quantification we plot the ratio 

between kPT(T) (=kPT
(T)-kPT

(293K)) and ksolv(T) (=ksolv
(T)-ksolv

(293K)) (figure 5.3.6d, right panel) 

as a function of temperature. This parameter identifies the change in the ESPT dynamics in 

response to the increased solvation at elevated temperatures. We observe contrasting effects, 

in DDAB RMs the increase in solvation does not reciprocate the ESPT dynamics and it 

actually decreases noticeably with temperature. In AOT the effect is mild and decreasing, 

whereas in Ig it is actually assisting as the ratio increases with temperature. The differences 

appear striking as the temperature is expected to favour the process independent of RM type. 

Keeping in mind that from the ps-resolved study we only can restore the information of the 

interface, it is important to consider the interaction of the emitting species with the interface. 

Having a polar end D-luciferin could extend selective propensity towards the charged 

interface, specially the electrostatic preference of RO-* at the DDAB interface, while that is 

not significant in the case of an uncharged interface of Ig. This model perfectly corroborates 

the finding of the larger fraction of ROH* undergoing ESPT is high in DDAB while for Ig it 

is rather small, however, does not answer the low ESPT proficiency at DDAB. It is therefore 

the solvation that decides the fate of the reaction. The increased solvation at elevated 

temperatures perhaps in its turn competes with geminate recombination. It can only be 

inferred that the observed change is an optimization result of all these apparently counter-

interacting phenomena. These experimental findings needs to be justified with detailed 

theoretical and simulation studies. 
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In this chapter, we use steady-state and ps time-resolved fluorescence spectroscopic techniques to 
investigate the Proton transfer (PT) from excited D-luciferin to water as a function of mole fraction of 
water in two different aqueous-alcohol (ethanol and trifluoroethanol) mixtures. The PT process from 
the excited states of the photoacid D-luciferin is mediated by water clusters and restricted with the 
increment of alcohol concentration in the solutions. However, the two alcohols behave quite differently 
due to their different nature of H-bonding affinity towards the polar water molecules. In this chapter, 
we aim to understand the differences 
in the H-bonding affinity of EtOH 
and TFE with water and its 
subsequent effect on the ESPT 
mechanism in these two mixtures. We 
observe contrasting behavior in 
emission intensity, fluorescence 
quantum yield, fluorescence lifetime, 
radiative/non-radiative decay 
constant, and ESPT kinetics of both 
the forms (protonated and 
deprotonated) of D-luciferin in these 
two alcohol-water binary mixtures. 
We have found that the ESPT kinetics 
of D-luciferin in EtOH-water is faster than that in the TFE-water mixture. It increases near-linearly 
with Xw (mole fraction of water in the mixture) in EtOH while in TFE the change is not linear. From 
the time-resolved emission measurements at different wavelengths, we construct the time-resolved area 
normalized emission spectra (TRANES) and find an iso-emissive point for the TFE-water system (up 
to Xw=0.6) while it is not evident in the EtOH-water mixture. We infer that the solvation dynamics and 
ESPT kinetics are comparable in EtOH while it is not so in TFE-water mixture. 
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alcohol molecules with their concentration in the mixtures, which certainly leads to a non-

monotonic change in the protein hydrations.28 Formation of aliphatic alcohols cluster in 

aqueous solutions may sometimes lead to dilute the net hydrophobicity.29 Here we choose 

two alcohol molecules, namely, ethanol (EtOH) and 2,2,2-trifluoroethanol (TFE) to compare 

their micro-heterogeneous environments in aqueous solutions through the ESPT process of 

D-luciferin. TFE (CF3-CH2-OH) has a similar molecular structure as that of EtOH (CH3-CH2-

OH); the only difference is that the hydrogen (H) atoms are replaced by fluorine (F) atoms 

(see details in chapter 2). TFE, a water-miscible, colorless organic fluid, has a strong acidic 

character than EtOH due to its high electronegativity. It creates stable complex formation 

with cyclic organic moiety (e.g. THF or pyridine) via H-bonding. It is a flexible co-solvent in 

cell biology, pharmacology that can stabilize peptides and proteins.30 It is also used in 

biochemistry as an inhibitor to study enzymes.31 On the other hand, EtOH metabolizes in the 

liver, particularly via the enzymes32 is a strong protein denaturant.28, 33 Being a more 

hydrophobic molecule, TFE has less electron-donating capabilities as compared to EtOH.10 

Due to the presence of electronegative fluorine atoms, fluorinated alcohol can donate H-bond 

but cannot act as an H-bond acceptor because of its lower electron density of the hydroxyl 

oxygen atom.10 Guttmann et. al.34 has shown that the electron-donating ability is negligible 

for TFE compared to EtOH (~20) and water (~18) whereas the electron-accepting ability of 

TFE (~53.3) is larger than EtOH (~37.1) and water (~54.8).34 Due to the lack of H-bonding 

ability TFE cannot accept H+ from the hydroxyl group of photo-acid in its ES, whereas EtOH 

can. It is interesting to compare the H-bonding interactions between these two aqueous 

solutions. We found that two distinct dynamics for ESPT and solvation processes where the 

ESPT process of D-luciferin in The TFE-water mixtures occurs after completing the solvation 

process. For The TFE-water mixtures, the electronegative fluorine atoms provide more 

hydrophobicity in the solutions which leads to lower ESPT rate (kPT) than EtOH-water 

mixtures.  
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