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SYNOPSIS OF THE THESIS 

ABSTRACT 

The thesis includes our investigations on the nature and behavior of water 

entrapped in the nano-confined surfactant assemblies, in particular, reverse micelles 

and micelles. The hydration behavior depends critically on the type of polar headgroup 

of surfactants and also on the presence of co-surfactants. We mainly employed the 

hydration sensitive excited state proton transfer (ESPT) property of a site selective 

anionic probe 8-hydroxypyrene-1, 3, 6-trisulfonate (HPTS or pyranine) to study these 

systems.   

In chapter 1, we briefly discuss the recent trends of various ESPT studies in 

different confined media and summarize how these dynamics differ from that in bulk 

water. Chapter 2 includes the summary of measurement techniques and experimental 

methods that we adopted in our studies. In the chapter 3, we investigated the effect of 

confinement on the solubility behaviour of the water pool of water/AOT/n-heptane 

reverse micelle towards a so called insoluble alcohol n-octanol. In Chapter 4, we 

confirmed the presence of finite level of hydration at the interface of a cationic 

surfactant reverse micelle (water/ BHDC/ benzene) by detecting non-negligible ESPT. 

The effect of co-surfactant on the hydration at the interfacial region of a quaternary 

water/CTAB/octanol/cyclohexane reverse micelle is discussed in the chapter 5. The 

modification of the interfacial hydration associated with the structural transition of 

water/DDAB/cyclohexane reverse micelle from rod to sphere is discussed in the 

chapter 6. In the chapter 7, we compared the interfacial properties between micelles 

formed by two different surfactants- zwitterionic sulfobetaine (SB12 and SB16) and 

cationic n-alkyl tertiary ammonium (DTAB and CTAB). 

 CHAPTER 1: INTRODUCTION: 

Proton transfer is a ubiquitous process occurring frequently both in the 

biological and chemical environments. In a typical spectroscopic investigation, the 

proton transfer event is usually initiated upon irradiating of a fluorophore with light. 

Acidity of such a fluorophore enhances dramatically in the electronic excite state and 

ejects a proton to the neighbouring acceptor or solvent and the phenomena is termed as 
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excited state proton transfer (ESPT). 8-hydroxypyrene-1, 3, 6-trisulfonic acid (HPTS 

or pyranine) is one such photoacids with ground state pKa of 7.2-7.71,2 and excited state 

pK𝑎
∗  of 0.5-1.5.2,3 Thus, in neutral or slightly acidic water, HPTS mainly remains in the 

protonated form and shows an absorption maximum at 403nm. It displays a strong 

emission centered at ∼512 nm and a very feeble emission band at ∼440 nm 

characteristics of the deprotonated and the protonated forms, respectively (Figure 1.1). 

The ratio of the emission intensity of the two forms is very sensitive to the nature of the 

proton acceptor (usually water) around the fluorophore. This makes HPTS a suitable 

probe to study nature and properties of water encaged inside confined media like 

membrane,4,5 cyclodextrin,6,7 protein,8,9 micelle,10 reverse micelle11 etc. Moreover, the 

photoacid is highly anionic in nature due to the presence of three sulfonate and one 

hydroxyl group (this group also becomes negative after deprotonation). This charge 

criterion is extremely important in dictating the location of the probe inside different 

self-assemblies having net charges. This allows us to site-specific probing of ESPT in 

these assemblies and these aspects are particularly exploited in this thesis. 

 

Figure 1.1. Chemical structure and absorbance and emission spectra of HPTS in water 

at pH=5.5.  

CHAPTER 2: EXPERIMENTAL METHODS: 

In this chapter, we have mentioned specifications of all the spectrometers used 

in our works including UV-Vis, steady-state and time-resolved fluorescence, nuclear 

magnetic resonance (NMR) and dynamic light scattering (DLS). We also added sources 

of all chemicals used and all sample preparation procedures including various data 

analysis methods, models and so on. 
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Chapter 3: Confinement Induced variable solubility of n-octanol inside the 

aqueous core of water/AOT/n-heptane reverse micelle.12 

In this chapter, we reported a remarkably different partitioning of a normally 

water-immiscible alcohol, n-octanol, inside the aqueous core of water/AOT/n-heptane 

reverse micelle at two different levels of confinement – highly confined (at w0 = 5) and 

quasi-confined (at w0 = 10). We cleverly used the ratio-metric alcohol sensing ESPT 

property of HPTS located at the center of the water pool of the anionic reverse micelle. 

At low w0, we observed significant modulation of ESPT signifying partitioning of n-

octanol into the highly-confined water. However, no ESPT modulation was found at w0 

= 10, supporting the absence of n-octanol in the quasi-confined water. The observation 

was further corroborated by very different modulation of reverse micelle size, 

depending on the initial state of water in the water pool of the reverse micelle.  

 

 

Figure 3.1: Schematic representation of ESPT modulation in confined and quasi-

confined water with incorporation of n-octanol in the water/AOT/n-heptane reverse 

micelle. 

Thus, the study demonstrated a strikingly unusual variation of solubilization properties 

of water with degree of confinement. The results revealed that confined water behaves 

like more hydrophobic solvent compared to quasi-confined or bulk water. The overall 

concept of this chapter has been schematically presented in Figure 3.1. 
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Chapter 4: Is the interface of the reverse micelle dry or wet? Insights 

from ESPT of HPTS in the case of cationic water/BHDC/benzene 

reverse micelle.13 

This chapter includes our ESPT study to trace penetration of any water molecule 

to the interface of a cationic surfactant reverse micelle BHDC/water/benzene. In a 

pioneering work of Levinger and co-workers reported the absence of ESPT of HPTS at 

the interface of a quaternary reverse micelle cyclohexane/water/CTAB/n-octanol using 

ultrafast pump-probe spectroscopy.14 However, the presence of co-surfactant (n-

octanol) and the limited time window of their ultrafast study, may lead complicated 

conclusion. Thus we used the BHDC reverse micelle which does not require any co-

surfactant to form reverse micelle. We also confirmed the presence of HPTS at the 

interface of the reverse micelle by 2D NOESY NMR and fluorescence anisotropy. 

Interestingly, we observed significant ESPT at the interface and the ESPT modulates 

moderately with variation of  𝑤0(=
[𝑤𝑎𝑡𝑒𝑟]

[𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]
 ) value (Figure 4.1). Our results 

signify penetration of the water molecules into the interface of cationic tertiary reverse 

micelle with increase of hydration level. 

 

Figure 4.1: Schematic representation of the water/ BHDC/Benzene reverse micelle 

interface. The presence of HPTS was confirmed by NOESY cross peaks. Significant 

ESPT modulation indicates wet nature of the interface.  
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Chapter 5: The Impact of co-surfactant on the interfacial hydration of 

cationic quaternary water/CTAB/octanol/ cyclohexane reverse 

micelle.15 

In this chapter, we have included our ESPT study to elucidate effect of co-

surfactant, n-octanol on the hydration properties of the water/CTAB/n-octanol/ 

cyclohexane reverse micelle interface. In this reverse micelle, n-octanol assists CTAB 

to satisfy the necessary geometric condition 𝜈 𝑎𝑙⁄ > 1, where v, l and a refer to volume, 

chain length of the hydrocarbon tail and  area of polar head group of the surfactant 

molecule, respectively and help to form a stable reverse micelle.16,17 The co-surfactant 

is usually assumed to be inserted in-between the CTAB surfactants at the interface and 

introduced a new adjustable parameter 𝑝0 (=
[𝑐𝑜𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]

[𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]⁄ ) in 

addition to the prevalent parameter,𝑤0(=
[𝑤𝑎𝑡𝑒𝑟]

[𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]
). This new parameter can control 

size and properties of the RM, like flexibility and applicability of the RM.18 In this 

study, we observed distinct ESPT modulation at nanosecond time domain which can be 

tuned by varying 𝑝0 and 𝑤0values (Figure 5.1). Our study signifies that the presence of 

co-surfactant at the interface modulates the penetration of water into the interfacial 

region of quaternary reverse micelle. 

 

Figure 5.1: Schematic representation of the interface of water/CTAB/n-octanol 

/cyclohexane quaternary RM and the ESPT and fluorescence anisotropy results. The n-

octanol modulates the extent of penetration of water molecules into the interface and 

makes the interface more flexible.  
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Chapter 6: How does interfacial hydration alter during rod to sphere 

transition in DDAB/water/Cyclohexane reverse micelles?19 

In this chapter, we extended our ESPT study in correlating the interfacial 

packing and hydration of didodecyldimethylammonium bromide 

(DDAB/water/cyclohexane) reverse micelle. This is an interesting assembly that 

undergoes a structural transition from rod to spherical shape above a particular value 

(w0 ~ 8). The ESPT process is markedly inhibited within the interface at low w0 and 

gradually favoured with the increase of w0. The time-resolved fluorescence decays 

could be best analysed by assuming distribution of HPTS over two distinct interfacial 

regions- partly hydrated and mostly dehydrated. The relative population of the two 

regions varies distinctly at low w0 (< 6) and high w0 (> 6) regimes. Moreover, 

fluorescence anisotropy (steady-state and time-resolved) varies differently with respect 

to w0, before and after the transition point (w0 ~ 8), (Figure 6.1). 

 

Figure 6.1: Schematic representation of change in ESPT probability and interface 

packing of DDAB/water/cyclohexane reverse micelle with shape transition from rod-

like to spherical reverse micelle. 

CHAPTER 7: HOW DO THE INTERFACIAL PROPERTIES OF ZWITTERIONIC 

SULFOBETAINE MICELLES DIFFER FROM THOSE OF CATIONIC ALKYL 

QUATERNARY AMMONIUM MICELLES?20 

 We compared the interfacial properties; specially, nature of interfacial hydration 

and rigidity of zwitterionic sulfobetaine (e.g. SB-12, SB-16) and cationic alkyl-

ammonium (e.g. CTAB, DTAB) surfactant micelles. Zwitterionic surfactants (e.g. 
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sulfobetaine), comprising both positive and negative groups in their headgroups, are 

essentially electro-neutral as monomer, but their micelles preferentially uptake anions 

like that of a cationic surfactant micelle. Two sulfobetaine surfactants (SB-12 and SB-

16) and two cationic surfactants (DTAB and CTAB) with matching alkyl tails were 

selected for an effective comparison. The ESPT dynamics was observed to be 

significantly suppressed inside the zwitterionic micelle interface compared to that of 

the cationic micelle. This was attributed to a less hydrated interface of the zwitterionic 

micelles compared to that of the cationic one. Fluorescence anisotropy decay inside the 

zwitterionic micellar interface was also slower compared to that of the cationic one 

indicating a better packing of the zwitterionic surfactants at the interface (Figure 7.1).  

 

 

Figure 7.1: Schematic comparison of the interfacial properties between zwitterionic 

(SB12 and SB16) and cationic (DTAB and CTAB) micelles. The interface of 

zwitterionic sulfobetaine micelle is found to be more hydrophobic and rigid than that 

of the cationic micelle.

TH-1818_136122027



viii 
 

REFERENCES: 

 (1) Pines, E.; Huppert, D.: Observation of geminate recombination in 

excited state proton transfer. J. Chem. Phys. 1986, 84, 3576-3577. 

 (2) 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. J. Phys. Chem. 1984, 88, 1909-1913. 

 (3) Smith, K. K.; Kaufmann, K. J.; Huppert, D.; Gutman, M.: Picosecond 

proton ejection: an ultrafast pH jump. Chem. Phys. Lett. 1979, 64, 522-527. 

 (4) Dishari, S. K.; Hickner, M. A.: Confinement and Proton Transfer in 

NAFION Thin Films. Macromolecules 2013, 46, 413-421. 

 (5) Moilanen, D. E.; Levinger, N. E.; Spry, D. B.; Fayer, M. D.: 

Confinement or the Nature of the Interface? Dynamics of Nanoscopic Water. J. Am. 

Chem. Soc. 2007, 129, 14311-14318. 

 (6) Mondal, S. K.; Sahu, K.; Ghosh, S.; Sen, P.; Bhattacharyya, K.: Excited-

State Proton Transfer from Pyranine to Acetate in γ-Cyclodextrin and Hydroxypropyl 

γ-Cyclodextrin. J. Phys. Chem. A 2006, 110, 13646-13652. 

 (7) Mondal, S. K.; Sahu, K.; Sen, P.; Roy, D.; Ghosh, S.; Bhattacharyya, 

K.: Excited state proton transfer of pyranine in a γ-cyclodextrin cavity. Chem. Phys. 

Lett. 2005, 412, 228-234. 

 (8) Chowdhury, R.; Saha, A.; Mandal, A. K.; Jana, B.; Ghosh, S.; 

Bhattacharyya, K.: Excited State Proton Transfer in the Lysosome of Live Lung Cells: 

Normal and Cancer Cells. J. Phys. Chem. B 2015, 119, 2149-2156. 

 (9) Sahu, K.; Roy, D.; Mondal, S. K.; Karmakar, R.; Bhattacharyya, K.: 

Study of protein–surfactant interaction using excited state proton transfer. Chem. Phys. 

Lett. 2005, 404, 341-345. 

 (10) Roy, D.; Karmakar, R.; Mondal, S. K.; Sahu, K.; Bhattacharyya, K.: 

Excited state proton transfer from pyranine to acetate in a CTAB micelle. Chem. Phys. 

Lett. 2004, 399, 147-151. 

 (11) Cohen, B.; Huppert, D.; Solntsev, K. M.; Tsfadia, Y.; Nachliel, E.; 

Gutman, M.: Excited State Proton Transfer in Reverse Micelles. J. Am. Chem. Soc. 

2002, 124, 7539-7547. 

 (12) Phukon, A.; Sahu, K.: The strikingly different miscibility of n-octanol 

in highly-confined and quasi-confined water. Chem. Commun. 2015, 51, 14103-14106. 

TH-1818_136122027



ix 
 

 (13) Phukon, A.; Barman, N.; Sahu, K.: Wet Interface of 

Benzylhexadecyldimethylammonium Chloride Reverse Micelle Revealed by Excited 

State Proton Transfer of a Localized Probe. Langmuir 2015, 31, 12587-12596. 

 (14) Sedgwick, M.; Cole, R. L.; Rithner, C. D.; Crans, D. C.; Levinger, N. 

E.: Correlating Proton Transfer Dynamics To Probe Location in Confined 

Environments. J. Am. Chem. Soc. 2012, 134, 11904-11907. 

 (15) Phukon, A.; Ray, S.; Sahu, K.: Effect of Cosurfactants on the Interfacial 

Hydration of CTAB Quaternary Reverse Micelle Probed Using Excited State Proton 

Transfer. Langmuir 2016, 32, 10659-10667. 

 (16) Lang, J.; Mascolo, G.; Zana, R.; Luisi, P. L.: Structure and dynamics of 

cetyltrimethylammonium bromide water-in-oil microemulsions. J. Phys. Chem. 1990, 

94, 3069-3074. 

 (17) Mills, A. J.; Wilkie, J.; Britton, M. M.: NMR and Molecular Dynamics 

Study of the Size, Shape, and Composition of Reverse Micelles in a 

Cetyltrimethylammonium Bromide (CTAB)/n-Hexane/Pentanol/Water 

Microemulsion. J. Phys. Chem. B 2014, 118, 10767-10775. 

 (18) Khan, M. F.; Singh, M. K.; Sen, S.: Measuring Size, Size Distribution, 

and Polydispersity of Water-in-Oil Microemulsion Droplets using Fluorescence 

Correlation Spectroscopy: Comparison to Dynamic Light Scattering. J. Phys. Chem. B 

2016, 120, 1008-1020. 

 (19) Phukon, A.; Ray, S.; Sahu, K.: How Does Interfacial Hydration Alter 

during Rod to Sphere Transition in DDAB/Water/Cyclohexane Reverse Micelles? 

Insights from Excited State Proton Transfer and Fluorescence Anisotropy. Langmuir 

2016, 32, 6656-6665. 

 (20) Phukon, A.; Sahu, K.: How do the interfacial properties of zwitterionic 

sulfobetaine micelles differ from those of cationic alkyl quaternary ammonium 

micelles? An excited state proton transfer study. Phys. Chem. Chem. Phys. 2017, 19, 

31461-31468. 

  

TH-1818_136122027



x 
 

LIST OF PUBLICATIONS 

PAPER INCLUDED IN THIS THESIS: 

1) Phukon, A.; Sahu, K.: The strikingly different miscibility of n-octanol in 

highly-confined and quasi-confined water. Chem. Commun. 2015, 51, 14103-

14106.  

 

2) Phukon,A., Barman, N.; Sahu, K.: Wet Interface of 

Benzylhexadecyldimethylammonium Chloride Reverse Micelle Revealed by 

Excited State Proton Transfer of a Localized Probe. Langmuir 2015, 31, 12587-

12596. 

 

3) Phukon, A.; Ray, S.; Sahu, K.: How Does Interfacial Hydration Alter during 

Rod to Sphere Transition in DDAB/Water/Cyclohexane Reverse Micelles? 

Insights from Excited State Proton Transfer and Fluorescence Anisotropy. 

Langmuir 2016, 32, 6656-6665. 

 

4) Phukon, A.; Ray, S.; Sahu, K.: Effect of Cosurfactants on the Interfacial 

Hydration of CTAB Quaternary Reverse Micelle Probed Using Excited State 

Proton Transfer. Langmuir 2016, 32, 10659-10667. 

 

5) Phukon, A.; Sahu, K.: How do the interfacial properties of zwitterionic 

sulfobetaine micelles differ from those of cationic alkyl quaternary ammonium 

micelles? An excited state proton transfer study. Phys. Chem. Chem. Phys. 

2017, 19, 31461-31468. 

PAPER NOT INCLUDED IN THIS THESIS: 

1. Singha, D.; Barman, N.; Phukon, A.; Sahu, K.: Selective Probing of Reverse 

Micelle Interfacial Layer upon Silver Nanoparticle Formation using Dynamic 

Stokes Shift Measurements. J. Phys. Chem. C 2014, 118, 10366-10374.  

 

2. Phukon, A.; Nandi, N.; Sahu, K.: Pre-micellar interaction or direct monomer to 

micelle transition for zwitterionic sulfobetaine surfactant in water? a 

comparative fluorescence study with cationic surfactant. J. Photochem. 

Photobiol. 2018 (doi.org/10.1016/j.jphotochem.2018.02.033). 

Conference Presentations: 

1. Poster presented in Chemconvene 2015, Indian Institute of Technology 

Guwahati, Guwahati. 

2. Poster presented in ICANN 2015, Indian Institute of Technology Guwahati, 

Guwahati. 

3. Oral Presentation at Frontiers in Chemical Sciences (FICS) -2016, IIT 

Guwahati and achieved best Oral Presentation Award.  

TH-1818_136122027

https://doi.org/10.1016/j.jphotochem.2018.02.033


xi 
 

4. Poster Presentation at 20th CRSI National Symposium in Chemistry, 2017.  

5. Poster Presentation at Research Conclave, 2017, IIT Guwahati. 

6. Poster Presentation at National Workshop on FLUORESCENCE and 

RAMAN spectroscopy (FCS), 2017, IIT Guwahati. 

7. Poster Presentation at International Conference on Emerging Trends in 

Chemical Sciences (ETCS), 2018, Dibrugarh University. 

 

TH-1818_136122027



List of Schemes 

 

xii 
 

LIST OF SCHEMES 

Chapter 1 

Scheme1.1: Different photo-acids representing the classified four regime. 

Scheme 1.2: Schematic representation of geminate recombination process. 

Scheme 1.3: The Extended Reversible Diffusion-Influenced Two-Step Model. 

Chapter 2 

Scheme 2.1. Proposed ESPT scheme. This model involves single step de-protonation 

and ignore of ion-pair formation or recombination.  

Chapter 3 

Scheme 3.1: Representation of a water/AOT/n-heptane reverse micelle with the 

molecular probe HPTS located at the center of the water pool. The highly negative 

HPTS is forced to stay at the center of the water pool due to repulsion by the negative 

AOT interface and is suitable for probing the microenvironment of the water pool 

selectively. 

Scheme 3.2: A scheme showing approximate dimension of the reverse micelle systems 

at w0 = 5 and 10 containing HPTS in the core. 

Chapter 4 

Scheme 4.1: Possible environment around HPTS in the interfacial regions of BHDC 

reverse micelle in comparison to CTAB reverse micelle. In the CTAB reverse micelle 

the co-surfactant n-octanol inserted in-between the CTAB surfactant. 

Chapter 5 

Scheme 5.1: Possible composition of the CTAB/Octanol/Water/Cyclohexane 

quaternary reverse micelle. Water is not only confined in the core but also penetrates 

into the interface and interfacial hydration depends on both parameters w0 and p0.  

Chapter 6 

Scheme 6.1. Structures of DDAB/Water/Cyclohexane reverse micelle at low hydration 

(w0 ≤ 8) with two possible interfacial regions, i.e., less hydrated cylindrical and more 

hydrated hemispherical regions. In the higher (e.g. w0 = 12) water content, spherical 

micelles are present and the two regions may be mixed together. 

Chapter 7 

Scheme 7.1: Schematic representation of micellar interface. The zwitterionic sulfo-

betaine surfactant molecules possess two oppositely charge headgroups linked by alkyl 

chain (C3 in this case) are arranged in L shaped pattern, exposing the cationic headgroup 

towards the interface similar to cationic alkyl-ammonium surfactant assembly. 

TH-1818_136122027



List of Tables 

xiii 
 

LIST OF TABLES 

Chapter 3 

Table 3.1: The variation of hydrodynamic diameter of water/AOT/n-heptane reverse 

micelle upon addition of ethanol obtained from dynamics light scattering (DLS) 

measurements at w0 = 5 and 10. The estimated viscosities of the continuous phase are 

also included. 

Table 3.2. The hydrodynamic diameters of water/AOT/n-heptane reverse micelles with 

addition of n-octanol obtained from dynamics light scattering (DLS) at w0 = 5 and 10. 

The estimated viscosities of the continuous phase are also included. 

Chapter 4 

Table 4.1. Fluorescence decay parameters of protonated, ROH*(t) and de-protonated, 

RO* emissions of HPTS inside BHDC reverse micelle, respectively measured at 425 

nm and 570 nm. The decay parameters of the D2O containing RM are also added for 

comparison. 

Table 4.2. The hydrodynamic diameters of water/BHDC/benzene reverse micelles 

obtained from dynamics light scattering (DLS) at different w0. 

 

Table 4.3. Anisotropy decay parameters of HPTS in water/BHDC/benzene reverse 

micellar system at different w0 values. 

Chapter 5 

Table 5.1: Time transient fluorescence decays fitting parameters of protonated, 

ROH*(t), and deprotonated, RO*−, forms of HPTS inside CTAB reverse micelle, 

measured at 425 and 570 nm, p0 = 5. The faster decay time match to their respective 

rise time value. 

Table 5.3: Fluorescence decay fitting parameters of protonated, ROH*(t), and 

deprotonated, RO*−, forms of HPTS inside water/CTAB/cyclohexane/octanol reverse 

micelle, measured at 425 and 570 nm, respectively for p0 = 5, 10 and 20 and w0= 6 and 

10 

Table 5.3: Fluorescence decay fitting parameters of protonated, ROH*(t), and 

deprotonated, RO*−, forms of HPTS inside water/CTAB/cyclohexane/octanol reverse 

micelle, measured at 425 and 570 nm, respectively for p0 = 5, 10 and 20 and w0= 6 and 

10. 

Table 5.4: Anisotropy decay parameters of HPTS in water/CTAB/cyclohexane/octanol 

reverse micellar system at different octanol concentrations at w0 = 4 and 10.  

TH-1818_136122027



List of Tables 

xiv 
 

Chapter 6 

Table 6.1. Fluorescence decay fitting parameters of protonated, ROH*(t) and de-

protonated, RO* forms of HPTS inside water/DDAB/cyclohexane reverse micelle, 

measured at 425 nm and 570 nm, respectively. Pre-exponential factors are added in the 

parenthesis.  

Table 6.2. The volume fraction () given by (Vsurfactant + Vwater)/ (Vsurfactant + Vwater + 

Vnonpolar), where Vi term denotes the volume of the respective species.and inner surface 

area representing relative contributions of the two regions (scheme 2) of 

water/DDAB/cyclohexane reverse micelle calculated using Mw (DDAB) = 462 g mol-1 and 

ρDDAB = 1.1 g cm-3.  

Table 6.3. Solvation dynamics fit parameters of the protonated form of HPTS in 

water/DDAB/cyclohexane reverse micelle system at different w0 values. 

Table 6.4. Anisotropy decay parameters of HPTS in water/DDAB/cyclohexane reverse 

micellar system at different w0 values. Error bars on each parameter are also provided. 

Chapter 7 

Table 7.1: Fitting parameters of the protonated (𝑅𝑂𝐻∗, 𝜆𝑒𝑚 = 425 nm) and 

deprotonated (𝑅𝑂𝐻−∗, 𝜆𝑒𝑚 = 570 nm) emission transients of HPTS inside different 

micelles. 

Table 7.2: The parameters obtained from TRANES analysis of HPTS inside different 

micelles. 

Table 7.3: Fitting parameters of the anisotropy decays of MPTS (𝜆𝑒𝑚= 440 nm) inside 

different micelles. 

TH-1818_136122027



List of Figures 

xv 
 

LIST OF FIGURES 

Chapter 1 

Figure1.1: Excitation spectra of HPTS dissolved in seawater (salinity of 32) at different 

pH values. HPTS is a dual excitation (405/450 nm) single emission (520 nm) 

fluorophore with pH dependent excitation and emission maxima in bulk water. 

Figure 1.2: The anionic probe loss fluorescence on intercalation within cationic 

interlayer of Ni-Fe-LDH nanocomposite. On exposing to CO2 gas to the composite, 

CO2 undergo intercalation as CO3
2− ions replacing HPTS and thereby leading to the 

fluorescence recovery of HPTS. 

Figure 1.3: Different proton transfer model. 

Figure 1.4: The relative intensity variation of protonated and deprotonated form of 

HPTS with decrease in mole fraction of DMSO in the solvent mixture. The intensity of 

protonated form of HPTS is deduced with concomitant increment of the de-protonated 

form of HPTS referring decrease in the amount of DMSO in the medium. 

Figure 1.5: The cavity dimensions of CB[5], CB[6], CB[7] and CB[8] macrocycles. 

Figure 1.6: Effect of inclusion complex of cucurbit[7]uril with β-naphthol and 4-

metyhl-7-hydroxyflavylium on ESPT dynamics. 

Figure 1.7: Representative structures of β-CD: (a) side view and (b) front view (looking 

through the pore) and (c) a schematic representation as a truncated cone. Cavity 

dimensions of α-CD, β-CD and γ-CD are also tabulated for a comparison. 

Figure 1.8: The HPTS-protamine protein complex. HPTS can directly transfer proton 

to proline (pro8) amino acid residues at the binding site even faster than in bulk water. 

Figure 1.9: (a) Absorbance spectra of HPTS with increase of lysozyme concentration 

at pH 7. The inset shows the absorbance variation upon addition of lysozyme. (b) 

Determination of pKa of HPTS. 

Figure 1.10: (a) Molecular structure of cellulose and a schematic representation of the 

molecular packing in (b) the dry (crystalline) and (c) hydrated states  

Figure 1.11: Schematic illustration of (A) HPTS and HPTS/MCM-41 in a DCM 

suspension and (B) HPTS trapped within a water droplet in a DCM suspension, and 

adsorbed on the MCM-41 surface. 

TH-1818_136122027



List of Figures 

xvi 
 

Figure1.12: (a) The repeating unit of nafion and (b) HPTS and nanoscopic water 

channels inside nafion membrane. 

Figure 1.13: Schematic representation of a reverse micelle. It is composed of four 

heterogeneous regions, (1) intra-micellar water pool with bulk water character, (2) 

aqueous interfacial region. Charged particles, including H+ and OH– migrate to this 

region that change its local pH from the apparent pH in the reverse micellar core, (3) 

surfactant layer and (4) nonpolar phase 

Figure 1.14: Orientation of the water molecules inside AOT reverse micelle. The H-

bonding of the water molecules in the interfacial region is interpreted by their binding 

to surfactant polar headgroups and the boundary layer is also perturbed by the 

interfacial water molecules. 

Figure1.15: The reduction of hydrophobic ketone by water soluble sodium borohydride 

(NaBH4) occur at the reverse micellar interfaces. 

Figure 1.16: The localization of the HPTS molecule in reverse micelle water is 

regulated by the electrostatic nature of the surfactant molecules. HPTS localised in the 

reverse micelle core water in the anionic water/AOT/cyclohexane reverse micelle that 

favours the ESPT dynamics unlike the hydrophobic interfacial region of the 

water/CTAB/n-octanol/cyclohexane reverse micelle. 

Chapter 2 

Figure 2.1: Decomposition of the observed emission spectrum of HPTS at w0 = 10 

(open circle) into emission contribution of the protonated (blue line) and de-protonated 

(green line) forms in water/BHDC/benzene reverse micelle. The red line denotes the 

fitting by a superposition of two lognormal functions. 

Figure 2.2: Wobbling-in-cone model. 𝜇̂ represents the symmetry axis of the 

chromophore, which forms an angle θ with the z-axis. 

Chapter 3 

Figure 3.1: Effect of pH variation on the absorption spectrum of HPTS. At lower pH 

the absorption of the protonated form (absorption maximum ~ 403 nm) dominates but 

at higher pH the absorption of the de-protonated form (absorption maximum ~ 450 nm) 

becomes gradually prominent. 

Figure 3.2: Absorption spectra of HPTS in the water/ AOT/ n-heptane reverse micelle 

for (a) w0 = 5 and (b) w0 = 10 at various ethanol/water (left panel) and octanol/water 

(right panel) mole ratios. The water wool was made slightly acidic (pH ~5-6) to 

suppress the de-protonated absorption. Addition of alcohol  was performed after this 

pH adjustment. 

TH-1818_136122027



List of Figures 

xvii 
 

Figure 3.3: Emission spectra of HPTS in water–ethanol mixtures at various alcohol to 

water molar ratios. The ratio of the protonated emission (ROH, 440 nm) and de-

protonated emission (RO−, 510 nm) varies linearly with alcohol. 

Figure 3.4: Emission spectra of HPTS displaying effect of ethanol (1a, 2a) and n-

octanol (1b, 2b) addition into the water/AOT/n-heptane reverse micelle at w0 = 5 and 

10.  

Figure 3.5: Comparison of the extent of HPTS intensity modulation (ratio of Iprotonated/ 

Ideprotonated) upon alcohol (ethanol or n-octanol) addition in different systems. 

Figure 3.6: The effect of ethanol (1a, 2a) and n-octanol (1b, 2b) on the fluorescence 

transients of HPTS (at emission wavelength of 425 nm) inside the water/AOT/n-

heptane reverse micelle at w0 = 5 and w0 = 10. A dramatic slowing down of the 

fluorescence decay was observed upon n-octanol addition at w0 = 5 but almost no 

change is noticed among the transients at w0 = 10. However, ethanol incorporation leads 

to slow down of the fluorescence decay for both the confinement (w0 = 5 and w0 = 10). 

Figure 3.7: Variation of the hydrodynamic diameter (in nm) of the water/AOT/n-

heptane reverse micelle with addition of alcohol at w0 = 5 and 10. Upon n-octanol 

addition, the reverse micelle swells at w0 = 5 up to a certain (0.8) alcohol/water molar 

ratio and thereafter, shrinks; but size of the reverse micelle monotonically shrinks at w0 

= 10. However, addition of ethanol swells up both the confinement. 

Chapter 4 

Figure 4.1. (a) Absorption spectra of HPTS in water/BHDC/benzene reverse micellar 

system at different w0. Absorption spectrum of HPTS in water is also included for 

comparison. (b) Emission spectra of HPTS inside BHDC reverse micelle at various w0 

values (ex = 390 nm). Emission spectrum in water is also included for comparison. 

Figure 4.2: (a) Decomposition of the observed emission spectrum at w0 = 10 (open 

circle) into protonated (blue line) and de-protonated (green line) emissions. The red line 

denotes the fitting by a superposition of two lognormal peak functions. (b) Variation 

emission maxima of the protonated and de-protonated emission of HPTS against w0 

inside water/BHDC/benzene reverse micelle. 

Figure 4.3: TRES (left panel) and TRANES (right panel) of HPTS inside BHDC 

reverse micelle at w0 = 2 and 20, respectively. The ESPT process is obviously more 

prominent at higher w0. 

Figure 4.4: The normalized TRES (protonated form only, left panel) of HPTS inside 

BHDC reverse micelle at w0 = 2 and 20, respectively. In the right panel, integrated area 

vs. time plot of the entire TRES of HPTS inside water/BHDC/benzene reverse micelle 

at w0 = 2, 6, 10 and 20, respectively. The inset shows the average decay of the all four 

w0 values, fitted to single exponential. 

TH-1818_136122027



List of Figures 

xviii 
 

Figure 4.5. The fluorescence transients of the (a) protonated, ROH*(t) and (b) de-

protonated, RO* forms of HPTS at different w0 values. The emission transients were 

measured at 425 nm and 570 nm, respectively upon excitation at 375 nm. The initial 

portion of de-protonated transients (inset) clearly shows the systematic variation of rise 

of the emission decay at different w0s are displayed in the inset to show clearly. 

Figure 4.6: (a) Steady-state normalized emission spectra, (b) the ratio of intensity of 

de-protonated and the protonated emission band, (c) time-resolved fluorescence 

transients (at 425 nm and 570 nm) and (d) isotropic effect on the life time of HPTS 

inside the BHDC reverse micelle containing either water or D2O. 

Figure 4.7. The size distribution obtained from dynamics light scattering (DLS) of 

water/BHDC/benzene reverse micelles at different w0. 

Figure 4.8. Fluorescence anisotropy decays of HPTS in bulk methanol (red) and in 

BHDC reverse micelle at w0 values of 2 (blue) and 20 (green) measured at ex = 375 

nm and em = 440 nm. The black line indicates a bi-exponential fit according to equation 

(2). It is evident that the anisotropy decays inside the RM are much slower compared 

to that in methanol and very less sensitive to water content. 

 

Figure 4.9. Variation of the amplitude and time constants of the anisotropy (left panel) 

and the semi-cone angles (right panel) of HPTS inside water/BHDC/benzene reverse 

micelle with w0. It is clear that both the amplitude and time constant of slow rotational 

component decrease with increase of the water content. 

Figure 4.10. 2D NOESY spectrum of HPTS incorporated BHDC reverse micelles at 

(a) w0 = 5. (b) w0 = 10.  

Figure 4.11 The 1H NMR spectra of HPTS (top) and BHDC (bottom) in 

water/BHDC/benzene reverse micelle system. 

Chapter 5 

Figure 5.1: Absorption (left panel) and emission (right panel) spectra of HPTS in 

water/CTAB/cyclohexane/octanol reverse micelle at different w0s for p0 = 5, 10 and 20. 

The absorbance maxima of HPTS in the CTAB reverse micelle get red-shifted 

compared to the bulk water and only shows absorbance below 450 nm. The absorption 

emission spectra of HPTS in the water (dotted line) is also included for comparison. 

Figure 5.2: Time-resolved emission spectra (TRES, left panel) and Time-resolved area 

normalised emission spectra (TRANES, right panel) of HPTS inside the 

CTAB/octanol/cyclohexane/water (at p0 = 5) quaternary reverse micelle at w0 = 4, 10, 

and 30, respectively. Solid lines denote fit to a bi-lognormal function according to eq. 

2.14 at chapter 2. 

TH-1818_136122027



List of Figures 

xix 
 

Figure 5.3: Comparison of 25 ns TRANES at fixed w0 = 10 and at different p0’s. The 

ESPT probability seems to decrease when more alcohol is present at in the interface. 

The inset displays the ratio metric plot of the two peak intensities. 

Figure 5.4: Fluorescence transients of the (left panel) protonated, ROH* (λem = 425 

nm), and (right panel) deprotonated, RO*− (λem = 570 nm), forms of HPTS at p0 = 5, p0 

= 10 and p0 = 20 with variation of w0s value (λex = 375 nm). The protonated emission 

transients become faster with w0 variation. 

Figure 5.5: Fluorescence transients of the (left panel) protonated, ROH* (λem = 425 

nm), and (right panel) deprotonated, RO*− (λem = 570 nm), forms of HPTS at w0 = 4 

and w0 = 10 at different p0 values (λex = 375 nm). 

Figure 5.6: The variation of the initial populations of the (a) hydrated (f [AH1]) and (b) 

dehydrated (f [AH2]) fractions of HPTS with w0 at different p0 values. The hydrated 

HPTS fraction increases as water loading increases for a particular p0 value, but 

decreases with increasing of alcohol concentration. The trend is exactly opposite for the 

dehydrated fraction. 

Figure 5.7: Fluorescence anisotropy decays of HPTS in CTAB RM at (a) w0 = 4 and 

(b) w0 = 10 with variation of p0 values- 5 (blue), 10 (red) and 20 (green) measured at 

λ𝑒x= 375 nm and λ𝑒m = 440 nm. The black lines indicates bi-exponential fit according 

to eq. 2.17, chapter 2. 

Chapter 6 

Figure 6.1. Absorption spectra of HPTS in water/DDAB/cyclohexane reverse micelle 

at different w0s. The absorption spectra refer presence of probe mainly in the protonated 

form. 

Figure 6.2: (a) Emission spectra of HPTS inside DDAB RM at various w0 values (λ𝑒𝑥= 

390 nm). Emission spectrum of HPTS in water (dotted line) is also included for 

comparison. (b) The ratio metric plot of the de-protonated to the protonated emission 

intensity vs. w0 inside the DDAB RM. 

Figure 6.3. The fluorescence transients of the (a) protonated, ROH*(t) (𝑒𝑚= 425 nm) 

and (b) de-protonated, RO* (𝑒𝑚= 570 nm) forms of HPTS at different w0 values at 

𝑒𝑥= 375 nm. The initial portion of de-protonated transients are shown in the inset for 

clarity. 

Figure6.4. Time-resolved emission spectra (TRES, left panel) and time-resolved area-

normalized emission spectra (TRANES, right panel) of HPTS inside DDAB RM at w0 

= 2, 6 and 12, respectively. Solid lines denote fit to according to eq. 2.14, chapter 2. 

The TRANES at w0 = 2 do not show much variation except very small spectral shift of 

the protonated emission band and a very small contribution of deprotonated emission 

TH-1818_136122027



List of Figures 

xx 
 

arises at long time ( 7 ns). However, for w0 = 6 and 12 deprotonated emission band 

intensity undergo enhancement with time. 

Figure 6.5. Integrated TRES area vs. time plot of HPTS inside DDAB RM at w0 = 2, 6 

and 12, respectively. The inset shows the average decay of the all three w0 values, fitted 

to single exponential decay. 

Figure 6.6. (a) Plot of the variation of the initial populations of HPTS with w0. On 

increasing water loading, the hydrated protonated ([AH1]) and deprotonated ([A−]) 

HPTS fraction increase, while the dehydrated protonated ([AH2]) HPTS fraction 

decreases. The initial population of the deprotonated species ([A−*]) is very small at all 

w0. (b) The plot of hydrated to dehydrated fraction of HPTS inside reverse micelles in 

experimental and theoretical (surface area =2𝑟
𝑙⁄ , where 𝑟 for radius and 𝑙 length of 

cylindrical reverse micelle, tabulated at Table 6.2) aspects.  

Figure 6.7. Solvation dynamics of HPTS inside DDAB/water/cyclohexane reverse 

micelle at w0 = 2, 6 and 12, respectively. Solid lines denote fit to a double exponential 

function. 

Figure 6.8. (a) Steady state fluorescence anisotropy decays of HPTS in DDAB RM at 

various w0 values measured at λex = 390 nm and λem = 440 nm. A strong break appears 

around w0 = 9. The error bars represent spread of data obtained from three independent 

measurements. (b) Time transients fluorescence anisotropy decays of HPTS in DDAB 

RM at w0 values of 2 (blue), 8 (red), and 12 (green) measured at λex = 375 nm and λem 

= 440 nm. The black lines indicate bi-exponential fit according to eq. 2.17, chapter 2. 

Figure 6.9. The plots of the variation of the anisotropy parameters (amplitude, time 

constants of anisotropy decay, semi-cone angles, and diffusion coefficients) with w0, 

inside DDAB RM. 

Chapter 7 

Figure 7.1: Normalize absorption spectra of HPTS (~ 8 µM) in different micelles at 

pH 5.6. All the absorptions spectra are very similar to each other. 

Figure 7.2. Emission spectra of HPTS (8 µM) in the presence of different surfactants 

(a) DTAB, (b) SB-12, (c) CTAB and (d) SB-16 (𝜆𝑒𝑥= 390 nm). For cationic surfactants 

(CTAB and DTAB) strong quenching of fluorescence was observed (inset of a, c). 

Figure 7.3: Emission spectra (normalized at the deprotonated emission band) of HPTS 

inside cationic and sulfobetaine micelles (left panel: DTAB vs. SB12; right panel: 

CTAB vs. SB16). Emission spectrum of water is added for comparison. 

Figure 7.4: Comparison of the emission spectra (normalized at the deprotonated 

emission band) of HPTS inside micelles with variation of the tail length of the 

surfactant. Emission spectrum of water is added for comparison. 

TH-1818_136122027



List of Figures 

xxi 
 

Figure 7.5: Fluorescence transients of the protonated (𝜆𝑒𝑚 = 425 nm) and de-

protonated (𝜆𝑒𝑚 = 570) forms of HPTS inside cationic and SB micelles. The 

fluorescence tranisent of HPTS in water is also added for comparison. 

Figure 7.6: Comparison of the fluorescence transients of the protonated and 

deprotonated form of HPTS inside micelles with variation of the tail length of the 

surfactant (𝜆𝑒𝑚= 425 nm and 570 nm). 

Figure 7.7: Comparison of TRANES emission spectra in different micelles at early 

time (t = 0.1ns). 

Figure 7.8: Comparison of time-resolved area-normalized emission spectra (TRANES) 

of HPTS inside cationic and sulfo-betaine micelles (CTAB vs. SB16; DTAB vs. SB12) 

and with variation of chain length at t = 5 ns. 

Figure 7.9: Comparison of TRANES emission spectra in different micelles at long time 

(t =10ns). 

Figure 7.10. The time evolution of the TRANES intensity of protonated (blue) and 

deprotonated (red) forms representing the true deprotonation kinetics inside different 

micelles. 

Figure 7.11: Fluorescence anisotropy decay of MPTS inside cationic and sulfo-betaine 

micelles (𝜆𝑒𝑚 = 440 nm).

TH-1818_136122027



List of Abbreviations 

xxii 
 

LIST OF ABBREVIATIONS 

AOT     Sodium bis(2-ethylhexyl) sulfosuccinate 

BHDC     Benzylhexadecyl dimethylammonium chloride 

BSA     Bovine serum albumin 

CAC      Critical aggregation concentration 

CB     Cucurbit-urils 

CD     Cyclodextrin 

CMC     Critical micellar concentration 

CTAB      Cetyltrimethylammonium bromide 

CTAC     Cetyltrimethylammonium chloride 

DCM     Dichloromethane 

DDAB     Didodecyldimethylammonium bromide 

DLS     Dynamic light scattering 

DTAB     Dodecyltrimethylammonium bromide 

ESPT     Excited state proton transfer 

HSA     Human serum albumin 

HP-γ-CD     2-hydroxypropyl-γ-cyclodextrin 

HPTS     8-hydroxypyrene-1, 3, 6-trisulfonate 

KIE     Kinetic isotope effect 

LLC     Lyotropic liquid crystalline 

MCM-41    Mobil Composition of Matter No. 41 

MPTS     8-methoxypyrene-1,3,6-trisulfonate  

PT     Proton transfer 

QCy9     Qinone-cyanine 9 dye 

RM     Reverse micelle 

SB-3-16 or SB16   3-(hexadecyldimethylammonio)-propane 

sulfonate 

SB-3-12 or SB12   3-(dodecyldimethylammonio)-propanesulfonate 

TCSPC   Time Correlated Single Photon Counting 

TRES    Time Resolved Emission Spectra 

Trp    Tryptophan 

TRANES   Time Resolved Area Normalised Emission Spectra 

WIC    Wobbling in Cone Model 

TH-1818_136122027



Chapter 1 

1 
 

 
 
 

Chapter-1 

  
Introduction 

 

 

TH-1818_136122027



Chapter 1 

2 
 

 

TH-1818_136122027



Chapter 1 

3 
 

CHAPTER 1: INTRODUCTION 

1.1. EXCITED STATE PROTON TRANSFER 

Among many ultrafast fundamental chemical processes, proton transfer (PT) plays a key role 

in numerous chemical reactions, biological processes, and material properties.1-3 Excited state 

proton transfer (ESPT), a variant of PT that occurs in the electronic excited state of a molecule, 

has been a subject of intensive research, both theoretically4-6 and experimentally.3 An ESPT 

process is commonly initiated by photo-excitation of a suitable molecule, known as photoacid. In 

the electronically excited state, the molecule can eject a proton to surrounding solvent or a base. 

Since an ESPT process usually occurs in sub-ps or ps times, the process can be probed by ultrafast 

laser spectroscopy.7,8. 

 

Scheme1.1: Different photo-acids representing the classified four regime.9 

Photoacids are aromatic organic molecule that are generally weak acids in the ground state 

but become much stronger acids in the excited electronic state. The enhancement of photoacidity 

is usually governed by the pKa which denotes the difference between the pKa and pKa* values. 

There are numerous examples of photo-acids e.g. hydroxyl-aryls, aromatic amines etc. Huppert 

and co-worker have grouped photoacids into four categories according to their strength.9 For each 
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group, the ESPT rate is limited by a certain physical parameter or by a fundamental stage in the 

proton transfer mechanism. In Scheme1.1, a list representing an example for each class is 

represented. The photoacids belonging to regime I are weak to intermediate strength with p𝐾a
∗ > 

0 in water. These photoacids can effectively transfer a proton to water but not to other protic 

solvents like methanol, ethanol, etc.10 Photoacids belonging to regime II can transfer a proton to 

many protic solvents. They have p𝐾a
∗ values in the range −4 < p𝐾a

∗ < 0. The larger the p𝐾a
∗ value, 

the faster is the ESPT rate. Photoacids that belong to regime III are even stronger photoacids with 

p𝐾a
∗ values of about −6 and their ESPT rate is of the same order of the dynamics of solvent 

orientation motion. The photoacids that belong to regime IV are the strongest photo-acids with 

p𝐾a
∗ < 7 and are only recently explored: e.g. Qinone-cyanine 9 dye (QCy9) and its derivatives11 

show an exceptionally rapid ESPT rate, τPT ∼ 100 fs was measured in water, methanol, and 

ethanol. These photo-acids can undergo ESPT faster than solvation dynamics. 

1.2. HPTS AS MULTIFUNCTIONAL PROBE: 

We employed 8-hydroxypyrene-1, 3, 6-trisulfonate (HPTS or pyranine, Scheme 1.1) as an 

ESPT probe in our studies. The probe HPTS belongs to regime I category of photo-acids that can 

undergoes ESPT only in the presence of water. This photoacid is tri-anionic and tetra-anionic, 

respectively, in the protonated (ROH) and deprotonated (RO-) forms. The strong anionic nature 

of the RO- strongly favours reversible geminate recombination with the detached proton over 

singly charged photo acids, like 2-naphthol.12,13 The p𝐾a and p𝐾a
∗ of HPTS are 7.2 and 0.5, 

respectively.14  

 

Figure1.1: Excitation spectra of HPTS dissolved in seawater (salinity of 32) at different pH 

values. HPTS is a dual excitation (405/450 nm) single emission (520 nm) fluorophore with pH 

dependent excitation and emission maxima in bulk water.19 
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For a long time HPTS has been used as a probe across different fields. The pH sensitivity 

of HPTS (Figure 1.1) is employed as an indicator in time-lapse pH imaging to explore transport 

of calcium and other ions from seawater within corals.15 The high water-solubility, low toxicity 

and most importantly it’s disability to cross the cell membrane,16 made HPTS an appropriate 

choice to study intracellular pH variation.17,18  

Interestingly, HPTS can selectively detect the greenhouse gas CO2 when adsorbed on Ni-

Fe-Layered double hydroxide (LDH) nanocomposite (Figure 1.2)20 and can selectively detect 

amino acid arginine and lysine even with naked eye in aqueous solution and from amino acid 

mixture.21 

 

Figure 1.2: The anionic probe loss fluorescence on intercalation within cationic interlayer of Ni-

Fe-LDH nanocomposite. On exposing to CO2 gas to the composite, CO2 undergo intercalation as 

CO3
2− ions replacing HPTS and thereby leading to the fluorescence recovery of HPTS.20 

However, since we are interested in the ESPT dynamics, here we have discussed the recent 

trends of ESPT studies in bulk water and in different confined media and also account the various 

factors that control ESPT dynamics. 

1.2.1. ESPT of HPTS in Water: 

Water is a ubiquitous solvent of the nature. It accepts proton in aqueous acid-base 

neutralization reactions, where a proton is exchanged between an acid and a base, forming the 

conjugate base and conjugate acid, respectively; even in the excited state. Moreover, a numerous 

theoretical study remarked water as a facilitating agent in efficient charge separation when the 

proton leaves the acid22-24. 

HPTS is a weak photo-acid and transfer its acidic proton to water in the excited state at the 

rate of  1010𝑠−1.25 Due to its anionic nature, HPTS can strongly attract the diffusing hydrated 

proton and further increases the probability of geminate recombination process.25 The ESPT 

process with geminate recombination can be schematically represented in the Scheme 1.2. 
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𝑅𝑂𝐻∗ + 𝐻2𝑂 ⇋  𝑅𝑂−∗ +  𝐻3𝑂+ 

Scheme 1.2 Schematic representation of geminate recombination process.25 

The dynamics of HPTS in water was investigated initially by Pines and Huppert26 and later 

by Tran-Thi et al. and Leiderman et al.27 in the ultrafast domain.28 Using femtosecond fluorescence 

and absorption spectroscopy, Pines and Huppert showed that the ESPT process occurs in ~ 70ps 

timescale followed by an extended tail representative of a reversible geminate recombination of 

the HPTS anion with the ejected proton.26 Tran-Thi and co-workers observed three times constants 

of 0.3ps, 2.5ps and 87ps.26 The first two ultrafast components were attributed to solvation 

dynamics and locally excited charge transfer (LE-CT) transition, respectively, while the 87ps 

component was assigned to proton transfer.28 Later, Mohammed et al. reassigned these ultrafast 

components (0.3ps and 3ps) to H-bond rearrangement of water around HPTS prior to proton 

transfer.29  

ROH* + H2O
k'PT

k'r
[RO-*

H3O+]r=a

kPT

kr

[RO-*
H3O+]r=a

DSE
RO-*

H3O++

Contact ion pair Separated ion pair  

Scheme 1.3: The Extended Reversible Diffusion-Influenced Two-Step Model.27 

To explain the ESPT process, in bulk water, Huppert group proposed “Extended Reversible 

Diffusion-Influenced Two-Step Model” (Scheme 1.3).27 This Extended Reversible Diffusion-

Influenced Two-Step Model suggests dissociation of excited protonated acid ROH* to a contact 

ion pair, consisting of an anion and a hydrogen bonded hydrated proton complex, designated 

as  𝐻3𝑂+. The contact ion pair 𝑅𝑂− ⋯ 𝐻3𝑂+exhibits almost similar spectroscopic signature as 

the 𝑅𝑂−emission band in the separated and solvated ion pair. Similar models for acid dissociation 

were also suggested by Eigen30 and Hynes22,31. To explain the bridging role of water in the proton 

exchange between an acid and a base in aqueous solution, two hydration structures have been 

proposed for the hydrated proton: the Eigen cation,30 𝐻9𝑂4
+ and Zundel cation, 𝐻5𝑂2

+ .32 The Eigen 

cation is composed of 𝐻3𝑂+ ion strongly H-bonded to three water molecules(Figure 1.3a). 

On the other hand, the proton resides in between two water molecules for Zundel cation. 

Interestingly, molecular dynamics simulations34,35 and femtosecond mid-infrared spectroscopy36 

reveal rapid interconversion between these two types of hydrated proton species. Proton transfer 

rate in aqueous solution depends on the number of water molecules that separate the acid and base 

units and the proton proceeds between the donor-acceptor pair following Grotthuss-like 

mechanism in a similar way to proton diffusion in bulk water33 (Figure 1.3b). The involvement 
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of water as the proton transfer bridge between an acid and a base during a proton transfer process 

is also proved experimentally.37 The study of ionic conductivity to monitor mobility of protons 

and hydroxide ions in water is also proved to be a helpful technique.38-40 

 

Figure 1.3: Schematic representation of proton exchange in aqueous solution (a) Eigen hydration 

cation: a 𝐻3𝑂+ ion strongly H-bonded to three water molecules; (b) Grotthuss hopping model: H-

transfer from HPTS to acetate via H-bonded water network.30,33 

Kinetic isotope effect (KIE) is a convenient way to show whether fluorescence modulation of 

a fluorophore is linked with ESPT process. Stryer reported41 observation of large isotope effect 

on fluorescence emission spectra of fluorophores in the presence of proton donor or acceptor 

group. The ESPT behaviour of HPTS also shows isotope sensitivity.42 The rate constant of the 

excited state proton transfer (ESPT) of HPTS to water,𝑘𝑃𝑇, is ≈1010s–1 (τPT= 100ps) becomes 

smaller by about factor of 3; when dissolved in D2O (𝑘𝑃𝑇, is ≈ 3.3 ×109s–1, τPT= 300ps) and thus 

the KIE is ∼3.42 

1.2.2. ESPT of HPTS in solvent mixture: 

Stronger photo-acids (p𝐾a
∗ < 0) are capable of transferring a proton to polar solvents like 

alcohols and dimethyl sulfoxide (DMSO) within the excited state lifetime.9 However, HPTS with 

p𝐾a
∗ within the range 0.5-1.3 is unable to proceed proton transfer to these solvents. Interestingly, 

introduction of these organic polar solvents in the aqueous solution of HPTS can control the ESPT 

rate and the intensity ratio of the two forms, r = Iprotonated/Ideprotonated, is found to be proportional to 

the alcohol to water molar ratio.43 From the Figure 1.4 it is clearly revealed that the variation of 

relative ratio of emission of the deprotonated and protonated form of HPTS as the mole fraction 

of DMSO is increase in the medium.43 The ratio itself may be a convenient indicator of alcohol 

content in an unknown mixture of alcohol-water.44,45 
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Figure 1.4: The relative intensity variation of protonated and deprotonated form of HPTS with 

decrease in mole fraction of DMSO in the solvent mixture. The intensity of protonated form of 

HPTS is deduced with concomitant increment of the de-protonated form of HPTS referring 

decrease in the amount of DMSO in the medium.43  

1.2.3. ESPT of HPTS inside Confined Assemblies: 

When a molecule gets encased inside a macromolecular or in a biological nanocavity, the 

physical and chemical properties of the molecule may change dramatically from those observed 

in solution.46 This may arise from the decrease of degrees of freedom of the molecule in these 

confined media. This is applicable to water molecules under confinement. Interactions of water 

molecules with the confining surfaces can have strong effects on the proton mobility. It is to be 

noted that in a living organism, water molecules are present in a highly crowded environment and 

in a very less volume, more like a nano-pools.47 

1.3. MACROCYCLIC HOSTS: CYCLODEXTRIN AND CURCUBIT[N]URIL: 

Cucurbit-urils (CBs), are macrocyclic molecules composed of glycoluril monomers linked by 

2n methylene bridges.48,49 They are highly symmetrical pumpkin-shaped hydrophobic cages 

of low polarity and polarizability with two identical dipolar portal ends composed of carbonyl 

functional groups (Figure 1.5).  
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Figure 1.5: The cavity dimensions of CB[5], CB[6], CB[7] and CB[8] macrocycles.48 

 

Figure 1.6: Effect of inclusion complex of cucurbit[7]uril with β-naphthol and 4-metyhl-7-

hydroxyflavylium on ESPT dynamics.54 

CBs, for example cucurbit[7]uril (CB7, with seven glycoluril units), have been established 

as a versatile and interesting host molecules. They can form stable inclusion complexes with small 

guest molecules like organic dyes,48 metal cations, protonated amines48 and cationic dyes such as 

rhodamines,50,51 thioflavin T52 via a combination of hydrophobic and ion-dipole interactions. The 

ESPT dynamics of β-naphthol and 4-metyhl-7-hydroxyflavylium display contradictory results 

upon inclusion complex formation with CB7.53 No ESPT was observed for the CB7: β-naphthol 

inclusion complex.54 This was attributed to the complete inclusion of the β-naphthol inside the 

CB7 cage and hence no access to water. However, 4-metyhl-7-hydroxyflavylium still undergoes 
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ESPT. It was suggested that only a part of the fluorophore is inside the CB7 and the acidic 

hydroxyl proton remains exposed to water environment allowing ESPT54 (Figure 1.6). Thus, 

ESPT depends on the binding pattern and the local environment around the photoacid. 

The cyclodextrin (CD) are macrocycles composed of D-glucopyranose monomer units 

interconnected by ether linkages in a cyclic manner.55,56 Depending upon the number of monomer 

units involved, different CD homologues with varying cavity sizes are possible. For example, α-

CD, β-CD and γ-CDs have 6, 7, and 8 D-glucopyranose units, respectively (Figure 1.7). These 

natural CDs are very important in the field of supramolecular host–guest chemistry. The presence 

of the hydroxyl groups at the portals of CD molecule makes their external surface fairly polar in 

nature and also makes them water soluble. However, the interior of the cavity is nonpolar in 

nature.46,57 This unique geometric arrangement is very essential for the encapsulating nature of 

CDs. 

 

Figure 1.7: Representative structures of β-CD: (a) side view and (b) front view (looking through 

the pore) and (c) a schematic representation as a truncated cone.67 Cavity dimensions of α-CD, β-

CD and γ-CD are also tabulated for a comparison.56 
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CDs can encapsulate a variety of guest molecules, through noncovalent interactions, 

resulting in the formation of well-defined host–guest complexes.58-60 However, other specific 

noncovalent interactions like hydrogen bonding, dipole–dipole interaction, etc. can also contribute 

substantially to the extra stability of the host–guest inclusion complexes.59,61,62 The ability of CDs 

to alter physical, chemical, and biological properties of guest molecules through the formation of 

inclusion complexes have made them a potential candidate for carrying and delivering drugs to a 

targeted site for a necessary period of time.63 This encapsulation enhances the solubility, stability, 

and bioavailability of drug molecules.64-66 

HPTS also serves as a guest to γ-CD (the height of the γ-CD cavity is about 8 Å, and the 

maximum inner diameter is 9.5 Å68.) but not the smaller CDs. It was found that the ESPT 

dynamics modulates significantly upon encapsulation within γ-CD; the initial proton transfer and 

the dissociation of geminate ion pair becomes retarded while the rate of recombination of the 

geminate ion pair enhances.69. The slowing down of the overall proton-transfer rate was attributed 

to the rigidity of the water hydrogen bond network and slower solvation inside the cavity.69 The 

excited state proton transfer dynamics from HPTS to acetate also gets slower in γ-cyclodextrin (γ-

CD) and 2-hydroxypropyl-γ-cyclodextrin (HP-γ-CD) cavities (90 and 200ps) than in the bulk 

water (0.15 and 6ps) due to confinement effect and rearrangement of hydrogen bond network 

inside the cavity, where the acetate molecule is separated from the -OH group of HPTS by water 

bridges.53 Notably, the ESPT dynamics is even become slower in substituted γ-CD than that in the 

unsubstituted one. This was attributed to the hydroxyl-propyl groups which prevent close 

approach of acetate to HPTS.53 

1.4. PROTEIN AND PROTEIN-SURFACTANT COMPLEX: 

Proteins offer a unique confined medium for proton transfer and plays an important role 

in the transport and distribution of various complex chemical and biological systems, such as fatty 

acids, drugs, and steroid hormones.70 Mostly when a photo-acid binds to the protein surfaces, it 

senses water molecules whose properties and dynamics are very different from bulk water.71 When 

bound to human serum albumin (HSA, the most abundant blood plasma protein) HPTS undergoes 

proton transfer in a large time window, spanning from 150fs to ∼1.2ns.72 The shortest component 

was attributed to the direct ESPT reaction within the probe-protein complex while the slower 

components were indicative of the slower dynamics of the biological water molecules that are 

involved in the proton transfer reactions.72  
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Very recently, it has been demonstrated that if the protein itself possesses a proton 

accepting domain, the ESPT process may become even faster than bulk water.73 In the protein 

protamine, an ESPT component of 65ps was observed which was significantly faster than the 

ESPT component (95ps) of HPTS in aqueous buffer. This component was assigned to direct 

proton transfer to proline (pro8) amino acid residue at the binding site of the protamine protein 

(Figure 1.8).73 

 

Figure 1.8: The HPTS-protamine protein complex. HPTS can directly transfer proton to proline 

(pro8) amino acid residue at the binding site even faster than in bulk water.73 

The structural and conformational changes of proteins are of great concern and several 

spectroscopic methods e.g. circular dichroism,74-76 Fourier-transformed infrared spectroscopy 

(FTIR),77,78 NMR,79 small-angle X-ray scattering (SAXS)80 and electron paramagnetic 

resonance81 have been used. For fluorescence probing, the polarity sensitive nature of the 

tryptophan (Trp) residue is widely used.82 The basic idea is that if the Trp is buried deep inside 

the hydrophobic protein moiety, it normally displays an emission maximum at 308 nm but 

whenever the protein becomes unfolded and the Trp residue is exposed to water and undergoes a 

red shifting to 355 nm.83,84 However, all the proteins do not contain Trp residue and many proteins 

contain multiple Trp residues making interpretation difficult. HPTS may be a good alternative to 

track structural transition of proteins at different pH and concentration.85  

The protein BSA may exist in as many as five reversible conformations depending on pH: 

“normal” form (N-form) at a neutral pH (pH = 4.3−8), “expanded” form (E-form) below a pH 2.7, 

“fast” form (F-form) between a pH of 2.7 and 4.3, “basic” form (B-form) between a pH of 8 and 

10, and “aged” form (A-form) above a pH of 10.86,87 The F → E structural transition of BSA 

disrupts its tertiary structure.88,89 However even after this conformational change, BSA possesses 

active sites which can successfully bind HPTS (BSA-HPTS protein binding site is not 

evaluated85). At this pH (~2) addition of BSA leads to increase in emission from protonated band 
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like that at pH 7. This slower ESPT of HPTS inside BSA was attributed to the limited accessibility 

to water molecules upon binding to BSA.85 But interestingly, only at pH 2 after a threshold protein 

concentration (~ 0.75-1%), the protonated emission intensity starts to fall up to a concentration of 

8%. These emission behaviour of HPTS clearly reveals occurrence of second structural transition 

at ~ pH 2 apart from the reported F → E structural transition. This pH and concentration induced 

conformation transition can cause significant changes to the configuration of active binding site 

that may even result in release of HPTS from the bounded state.85 The SAXS study also suggested 

protein structural transition from unfolded to globular conformation at pH 2 for 1% BSA 

concentration.90 

Another antibacterial human enzymatic protein, lysozyme is widely used as a model 

biological system for the understanding of folding and dynamics, structure–function relationships 

and ligand–protein interactions.91,92 Higher stability, high natural abundance in tissues, saliva, 

tears, milk, mucus etc. and smaller size than serum albumin protein have magnified its beauty.93,94 

When HPTS is bound to this protein at pH 795, in the electronic ground state the anionic form of 

HPTS becomes thermodynamically more favourable than the protonated form (Figure 1.9a). and 

both the pKa and pKa* values are downshifted by a factor of ~ 0.4 (Figure 1.9b).95  

 

Figure 1.9: (a) Absorbance spectra of HPTS with increase of lysozyme concentration at pH 7. 

The inset shows the absorbance variation upon addition of lysozyme. (b) Determination of pKa 

of HPTS.95 

On the contrary, excited state proton transfer rate gets slower with ESPT time constant of 

∼140 and ∼750ps95 than in bulk water (~95ps96). This slower time constant 750ps clearly refers 

to the presence of highly confined water molecules nearby HPTS-lysozyme binding which are 

reported to be responsible for this slower proton transfer.97 The slower solvation of ~530ps for 

eosin98 bound to lysozyme also revealed its restricted environment for water molecules with 

TH-1818_136122027



Chapter 1 

14 
 

disrupted H-bonding network. However, the other component of 140ps ascribed to presence of 

water molecules loosely associated to the protein.95  

This protein-surfactant interaction plays an important role in protein folding,99 modifies the 

surface charges and thereby enhances biological activities and aggregation properties of the 

protein.100 The ESPT dynamics of HPTS can also be employed in exploring protein- surfactant 

(lysozyme-CTAB) interaction and to distinguish the surfactant protein complex from the 

micelle.101 But at first sight this lysozyme- CTAB interaction seems quite unrealistic as both 

possess cationic properties at pH 6.5.102 However, micro-calorimetric study revealed that the 

dominated hydrophobic interaction over the electrostatic repulsion103 leads to the formation of 

lysozyme–CTAB aggregates at a critical association concentration (CAC) of ∼0.4mM for 

CTAB.101 The ESPT behaviour of HPTS in this medium is quite interesting as the anionic HPTS 

binds strongly to the cationic CTAB and lysozyme; leading to slower proton transfer.71,101 

However, HPTS undergoes faster deprotonation (5 × 103ps-1), recombination (4.2 × 103ps-1), and 

dissociation (1.6 × 103ps-1)of geminate ion pair inside the lysozyme–CTAB aggregate compared 

to in the CTAB micelle (1 × 103ps-1, 0.14 × 103ps-1 and 1 × 103ps-1 respectively for deprotonation, 

recombination and dissociation of geminate ion pair).101  

Now-a-days the fundamental goal in the battle against cancer is to design drugs that can 

selectively attack the cancer cells.104,105 For this, it is important to recognize the morphological 

and physiological differences between malignant and normal tissues. The basis of altered 

intracellular distribution of molecules relies on the differences in intracellular pH gradients.106,107 

The proton transfer dynamics study of HPTS in live normal and cancer effected lysozyme region 

of lung cells is able to clearly differentiate their nature and properties.108 The viscous nature of 

cancer cell is revealed by the slower rotational relaxation time of HPTS (~ 1330ps for cancer cell 

and ~ 470ps for normal cell) compared to normal cell. Additionally, the faster dissociation of 

geminate ion pair (𝜏𝑑𝑖𝑠𝑠~ 80ps and ~ 120ps in cancer and normal cell respectively) and slower 

recombination time (𝜏𝑟𝑒𝑐~ 25ps and ~ 30ps in cancer and normal cell, respectively) refer to more 

crowded and less polar environment in cancer cells.108  

Thus, HPTS is a successful intracellular pH indicator that can even able to provide insight 

of protein interior and surfaces. 

1.5. MEMBRANES, SURFACES AND POROUS MATERIALS: 

To understand the accessibility of water at biological surfaces like insulin amyloid fibrils, 

cellulose etc. HPTS has been employed.109,110 When it adsorbs on insulin amyloid membrane the 
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ESPT rate is decreased to 𝑘𝑃𝑇~109𝑠−1 (in bulk water 𝑘𝑃𝑇~1010𝑠−1)25 revealing its hydrophobic 

nature.109 On the other hand, the polysaccharide cellulose (Figure 1.10a,) behaves like a molecular 

sponge (can adsorb high percentage of water that can be easily removed by evaporation111) and 

ESPT from HPTS is dependent on the weight percentage of water adsorbed by it. 

 

Figure 1.10: (a) Molecular structure of cellulose and a schematic representation of the molecular 

packing in (b) the dry (crystalline) and (c) hydrated states.109 

When HPTS adsorbs on dry cellulose (Figure 1.10b), the emission spectrum mostly (~ 

95%) composed of ROH emission and only ~ 5% was contributed by the RO- emission. The de-

protonated emission arises from the presence of humidity. The ESPT process remains slow (𝜏𝑃𝑇 ~ 

3-10ns) for absorption of water molecules up to a certain extent (about three water molecules per 

glucose ring). These water molecules possess characteristics of bound water. However, with 

adsorption of more water molecules tends to create water pool with free-water like properties 

within the cellulose framework (Figure 1.10c). At this water-rich condition, HPTS molecules 

move from the surface regions of cellulose to the water pool. Thus, HPTS provides information 

on the diffusion of water molecules and hydronium ions (protons) in biological systems.109  

Porous materials like MCM-41 (i.e. Mobil Composition of Matter No. 41)112 or zeolites have 

been intensively studied with regard to technical applications as catalysts and catalyst supports.113-

115 The study of proton transfer dynamics in this membrane has great importance for designing of 

electro-optic devices.116-119 In absence of water, HPTS exists as aggregates in DCM suspension 

due to strong 𝜋– 𝜋 interactions (Figure 1.11A). This is manifested by broad emission band at 520 
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nm and multi-exponential emission decays (𝜏𝑠𝑜𝑙𝑖𝑑 𝑠𝑡𝑎𝑡𝑒/ 𝐷𝐶𝑀  120 ps, 600 ps and 2.2 ns).120 After 

adsorption on MCM-41 membrane, population of these aggregates decreases and HPTS prefers 

to exist in monomeric form. When these HPTS and HPTS/MCM-41 complexes dispersed in DCM 

are exposed to water, HPTS undergoes slower recombination and proton transfer (𝜏𝑟𝑒𝑐 =7.5 Å ns-

1,  𝑘𝑃𝑇 = 13 ns-1 and 𝜏𝑟𝑒𝑐 =2.2 Å ns-1,  𝑘𝑃𝑇 = 5.4 ns-1 respectively) due to decrease of its 

photoacidity and the reduction of the diffusion space of adsorbed HPTS and water molecules 

(Figure 1.11B).120 

 

Figure 1.11: Schematic illustration of (A) HPTS and HPTS/MCM-41 in a DCM suspension and 

(B) HPTS trapped within a water droplet in a DCM suspension, and adsorbed on the MCM-41 

surface.120 

Nafion, a perfluorosulfonate polymer, is an another important membrane composed of 

teflon (polyfluoroethylene) backbone with fluoropolymer pendant chains and hydrophilic sulfonic 

acid headgroups (Figure 1.12a) which has been most extensively used as a proton transporter in 

fuel cell.121,122 The difference in polarity between the backbone and headgroups creates 

hydrophilic domains with nanoscopic channels that swell up with level of hydration.122 The level 

of hydration is usually defined in terms of a ratio of water to sulfonate molar concentration λ =

[water]

[SO3
−]

.122 These channels are thought to be responsible for proton diffusion through the membrane 

and can be controlled by the nature of the pendent chain and hydration level.123  

Fayer group studied ESPT of HPTS inside the nanochannels of nafion to link the 

confinement and the proton transport nature122-124 and also compared the ESPT dynamics inside 

nafion membrane with AOT (sodium dioctyl sulfosuccinate) reverse micelle.122 The hydrophilic 

groups of AOT and Nafion are quite similar as they both contain sulfonate groups. For both 
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Figure1.12: (a) The repeating unit of nafion and (b) HPTS and nanoscopic water channels inside 

nafion membrane.122,124 

systems, the proton transfer dynamics was observed to be slower with the decrease of water 

level.122 But unlike AOT reverse micelle, Nafion membrane does not have a consistent interfacial 

structure and with increase in hydration level the pendent chain as well as sulfonic acid headgroups 

rearrange to stabilised water cluster.125,126 The ultrafast IR pump-probe spectroscopic study 124 and 

solvation dynamics study127 clearly reveal the orientation of water molecules in two ensembles 

inside the nafion membrane; viz., interfacial headgroup bound water and bulk like free water 

(Figure 1.12b).124,127 These studies are quite important as the nature of proton transport and proton 

mobility in nafion nanoscopic channels is crucial in fuel cell operation. 

The lipid-based lyotropic liquid crystalline (LLC) materials have received special attention 

because of their increasing utility in material science,128 biomedical,129 drug delivery,130 protein 

crystallization131 and food technology.132,133 The materials can be prepared by binary mixture of 

an amphiphilic surfactant (especially lipid) and water.134 1-linoleoyl-rac-glycerol (GML), is often 

chosen as surfactant due to its excellent biocompatibility, outstanding phase behaviour and 

extensive applications in the scientific, industrial, and technical fields.135 With slight variation of 

water content and temperature, different GML-based LLC materials can be prepared, e.g. reverse 

hexagonal (HII), diamond (D) Pn3m, and gyroid (G) Ia3d phases. Topology of these materials 

have close resemblances to the architecture of biological membrane present in eukaryotic cells,136 

mitochondrial inner membrane in amoeba,137,138 chloroplasts139 etc. They also play a unique role 

in the controlled drug delivery,140 enzymatic reactions,141 size controlled material synthesis142 and 

single crystallization process.143 The HII phase adopted inverted “water-in-oil” version 
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structure,144 while Ia3d (gyroid type) and Pn3m (diamond type) phases exhibit inverse and bi-

continuous structure.145 In these phases, the number of free water molecules vastly reduces due to 

H-bonding with –OH group of GML, leading to decrease in proton transfer rate. The slower 

dissociation time constant in these phases (𝜏𝑑𝑖𝑠𝑠 ~ 1010, 980, and 735ps for Pn3m, Ia3d, and HII 

phases respectively) compared to 𝜏𝑑𝑖𝑠𝑠 ~ 350ps146 in water support this scenario. Notably, the 

decay component of neutral form matches with the rise component of anionic form and appear 

two rise components (200ps and 1.3ns for Pn3m) much slower than in water. The two rise 

components refer to presence of two different types of water environments: quasi free and bound 

water. In these phases the ESPT dynamics vary following the sequence of HII < Ia3d < Pn3m < 

H2O even at the presence of equal content of water. This observation clearly reveals the 

topological influences in proton transfer dynamics.147  

1.6.  MICELLES AND REVERSE MICELLES: 

Micelle and reverse micelles are well-known surfactant assemblies and often used as 

models of confined media.148,149 The mono-glycerides and fatty acids combine with bile salts and 

phospholipids may form micelle and are used in the transport of the poorly soluble mono-

glycerides, fatty acids, fat soluble vitamins and cholesterol to the surface of the enterocyte where 

they can be absorbed.150-152 In vitro the micelle or reverse micelle are formed by the self-assembly 

of the surfactant molecules in a precise fashion, depending on the nature of the continuous 

phase.153 At room temperature and in bulk water, surfactant molecules arrange as micelle (polar 

head-groups exposed to water molecules keeping the hydrophobic long alkyl chains away) upon 

exceeding a critical micelle concentration (CMC) of the surfactant molecule.154 The ESPT probe 

can signify this critical point,155-157 as the proton transfer dynamics changes in the micelle 

interfaces from bulk water (τPT in P123 micelle is 65ps, which is 10 times slower than that in water 

5ps158).159,160 Several ESPT studies also reveal the presence of surfactant aggregation before 

CMC.161,162 However, the probe-surfactant binding depends on the length of the alkyl chain of the 

surfactant and nature of surfactant headgroup.163 For the CnTAB surfactant series, the intensity 

ratio of ROH and RO− follows the order of CTAB > TTAB > DTAB > water.164  

Interaction of polymer chains with surfactants has also received quite attention.165-167 In 

aqueous solutions, polymers readily form aggregates with surfactants above a particular surfactant 

concentration, known as the critical association concentration (CAC) because of its hydrophobic 

effect.168 The CAC for a polymer−surfactant system is often very much lower than the critical 

micellar concentration (CMC) of the surfactant169, e.g. the CAC of P123 and CTAC is reported to 

be ~ 0.25mM170 far lower than CMC of CTAC (~ 1.3mM171). The proton transfer dynamics can 
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reveal nature of these polymer-surfactant assemblies.172,173 In P123-CTAC aggregate, HPTS 

displays three rise times:  30, 250, and 2400ps even longer than those in CTAC micelle (23, 250, 

and 1800ps), in bulk water (0.3, 3, and 90ps), and in P123 micelle (15 and 750ps).173 The two rise 

times arise in the P123−CTAC complex (250 and 2400ps) suggest the presence of two precise 

locations, a “fast” and a “slow” site. The proton transfer rate (kPT) in P123 micelle, in the two sites 

of the P123−CTAC complex are 1.52 × 1010 s-1, 1.79 × 1010 s-1 and 1.37 × 1010 s-1, which are much 

slower than in bulk water is 18.5 × 1010 s-1.173 These observations clearly refer to a different 

microenvironment for P123−CTAC aggregates from bulk water or P123 (or CTAC) micelle.173 

On the other hand, in non-polar continuous phase surfactant molecules get assembled 

entrapping an aqueous (or other polar solvent) droplet suspended in a nonpolar solvent.148,174 The 

size of the confined water pool as well as the reverse micelle depends on the w0 value, where w0 

= [water]/ [surfactant].175 As the w0 increases, the surfactant molecules are exposed to more water 

molecules leading to the increase in the size of the water pool with concomitant increase in the 

reverse micelle size. The change in reverse micelle size leads to an instantaneous changes in the 

local environment inside the cavity.175-178 

 

Figure 1.13: Schematic representation of a reverse micelle. It is composed of four heterogeneous 

regions, (1) intra-micellar water pool with bulk water character, (2) aqueous interfacial region. 

Charged particles, including H+ and OH– migrate to this region that change its local pH from the 

apparent pH in the reverse micellar core, (3) surfactant layer and (4) nonpolar phase.179 

A lot of studies reported heterogeneity of the reverse micellar medium.179-181 The water 

confined inside the reverse micelle can be separated into two regions: firstly, a few layers of water 

near to the negatively charged surfactant headgroups, i.e. in the interface region and secondly, 

water residing at the core of the water pool with relaxation time constants of 0.5−1.7 and 3.5−11.8 

ns attributed to “free” and “bound” water reorganization, respectively.179,182 The properties of 

these two broadly different regions bring changes in the H-bonding capability and dynamics. The 
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difference between the interface and the core water molecules becomes more prominent with 

increase of reverse micelle size and the properties of core water approaches more like bulk water 

(Figure 1.13).179  

The polarity of water pool encased within the reverse micelle increases with increase in 

micellar radius followed by enhancement in the number of free water molecules, e.g. in AOT 

reverse micelle micro-polarity of water increases up to w0 = 10.183,184,185 Molecular dynamics 

simulation study also revealed that the ions present in the interface can efficiently bind to the 

surfactant polar headgroups and also regulate the polarity of interfacial water.186 These interfacial 

water molecules lead to increase in the effective dielectric constant at the water/surfactant 

interface that reached a plateau at w0 = 12.187 Not only polarity, the solvation dynamics also 

increases with increase of reverse micelle size, yet they cannot achieve the bulk like faster 

solvation dynamics due to strong binding of interfacial water molecules to the polar surfactant 

headgroup.188  

 

Figure 1.14: Orientation of the water molecules inside AOT reverse micelle. The H-bonding of 

the water molecules in the interfacial region is interpreted by their binding to surfactant polar 

headgroups and the boundary layer is also perturbed by the interfacial water molecules.189  

The IR pump–probe measurements on large RMs (w0 ≥ 16) suggested the presence of two 

HODs populations, which have distinct vibrational lifetimes and reorientation dynamics.181 This 

observation can be described by a core-shell model. The “core” region is separated from the 

interface and has bulk water properties and displays faster vibrational lifetime of 1.8ps and an 

orientational relaxation time of 2.6ps. The interface region exhibits a slower dynamics with 

vibrational life time of 4.3ps and orientational relaxation time constant of 18ps.181 Interestingly, 

use of 𝑆𝑒𝐶𝑁− (Figure 1.14) as vibrational probe in reverse micelles (w0 ≥ 16) shows presence of 

a slower orientational relaxation time constant of ∼13ps in addition to faster bulk water like 

relaxation time constant of 1.4 and 4.5ps.189 This slow component indicates presence of an 

intermediate transition region between interfacial and core water (Figure 1.14). Water molecules 

of this boundary region are perturbed by the interface but are not directly associated with it. This 
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is the transition layer between water in direct contact with the interface and bulk water in the large 

RM core.189 

The large interface of reverse micelle allows reactants that prefer different phases to be 

brought together. For example, most enzymes, being highly polar molecules, are much more 

soluble in aqueous phases, but many substrates are soluble only in nonpolar solutions, so that 

reactions between the two will only occur if there is a sufficient interface between the phases190-

192 (Figure 1.15). 

 

Figure1.15: The reduction of hydrophobic ketone by water soluble sodium borohydride (NaBH4) 

occur at the reverse micellar interfaces.190 

The unique confinement effect of reverse micelle made it a good model system of various 

biological phenomenon and elementary processes such as enzymatic reactions193, chemical 

catalysis190,194,195, solvation dynamics149,196, photo-induced electron transfer197, excited state 

proton transfer (ESPT), etc.9,198 and a widely used system in photo-physics. Noted if the surfactant 

molecule composed of particular functional group like the oxygen atoms (and OH) of TX-100 in 

RTIL/TX-100/benzene reverse micelle, HPTS undergoes ESPT (the deprotonated form exhibits 

three rise components of 0.3, 14, and 375ps) even in the absence of water.199 Interestingly, the 

first two rise components are even faster than the proton transfer rate in bulk water (ESPT time 

scale of ∼95ps96). 

The proton transfer dynamics is controlled by the availability of the proton acceptor, 

solvation of the proton, dissociation of the geminate ion pair, and diffusion of the ion pair.200,201 

The size of reverse micelle is related to availability of proton acceptor, polarity of its confined 

medium.148,14,202 Interestingly, this ESPT dynamics of HPTS can also explore the nature and 

properties of confined water inside the reverse micelle.203,204 The ESPT dynamics revealed that 

both the dielectric relaxation of the free water,203 and proton transfer rate is significantly slower 

in smaller reverse micelle than bulk water regardless of surfactant type (At w0 = 8 for AOT RM, 

kPT = 221 ps-1).205 However they approaches to bulk like behaviour with the increase in reverse 
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micelle size (at w0 = 15 for AOT RM, kPT = 85 ps-1)205.149,159 The proton transfer dynamics in a 

confined medium can also be regulated by location of the photo-acid.72,180,206  

 

Figure 1.16: The localization of the HPTS molecule in reverse micelle water is regulated by the 

electrostatic nature of the surfactant molecules. HPTS localised in the reverse micelle core water 

in the anionic water/AOT/cyclohexane reverse micelle that favours the ESPT dynamics unlike the 

hydrophobic interfacial region of the water/CTAB/n-octanol/cyclohexane reverse micelle.180  

Levinger group investigated this phenomena for HPTS in anionic AOT RM and cationic 

CTAB RM, using ultrafast time-resolved transient absorption and two-dimensional NMR 

spectroscopies.180 The 2D NMR results show strong interaction of probe with the surfactant 

headgroups in cationic CTAB RM, no interaction is arise in ionic AOT RM and thus ensured 

distribution of the probe in two different locations. The ultrafast study revealed presence of ESPT 

in AOT RM and unable to detect ESPT at the interface of CTAB reverse micelle, suggesting 

presence of dry interface (Figure 1.16).180 But molecular dynamics simulation study clearly 

revealed penetration of significant amount (∼30%) of water into the CTAB/hexanol/n-

pentane/water quaternary RM207. Moreover increases in ESPT for HPTS located at the interface 

of neutral Igepal CO-520 reverse micelle with the increment of reverse micelle size suggests 

penetration of water content into the interface.208 

The single tail surfactants like cetyltrimethylammonium bromide (CTAB), sodium 

dodecyl sulphate (SDS), Triton-X etc. need contribution of another co-surfactant e.g. medium or 

long chain alcohol to satisfy the necessary geometric condition𝜈
𝑎𝑙⁄ > 1, where 𝜐 refer to volume 

and 𝑙 is the chain length of the hydrocarbon tail, 𝑎  polar headgroup area of the surfactant molecule 

to form a stable reverse micelle.209,210 The co-surfactant is usually assumed to be inserted in-

between the surfactant molecules at the interface of the quaternary reverse micelle and introduced 

a new parameter (p0 = [co-surfactant] ⁄ [surfactant]) in addition to prevalent parameter, w0 (= 

[water] / [surfactant]). The capability of this new parameter to control the size and properties of 

the RM like flexibility and applicability of the RM enhance the importance of this quaternary 

RM.211 
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Interestingly, compared to neutral, anionic or cationic surfactant, zwitterionic surfactant: 

combining two opposite charges in its headgroups exhibits many intriguing features, e.g. excellent 

biocompatibility and biodegradability, good water solubility, and can even withstand higher 

temperature.212-215 In aqueous medium these sulfo-betaine surfactant assembled in L-shaped 

geometry within the micelle interface; exposing the cationic ammonium group towards water.214 

Due to this behaviour sulfo-betaine micelles behave more like cationic micelle, even after the 

presence of an anionic headgroups.214  

1.7.  OBJECTIVES OF THE THESIS: 

The ESPT of HPTS depends critically on the nature and dynamics of water inside an 

organized assembly. Being highly negatively charged, HPTS behaves like an organic anion and 

its location inside an assembly is often dictated by the electrostatic feature of the assemblies. Thus, 

it is of great promise to utilize this photoacid to probe selectively a region of a reverse micelle and 

micelle. We establish the connection between the ESPT dynamics and the local hydration inside 

a cationic surfactant, subtle change in interfacial hydration can be sensed. How the hydration can 

be effected by the presence of co-surfactant or with the overall change of the reverse micellar 

shape. We also applied the ESPT as indicator of alcohol solubilisation and established that the 

solubility properties of confined water may differ greatly from that of normal (bulk) water. We 

can also selectively compare the interfacial properties of two micelles of two different classes.  
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CHAPTER 2:  

EXPERIMENTAL AND ANALYSIS METHODS 

In this chapter, we have mentioned specifications of all the instruments used in our works 

including UV-Vis, steady-state and time-resolved fluorescence (TCSPC), nuclear magnetic 

resonance (NMR) and dynamic light scattering (DLS). We also added sources of all chemicals 

used and all sample preparation procedures including various data analysis methods, models and 

so on. 

2.1. STEADY-STATE MEASUREMENTS:  

Absorption spectroscopy is one of the most useful spectroscopic tools. UV-visible 

absorption study provides important information about the wavelength of transition and the 

corresponding molar extinction coefficient () of a chromophore under investigation. Throughout 

the studies, we have recorded the UV-Vis spectra of our samples in either Perkin-Elmer Lamda-

35 or Lamda-750 spectrophotometers. Lamda-750 spectrophotometer consists of deuterium, 

tungsten and halogen lamps as light sources, a double holographic grating monochromators and a 

high sensitivity R928 PMT. 

Steady-state fluorescence spectra of all the samples were recorded using a Jobin Yvon 

Fluoromax4 spectrofluorometer. For all the steady-state measurements, we have used standard 

quartz cuvette of path length 1 cm. The spectrofluorometer used a high-pressure 150W xenon 

(ozone free) arc lamp as light source. Fluorescence is collected at right angles with respect to the 

incident beam while the emitted light is detected through a monochromator by a R928P 

photomultiplier (PMT). 

2.2 TIME CORRELATED SINGLE PHOTON COUNTING (TCSPC) 

Time-correlated single-photon-counting (TCSPC) is a well-established and very standard 

method to record fluorescence lifetime in hundreds of picoseconds and nanosecond time scale. 

The actual time resolution and time window depends on the nature of the light source and 

electronic components of the spectrometer. We used a TCSPC setup Life Spec II from Edinburgh 

Instruments, UK or Ultrafast-01-DD from TCSPC Horiba Scientific Instruments to record 

fluorescence decays. In this technique, the sample to be analysed is excited with a short pulse (~50 

ps) from a periodic light source. In our case, light sources were picosecond laser diodes (EPL-375 

nm from Edinburgh and DeltaDiode-375L from Horiba Scientific with maximum repetition rate 
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of 10 MHz and 100 MHz, respectively). The full width at half-maximum (FWHM) of these setup 

was typically ∼100 ps measured using a liquid scatter. We measured the decay at magic angle 

(55°) with respect to the analyser and polarizer to avoid the contribution of rotational diffusion 

and anisotropy on the intensity decays. 

2.1.1. Single wavelength decay of the protonated and deprotonated emission transients of 

HPTS: 

The simplest way to look at the ESPT dynamics is to monitor the fluorescence decays at a 

particular wavelength representing the protonated or the deprotonated emission. We measured 

fluorescence decays for HPTS at 425 nm and 570 nm, respectively for the two forms. 425 nm is 

slightly at the blue side of the emission maximum of the protonated from whereas the 570 nm was 

at the red side of the emission maximum of the deprotonated form. These two emission 

wavelengths were intentionally chosen to avoid mixing of the two forms. 

We analysed the fluorescence decays by a multi-exponential (bi or tri) following proper 

convoluting with the instrument response function (IRF) using FAST or DAS6 software. The 

quality of the decay fit was ensured by reduced 2 value, the distribution of the weighted residuals 

among the data channels and the autocorrelation function of the residuals. The fit function can be 

represented as: 

[𝑅𝑂𝐻∗(𝑡)](𝑜𝑟 [𝑅𝑂−∗(𝑡)])  = ∑ 𝑎𝑖𝑒
−𝑡

𝑖⁄
𝑖 , 𝑖= 2 or 3     (2.1) 

2.2.2.  Bimodal distribution of HPTS: Matching decay of the protonated form with the rise 

of the deprotonated form: 

In some cases, we obtain a very good matching between one of the decay components of the 

of protonated (425 nm) form with the rise component of the deprotonated form (570 nm). To 

justify the occurrence of this pattern, we propose a bimodal distribution of HPTS into two different 

regions: hydrated and less hydrated. In this scenario one fraction of the HPTS ([AH1*]) may reside  

in a relatively hydrated region and thus, can undergo ESPT. Another fraction ([AH2*]) may be at 

 

Scheme 2.1. Proposed ESPT scheme. This model involves single step de-protonation and ignore 

of ion-pair formation or recombination.  

AH* + H2O A* + H3O 

𝑓  𝑓
/  

AH A 

𝑑𝑝  
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a location devoid of water and hence, cannot undergo ESPT. Interestingly, a very simple scheme 

(Scheme 2.1) involving single step de-protonation without ion-pair formation or recombination 

can justify the observed ESPT dynamics qualitatively. 

From the scheme 2.1 we further evaluated [AH1*] and that remain in protonated form 

[AH2*]. According to scheme 2.1, the fraction of probe that undergoes proton transfer [AH1*] 

should follow the following differential equation:  

𝑑[𝐴𝐻1∗]

𝑑𝑡
= −

1

𝜏𝑑𝑝
[𝐴𝐻1∗] −

1

𝜏𝑓
[𝐴𝐻1∗]       (2.2) 

Integrating we obtain that the population of [AH1*] should decay as 

 [𝐴𝐻1∗] = [𝐴𝐻1∗]0𝑒
−(

1

𝜏𝑑𝑝
+

1

𝜏𝑓
)𝑡

       (2.3) 

The fraction [AH2*] that does not undergo ESPT should follow the differential equation 

𝑑[𝐴𝐻2∗]

𝑑𝑡
= −

1

𝜏𝑓
[𝐴𝐻2∗]         (2.4) 

Thus, the population of [AH2*] should decay as 

[𝐴𝐻2∗] = [𝐴𝐻2∗]0𝑒
−

𝑡

𝜏𝑓         (2.5) 

Thus, the fluorescence decay of protonated form should follow bi-exponential decay. 

[𝐴𝐻∗] =  [𝐴𝐻1∗]0𝑒
−(

1

𝜏𝑑𝑝
+

1

𝜏𝑓
)𝑡

+ [𝐴𝐻2∗]0𝑒
− 

𝑡

𝜏𝑓      (2.6) 

The kinetics of the deprotonated form can be written as 

𝑑[𝐴−∗]

𝑑𝑡
=

1

𝜏𝑑𝑝
[𝐴𝐻1∗] −

1

𝜏𝑓
′ [𝐴−∗]       (2.7) 

 
𝑑[𝐴−∗]

𝑑𝑡
+

1

𝜏𝑓
′ [𝐴−∗]  =

1

𝜏𝑑𝑝
[𝐴𝐻1∗]0𝑒

−(
1

𝜏𝑑𝑝
+

1

𝜏𝑓
)𝑡

 

 
𝑑[𝐴−∗]𝑒

𝑡

𝜏𝑓
′

𝑑𝑡
=

1

𝜏𝑑𝑝
[𝐴𝐻1∗]0𝑒

−(
1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 − 

1

𝜏𝑓
′ )𝑡

 

 [𝐴−∗]𝑒

𝑡

𝜏𝑓
′

−  [𝐴−∗]0 =  
1

𝜏𝑑𝑝
[𝐴𝐻1∗]0

1−𝑒

−(
1

𝜏𝑑𝑝
 + 

1
𝜏𝑓

 − 
1

𝜏𝑓
′ )𝑡

1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 − 

1

𝜏𝑓
′
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 [𝐴−∗] =  −

1

𝜏𝑑𝑝
[𝐴𝐻1∗]0

1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 − 

1

𝜏𝑓
′

𝑒
−(

1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 )𝑡

+ ([𝐴−∗]0 +

1

𝜏𝑑𝑝
[𝐴𝐻1∗]0

1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 − 

1

𝜏𝑓
′

) 𝑒
−

𝑡

𝜏𝑓
′

       (2.8) 

In the scheme, the shorter decay component of the protonated emission that arises due to 

deprotonation, should match with the rise (negative) component of the deprotonated emission. 

Experimentally the decays could be fitted as 

[𝐴𝐻∗] =  𝑎1𝑒
−

𝑡

𝜏1 + 𝑎2𝑒
−

𝑡

𝜏𝑓         (2.9) 

[𝐴−∗] =  −𝑎3𝑒
− 

𝑡

𝜏2 + 𝑒
− 

𝑡

𝜏𝑓
′

        (2.10) 

Comparing the bi-exponential decays from the model (eq 2.6 and 2.8) with the fitted bi-

exponential decays (eq. 2.9 and 2.10), we obtain 

[𝐴𝐻2∗]0 

[𝐴𝐻1∗]0
=  

𝑎2 

𝑎1
          (2.11) 

[𝐴−∗]0 

[𝐴𝐻1∗]0
= (

1 

𝑎3
−  1)

1

𝜏𝑑𝑝
1

𝜏𝑑𝑝
 + 

1

𝜏𝑓
 − 

1

𝜏𝑓
′

 = (
1 

𝑎3
−  1)

1

𝜏1
−  

1

𝜏𝑓
1

𝜏1
 − 

1

𝜏𝑓
′

     (2.12) 

Using these ratios, we obtain the fraction of each excited state populations, using the fact 

[𝐴𝐻1∗]0 +  [𝐴𝐻2∗]0 + [𝐴−∗]0 = 1        (2.13) 

2.2.3. Time Resolved Emission Spectra (TRES) and Time Resolved Area Normalized 

Emission Spectra (TRANES): 

 The fluorescence decays measured at two fixed wavelengths representing the protonated 

and deprotonated forms usually provide only a qualitative idea about excited state proton transfer 

dynamics. Significant overlap of the emission bands of the two forms, dynamic Stokes shifts and 

any addition quenching processes may complicate the analysis of these fixed wavelength decays. 

Thus, measurement of fluorescence decays for a set of wavelengths across the whole emission 

band (at a regular interval of 5nm) followed by reconstruction of the time resolved emission 

spectra (TRES, following eq.2.15) is preferable. These are more informative to monitor ESPT 

dynamics since it reports spectral modifications during the ESPT event. To resolve the mixing of 

the protonated and de-protonated forms in the emission spectra, we de-convoluted their 

contributions with a bi-lognormal fit function (equation 2.14) and observed considerable overlap 

between the emission spectra of the two forms over a significant wavelength range (Figure 2.1). 
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Figure 2.1: Decomposition of the observed emission spectrum of HPTS at w0 = 10 (open circle) 

into emission contribution of the protonated (blue line) and de-protonated (green line) forms in 

water/BHDC/benzene reverse micelle. The red line denotes the fitting by a superposition of two 

lognormal functions. 

The emission spectra were fitted by a bi-lognormal function: 

𝐼(𝜈) = (𝐼0
1) exp {− ln(2) [

ln(1+
2𝑏1(𝜈−𝜈𝑝

1 )

𝛥
)

𝑏1
]}

2

+(𝐼0
2) exp {− ln(2) [

ln(1+
2𝑏1(𝜈−𝜈𝑝

2 )

𝛥
)

𝑏2
]}

2

  (2.14) 

Where I0 denote peak height, νp peak position, b asymmetry factor and 𝛥 for width 

parameter. 

 TRES provides information on the excited state kinetics and heterogeneity of emissive 

species in a system. The relation used to construct TRES can be given as: 

I (λ, t) = 
𝐼𝑠𝑠(𝜆)

∑ 𝑎𝑖𝜏𝑖𝑖
∑ 𝑎𝑖𝑒−𝑡

𝑖⁄
𝑖         (2.15) 

  We have also constructed area of TRES against their respective time and evaluated the 

lifetime of free HPTS molecule.208,216 We can further constructed time resolved area normalized 

spectra (TRANES) by normalising each spectrum of TRES by their respective spectrum 

area.217,218  

2.2.4. Time Resolved Fluorescence Anisotropy Decay: 

Fluorescence anisotropy decay provides information of local environment around the probe. 

To measure fluorescence anisotropy decays, the analyzer was rotated at regular intervals to obtain 
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parallel (I) and perpendicular (I) decay components of a fluorescence decay separately. The 

anisotropy function, r (t) was constructed using the expression: 

 

𝑟(𝑡) =
I(t)−GI(t)

I(t)+2GI(t)
         (2.16) 

The G value of the set up was determined at 440 nm emission wavelength of HPTS and was 

found to be 0.68. Fluorescence anisotropy decays were fitted using DAS6 software, using bi-

exponential fitting function, retaining a constant residual anisotropy(𝑟): 

 

𝑟(𝑡) = (𝑟0 − 𝑟)[𝑎𝑠 𝑒−𝑡/𝜏𝑠 +  (1 − 𝑎𝑠 ) 𝑒−𝑡/𝜏𝑓] + 𝑟      (2.17) 

Where r0 is initial anisotropy; s and f are the slow and fast rotational time constants, 

respectively and as is the amplitude of the slow component. 

2.3. WOBBLING IN CONE MODEL (WIC): 

The anisotropy decays of fluorophores bound to micelle or the reverse micellar interface 

is often analysed by a popular “wobbling in cone model”. According to this model, a 

fluorophore may undergo a wobbling motion tracing a cone with a semi-cone angle of  along 

with lateral diffusion of the probe along the interface (Figure 2.2).219-221 The observed 

anisotropy decay, r (t) is a product of three motions: 

𝑟(𝑡) =  𝑟𝑤(𝑡)𝑟𝐷(𝑡)𝑟𝑀(𝑡)                    (2.18) 

  

Figure 2.2: Wobbling-in-cone model. 𝜇̂ represents the symmetry axis of the chromophore, which 

forms an angle θ with the z-axis.222 

𝑟(𝑡) may also be written in terms of the order parameter 𝑆 

𝑟(𝑡) = 𝑟0 [𝑆2 + (1 − 𝑆2)𝑒−𝑡
𝜏𝐷⁄ ] exp (−𝑡(1

𝜏𝐷
⁄ + 1

𝜏𝑀
⁄ ))    (2.19) 
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The time constant (𝜏𝑀) of the overall rotation of the micelle is given by 

𝜏𝑀 =  
4𝜂𝜋𝑟ℎ

3

3𝑘𝐵𝑇
         (2.20) 

Where, 𝜂 = viscosity of solution and 𝑟ℎ  is the hydrodynamic radius of the micelle. We used 

dynamics light scattering (DLS) measurements to obtain the hydrodynamic diameter of the 

micelles. 

 However, the overall time scale is expected to be very long compared to the life time of 

HPTS. Thus, we did not explicitly include the overall rotation in our analysis and rather assumed 

that the effect of the very slow overall motion may be reflected in the observed residual anisotropy 

except in case of micelle, chapter 7. Using this model and assigning time constants of these 

motions as W, D respectively, the anisotropy decay may be modelled as 

𝑟(𝑡) = (𝑟0 − 𝑟) [ 𝑆2 + (1 − 𝑆2)𝑒
−

𝑡

𝜏𝑊] 𝑒
−

𝑡

𝜏𝐷] + 𝑟         (2.21) 

Where 𝑆 is an order parameter and is related to the semi-cone angle  as 

𝑆 =
1

2
cos 𝜃 (1 + cos 𝜃)        (2.22) 

Equating (2.4) and (2.8) one obtains 

𝑎𝑠 = 𝑆2          (2.23) 

1

𝜏𝑠
=

1

𝜏𝐷
           (2.24) 

1

𝜏𝑓
=

1

𝜏𝑊
+

1

𝜏𝐷
          (2.25) 

Finally, we obtained the diffusion coefficient for wobbling (𝐷𝑤) of HPTS at the DDAB RM 

interface using the relation27,223-225 

𝐷𝑤 = {𝜏𝑤(1 − 𝛽)−1 [
𝑥2(1+𝑥)2

2(𝑥−1)
{ln (

1+𝑥

2
) + (

1−𝑥

2
)} + (

1−𝑥

24
) (6 + 8𝑥 − 𝑥2 − 12𝑥3 − 7𝑥4)]           

            (2.26) 

Where x = cos θ.  

2.4. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY: 

The 1H NMR spectra of BHDC reverse micelles incorporated with HPTS probes were 

recorded using a Bruker 600 MHz NMR spectrometer (chapter 4). The 2D-NOSEY NMR spectra 
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were recorded in the 600 MHz NMR spectrometer; the 90 degree pulse width was 6.5μs; the 

spectral window was 12 kHz in both t1 and t2, the acquisition time was 13.09s, digital signal 

processing and frequency shifted quadrature detection were used. 

All NMR measurements were carried out in deuterated benzene solvents (Sigma Aldrich, 

99.96 atom% D) solvent containing 0.03% (v/v) TMS as the chemical shift reference. 

2.5. DYNAMIC LIGHT SCATTERING (DLS) MEASUREMENTS: 

To measure size of micelle and reverse micelle we have recorded dynamic light scattering 

(DLS) measurements in a Malvern Nano ZS90 instrument. The He-Ne Laser (λ = 632.8 nm) was 

used as excitation source. The scattering was collected at a fixed angle of 90ο. The solutions were 

filtered with PTFE syringe filters having 0.2μM pore size prior to DLS measurements. All 

measurements were performed at 298K. 

For the DLS measurement, of water/AOT/n-heptane reverse micelle (chapter 3) with 

addition of alcohols ethanol and n-octanol, we estimated the viscosity of the continuous phase 

comprising of the mixtures of n-heptane (𝜂 = 0.386cp) and the alcohol ethanol (𝜂 = 1.084cp) or 

n-octanol (𝜂 = 7.24cp) using the equation 2.14 

𝜂 = (𝜂1

1
3⁄

𝑋1 + 𝜂1

1
3⁄

𝑋1)3       (2.27) 

Where 𝜂1, 𝜂2 stand for viscosities and 𝑋1, 𝑋2, for mole fractions of n-heptane and the 

alcohol (ethanol or n-octanol), respectively. 

In this calculation, partitioning of alcohol (ethanol or octanol) into the reverse micelle (in 

the core and/or interface) is neglected. Such partitioning is expected to be small compared to the 

octanol partition into n-heptane due to their high mutual miscibility. Note, n-heptane and octanol 

are completely miscible at all mole fractions. 

2.6. MATERIALS USED: 

8-Hydroxypyrene-1, 3, 6-trisulfonic acid trisodium salt (HPTS, pyranine), 8-

methoxypyrene-1,3,6-trisulfonic acid trisodium salt (MPTS), cetyltrimethylammonium bromide 

(CTAB, 98%), cetyltrimethylammonium chloride (CTAC), dodecyltrimethylammonium bromide 

(DTAB, 98%), didodecyldimethylammonium bromide (DDAB,98%), 3-

(hexadecyldimethylammonio)-propane sulfonate (SB-3-16 or SB16), and 3-

(dodecyldimethylammonio)-propanesulfonate (SB-3-12 or SB12), benzylhexadecyl 
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dimethylammonium chloride (BHDC) and sodium bis(2-ethylhexyl) sulfosuccinate (AOT) were 

purchased from Sigma-Aldrich Chemicals.  

HPLC grade cyclohexane, n-heptane, ethanol, benzene were purchased from Spectrochem 

India. Benzene-d6, n-octanol and D2O were purchased from Sigma-Aldrich Chemicals. Water 

(resistivity 18.2 MΩ cm) was obtained from a Millipore system.  

2.7. PREPARATION OF REVERSE MICELLE AND MICELLE SOLUTIONS: 

The reverse micelle solutions at various w0s were prepared by adding a requisite amount 

of water (using the relation, w0 = [H2O]/ [surfactant]) into a non-polar surfactant solution. The 

concentration of surfactant was selected at concentrations remarkably higher than their respective 

critical micellar concentrations (CMCs). 

Micelle solutions were prepared by dissolving an appropriate amount of the surfactants in 

water at concentrations significantly higher than their respective critical micellar concentrations 

(CMCs). We deliberately use high concentrations to ensure sufficient abundance of micelles to 

uptake all HPTS, thus eliminating any contribution from free fluorophores. To incorporate HPTS 

into the micelle or reverse micelle solution, a required amount of a stock solution of HPTS in 

water were injected into the requisite solution. In all of the experiments, the concentration of the 

HPTS was kept at ∼10μM. 

The pH of the medium was maintained at ~5.6 with the addition of 0.12 M 𝐻𝐶𝑙 to 

suppress ground state proton transfer of HPTS whenever pH of the medium is more than 6. All 

the experiments were performed at room temperature.
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CHAPTER 3: 

CONFINEMENT INDUCED VARIABLE SOLUBILITY OF N-OCTANOL INSIDE THE 

AQUEOUS CORE OF WATER/AOT/N-HEPTANE REVERSE MICELLE.226 

3.1. INTRODUCTION: 

Water is a well-known ubiquities solvent. It behaves as a lubricant of life, sustaining many 

natural and biological processes. The physical properties of water are strongly intertwined with 

the dynamics of its hydrogen bonding (H-bonding) network. The hydrogen bonding network of 

water molecule encased within self-organized assembly undergoes structural or chemical 

perturbation, consequently, altering the properties of water from the bulk water behaviour.47,227 

Water confined inside a reverse micelle (RM) is a popular model of confined water with the level 

of confinement easily adjustable from highly-confined (a very small water pool) to quasi-confined 

(a relatively large water pool) by simply tuning the water to surfactant ratio (w0).
148,174 The infra-

red spectroscopy149,228 and molecular dynamics simulations148,229 are widely used technique to 

investigate structure and dynamics of water within a RM at a different level of confinement. The 

orientation relaxation of water is markedly slower at low w0 but becomes gradually faster with the 

increase of water content and ultimately approaches bulk-like dynamics.228,229 These variable 

nature of trapped confined water has versatile applications, ranging from drug delivery, capturing 

inorganic salts or small organic molecules194,230 to nanoparticle synthesis231. In the reverse 

micellar medium long chain alcohol plays a vital role as co-surfactant in stabilizing reverse micelle 

of single chain surfactant. Although the effect of different alcohols on the structure and properties 

of a reverse micelle has been studied for long,232-234 but yet partitioning of alcohols into the water 

pool or at the interface was only analysed in terms of their bulk miscibility properties. The water-

soluble short chain alcohols (methanol, ethanol, propanol), believed to be mixed within the water 

pool of the RM. But the water-immiscible long chain alcohols (e.g. n-heptanol, n-octanol and 

higher alkanols) would avoid the water pool and mainly act as co-surfactants partitioning into the 

interface.235 Moreover, n-octanol was also used as continuous solvent in a water/AOT/n-octanol 

reverse micelle due to its water-immiscibility236. 

In this chapter we have compared the solubility of short and long chain alcohol (ethanol 

and n-octanol) in the reverse micelle core water and their dependence in the level of confinement 

of water pool in the water/sodium bis-(2-ethylhexyl) sulfosuccinate (AOT)/n-heptane reverse 

micelle. We deliberately choose two different levels of confinement – highly confined (at w0 = 5) 

and quasi-confined (at w0 = 10) and employed the well-known phenomena of excited state proton 

transfer (ESPT), and used steady-state and time-resolved emission spectroscopy and dynamic light 
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scattering measurement (DLS) to reveal the alcohol effect on the structure of reverse micelle. To 

focus our study in the water core we used 8-hydroxypyrene-1, 3, 6-trisulfonate (HPTS or pyranine) 

as molecular probe because of its high negative charge (−3 and −4 respectively, in the protonated 

and de-protonated forms) and thus, resides at the center of the water pool surrounded by the 

negative AOT headgroups (Scheme 3.1). 

Here we observed breakdown of the usual proposition of water-immiscibility of n-octanol 

at certain degree of confinement in the reverse micelle encased water pool. 

 

Scheme 3.1: Representation of a water/AOT/n-heptane reverse micelle with the molecular probe 

HPTS located at the center of the water pool. The highly negative HPTS is forced to stay at the 

center of the water pool due to repulsion by the negative AOT interface and is suitable for probing 

the microenvironment of the water pool selectively. 

3.2. RESULTS 

3.2.1.  Steady-State Absorption and Emission Spectroscopy: 

The fluorescent probe HPTS shows pH dependent absorption behaviour. We observed 

presence of only one absorption maximum for HPTS at lower pH at λ𝑚𝑎𝑥~403nm. However, a 

new absorption band for deprotonated form arise at λ𝑚𝑎𝑥 ~450nm as the solution reach the pH ~7 

(Figure 3.1). The measured pH of the anionic AOT reverse micelle without any pH adjustment 

was 7.8. However, the reverse micelle solution was made slightly acidic (pH ~5) by adding 2 𝜇𝐿 

of 1.2 M HCl into 2.5 ml of the reverse micelle solution to ensure that only the protonated form 

of dye remains in the ground state. Bulk pH measurement revealed a pH of 5.8 after this 

adjustment. The n-octanol (stock concentration ~ 6.29 M) was added gradually up to alcohol/ 

water mole ratio of 1.79 and 0.23 in w0 = 5 and 10, respectively and after this concentration the 

phase separation occur. 
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Figure 3.1: Effect of pH variation on the absorption spectrum of HPTS. At lower pH the 

absorption of the protonated form (absorption maximum ~ 403 nm) dominates but at higher pH 

the absorption of the de-protonated form (absorption maximum ~ 450 nm) becomes gradually 

prominent. 

 

Figure 3.2: Absorption spectra of HPTS in the water/ AOT/ n-heptane reverse micelle for (a) w0 

= 5 and (b) w0 = 10 at various ethanol/water (left panel) and octanol/water (right panel) mole 

ratios. The water wool was made slightly acidic (pH ~5-6) to suppress the de-protonated 

absorption. Addition of alcohol was performed after this pH adjustment. 
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In the reverse micelle water pool HPTS absorption band appears at λ𝑚𝑎𝑥 ~405nm whereas 

in the bulk water it appears at ~ 403nm. The overall absorption decreases slightly with addition of 

n-octanol at w0 = 5 but no change observed at w0 = 10 (Figure 3.2). Here we represented 

concentration of alcohol as alcohol to water mole ratios. Similarly, for short chain water soluble 

ethanol, we observed gradual shift in the position of absorption maximum to 405nm from that 

arise in bulk water (403nm, Figure 3.2). The emission characteristics of HPTS governed by the 

excited state proton transfer (ESPT) process and depend greatly upon the degree of 

confinement.122,205,208 The ESPT process is dramatically masked inside the confined water of the 

water pool at very low w0 values, but gradually approaches the ultrafast bulk-like dynamics at 

high w0 (≥10).180,205,208 The Emission spectrum of HPTS consists of two well-separated bands 

centered at ∼440 nm and ∼515 nm, representing the protonated (ROH) and deprotonated (RO−) 

emission, respectively. 

 

Figure 3.3: Emission spectra of HPTS in water–ethanol mixtures at various alcohol to water molar 

ratios. The ratio of the protonated emission (ROH, 440 nm) and de-protonated emission (RO−, 

510 nm) varies linearly with alcohol. 

The ESPT process of HPTS can be modulated strongly by the presence of alcohol237. In 

neutral water, the ESPT dynamics is fast (∼90ps) and the emission is mostly dominated by the 

de-protonated form.27,224 However, in an ethanol–water mixture, the ESPT process becomes 

strongly retarded (Figure 3.3a) and consequently, the emission contribution of the protonated 

form (at λ𝑒𝑚 ∼ 440 nm) increases with the concomitant decrease of the de-protonated emission 

(at λ𝑒𝑚∼515 nm) with increase of the amount of ethanol.237 The dynamics of ESPT process is 

quite complex; a series of events (recombination and dissociation of the geminate ion pair) are 

generally associated with the ESPT process.28 However, the intensity ratio of the two forms, r = 

(I protonated/Ide-protonated), is found to be proportional to the alcohol to water molar ratio, and hence, 

may be a convenient indicator of alcohol content (Figure 3.3b) in an unknown alcohol-water 
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mixture. A similar variation of HPTS emission was also reported for the methanol–water mixture 

and the slowing down of the ESPT may be ascribed due to the breaking of the H-bonding network 

of water or blocking of the hydroxyl group of HPTS by the alcohol.10 Note that no ESPT occurs 

in neat alcohol. 

We adopted the ratio metric sensing ability of HPTS to check the miscibility of two 

alcohols, ethanol and n-octanol, in the water pool at two different w0 values of 5 and 10 as the 

representative of highly-confined and quasi-confined water. The emission spectra clearly show 

enhancement in the intensity of the protonated emission (at 440 nm) band with concomitant 

decrease of the de-protonated emission (at 510 nm); gradually with the increase of the molar ratio 

of alcohol to water for both water confinement (w0 = 5 and w0 = 10 reverse micelle) with 

incorporation of medium chain alcohol (ethanol) into the reverse micelle (Figure 3.4, left panel).  

 

Figure 3.4: Emission spectra of HPTS displaying effect of ethanol (left panel) and n-octanol (right 

panel) addition into the water/AOT/n-heptane reverse micelle at (a) w0 = 5 and (b) w0 = 10.  

But incorporation of n-octanol has effect on ESPT modulation similar to ethanol partition only at 

highly confined water, w0 = 5 and no significant change in emission was observed at quasi-

confined water, w0 = 10. Intensity of the protonated emission (at 440 nm) increases while that of 

the de-protonated emission (at 510 nm) decreases gradually with the increase of the molar ratio of 

alcohol to water at w0 = 5, but no significant change in emission was observed at w0 = 10, 
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indicating similar partitioning of both alcohol at the two w0s, even after variation in polarity. Noted 

octanol shows no significant effect on emission at w0 = 10. Thus, the added n-octanol suppresses 

the ESPT of HPTS considerably when the size of the water pool is small but leaves the ESPT 

virtually unperturbed for a relatively large size reverse micelle (Figure 3.4 right panel).The 

remarkable ESPT modulation by n-octanol selectively at low w0, but not at high w0 can be 

interpreted in two different ways. First, we may believe conventionally that octanol resides at the 

interface of the AOT RM, and does not encroach into the core. The equilibrium (maximum) mole 

fraction of water soluble in n-octanol at 25°C is 7.03 × 10-5.238 Thus, if the solubility limit persists 

for the water pool, the probability of partitioning of octanol into the core is negligible. Another 

possibility is that the water-immiscible n-octanol actually becomes miscible within the highly 

confined water of the water pool (at w0 = 5), but remains immiscible with the quasi-confined water 

(at w0 = 10). In that case, partitioning of n-octanol into the core directly perturbs the H-bonding 

network of the water present in the water pool similar to the case of ethanol (highly water soluble). 

We observed the emission intensity ratio of HPTS changes linearly with the amount of externally 

added ethanol (relative to the amount of water) at both w0 = 5 and 10 (Figure 3.5) 

 

Figure 3.5: Comparison of the extent of HPTS intensity modulation (ratio of Iprotonated/ Ideprotonated) 

upon alcohol (ethanol or n-octanol) addition in different systems. 

. As expected from the good water solubility of ethanol, we may infer that ethanol indeed 

partitions into the water pool and disturbs the H-bonding network or reduces the availability of 

water around HPTS. The slope of the line representing the extent of variation of the HPTS 

intensity ratio with the alcohol/water molar ratio is somewhat less inside the reverse micelle than 

that of the bulk ethanol–water mixture. This may be because only a part of the ethanol is 
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incorporated inside the water pool, while the remaining stays in the continuous non-polar phase 

and/or at the interface. 

3.2.2.  Time-resolved fluorescence: 

The fluorescence transients of HPTS, representative of the protonated (425 nm) form 

provided more insight about interaction of alcohol and the probe. Note that 425 nm is slightly 

higher in energy compared to the protonated emission maxima ( 𝜆𝑒𝑚
𝑚𝑎𝑥 = 430 𝑛𝑚), we 

intentionally pick this wavelength to avoid undesirable mixing of the contribution from the 

deprotonated form239,69 The fluorescence transients of HPTS monitored at 425nm becomes slower 

with increasing alcohol (ethanol and n-octanol) incorporation in the w0 = 5, but n-octanol has no 

effect on HPTS life time at w0 = 10 AOT reverse micelle (Figure 3.6). 

 

Figure 3.6: The effect of ethanol (1a, 2a) and n-octanol (1b, 2b) on the fluorescence transients of 

HPTS (at emission wavelength of 425 nm) inside the water/AOT/n-heptane reverse micelle at w0 

= 5 and w0 = 10. A dramatic slowing down of the fluorescence decay was observed upon n-octanol 

addition at w0 = 5 but almost no change is noticed among the transients at w0 = 10. However, 

ethanol incorporation leads to slow down of the fluorescence decay for both the confinement (w0 

= 5 and w0 = 10). 
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3.2.3.  Dynamic light scattering: 

 To dissect between the two contradictory interpretations about n-octanol partition in the 

interface or encroachment into the core water pool; we have measured the effect of alcohol on the 

size of reverse micelle at different water confinement using dynamic light scattering. We found 

significant swelling of the RM size (up to 16–17 nm) upon ethanol addition at both w0 = 5 and 10, 

confirming the inclusion of ethanol into the water pool (Figure 3.7). This supports the usual notion 

that water soluble species should be solubilized preferably inside the water pool. Fascinatingly, 

we observed swelling of the reverse micelle at w0 = 5 upon n-octanol addition up to a certain 

extent (up to ~17 nm at n-octanol to water mole ratio of ~0.7), which then starts to shrink at a 

higher amount of n-octanol. However, only shrinking was observed upon octanol addition to the 

reverse micelle at w0 = 10. Thus, we may affirm that n-octanol indeed mixes well with water in 

the water pool at a very high-confinement limit (w0 = 5). 

 

Figure 3.7: Variation of the hydrodynamic diameter (in nm) of the water/AOT/n-heptane reverse 

micelle with addition of alcohol at w0 = 5 and 10. Upon n-octanol addition, the reverse micelle 

swells at w0 = 5 up to a certain (0.8) alcohol/water molar ratio and thereafter, shrinks; but size of 

the reverse micelle monotonically shrinks at w0 = 10. However, addition of ethanol swells up both 

the confinement. 

At a lower amount of n-octanol core-partitioning dominates, but at a higher amount of n-

octanol, interface-partitioning shrinks the overall reverse micelle size. Octanol partitioning at the 

interface may rigidify the interface and hence, may shrink the size to increase the interface 

curvature.232 However, shrinking of RM size at w0 = 10 notify predominant partition of n-octanol 

mainly into the interface and stays away from the core. We may estimate the approximate 

dimension of the water pool and more specifically, how far the HPTS molecule is from the  
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Scheme 3.2: A scheme showing approximate dimension of the reverse micelle systems at w0 = 5 

and 10 containing HPTS in the core. 

Table 3.1: The variation of hydrodynamic diameter of water/AOT/n-heptane reverse micelle upon 

addition of ethanol obtained from dynamics light scattering (DLS) measurements at w0 = 5 and 

10. The estimated viscosities of the continuous phase are also included. 

System Overall 

concentration 

of ethanol, M 

Ethanol/water 

mole ratio 

Viscosity of  

continuous phase 

(cp)  

Hydrodynamic 

diameter 

(d, nm) 

w0 = 5 0 0 0.386 5.6 

0.08 0.18 0.3914 6.5 

0.2 0.45 0.3997 7.7 

0.32 0.72 0.4078 8.0 

0.44 0.99 0.4157 8.6 

0.56 1.26 0.4235 9.7 

0.68 1.53 0.4311 11.6 

0.8 1.79 0.4386 15.0 

w0 = 10 0 0 0.386 8.2 

0.08 0.09 0.3914 9.0 

0.2 0.22 0.3997 10.4 

0.32 0.36 0.4078 12.4 

0.44 0.49 0.4157 15.9 

interface. Our DLS measurements revealed that the diameters of the aqueous reverse micelles 

were 5.6 nm and 8.2 nm, respectively at w0 = 5 and 10. Both the height and width of HPTS 

molecules are ~1 nm and the AOT length is also approximately ~ 1 nm.208 Thus, considering that 

HPTS is occupying the center of the water pool, it stays approximately 1.3 nm and 2.3 nm away 

from the interface, respectively, at w0 = 5 and 10 (Scheme 3.2). Hence, ESPT perturbation at low 

water content but no perturbation at high water content seems feasible. However, the extent of 
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ESPT suppression is quite high despite of the appreciable (~1.3 nm) separation between the HPTS 

and interface at w0 = 5 and thus, the impact of octanol partition at the interface is not very easy to 

comprehend. 

The change in hydrodynamic diameter and viscosity of the continuous phase (mixture of 

heptane and alcohol) was estimated from the bulk viscosities using eq.2.27, chapter 2, with 

addition of ethanol and n-octanol and are tabulated in Table 3.1 and Table 3.2 respectively. 

Table 3.2. The hydrodynamic diameters of water/AOT/n-heptane reverse micelles with addition 

of n-octanol obtained from dynamics light scattering (DLS) at w0 = 5 and 10. The estimated 

viscosities of the continuous phase are also included. 

System Overall 

concentration 

of octanol, M 

n-octanol/water  

mole ratio 

Viscosity of  

continuous phase 

(cp) 

Hydrodynamic 

diameter 

(d, nm) 

w0 = 5 0 0 0.386 5.6 

0.08 0.18 0.409 7.7 

0.2 0.45 0.444 11.6 

0.32 0.72 0.480 16.9 

0.56 1.26 0.551 14.7 

0.8 1.79 0.625 4.5 

w0 = 

10 

0 0 0.386 8.2 

0.06 0.07 0.403 7.1 

0.08 0.09 0.409 6.2 

0.09 0.11 0.412 5.5 

0.15 0.17 0.430 3.5 

0.18 0.21 0.439 2.4 

0.2 0.23 0.445 1.7 

3.3. SUMMARY AND CONCLUSIONS: 

The ratio metric alcohol sensing property of HPTS located inside the RM water pool 

notified different partitioning of n-octanol inside highly confined (w0 = 5) and quasi-confine (w0 

= 10) environment. At low w0, significant modulation of ESPT takes place signifying partitioning 

of n-octanol into the highly-confined water. However, no ESPT modulation was found at w0 = 10, 

that support absence of n-octanol in the quasi-confined water. This was further supported by very 

different size modulation of the reverse micelle, depending on the initial state of water in the water 

pool of the reverse micelle. Thus, this study demonstrated the unusual variation of solubilisation 

properties of water with the degree of confinement. These results revealed that confined water 

behaves more like a hydrophobic solvent compared to quasi-confined or bulk water. 
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CHAPTER 4 

IS THE INTERFACE A REVERSE MICELLE DRY OR WET? INSIGHTS FROM ESPT OF 

HPTS IN CASE OF CATIONIC WATER/BHDC/BENZENE RM240 

4.1. INTRODUCTION: 

A lot of study mentioned about the heterogeneity of reverse micelle in the aspects of water 

distribution as discussed in chapter1. From ultrafast infrared spectroscopy, Fayer group clearly 

discussed the presence of two types of water ensembles in the reverse micelle assembly.149 

Moreover, the site selective solvation dynamics study unveiled the variation of interfacial water 

molecules from the bulk-like core water pool of the RM. The interfacial water undergoes slow 

orientation, unlike the faster bulk-like dynamics of water molecules present in the core of reverse 

micelle.188,189,241 The behaviour of the interfacial water molecules are mostly effected by their 

tendency to form new H-bonding frame-work to the surfactant polar headgroup, e.g. to oxygen 

molecules on the sulfonate and succinate groups of AOT molecules;188 even the nature and 

properties of these water molecules can be controlled by micro-polarity, micro-viscosity, 

molecular probe partition, and intramolecular electron-transfer processes.242 But surprisingly, as 

discussed in chapter 1 the interface of cationic water/CTAB/n-octanol/cyclohexane reverse 

micelle is water free.180 Britton group attributed these observation to the presence of co-surfactant 

in the interface of CTAB reverse micelle.210 These study influenced us to investigate presence of 

water molecules in the interface of co-surfactant free reverse micelle.  

 

Scheme 4.1: Comparison of possible environment around HPTS in the interfacial regions of 

BHDC and CTAB reverse micelle. In the CTAB reverse micelle the co-surfactant n-octanol 

inserted in-between the CTAB surfactant. 

We chose a tertiary medium, viz. water/BHDC/Benzene and explored with the interface 

localized probe HPTS and exposed the medium to different water level. A schematic 

representation of the interface of CTAB and BHDC reverse micelle is pictorialized in Scheme 

4.1. 
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4.2. RESULTS 

4.2.1. Steady-state Absorbance and Emission Spectroscopy: 

The absorption spectra with 𝜆𝑚𝑎𝑥 ~ 406 nm, clearly revealed existence of only protonated 

form of HPTS in the RM (Figure 4.1a). 

 

Figure 4.1. (a) Absorption spectra of HPTS in water/BHDC/benzene reverse micellar system at 

different w0. Absorption spectrum of HPTS in water is also included for comparison. (b) Emission 

spectra of HPTS inside BHDC reverse micelle at various w0 values (ex = 390 nm). Emission 

spectrum in water is also included for comparison. 

The emission spectrum of HPTS in water is largely dominated by a strong emission band 

centered at ~512 nm and a very faint emission band at ~440 nm (Figure 4.1b) representing the 

de-protonated and protonated form. The relatively faster ESPT of HPTS (~ 90ps) in water 

compared to its fluorescence lifetime (~5.5ns)27 support this observation. On the contrary, inside 

the BHDC reverse micelle, the emission spectrum is rather dominated by the protonated form for 

low w0 (= 2) and with a very minute hump at ~525 nm (Figure 4.1b). This observation revealed 

absence of significant ESPT inside BHDC at low w0. However, with increasing water content, the 

emission intensity of the protonated emission decreases gradually with a concomitant 

development of the de-protonated emission band. To get more insight into the emission 

characteristics of the protonated and deprotonated forms, we decomposed the total emission 

spectrum at respective w0 values into two emission bands as described in chapter2 and then 
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generated the two emission spectra from the fit parameters. An example of the analysis is given 

for the emission spectrum at w0 = 10 (Figure 4.2a). The fitted emission maxima of the protonated 

and de-protonated emission bands were at 436 nm and 525 nm, respectively and most importantly, 

we observed that the overlap between the emission spectra of the two forms extends over a 

significant wavelength range. 

 

Figure 4.2: (a) Decomposition of the observed emission spectrum at w0 = 10 (open circle) into 

protonated (blue line) and de-protonated (green line) emissions. The red line denotes the fitting 

by a superposition of two lognormal peak functions. (b) Variation emission maxima of the 

protonated and de-protonated emission of HPTS against w0 inside water/BHDC/benzene reverse 

micelle. 

From the decomposed spectra (Figure 4.2a), it is also clear that not only the intensity ratio 

of the two emissive forms but their peak positions are also changing with water content. The RO* 

emission maxima shifts from 521 nm to 527 nm as the w0 values vary from 2 to 20 (Figure 4.2b). 

Interestingly, these values are much different from the emission maximum of the de-protonated 

form in water (512 nm) or other RM (AOT or Igepal208). Such red-shifted emission of RO* was 

reported for HPTS absorbed to CTAB micelle239 or in lysozyme-CTAB aggregate.101 The red-

shifting of emission spectra may be a general feature of HPTS residing in a positive interface and 

may arise from the efficient electrostatic interaction and solvation by opposite charged headgroup. 

Cation- interaction between the quaternary ammonium headgroup of BHDC and the aromatic 

ring of HPTS or - interaction between the benzyl group of BHDC and HPTS may also 

contribute to the red-shifting. Huppert and co-worker reported a red-shifted emission for HPTS 

linked to alumina surface via a covalent linkage.243 

(a) 
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4.2.2. Time-resolved emission measurements: 

 
 

Figure 4.3: TRES (left panel) and TRANES (right panel) of HPTS inside BHDC reverse micelle 

at w0 = 2 and 20, respectively. The ESPT process is obviously more prominent at higher w0. 

The fluorescence transients of HPTS were recorded at 10 nm wavelength intervals across 

the steady state emission spectrum and subsequently, time-resolved emission spectra (TRES, eq. 

2.15, chapter 2) and time-resolved area-normalized emission spectra (TRANES) were 

reconstructed accordingly (Figure 4.3). This is often considered as a better method of probing 

ESPT dynamics over single wavelength approach especially under strong overlap between 

protonated and de-protonated emissions and time dependent spectral relaxation.208, 218, 220, 244 We 

clearly observed domination of protonated emission at short time for both TRES and TRANES. 

And with lapse of time, the de-protonated form appears at the expense of the protonated emission. 

Comparing TRANES of different w0s, it can be stated that the ESPT process becomes more 

prominent with increase of w0. 

The decay of the integrated total emission intensity (integrated area of the entire TRES) 

shows an exponential decay with time constant of 3.20.2 ns (Figure 4.4, right panel). This time 

constant denotes lifetime of HPTS inside the BHDC reverse micelle free from ESPT208 which is 

not vary significantly with w0. The lifetime is very different from the reported lifetime in water  
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Figure 4.4: The normalized TRES (protonated form only, left panel) of HPTS inside BHDC 

reverse micelle at w0 = 2 and 20, respectively. In the right panel, integrated area vs. time plot of 

the entire TRES of HPTS inside water/BHDC/benzene reverse micelle at w0 = 2, 6, 10 and 20, 

respectively. The inset shows the average decay of the all four w0 values, fitted to single 

exponential. 

(5.4 ns)27 and more closely resemble to the lifetime of HPTS in methanol (3.4 ns).245 These life 

time variation implied change of the microenvironment of HPTS inside BHDC RM from that of 

bulk water. The lifetime of HPTS inside AOT RM was found to be 5.0 ns by the same method 

while a w0 dependent distribution of lifetime (1.8-2.1 ns and 5.0-5.4 ns) was obtained for neutral 

igepal RM.208 

Moreover, the normalized TRES of the protonated emission displays significant spectral 

relaxation in the shorter times mostly within ~ 1 ns (Figure 4.4, left panel). This time dependent 

Stokes shift (characteristics of solvation dynamics) may be due to solvation of the initially excited 

HPTS (protonated form) by the positive head-groups, counter ions and water prior to ESPT 

process. Thus, three different processes are evident from the TRES measurements: solvation 

dynamics accounting for spectral shift in the faster time scale followed by excited state proton 

transfer and relaxation back to the ground state (lifetime). 

We also compared the fluorescence decays for different w0 at two fixed wavelengths- 425 

nm and 570 nm, respectively for the protonated and de-protonated forms. From the Figure 4.5a, 
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Figure 4.5. The fluorescence transients of the (a) protonated, ROH*(t) and (b) de-protonated, 

RO* forms of HPTS at different w0 values. The emission transients were measured at 425 nm 

and 570 nm, respectively upon excitation at 375 nm. The initial portion of de-protonated transients 

(inset) clearly shows the systematic variation of rise of the emission decay at different w0s are 

displayed in the inset to show clearly. 

a moderate variation among emission transients of the protonated form at different w0 is visible. 

Although the decays of the protonated form become progressively faster with increase of the w0 

values; yet even at the highest w0 value is markedly slower than that of bulk water. The decays at 

425 nm (ROH* emission) and 570 nm (RO-* emission, Figure 4.5b) can be best fitted by a tri-

exponential and bi-exponential function respectively (eq. 2.1 chapter 2). This is consistent with 

three processes extracted from the TRES measurement. Thus, we may assign the first component 

to solvation dynamics while the longest component represents the lifetime and the intermediate 

component may be due to ESPT process. Note that there is only very little variation among the 

components at various w0s but a clear variation of the amplitude of the components can be noticed 

(Table 4.1).  

Table 4.1. Fluorescence decay parameters of protonated, ROH*(t) and de-protonated, RO* 

emissions of HPTS inside BHDC reverse micelle, respectively measured at 425 nm and 570 nm. 

The decay parameters of the D2O containing RM are also added for comparison. 

w0 Protonated, ROH*(t) De-protonated, RO*(t) 

τ1  (ps) τ2 (ps) τ3 (ps) Rise (ps) f (ps) 
2 (H2O) 

2 (D2O) 

330 (0.20) 

660 (0.14) 

1435 (0.25) 

1565 (0.18) 

3450 (0.55) 

3415 (0.67) 

1240 (-0.90) 

1275 (-0.45) 

4770 (1.90) 

4570 (1.45) 

4 (H2O) 

4 (D2O) 

340 (0.28) 

400 (0.24) 

1550 (0.28) 

1725 (0.25) 

3410 (0.44) 

3510 (0.51) 

1700 (-1.80) 

1770 (-1.37) 

5000 (2.80) 

4990 (2.37) 

6 (H2O) 

6 (D2O) 

290 (0.30) 

370 (0.24) 

1340 (0.30) 

1540 (0.26) 

3250 (0.41) 

3410 (0.50) 

1640 (-2.20) 

1810 (-2.16) 

5100 (3.20) 

5150 (3.16) 

10 (H2O) 

10 (D2O) 

245 (0.32) 

320 (0.24) 

1250 (0.33) 

1490 (0.31) 

3140 (0.35) 

3360 (0.45) 

1500 (-2.78) 

1826 (-2.61) 

5200 (3.80) 

5270 (3.61) 

20 (H2O) 

20 (D2O) 

250 (0.31) 

440 (0.30) 

1180 (0.38) 

1730 (0.34) 

3080 (0.32) 

3350 (0.37) 

1480 (-2.30) 

1820 (-3.07) 

5230 (3.30) 

5365 (4.07) 
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Most notably, contribution (i.e. a2) of the ESPT process increases with w0. All the fluorescence 

transients (at 570 nm) of the de-protonated forms show distinct rise time matching with the ESPT 

component observed at 425 nm. 

4.2.3. Kinetic isotope effect:  

Kinetic isotopic effect is one of the convenient ways to test whether the photo-physical 

process of HPTS inside the BHDC reverse micelle involves solvation dynamics or ESPT 

phenomena.246 We replicate the fluorescence measurements by replacing water with D2O. The 

ratio of de-protonated emission intensity to the protonated emission is clearly smaller in D2O 

containing BHDC RM compared to water analogue at all w0 values (Figure 4.6b). 

 

Figure 4.6: (a) Steady-state normalized emission spectra, (b) the ratio of intensity of de-

protonated and the protonated emission band, (c) time-resolved fluorescence transients (at 425 nm 

and 570 nm) and (d) isotropic effect on the life time of HPTS inside the BHDC reverse micelle 

containing either water or D2O. 

A comparison of the emission spectra of HPTS inside BHDC reverse micelle containing water vs. 

D2O at w0 = 10 is given Figure 4.6a. The overall KIE is found to be 1.5-2 based on the steady-

state fluorescence. Similarly, the fluorescence transients at both 425 nm and 570 nm differ 

significantly in D2O from that in water. Figure 4.6c shows the fluorescence transients in water 

TH-1818_136122027



Chapter 4 

 

58 

and D2O at w0 = 10. The first two decay components (due to solvation dynamics and ESPT 

respectively) in the D2O containing RM are significantly higher than the decay components in 

water containing RM (Table 4.1). We observed that the amount of KIE increases with increase of 

w0 (Figure 4.6b). 

However, KIE is significantly lower compared to that of bulk water vs. D2O (KIE 

~3).246,247 Thus we may conclude that only a fraction of the HPTS is undergoing ESPT. The non-

negligible KIE supports the assignment of the solvation dynamics and ESPT origin of the 

components. Note that similar small KIE (~1.7) was observed for HPTS absorbed onto the chitin 

surface in water vs. D2O.246 

4.2.4. Dynamic light scattering.  

 

Figure 4.7. The size distribution obtained from dynamics light scattering (DLS) of 

water/BHDC/benzene reverse micelles at different w0. 

The size (diameter, nm) of the reverse micelle at various w0 values were measured using 

dynamic light scattering. The size of the reverse micelle gradually increases with increase of w0. 
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The measured sizes are listed in the Figure 4.7 and Table 4.2. The values are consistent with an 

earlier report.219 

Table 4.2. The hydrodynamic diameters of water/BHDC/benzene reverse micelles obtained from 

dynamics light scattering (DLS) at different w0. 

W0 Hydrodynamic diameter 

(d, nm) 

Reported size 

(d, nm)a 

2 2.4 3 

4 4.2 - 

6 6.5 - 

8 7.9 - 

10 9.4 8.5 

20 17.1 15 
a From reference247 

4.2.5. Fluorescence anisotropy decay: 

 Fluorescence anisotropy decays were measured to gain knowledge of the local environment 

around the probe. The anisotropy decays at various w0 values are much slower compared to that 

in a fluid solvent (e.g. in methanol or water). The rotational relaxation time of HPTS in bulk 

methanol was found to be 240 ps. 

 

Figure 4.8. Fluorescence anisotropy decays of HPTS in bulk methanol (red) and in BHDC reverse 

micelle at w0 values of 2 (blue) and 20 (green) measured at ex = 375 nm and em = 440 nm. The 

black line indicates a bi-exponential fit according to equation (2). It is evident that the anisotropy 

decays inside the RM are much slower compared to that in methanol and very less sensitive to 

water content. 
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 The anisotropy decays in BHDC reverse micelle were found to be much slower compared to 

that of methanol indicating a very restricted rotation of the probe (Figure 4.8). Noted although 

they become relatively faster with increase of water content; yet remain much slower than in bulk 

water or inside AOT RM at same water content (or similar size of water pool). These may indicate 

that the interfacial arrangement becomes somewhat relaxed at higher w0 due to higher level of 

hydration and still the probe retain in the interface.  

 The anisotropy decays maintain very small but finite residual fluorescence anisotropies that 

do not decay completely probably due to short fluorescence lifetime (~ 3.2 ns). The rotational 

anisotropy decays can be fitted with a bi-exponential function (eq. 2.17 chapter 2) having a 

constant residual anisotropy(𝑟). The anisotropy decay parameters are provided at Table 4.3. We 

analysed the anisotropy decays via wobbling-in-cone (WIC) model, used for interface-bound 

fluorescence probe in reverse micelles; discussed in chapter 2. The rotational times are usually 

very sensitive to the rigidity of the environment where the probe is located. 

 

Figure 4.9. Variation of the amplitude and time constants of the anisotropy (left panel) and the 

semi-cone angles (right panel) of HPTS inside water/BHDC/benzene reverse micelle with w0. It 

is clear that both the amplitude and time constant of slow rotational component decrease with 

increase of the water content.
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Table 4.3. Anisotropy decay parameters of HPTS in water/BHDC/benzene reverse micellar 

system at different w0 values. 

w0 r0 r as s (ns) f (ns) W (ns)  (𝑑𝑒𝑔) 

2 0.33 0.03 0.92 4.09 0.58 0.67 13.2 

4 0.33 0.03 0.88 3.27 0.56 0.67 16.5 

6 0.34 0.04 0.85 2.99 0.44 0.51 18.9 

10 0.39 0.08 0.78 2.85 0.50 0.60 22.8 

20 0.35 0.07 0.75 2.61 0.50 0.62 24.7 

 

 If the probe is located in the core, the rigidity of the environment should change dramatically 

as the size of the water pool increases but much less effect should be observed if the probe is 

situated within the interface. Our data implied restricted rotation of the probe inside BHDC reverse 

micelle at all w0s and a small but systematic w0 variation is observed for the long component 

(lateral diffusion) and also for the amplitude of slow components (Table 4.3 and Figure 4.9a). 

Note that the semi-cone angle is relatively small and increases with w0 (Figure 4.9c). This implies 

that probe may be tightly confined within the interface and experience strong electric field and 

with increase of w0 the wobbling motion becomes somewhat facile because of higher hydration. 

The w0 dependence of the anisotropy is much less dramatic compared to the HPTS analogue 

(MPTS) inside AOT reverse micelle or even for the neutral reverse micelle igepal.208 These results 

lead to assumption that the probe may reside in the interface rather than in the core.  

4.2.6. NMR spectroscopy: 

Employing 2D NOESY experiments, we intend to measure interaction of HPTS protons with 

BHDC surfactant protons and water molecules, if exists. This may help us to locate the position 

of HPTS inside the RM. Such method was previously applied by Levinger and co-workers for 

locating HPTS inside CTAB and AOT reverse micelles.180 We performed experiment at two 

different w0 values- 5 and 10. Figure 4.10a shows several cross peaks in the 2D NOESY spectrum 

at w0 = 5. Usually an off-diagonal or cross peak arises if the spatial separation between two protons 

is very small (typically 5 Å).248 

Two cross peaks appear for the interaction of H1 proton of HPTS with one of the proton () 

in the benzene ring and with the aliphatic β/ protons of the BHDC surfactant. Another cross peak 

arises from the interaction of the H5 or H6 proton of HPTS with the protons of the two methyl 

groups attached to the quaternary amine headgroup of BHDC and also with the aliphatic β/ protons 

of the surfactant. Along with these, all of the HPTS protons are found to be interacting with water 

molecules. The results strongly recommend that the HPTS is located inside the headgroup regions  

TH-1818_136122027



Chapter 4 

 

62 

 

Figure 4.10. 2D NOESY spectrum of HPTS incorporated BHDC reverse micelles at (a) w0 = 5. 

(b) w0 = 10.  
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Figure 4.11 The 1H NMR spectra of HPTS (top) and BHDC (bottom) in water/BHDC/benzene 

reverse micelle system. 

of the BHDC RM supporting the electrostatic attraction between negatively charged probe and 

positively charged headgroup of the surfactants. In addition, several water molecules are present 

around HPTS supporting significant penetration of water molecules into the interface. These water 

molecules may be allowing ESPT even in this restricted position. 

In the case of w0 = 10 RM, the cross peaks are only observed with water; referring strong 

probe water interaction; that may suppressed the interaction of the probe with the surfactant 

BHDC.protons (Figure 4.10b). This may imply that the probe may move into the core or the 

interface is enriched with much more water so that interaction of the probe with surfactant gets 

suppressed. The NMR signals of all of the HPTS aromatic protons appear in the region ~ 8.8- 9.8 

ppm. The signals were assigned to different protons of HPTS following Levinger and co-
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workers.180 These peaks are separated well from the peaks associated with the BHDC surfactants 

in the Figure 4.11. 

4.3. SUMMARY AND CONCLUSIONS: 

The ESPT of a negatively charged fluorophore HPTS has been investigated within a cationic 

BHDC reverse micelle using fluorescence spectroscopy. The location of the probe inside the RM 

was assigned by a combination of fluorescence anisotropy and NOESY measurements. The probe 

was found to be located at the interfacial region, similar to that of CTAB quaternary (n-

heptane/CTAB/n-octanol/water) reverse micelle reported previously. However, the examined 

ESPT nature is very different from that of the CTAB reverse micelle; it undergoes detectable 

ESPT in BHDC RM whereas no ESPT was found inside CTAB RM. The difference in the ESPT 

trend in these two cationic interfaces may arise from difference in the interfacial properties of 

BHDC and CTAB reverse micelles; in the respect of co-surfactant. Our results qualitatively 

matches with that of the neutral igepal reverse micelle rather than in the cationic CTAB reverse 

micelle, where the presence of n-octanol at the interface may inhibit the ESPT completely at 

CTAB interface.180 Moreover, the interfacial surfactant layer of BHDC is much less packed than 

conventional double chain surfactant like AOT, this may possibly help in water penetration from 

the core into the interface. The molecular dynamics simulation by Agazzi et al. also revealed high 

degree of water penetration into the BHDC RM interface; which enhanced with increase of water 

content and behave dynamically much restrained than water at the core.249  

In summary, the interface of BHDC RM may be quite wet due to significant penetration 

of water from the core into the interface and it can serve as an excellent model for interfacial 

proton transfer at positively charged surface. 
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CHAPTER 5 

THE IMPACT OF CO-SURFACTANT ON THE INTERFACIAL HYDRATION OF 

CATIONIC QUATERNARY WATER/CTAB/OCTANOL/ CYCLOHEXANE REVERSE 

MICELLE
250 

5.1. INTRODUCTION: 

Single tail surfactants like cetyltrimethylammonium bromide (CTAB), sodium dodecyl 

sulfate (SDS), and Triton-X, need assistance of co-surfactant e.g. medium or long chain alcohol 

to satisfy the necessary geometric condition 𝜈 ⁄ 𝑎𝑙 > 1, where 𝜐 refer to volume and 𝑙 is the chain 

length of the hydrocarbon tail, 𝑎  polar headgroup area of the surfactant molecule to form a stable 

reverse micelle.209,210 The co-surfactant is usually assumed to be inserted in-between the CTAB 

surfactants at the interface and introduced a new parameter p0 (= [co-surfactant] ⁄ [surfactant]) in 

addition to prevalent parameter, w0 (= [water] / [surfactant]). The capability of this new parameter 

to control the size and properties of the RM like flexibility and applicability of the RM enhances 

the importance of quaternary RM.211 However, Levinger group reported absence of water content 

in this CTAB reverse micelle, through hydration sensitive ESPT dynamics, which may be due to 

participation of water repelling long chain alcohol, that acts as co-surfactant.180 In another work 

they have investigated effect of the co-surfactant, 1-heptanol maintaining the ratio of 1:5 or 3:5 1-

heptanol/AOT to retain the spherical structure of the water/AOT/isooctane tertiary RM.232 They 

reported enhancement in the viscosity followed by slower solvation dynamics of the RM media. 

This co-surfactant effect even dominants over the influence of hydration level that increases with 

the w0 value.178,251 

 

Scheme 5.1: Possible composition of the CTAB/Octanol/Water/Cyclohexane quaternary reverse 

micelle. Water is not only confined in the core but also penetrates into the interface and interfacial 

hydration depends on both parameters w0 and p0. 

Following our work related to hydration response ESPT modulation of HPTS in the 

interface of BHDC RM, we get interest to investigate the complex interface of the quaternary 
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CTAB/Octanol/Water/Cyclohexane RM using the similar water sensitive ESPT technique. The 

interface of CTAB RM is quite promising, as they can successively entrap a large variety of 

proteins without disturbing their native state and activity compared with other RMs.252,253 

Moreover, Fuglestad et al. have reported penetration of significant amount (∼30%) of water into 

the CTAB/hexanol/n-pentane/water quaternary RM207 by molecular dynamics (MD) simulation 

study. The simulation result leads us to use nanosecond fluorescence spectroscopy technique to 

trace any slower ESPT dynamics in CTAB RM, remain unidentified in the pioneer work of 

Levinger and co-workers performed at ultrafast time domain. The composition of the reverse 

micellar medium is represented in Scheme 5.1. 

5.2. RESULTS 

5.2.1. Steady-state Absorbance and Emission Spectroscopy:  

The absorption spectrum of HPTS in the CTAB/Octanol/Water/Cyclohexane reverse 

micelle shows a maximum at 407 nm at all w0’s (Figure 5.1, left panel). No absorption band 

persists at higher wavelength (> 430 nm) confirming exclusive existence of the protonated form 

in the ground state. Also the absorption spectrum is significantly red-shifted compared to the 

absorption maximum in water (403 nm) but similar to other cationic reverse micelles e.g. BHDC 

(406 nm) 240 and DDAB (405 nm).254 This red-shift may be due to cation- π interaction of cationic 

headgroup of CTAB and π – electrons of aromatic ring of HPTS. 

However, the emission spectra are dominated by a prominent band with emission maxima 

at 430 nm featuring the dominance of the protonated form in the excited state at all w0’s. Note that 

this emission band is slightly structured in nature having a clear shoulder at 440 nm; which may 

be assigned to the vibrionic transitions of the pyranine derivative commonly seen in less polar 

medium198,223 under less solvent coupling. The position of the emission maximum and the shape 

of the emission spectra remain same for all w0s, irrespective of the concentration of co-surfactant 

(Figure 5.1, right panel). With the increase of w0, intensity of the protonated emission (at 430 

nm) gradually decreases with a concurrent development of a new band at ~520 nm characteristics 

of the deprotonated emission (Figure 5.1, right panel). These observations are quite interesting 

in the context that Sedgwick et al180 reported lack of ESPT for HPTS inside 

CTAB/octanol/cyclohexane/water reverse micelle from their ultrafast studies.  

The emission maximum for the de-protonated form ( 𝜆𝑒𝑚
𝑚𝑎𝑥 = 520 𝑛𝑚), undergoes gradual 

red-shift and may be due to solvatochromic behavior of HPTS and increase in the polarity of 

interface at higher w0.
198 To monitor the role of the co-surfactant, we further varied the ratio of 

TH-1818_136122027



Chapter 5 

 

69 

 

Figure 5.1: Absorption (left panel) and emission (right panel) spectra of HPTS in 

water/CTAB/cyclohexane/octanol reverse micelle at different w0s for p0 = 5, 10 and 20. The 

absorbance maxima of HPTS in the CTAB reverse micelle get red-shifted compared to the bulk 

water and only shows absorbance below 450 nm. The absorption emission spectra of HPTS in the 

water (dotted line) is also included for comparison. 

co-surfactant to surfactant concentrations, p0 = 5, 10, 20 and observed significant ESPT even at 

highest octanol concentration (p0 = 20). However, any clear trend is not observed for the p0 

dependence from the steady state emission. Note that relative intensity of the protonated and 

deprotonated form not only depends on the rate or favorability of ESPT but also on the lifetime of 

the respective species. Decomposition of these two parallel processes is difficult from emission 

spectra.  
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5.2.2 Time-Resolved Fluorescence: 

To get more insight about the ESPT nature we measured fluorescence transients of HPTS 

at 5 nm intervals across the steady state emission spectra and construct time-resolved emission 

spectra (TRES, Figure 5.2, left panel) and time-resolved area-normalized emission spectra 

(TRANES, Figure 5.2, right panel).218,220  

 

 

Figure 5.2: Time-resolved emission spectra (TRES, left panel) and Time-resolved area 

normalised emission spectra (TRANES, right panel) of HPTS inside the 

CTAB/octanol/cyclohexane/water (at p0 = 5) quaternary reverse micelle at w0 = 4, 10, and 30, 

respectively. Solid lines denote fit to a bi-lognormal function according to eq. 2.14 at chapter 2. 

At early time (t = 0.1 ns) TRANES exclusively display only the protonated emission and no sign 

of deprotonated form. This confirms absence of any ultrafast component in the cationic CTAB 
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reverse micelle system that consistent with the results of Levinger and co-workers180. At longer 

times, the deprotonated band clearly manifests at the expense of the protonated band signifying 

ESPT process. It is also clear that at a fixed p0 value ESPT is more facile with the increase of w0.  

We also compared TRANES at different p0’s at a longer time delay (25 ns) to appreciate 

the effect of alcohol on the ESPT dynamics (Figure 5.3). The plot reveals that the protonated 

form of HPTS becomes more prominent when alcohol participation increases in the interface 

suppressing the ESPT. The emission ratio of the deprotonated to protonated intensity against p0 

in the inset of Figure 5.3 clearly shows the ESPT hindarence on increase in the p0 value. 

 

Figure 5.3: Comparison of 25 ns TRANES at fixed w0 = 10 and at different p0’s. The ESPT 

probability seems to decrease when more alcohol is present at in the interface. The inset displays 

the ratio metric plot of the two peak intensities. 

We have also recorded fluorescence transients of HPTS at two selective emission 

wavelengths representative of the protonated (425 nm) and deprotonated (570 nm) emission. Note 

that 425 nm is slightly higher in energy compared to the protonated emission maxima ( 𝜆𝑒𝑚
𝑚𝑎𝑥 =

430 𝑛𝑚), whereas, 570 nm is lower in energy compared to the de-protonated emission maxima 

( 𝜆𝑒𝑚
𝑚𝑎𝑥 = 520 − 525 𝑛𝑚). We intentionally pick these wavelengths to avoid undesirable mixing 

of the contribution of the two respective forms.239,69  

The fluorescence transients of HPTS monitored at 425nm becomes faster with w0 

variation, irrespective of octanol to CTAB ratio (Figure 5.4, left panel). We also observed that 

for a particular w0, the effect of alcohol variation on the fluorescence transients of the protonated 

form is very small but systematic (425nm, Figure 5.5, left panel). The decay becomes slightly 
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slower with increase of p0. However, the emission transients of the de-protonated form (at 570 

nm, Figure 5.5, right panel) seemes to be significantly faster with the increase of p0 values. 

Table 5.1: Time transient fluorescence decays fitting parameters of protonated, ROH*(t), and 

deprotonated, RO*−, forms of HPTS inside CTAB reverse micelle, measured at 425 and 570 nm, 

p0 = 5. The faster decay time match to their respective rise time value. ( a ± 0.1 ns) 

The decays for both protonated and de-protonated form can be best fitted by a bi-

exponential function (eq. 2.1, chapter 2).254 The fitted results reveal that the contribution of faster 

component gradually increases on increasing the w0 values, and so as their corresponding rise time 

irrespective of the alcohol to surfactant ratio (Table 5.1 and Table 5.2). 

Table 5.2. Fluorescence decay fitting parameters of protonated, ROH*(t), and deprotonated, RO*−, 

forms of HPTS inside CTAB reverse micelle, measured at 425 and 570 nm, p0 = 10 and 20. The 

faster decay time match to their respective rise time value. 

 w0 P0 = 10 a P0 = 20 a 

ROH* = 425nm RO-* = 570 nm ROH* = 425nm  RO-* = 570 nm  

τ1(ns) τ2 (ns) τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) 

4 2.1 

(0.20) 

3.5 

(0.81) 

2.1 

(-1.58) 

4.6 

(2.58) 

2.1 

(0.18) 

3.5 

(0.82) 

2.1 

(-0.82) 

4.4 

(1.82) 

6 2.1 

(0.33) 

3.5 

(0.67) 

2.1 

(-2.63) 

4.7 

(3.63) 

2.1 

(0.25) 

3.5 

(0.75) 

2.1 

(-1.58) 

4.4 

(2.58) 

8 2.1 

(0.39) 

3.5 

(0.61) 

2.1 

(-3.07) 

4.9 

(4.07) 

2.1 

(0.30) 

3.5 

(0.70) 

2.1 

(-2.28) 

4.5 

(3.28) 

10 2.1 

(0.44) 

3.5 

(0.56) 

2.1 

(-3.67) 

5.0 

(4.67) 

2.1 

(0.35) 

3.5 

(0.65) 

2.1 

(-3.07) 

4.8 

(4.07) 

20 2.1 

(0.56) 

3.6 

(0.44) 

2.1 

(-4.50) 

5.3 

(5.50) 

        

a ± 0.1 ns 

The negligible contribution of the faster component at w0 = 4 may be due to very less favourable 

ESPT at this low water content. It is remarkable that the de-protonated time transient decays can 

be fitted using rise time matching with that of the faster decay time constant of the protonated 

form at all w0. On increasing p0, the contribution of the slower component of protonated form 

W0 P0 = 5 a 

ROH*= 425nm RO-*= 570 nm  

τ1 (ns) τ2 (ns) χ2 τ1 (ns) τ2 (ns) χ2 

4 2.1 (0.18) 3.5 (0.82) 1.02 2.1 (-2.28) 4.7 (3.28) 1.16 

6 2.1 (0.37) 3.5 (0.63) 1.05 2.1 (-3.07) 5.1 (4.07) 1.15 

8 2.1 (0.41) 3.5 (0.59) 1.03 2.1 (-3.67) 5.2 (4.67) 1.06 

10 2.1 (0.46) 3.5 (0.54) 1.05 2.1 (-4.50) 5.3 (5.50) 1.03 

20 2.1 (0.57) 3.5 (0.43) 1.09 2.1 (-5.75) 5.4 (6.75) 1.09 

30 2.1 (0.60) 3.5 (0.40) 1.02 2.1 (-3.07) 5.5 (4.07) 1.12 
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increases with concominent reduction of the contribution of the corresponding faster decay 

component (Table 5.3). 

 

Figure 5.4: Fluorescence transients of the (left panel) protonated, ROH* (λem = 425 nm), and 

(right panel) deprotonated, RO*− (λem = 570 nm), forms of HPTS at p0 = 5, p0 = 10 and p0 = 20 

with variation of w0s value (λex = 375 nm). The protonated emission transients become faster with 

w0 variation. 

The fluorescence decays of both the protonated and de-protonated form can be reasonably fitted 

with a bi-exponential function (eq. 2.1, chapter 2) with matching decay and rise times. However, 

this decay pattern could arise if we assume bimodal distribution of HPTS inside the interface. The 

fraction of probe which is localized inside the hydrated region may undergo ESPT. Another 

fraction might be present in the dehydrated region and hence, can not show ESPT and remains 

only in the protonated form. The ESPT kinetics of HPTS inside CTAB quaternary reverse micelle 

can be explained using our previously proposed ESPT model (Scheme 2.1, chapter2)254. Applying 

this model the deprotonation rate constant of HPTS was found to be 5.3  0.2 ns. We consider  
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Table 5.3: Fluorescence decay fitting parameters of protonated, ROH*(t), and deprotonated, RO*−, 

forms of HPTS inside water/CTAB/cyclohexane/octanol reverse micelle, measured at 425 and 

570 nm, respectively for p0 = 5, 10 and 20 and w0= 6 and 10 

P0 W0 = 6 a W0 = 10a 

ROH*= 425nm RO-*= 570nm ROH*= 425nm RO-*= 570nm 

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) 

5 2.1 

(0.37) 

3.5 

(0.63) 

2.1 

(-3.07) 

5.1 

(4.07) 

2.1 

(0.46) 

3.5 

(0.54) 

2.1 

(-4.50) 

5.3 

(5.50) 

10 2.1 

(0.33) 

3.5 

(0.67) 

2.3 

(-2.63) 

4.7 

(3.63) 

2.1 

(0.44) 

3.5 

(0.56) 

2.1 

(-3.67) 

5.0 

(4.67) 

20 2.1 

(0.25) 

3.5 

(0.75) 

2.2 

(-1.58) 

4.4 

(2.58) 

2.1 

(0.35) 

3.5 

(0.35) 

2.1 

(-3.07) 

4.8 

(4.07) 
a ± 0.1 ns 

 

Figure 5.5: Fluorescence transients of the (left panel) protonated, ROH* (λem = 425 nm), and 

(right panel) deprotonated, RO*− (λem = 570 nm), forms of HPTS at w0 = 4 and w0 = 10 at different 

p0 values (λex = 375 nm). 

[AH1
*] and [AH2

*] are concentrations for HPTS that undergoes and does not undergo ESPT, 

respectively. The subscript “0” indicates concentrations of species at t = 0. The plot of fraction of 

[AH1
*] 0 (Figure 5.6a) and [AH2

*] 0 (Figure 5.6b) displays that the hydrated HPTS fraction 

increases with water loading at a fixed p0 value. Thus, we may conclude that increase of water 

loading in the core also enhances the amount of hydrated regions at the interface consistent with  
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Figure 5.6: The variation of the initial populations of the (a) hydrated (f [AH1]) and (b) dehydrated 

(f [AH2]) fractions of HPTS with w0 at different p0 values. The hydrated HPTS fraction increases 

as water loading increases for a particular p0 value, but decreases with increasing of alcohol 

concentration. The trend is exactly opposite for the dehydrated fraction. 

our earlier observation with the DDAB reverse micelle.254 On the other hand, the hydrated fraction 

decreases with the increase of p0 and the dehydrated fraction increases with more alcohol loading 

and decreases with more water loading. These results are in accordance with the information 

acquired from TRANES measurement. 

5.2.3. Fluorescence Anisotropy Decay: 

The decay of fluorescence anisotropy of a probe is very sensitive to the local environment. 

The fluorescence anisotropy decays of HPTS is found to be very slow as the probe is expected to 

be bound strongly to the interface of the cationic CTAB reverse micelle by electrostatic attraction. 

We can also monitor the effect of co-surfactant in the interfacial region from the anisotropy 

decays. The anisotropy decays display that on increasing octanol concentration anisotropy 

becomes relatively faster (Figure 5.7). We have fitted the anisotropy decays by a bi-exponential 

function (according to eq. 2.17, chapter 2) retaining a constant residual anisotropy(𝑟) and further 

analyzed with “wobbling-in-cone (WIC)” model (Figure 2.2, chapter2). According to the model,  
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Figure 5.7: Fluorescence anisotropy decays of HPTS in CTAB RM at (a) w0 = 4 and (b) w0 = 10 

with variation of p0 values- 5 (blue), 10 (red) and 20 (green) measured at λ𝑒x= 375 nm and λ𝑒m = 

440 nm. The black lines indicates bi-exponential fit according to eq. 2.17, chapter 2. 

Table 5.4: Anisotropy decay parameters of HPTS in water/CTAB/cyclohexane/octanol reverse 

micellar system at different octanol concentrations at w0 = 4 and 10. 

System P0 r(0) a r(α) a a(s) a τs 

(ns)b 

τf 

(ns) b 

τw 

(ns) b 
 

(deg)a 

Dw 

(ns-1)c 

  

w0 = 4 

5 0.34 0.011 0.89 3.34 0.45 1.90 15.9 0.011 

10 0.32 0.003 0.83 3.21 0.85 0.80 20.0 0.039 

20 0.33 0.004 0.82 3.03 1.03 0.64 20.7 0.057 

  

w0 = 10 

5 0.32 0.013 0.73 3.19 0.75 1.00 25.9 0.055 

10 0.32 0.002 0.67 3.64 0.78 1.02 29.1 0.068 

20 0.32 0.004 0.61 3.52 0.93 0.80 32.2 0.105 

a0.01 b0.1 ns c0.01 ns-1 

the fluorophore may undergo a wobbling motion traversing a cone with a semi-cone angle of  

and may also diffusion along the interface219,220,221 From the analysis of the fluorescence 

anisotropy data, it is very clear that both increase of w0 and p0 have significant effect on the 
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wobbling motion (Table 5.4). The relatively small semi-cone angle indicates strong binding of 

the probe with the interface supporting the view of Levinger and co-workers.180 At a fixed p0, the 

semi-cone angle and the diffusion coefficient increase with increase in w0 indicating enhancement 

of fluidity at the interface. This is in agreement with concept that increase of w0 not only leads to 

the increase of the size of the water core but also loosen the interface packing. It is also possible 

that increase of interfacial hydration may decrease the electrostatic potential experienced by the 

probe. Another point is also very clear that at a fixed w0, the semi-cone angle and the diffusion 

coefficient increase with increase in p0.The increasing values of semi-cone angle and diffusion 

coefficient imply that the probe experiences less hindrance for its rotational relaxation. These may 

be due to either octanol loosen the interface packing or alcohol reduce the electrostatic interaction 

between the cationic headgroup and the anionic HPTS. Khan et al211 reported increase in the 

compactness of interface on increasing p0 value.211 Hence, reduction of electrostatic potential may 

be the prime reason. 

5.3. SUMMARY AND CONCLUSION: 

This chapter includes our investigation on the ESPT dynamics of HPTS within 

CTAB/octanol/water/cyclohexane quaternary reverse micelle using steady-state and time resolved 

fluorescence spectroscopy. In chapter 4, from the 2D-NMR and fluorescence anisotropy 

measurements we proposed presence of the negatively charged HPTS probe inside the surfactant 

interface. We found non-negligible signature of ESPT within the interface; that enhances 

gradually with the increase of water. These results can be conveniently analysed using bimodal 

distribution of HPTS into water-free and hydrated regions. Increase of w0, favours the hydrated 

region over the water free region. Contrarily, on increasing octanol proportion, the fraction of 

HPTS undergoing ESPT decreases in the interfacial region and consequently the protonated 

emission becomes more prominent. This suggests that increase of octanol concentration as co-

surfactant changes the regular packing of the interface as well as alter hydration level of this 

region. As a result the interface becomes more hydrophobic and ESPT becomes less favored. We 

also observed very slow rotational relaxation that may arise due to the strong electrostatic 

attraction between the cationic headgroup of CTAB and the anionic HPTS. However, with 

incorporation of more alcohol this probe- headgroup interaction may get weaken and the 

environment becomes comparatively free; allowing relatively faster anisotropy. Thus, the study 

successfully demonstrates the effect of co-surfactant in controlling the hydration level of the 

interface through the ESPT dynamics of HPTS. 
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CHAPTER 6: 

How Does Interfacial Hydration Alter during Rod to Sphere Transition in 

DDAB/Water/Cyclohexane Reverse Micelles?254 

6.1. INTRODUCTION: 

Micelle or reverse micelle possess different shape and structure depending on the nature 

and concentration of surfactant molecules.206 For example, it is well-established that the AOT 

molecule acquire spherical orientation and swells up with increment of water content.255 On the 

other hand sodium bis-(2-ethylhexyl) phosphate (NaDEHP) readily forms giant rod-like 

assembly.256,257 Noted atom simulation studies suggest conformational changes of AOT reverse 

micelle from their original spherical shape to elliptical shape.258,259 Interestingly, 

Didodecyldimethylammonium bromide (DDAB) provides an attractive reverse micelle assembly 

that undergoes structural transition from rod to spherical shape when amount of water loading, 

w0= ([water]/ [surfactant]) exceeds a particular value (w0 ~ 8)260 A lots of study regarding 

involvement of structural impact on controlling hydration properties of these assemblies are 

investigated, as any change of these properties lead to modulation of structure or nature of 

molecule like protein.188,261-263 It is also reported that the structure of DDAB micro-emulsion 

depends critically on the composition or volume fraction (ϕ) = (V𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡+V𝑤𝑎𝑡𝑒𝑟)/ (V𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 

+ V𝑤𝑎𝑡𝑒𝑟 +V𝑛𝑜𝑛−𝑝𝑜𝑙𝑎𝑟), where the V𝑖 term denotes the volume of the respective species of the polar 

components (Table 6.2). Small angle neutron scattering (SANS) studies demonstrated that at low 

ϕ (∼0.05) and at w0 (<8), DDAB/water/cyclohexane micro-emulsion consists of discrete 

cylindrical RMs with a fixed radius of ∼15 Å and varying lengths (∼250 Å at w0 = 2 to ∼90 Å at 

w0= 8, Scheme 6.1). However, at higher hydration (w0 > 10), the micro-emulsion primarily 

contains spherical droplets with a core radius of ∼19 Å (Scheme 6.1).260 For more concentrated 

DDAB (ϕ ∼ 0.20), the system exists as bi-continuous micro-emulsion at low water consisting of 

disordered connected cylinders (DOC) which at high water content transforms into spherical 

globules.264 One of the objectives of this work is to investigate presence of any correlation between 

the degrees of hydration within the interfacial layer with nature of confinement. In this purpose 

the anionic HPTS is an appropriate ESPT probe, as it localized in the interface selectively. If the 

correlation exists, the ESPT dynamics may modulate differently at low range of w0 values 

(cylindrical regime) from that at higher w0 (spherical regime). On the other hand, SANS study 

described the interfacial layer by the hydrophobic interfacial film model;265 and according to this 

model, ESPT should be masked as the probe HPTS is trapped within the interface. Thus, this study 

may provide valuable insight about the hydration behaviour of the interface layer at different water 
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content. As shown in the Scheme 6.1, in the smaller reverse micelle (w0 ≤ 8), water molecules so 

as our selected probe, HPTS distribute in two distinct regions, viz. less hydrated cylindrical and 

more hydrated hemispherical regions, unlike the homogeneously distributed water molecules in 

spherical reverse micelle (w0 = 12). 

 

 

Scheme 6.1. Structures of DDAB/Water/Cyclohexane reverse micelle at low hydration (w0 ≤ 8) 

with two possible interfacial regions, i.e., less hydrated cylindrical and more hydrated 

hemispherical regions. In the higher (e.g. w0 = 12) water content, spherical micelles are present 

and the two regions may be mixed together. 

6.2. RESULTS 

6.2.1. Steady-state Absorbance and Emission Spectroscopy: 

 

Figure 6.1. Absorption spectra of HPTS in water/DDAB/cyclohexane reverse micelle at different 

w0s. The absorption spectra refer presence of probe mainly in the protonated form. 

 

TH-1818_136122027



Chapter 6 

 

83 

UV-Visible absorbance spectra: The absorption spectra of HPTS within the 

DDAB/cyclohexane/water reverse micelle show absorption band at ∼405 nm, characteristics of 

the protonated form (Figure 6.1). There is no absorption band at ∼450 nm indicating the absence 

of the deprotonated form in the ground state. Note that the absorption maximum (405 nm) inside 

the DDAB reverse micelle is slightly red-shifted compared to that of bulk water (403 nm) but is 

similar to the cationic BHDC RM (406 nm), discussed in chapter 4. The red shift of the absorption 

spectrum may be due to cation-π interaction between the cationic headgroup of the surfactant and 

the π-electrons of the aromatic ring of the HPTS. 

 

Figure 6.2: (a) Emission spectra of HPTS inside DDAB RM at various w0 values (λ𝑒𝑥= 390 nm). 

Emission spectrum of HPTS in water (dotted line) is also included for comparison. (b) The ratio 

metric plot of the de-protonated to the protonated emission intensity vs. w0 inside the DDAB RM. 
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Observation from Emission spectra: In neat water, the emission spectrum of HPTS is 

greatly dominated by the emission from the deprotonated (𝜆𝑒𝑚
𝑚𝑎𝑥 = 512nm) form and a very weak 

emission band (at ∼440 nm) is observed from the protonated state (Figure 6.2a). However, HPTS 

inside the cyclohexane/DDAB/water RM at w0 = 2 exhibits only a single-band emission spectrum 

characteristics of the protonated emission with emission maximum at 426 nm (Figure 6.2a) and 

devoid of emission band characteristics of the deprotonated form referring negligible or ultraslow 

ESPT compared to the fluorescence lifetime of HPTS at this w0. After that the emission spectra 

undergo clear systematic variation with w0. With the increase of water content, the protonated 

emission intensity diminishes with the concomitant development of deprotonated emission 

intensity at ∼535 nm (Figure 6.2a). Thus, gradual increase of water loading progressively 

promotes ESPT of HPTS located inside the cationic surfactant interface. Note that the shape of 

the emission spectrum, particularly that for w0 = 2, possess a shoulder at ∼450 nm, providing it 

slightly structured emission spectrum may be due to vibrionic transitions which are frequently 

observed for pyranine-derived fluorophores in less polar medium.198,223  

The lack of ESPT at low water content may be assigned to the lower hydration or to the 

very high counter ion density near the surfactant headgroups; as ESPT process is feasible only in 

the aqueous medium and in presence of proton acceptor (water) and inhibited in the presence of 

high concentration of ion.10,266-268 Thus, the lack of ESPT at low water content may be assigned 

to the lower hydration or to the very high counter ion density near the surfactant headgroups. With 

the increase of water content, the counter ions (bromide) may be displaced into the core and more 

water molecules may penetrate into the surfactant interface of the RM and thus, favour the ESPT 

opportunity. Another notable observation is that both the protonated and deprotonated bands shift 

towards higher wavelength with increase of the water content. This may be due to the 

solvatochromic behaviour of HPTS and increase of the polarity of the interface at higher w0.
198 

To illustrate the variation of ESPT upon w0 more evidently, we plot the intensity ratio of the de-

protonated to the protonated emission against w0 (Figure 6.2b). It is clear that the ratio increases 

linearly with increase of w0; without any distinct change of slope before and after w0 = 8, the point 

where the reverse micelle is reported to undergo phase-transition from rod-shaped to spherical 

assembly. Thus, the morphological change of overall reverse micelle structure may have only a 

minor impact on the interface hydration.
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6.2.2. Time-resolved fluorescence: 

The fluorescence time resolved measurements are monitored at two selective emission 

wavelengths of 425 nm and 570 nm; representing the protonated and the de-protonated forms, 

respectively to monitor fluorescence kinetics associated with the ESPT process. (Figure 6.3). 

These two wavelengths were deliberately chosen to minimize the undesired mixing of contribution 

from the other form.69,239 The fluorescence decays of the protonated form monitored at 425 nm 

become progressively faster with the increase of w0 and the decay components for both forms 

were found to be bi-exponential with common decay constants of 2.1 ns and 3.6 ns, respectively 

(Table 6.1). The fitting function is described in the eq. 2.1 chapter 2. 

 

 

Figure 6.3. The fluorescence transients of the (a) protonated, ROH*(t) (𝑒𝑚= 425 nm) and (b) de-

protonated, RO* (𝑒𝑚= 570 nm) forms of HPTS at different w0 values at 𝑒𝑥= 375 nm. The initial 

portion of de-protonated transients are shown in the inset for clarity. 

We observed a gradual increment of the contribution of the faster component with w0 

(Table 6.1). On the other hand, the fluorescence transients of the deprotonated form (measured at 

570 nm) can be fitted bi-exponentially with a matching rise component of 2.1 ns followed by a 

decay component of 5.4 ns. Our proposed ESPT model support these observations (Scheme 6.2). 
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To interpret the decay components more convincingly, we have also measured 

fluorescence transients at different wavelengths with the interval of 5nm across the full emission 

spectrum and constructed time-resolved emission spectra (TRES, eq. 2.15, chapter 2 Figure 6.4, 

left panel) and time-resolved area-normalized emission spectra (TRANES) at different times 

(Figure 6.4, right panel). 

Table 6.1. Fluorescence decay fitting parameters of protonated, ROH*(t) and de-protonated, 

RO* forms of HPTS inside water/DDAB/cyclohexane reverse micelle, measured at 425 nm and 

570 nm, respectively. Pre-exponential factors are added in the parenthesis.  

w0 Protonated, ROH*(t) De-protonated, RO*(t) 

τ1 (ns)a τ2 (ns)a χ2 τ3 (ns)a τ4 (ns)a χ2 

2 2.1 (0.13) 3.6 (0.87) 1.08 2.1 (-0.46) 5.4 (1.00) 1.06 

4 2.1 (0.20) 3.6 (0.80) 1.02 2.1 (-0.63) 5.4 (1.00) 1.08 

6 2.1 (0.26) 3.6 (0.74) 1.05 2.1 (-0.71) 5.4 (1.00) 1.11 

8 2.1 (0.39) 3.6 (0.61) 1.06 2.1 (-0.71) 5.4 (1.00) 1.05 

10 2.1 (0.50) 3.6 (0.50) 1.08 2.1 (-0.71) 5.4 (1.00) 1.10 

12 2.1 (0.57) 3.6 (0.43) 1.07 2.1 (-0.72) 5.4 (1.00) 1.18 

a 0.1 ns 

The TRANES data ensured us about very insignificant ESPT process at lower w0. For 

other w0 values, the TRANES data clearly manifest decrease of the protonated emission band with 

simultaneous increase of the de-protonated emission intensity at longer time. Thus, ESPT is 

almost absent at low w0 (=2) but is prompted dramatically at the higher w0 values. On the other 

hand TRES data with dominated protonated band in the early time at all w0s; confirmed absence 

of ultrafast component in our system. Moreover, Levinger and co-worker have already shown the 

absence of ultrafast component of ESPT inside another cationic reverse micelle (CTAB) 

interface.180  

We have evaluated fluorescence lifetime of HPTS free from the associated ESPT process 

from the plot of area of TRES against the respective times; following Lawler et al method.208 

These data can be nicely fitted by a single exponential function with lifetime of 3.50.2 ns (Figure 

6.5). This time constant is very similar to the time constant of the slower component of the decay 

of the protonated emission observed at 425 nm and may be assigned to the lifetime of HPTS inside 

the interface of the DDAB reverse micelle. Note that the lifetime is quite short compared to the 

lifetime of HPTS in water (~5.5 ns) but close to the lifetime of HPTS in methanol (~ 4 ns).269 The 

bi-exponential nature of both protonated and the deprotonated emission transients with matching 

decay and rise time can be interpreted by assuming bimodal distribution of HPTS inside the  
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Figure6.4. Time-resolved emission spectra (TRES, left panel) and time-resolved area-normalized 

emission spectra (TRANES, right panel) of HPTS inside DDAB RM at w0 = 2, 6 and 12, 

respectively. Solid lines denote fit to according to eq. 2.14, chapter 2. The TRANES at w0 = 2 do 

not show much variation except very small spectral shift of the protonated emission band and a 

very small contribution of deprotonated emission arises at long time ( 7 ns). However, for w0 = 

6 and 12 deprotonated emission band intensity undergo enhancement with time. 

interface. The shorter component may be ascribed to the fraction of probe that is experiencing 

ESPT while the slower component to the fraction not experiencing ESPT. The fraction of HPTS 

that are at a location devoid of water cannot undergo ESPT. Interestingly, a very simple scheme 

(described in Scheme 2.1 chapter 2) can justify the observed ESPT dynamics qualitatively 

constant as 5.04 ns. The lifetime of the protonated form of HPTS (τ𝑓) is found to be 3.6 ns which 

is consistent with the lifetime of 3.5± 0.2 ns obtained from the TRES area calculation involving 

single step de-protonation without involvement of ion-pair formation or recombination. From this 

scheme, we have calculated the deprotonation time (Figure 6.5). 
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Figure 6.5. Integrated TRES area vs. time plot of HPTS inside DDAB RM at w0 = 2, 6 and 12, 

respectively. The inset shows the average decay of the all three w0 values, fitted to single 

exponential decay. 

 

Figure 6.6. (a) Plot of the variation of the initial populations of HPTS with w0. On increasing 

water loading, the hydrated protonated ([AH1]) and deprotonated ([A−]) HPTS fraction increase, 

while the dehydrated protonated ([AH2]) HPTS fraction decreases. The initial population of the 

deprotonated species ([A−*]) is very small at all w0. (b) The plot of hydrated to dehydrated fraction 

of HPTS inside reverse micelles in experimental and theoretical (surface area =2𝑟
𝑙⁄ , where 𝑟 for 

radius and 𝑙 length of cylindrical reverse micelle, tabulated at Table 6.2) aspects.  
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The lifetime of the deprotonated form (τ𝑓
′ ) is given by the decay component (5.4 ns) of the 

deprotonated emission (Table 6.1). The obtained fraction of [AH1*] 0 and [AH2*] 0 and [A− *] 0 

are displayed in the Figure 6.6a. The very small values of [A−*] 0 is consistent with the fact that 

the deprotonated species mainly originates from the hydrated protonated fraction, [AH1*] through 

the ESPT process. 

With the increase of w0, the fraction of [AH1*] increases while [AH2*] decreases (Figure 

6.6a). The ratio of the two populations varies differently at low w0 and high w0 regimes. The 

population of the hydrated fraction relative to the dehydrated fraction increases marginally up to 

w0 = 6 but thereafter, increases much more dramatically (Figure 6.6b). Interestingly, the break in 

the plot may correspond to the transition point where morphology of the RM changes from 

cylindrical to spherical shape. The two different populations of the protonated species may be 

realized in the following way. Assuming the cylindrical (or capsular) shape of the reverse micelle, 

the two regions may be ascribed to the tubular side region and the two hemispheres at edges 

(Scheme 6.1). If we take the dimension of the cylindrical micelles as that proposed by Eastoe and 

co-workers (Scheme 6.1),260 the relative contribution of the two regions (inner surface area) can 

be given by 2r/l (Table 6.2) and this varies almost linearly with w0 below w0 = 6 but becomes 

significantly higher at w0 = 8 (Figure 6.6b). In the side regions, surfactants may be well packed 

and remain free from water penetration while the end hemisphere regions may be hydrated. The 

two regions may be mixed together when the cylindrical RM transforms into sphere and their 

relative contributions may be equal. The ratio of the two HPTS fractions obtained from the 

fluorescence decay fit nicely correlated to this trend (Figure 6.6b). 

Table 6.2. The volume fraction () given by (Vsurfactant + Vwater)/ (Vsurfactant + Vwater + Vnonpolar), 

where Vi term denotes the volume of the respective species.and inner surface area representing 

relative contributions of the two regions (scheme 2) of water/DDAB/cyclohexane reverse micelle 

calculated using Mw (DDAB) = 462 g mol-1 and ρDDAB = 1.1 g cm-3. 

 

Although the applicability of this very simple kinetic scheme (Scheme 2.1, chapter2) may 

appear to be strange yet could be justified as follows. The probe is located in the interfacial region 

where availability of water is expected to be very low and if present, such water molecules are 

probably isolated and normal hydrogen bonding network within water molecules may not exist. 

W0 [DDAB], molL-1  Surface area, 2r/l 

2 0.1 0.042 0.13 

4 0.1 0.045 0.14 

6 0.1 0.048 0.15 

8 0.1 0.051 0.33 

10 0.1 0.054 - 

12 0.1 0.058 - 
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Further, ion-pairing may not be stable due to strong electrostatic field of the positive quaternary 

ammonium headgroup. Moreover, once a hydronium ion is formed, it may be immediately pushed 

into the core by the positive charges of the surfactant headgroups and thus, eliminating the 

possibility of recombination of the dissociated proton (or hydronium ion) with the de-protonated 

species in the excited state. 

Solvation dynamics: To ensure involvement of solvation dynamics in the ESPT process; 

we fitted the TRES at different times with a combination of bi-lognormal functions (eq. 2.14, 

chapter2) to de-convolve individual contributions of the protonated and the deprotonated 

emissions at different times (Figure 6.7). The emission maxima of both the protonated and the 

deprotonated forms undergo significant red-shift with time. We can fit the dynamics of the spectral 

shift to estimate the dynamics of solvation inside the interface by the following equation216,270 

𝑡 =  (0 − )[𝑎1𝑒−𝑡/1 +  𝑎2𝑒−𝑡/2] +     (6.1) 

Where 0, t,  denotes emission frequency (in cm-1) at 0, t and infinite time, respectively. 

 

Figure 6.7. Solvation dynamics of HPTS inside DDAB/water/cyclohexane reverse micelle at w0 

= 2, 6 and 12, respectively. Solid lines denote fit to a double exponential function. 

 The parameters of the fit are listed in Table 6.3. The fitted parameter shows that the 

emission frequency of the protonated form undergoes a fast (~0.12 ns) solvent relaxation followed 

by a slower relaxation (3.2-3.7 ns). As the slow component of the hydration is in the same order 

of magnitude of ESPT (2.1ns), we propose that the corresponding solvation process may be more 

critical to induce ESPT. The 0.12 ns component which is much faster than the ESPT dynamics, 

may be ascribed to the stabilization of the excited state dipole of the protonated form by ionic  
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Table 6.3. Solvation dynamics fit parameters of the protonated form of HPTS in 

water/DDAB/cyclohexane reverse micelle system at different w0 values. 

w0 (0)a ()a a1 τ1 (ns)b τ2 (ns)b 

2 23750 23050 0.58 0.13 3.2 

6 23600 23000 0.79 0.13 3.6 

12 23600 22950 0.81 0.12 3.7 

a100 cm-1 b0.1 ns 

species and water in its immediate vicinity. Whereas, the slower component may arise due to the 

accumulation of distant water molecules by translational diffusion and rearrangement of water 

molecules near the hydroxyl group. It is often suggested that a critical size of water cluster is 

necessary for the ESPT event to occur.271 Inside the relatively less hydrated rigid interfacial 

region, availability of the optimal size of water cluster may be achieved only after transportation 

of significant number of remote water molecules to the proton donating site (hydroxyl group in 

this case) and the process may occurs in several ns. Very recently, Pal and co-workers reported 

that solvation dynamics precede ESPT for 1-napthol in the binary di-oxane-water cluster.272 

6.2.3. Fluorescence Anisotropy. 

Fluorescence anisotropy of a fluorophore is intimately related to its location inside reverse 

micelle.208 If the probe HPTS stays in the core (as in anionic reverse micelle), the rotational 

anisotropy would be relatively faster compared to an interface localized case (as in cationic reverse 

micelle). Moreover, if the probe is strongly bound to the interface, part of the anisotropy decay 

may arise from the overall rotation of the assembly and hence, may be sensitive to the structural 

transitions. We indeed observed a strong break in the measured steady-state anisotropy against w0 

plot at w0 = 9 (Figure 6.8a). The anisotropy values suddenly drops after the w0 = 9. The change 

in the anisotropy can be ascribed to the very different rotational dynamics of cylinder and sphere. 

The time transient fluorescence anisotropy decays (Figure 6.8b) can be fitted with a bi-

exponential function retaining a constant residual anisotropy(𝑟) described in eq. 2.17 Chapter 2. 

The anisotropy decay parameters were analysed in terms of “wobbling-in-cone (WIC)” model, 

where the fluorophore may undergo a wobbling motion tracing a cone with a semi-cone angle of  

 along with lateral diffusion of the probe along the interface, described in details in chapter 2.219-

221 The time scale is expected to be very long compared to the life time of HPTS. Thus, we do not 

explicitly includes the overall rotation here and rather assume that the effect of the very slow 

overall motion may be reflected in the observed residual anisotropy. The wobbling time constants  

TH-1818_136122027



Chapter 6 

 

92 

 

Figure 6.8. (a) Steady state fluorescence anisotropy decays of HPTS in DDAB RM at various w0 

values measured at λex = 390 nm and λem = 440 nm. A strong break appears around w0 = 9. The 

error bars represent spread of data obtained from three independent measurements. (b) Time 

transients fluorescence anisotropy decays of HPTS in DDAB RM at w0 values of 2 (blue), 8 (red), 

and 12 (green) measured at λex = 375 nm and λem = 440 nm. The black lines indicate bi-exponential 

fit according to eq. 2.17, chapter 2. 

Table 6.4. Anisotropy decay parameters of HPTS in water/DDAB/cyclohexane reverse micellar 

system at different w0 values. Error bars on each parameter are also provided. 

W0 r(0)a r(α) a a(s) a τ s (ns)b τ f (ns)b τW(ns)b θ(deg)a Dw(nS-1)c 

2 0.34 0.07 0.86 6.1 1.04 1.25 18.4 0.024 

6 0.34 0.12 0.88 3.2 0.25 0.27 16.6 0.089 

8 0.34 0.13 0.86 2.4 0.23 0.25 18.1 0.11 

10 0.33 0.06 0.78 3.6 0.42 0.47 22.8 0.09 

12 0.36 0.08 0.77 2.8 0.27 0.3 23.7 0.16 
 a0.01 b0.1 ns c0.01 ns-1 

(𝜏𝑤) and the semi-cone angle (θ) and the wobbling diffusion coefficient (𝐷𝑤) are supplied in Table 

6.4. The contribution of the faster anisotropy decay component is significantly higher at w0 = 10 

and 12 compared to lower w0 (≤8). Also the wobbling angle increases with increase in the w0 

values (Figure 6.9). The plot of different anisotropy parameters points toward significant 

modification after w0 = 8 (Figure 6.9). This is consistent with the break observed in the steady 

state anisotropy around w0 ∼ 8. Note that the rotational time constant of HPTS in bulk water is 

0.14 ns which corresponds to a rotational diffusion coefficient of 1.2 ns−1. The wobbling diffusion 

coefficient found for HPTS in the RM is much smaller compared to this bulk rotational value. 

Thus, the rotational relaxation is reduced by 14 time at w0 = 2 and 2−5 times at other w0 values. 
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Figure 6.9. The plots of the variation of the anisotropy parameters (amplitude, time constants of 

anisotropy decay, semi-cone angles, and diffusion coefficients) with w0, inside DDAB RM. 

6.3. SUMMARY AND CONCLUSIONS: 

In this chapter, we have discussed ESPT dynamics of a localized photoacid HPTS within 

DDAB/water/cyclohexane RM interface and found that the observed dynamics is well-correlated 

to shape change of the reverse micelle. We have analysed the ESPT results by assuming presence 

of two very different interfacial regions: hydrated and dehydrated. Our results showed that with 

increase of w0, the dehydrated population decreases, followed by enhancement of the hydrated 

region. The relative ratio of these population varies differentially at low w0 and high w0 regimes. 

Thus, the structural change does have important impact on the interfacial hydration or on 

surfactant headgroup water interaction. Our results lead us to summarize the ESPT process 

through a very simple model without considering ion-pair formation and recombination. 

Additionally, the steady state fluorescence anisotropy of the same probe shows a clear break at 

the transition point. This may be due to coupling of the overall rotation of the assembly with the 

local (wobbling) motion of probe inside the interface layer.
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CHAPTER 7: 
HOW DO THE INTERFACIAL PROPERTIES OF ZWITTERIONIC SULFOBETAINE MICELLES 

DIFFER FROM THOSE OF CATIONIC ALKYL QUATERNARY AMMONIUM MICELLES?273 

7.1 INTRODUCTION: 

Zwitterionic surfactant molecules possess two distinct opposite charges separated by a 

spacer in their hydrophilic headgroup. They can be divided into several subgroups on the basis of 

the length and nature of spacer separating the quaternary ammonium center from the sulfonate 

group.274 Due to these structural characteristics they exhibit many intriguing features compared 

with common ionic or neutral surfactants. For example, they show excellent biocompatibility and 

biodegradability, good water solubility, and can withstand higher temperature compared with 

common surfactants.213-215 Consequently, zwitterionic surfactants are favoured in cosmetic, 

biomedical and pharmaceutical applications and in chemical reactions.275-278 The interface of 

zwitterionic micelle possesses cationic nature despite of the presence of both cationic and anionic 

hydrophilic headgroup. A recent molecular dynamics simulation study referred this cationic 

interfacial properties to orientation of surfactant molecule. The surfactant molecules are arranged 

in such a manner that the ammonium headgroups are relatively more exposed to water compared 

to the sulfonate groups. Because of this special arrangement, the interface has more tendency to 

preferentially adsorb external anion.214 Excited state proton transfer (ESPT) can offer beneficial 

information about the nature and dynamics of water inside this interface. Nome and co-workers 

used this ESPT process to investigate the hydrogen ion concentration inside a zwitterionic 

sulfobetaine micelle using 2-naphthol as ESPT probe.279  

 

 

Scheme 7.1: Schematic representation of micellar interface. The zwitterionic sulfo-betaine 

surfactant molecules possess two oppositely charge headgroups linked by alkyl chain (C3 in this 

case) are arranged in L shaped pattern, exposing the cationic headgroup towards the interface 

similar to cationic alkyl-ammonium surfactant assembly. 

In this chapter we have discussed our study on nature of zwitterionic 3-

(dodecyldimethylammonio)-propane sulfonate (SB12) and 3-(hexadecyldimethylammonio)-
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propane sulfonate (SB16) micellar interface and variation of their properties from the interface of 

cationic alkyl-ammonium (e.g. DTAB, CTAB) micelle with matching alkyl tails (Scheme 7.1). 

To study these medium we have employed ESPT behaviour of a site selective anionic probe 8-

hydroxypyrene-1, 3, 6-trisulphonate (HPTS). The emission nature of HPTS is sensitive to local 

hydration inside micelles158,280,281 and reverse micelles205,226,240,250,254 and may be a better 

alternative of Nome ESPT probe279 because of its stronger photoacidity than 2-naphthol.14,282,283 

Moreover HPTS with three and four negative charges in the protonated and deprotonated forms 

respectively, serves as a prototype of large anion which can be accommodated at the interface. 

7.2. RESULTS: 

7.2.1. Steady-state Absorbance and Emission Spectroscopy:  

 

Figure 7.1: Normalize absorption spectra of HPTS (~ 8 µM) in different micelles at pH 5.6. All 

the absorptions spectra are very similar to each other. 

The absorption spectra of HPTS inside all the micelles are very similar with a common 

absorption maximum at ∼405 nm and the absence of any absorbance at higher wavelengths (>430 

nm) eliminates the possibility of any ground-state deprotonation of HPTS at a bulk pH of 5.6 

(Figure 7.1). 

The emission features alter greatly within the micelles; both the protonated and 

deprotonated bands have comparable intensities (Figure 7.2). The ratio (r) of the emission 

intensities of the two forms (protonated/deprotonated) is a qualitative estimate of the retardation 

of the ESPT process.226 The r increases from 0.84 in the DTAB micelles to 1.01 in the CTAB  
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Figure 7.2. Emission spectra of HPTS (8 µM) in the presence of different surfactants (a) DTAB, 

(b) SB-12, (c) CTAB and (d) SB-16 (𝜆𝑒𝑥= 390 nm). For cationic surfactants (CTAB and DTAB) 

strong quenching of fluorescence was observed (inset of a, c). 

 

Figure 7.3: Emission spectra (normalized at the deprotonated emission band) of HPTS inside 

cationic and sulfobetaine micelles (left panel: DTAB vs. SB12; right panel: CTAB vs. SB16). 

Emission spectrum of water is added for comparison. 

micelles. Similarly, the r increases from 0.97 in the SB12 micelles to 1.4 in the SB16 micelles 

(Figure 7.3). Thus, ESPT may be more suppressed inside the zwitterionic micelles compared to 

the cationic micelles. The ESPT is also suppressed significantly with the increase in the tail length 

of the surfactant (Figure 7.4). Thus, the steady-state emission measurements imply that the ESPT 

TH-1818_136122027



Chapter 7 

 

100 

inside a micelle is modulated significantly by changing either the headgroup or the tail length of 

the surfactant. 

 

Figure 7.4: Comparison of the emission spectra (normalized at the deprotonated emission band) 

of HPTS inside micelles with variation of the tail length of the surfactant. Emission spectrum of 

water is added for comparison. 

7.2.2. Time-resolved fluorescence: 

To monitor the ESPT dynamics, fluorescence transients of HPTS were recorded at two 

selective emission wavelengths, 425 nm and 570 nm, representing the protonated and 

deprotonated emissions, respectively (Figure 7.5) as discussed in earlier chapters. In water, the 

fluorescence decay of HPTS occurs in multiple timescales, but the ESPT mainly occurs with a 

time constant of ∼100ps.25, 224, 284 The fluorescence decays of the protonated form are much slower 

inside both the micelles compared to that in bulk water. The slow decays imply that the ESPT 

dynamics are severely retarded inside the micelles compared with that in bulk water. Note that 

minor but systematic variations are present among the fluorescence decays recorded for different 

micelles. The fluorescence decays inside the SB micelles are relatively slower compared to those 

of the cationic micelles having identical chain length (Figure 7.5). Moreover, the decays also 

become slower with the increase in the alkyl length chain (Figure 7.6). 

A clear ultraslow rise component is observed in the deprotonated emission transients 

indicative of the ESPT phenomena. The rise times of the deprotonated form are of similar 

magnitude to that of the decay times of the corresponding protonated emission (Table 7.1). The 

rise times also become longer for the sulfo-betaine micelles than those of the cationic micelles for 

the same tail length of the surfactants. Thus, the ESPT dynamics in the SB micelles are more 

retarded than those of the corresponding cationic micelles. 
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Figure 7.5: Fluorescence transients of the protonated (𝜆𝑒𝑚 = 425 nm) and de-protonated (𝜆𝑒𝑚 = 

570) forms of HPTS inside cationic and SB micelles. The fluorescence tranisent of HPTS in water 

is also added for comparison. 

 

Figure 7.6: Comparison of the fluorescence transients of the protonated and deprotonated form 

of HPTS inside micelles with variation of the tail length of the surfactant (𝜆𝑒𝑚= 425 nm and 570 

nm). 
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Table 7.1: Fitting parameters of the protonated (𝑅𝑂𝐻∗, 𝜆𝑒𝑚 = 425 nm) and deprotonated (𝑅𝑂𝐻−∗, 

𝜆𝑒𝑚 = 570 nm) emission transients of HPTS inside different micelles. 

Micelle ROH* RO-* 

τ1(ps) τ2 (ps) τ3 (ps) χ2 τ1(ps) τ2 (ps) τ2 (ps) χ2 

CTAB 655 

(0.17) 

2215 

(0.77) 

4970 

(0.05) 

1.08 655 

(-2.05) 

2215 

(-10.9) 

6230 

(13.96) 

1.03 

SB16 460 

(0.18) 

2590 

(0.76) 

4550 

(0.06) 

1.05 460 

(-0.73) 

2590 

(-9.36) 

6255 

(11.09) 

1.18 

DTAB 840 

(0.21) 

1990 

(0.74) 

4240 

(0.05) 

1.09 840 

(-2.70) 

1990 

(-8.78) 

6230 

(12.49) 

1.13 

SB12 360 

(0.14) 

2060 

(0.82) 

4000 

(0.04) 

1.15 360 

(-0.25) 

2060 

(-6.79) 

6310 

(8.04) 

1.05 

However to get more insight of water dynamics we monitored fluorescence transient 

emission decays at interval of 5nm across the emission spectra, followed by the construction of 

time-resolved emission spectra (TRES) or time-resolved area-normalized emission spectra 

(TRANES).217,218 At an early time (t = 0.1 ns), the TRANES contributed solely by the protonated 

form and are identical for all the micelles irrespective of the headgroup or chain length (Figure 

7.7). This virtually rules out the possibility of occurrence of any ultrafast component of ESPT in 

these micellar systems. 

 

Figure 7.7: Comparison of TRANES emission spectra in different micelles at early time (t = 

0.1ns). 
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Figure 7.8: Comparison of time-resolved area-normalized emission spectra (TRANES) of HPTS 

inside cationic and sulfo-betaine micelles (CTAB vs. SB16; DTAB vs. SB12) and with variation 

of chain length at t = 5 ns. 

 

Figure 7.9: Comparison of TRANES emission spectra in different micelles at long time (t =10ns). 

However, at a longer delay time, the TRANES have distinct contributions from both the 

protonated and deprotonated forms. Notably, the relative contributions of the protonated and de-

protonated emission bands differ for different micelles. For example, for the TRANES at t = 5 ns, 

a higher fraction of the protonated form has been converted to the deprotonated form inside the 

CTAB micelles compared with that of the SB-16 micelles (Figure 7.8). Long after excitation (e.g., 
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t = 10 ns), the protonated emission band further decays along with the concomitant increase of the 

deprotonated emission band, for all the micelles but the relative population of the protonated 

emission is higher for the SB micelles than that of the cationic micelle with identical chain length. 

This further confirms the slower ESPT inside the SB micelles than that in the cationic micelles 

(Figure 7.9). Moreover, at a particular time, more of the protonated form is present for the higher 

alkyl chain surfactant within the same series of surfactants. Thus, ESPT is indeed slower for the 

surfactant micelles with a longer tail. 

We performed detailed analysis of the TRES and TRANES to get more quantitative 

description of the ESPT process.216,217 The emission intensity (or equivalently, excited state 

population) of the protonated form decays as a result of proton transfer (i.e., conversion to the 

deprotonated form) as well as relaxation to the ground state. On the other hand, the intensity of 

the deprotonated form can develop from the deprotonation of the protonated form, and the 

intensity may decay to the ground state. Since the area of TRES is proportional to the total 

population of both the protonated and deprotonated forms, the decay of the TRES area with time 

may represent the average lifetime of HPTS.208 We found that the decay of the TRES area can be 

fitted by two exponentials (Table 7.2). Thus, two different subpopulation of HPTS may exist at 

the interface. One of the sub-populations has a lifetime close to that in water (∼5.4 ns). However, 

there also exists a quite shorter lifetime (1.24–2.25 ns) fraction. We do not know the exact origin 

of this shorter lifetime. This may be due to a fraction of HPTS that strongly interacts with the 

headgroup by ion-pairing or H-bonding. 

In TRANES, the total area (i.e., total excited state population) is fixed (unity) and thus, the 

inter-conversion of the two forms can be best represented by the time evolution of TRANES. We 

further extracted the ESPT time constant by fitting the decay of the TRANES intensity of the 

protonated emission and the rise of the deprotonated emission (Figure 7.10). The ESPT time 

constants are summarized in Table 7.2. 

Table 7.2: The parameters obtained from TRANES analysis of HPTS inside different micelles. 

 

Micelles ESPT time constant Lifetime (ns) 

ROH* (430 nm) RO* (530 nm) f1 (ns) f2 (ns) 

SB16 10.350.26 9.740.20 1.24 (0.18) 2.80 (0.72) 

SB12 5.650.05 5.80.09 1.40 (0.43) 5.12 (0.56) 

CTAB 5.620.02 5.450.04 1.24 (0.38) 4.8 (0.62) 

DTAB 4.990.05 4.970.04 2.25 (0.51) 5.6 (0.49) 

CTAC 4.860.05 4.780.06 1.68 (0.56) 5.7 (0.44) 
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Interestingly, the ESPT dynamics is found to be exponential and the time constant agrees 

well between the two data sets (protonated vs. deprotonated forms). We found that the ESPT is 

slowest for the SB16 micelle and occurs with a time constant of ∼10 ns (Table 7.2). The ESPT 

time constant decreases with the shortening of the chain length. For similar chain length 

surfactants, the deprotonation time is faster for the cationic micelle compared to the sulfo-betaine 

surfactant (Table 7.2). For the cationic micelles, the ESPT time depends on both the chain length 

and the counter ion. The ESPT rate is slower for the CTAB micelle compared to the CTAC 

micelle. 

 

Figure 7.10. The time evolution of the TRANES intensity of protonated (blue) and deprotonated 

(red) forms representing the true deprotonation kinetics inside different micelles. 
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7.2.3. Fluorescence Anisotropy:  

In bulk water, the fluorescence anisotropy of MPTS decays with a time constant of 170 ps. 

However, when the MPTS is hosted inside a micellar medium, its movement becomes restricted 

as was observed by the appearance of very slow anisotropy decays. The extent of retardation of 

the rotational dynamics is more dramatic for the SB surfactant micelles compared to that of the 

cationic micelles with an equal chain length. The result implies a better packing of the SB 

surfactant headgroups at the interfacial region of the micelles compared to that of the cationic 

micelles. With the increase in the surfactant chain length, the rotational dynamics was found to be 

faster within a specific surfactant series (Figure 7.11). Thus, we may infer that the SB surfactant 

micelles confer consistently more confinement to the MPTS host. This is in agreement with the 

results of Chakrabarty et al.285 They also found that the rotational dynamics of coumarin 102 inside 

alkyltrimethylammonium bromide micelles become slower with an increase in the alkyl chain 

lengths of the surfactant. They concluded that the increase in the length of the alkyl chain leads to 

a more compact interface.285 Thus, the increase in the chain length may indirectly affect the 

headgroup packing which resulted in a more confined environment for the fluorophore (HPTS or 

MPTS) to exert slower ESPT or rotational dynamics. The anisotropy decays can be fitted by a bi-

exponential function 

𝑟(𝑡) = 𝑟0[𝛽 𝑒−𝑡/𝜏𝑠 +  (1 − 𝛽) 𝑒−𝑡/𝜏𝑓]       (7.1) 

Where r0 denotes initial anisotropy; 𝜏𝑆 and 𝜏𝑓 are slow and fast time rotational constants, 

respectively and β is the contribution of the slow component. The anisotropy decay fitting 

parameters are further analysed by wobbling in cone model discussed in details in chapter 2. All 

the analysed parameters are given in Table 7.3. 

Table 7.3: Fitting parameters of the anisotropy decays of MPTS (𝜆𝑒𝑚= 440 nm) inside different 

micelles. 

System r0 as τs /ns τf/ns τw/ns τM/ns τD/ns ϴ DW/ ns-1 

CTAB 0.27 0.69 4.00 0.64 0.71 13.0 5.78 38.7 0.28 

SB16 0.29 0.79 6.58 0.87 0.96 20.0 9.81 31.5 0.15 

DTAB 0.29 0.73 2.47 0.55 0.63 5.3 4.63 36.1 0.28 

SB12 0.32 0.69 3.81 0.9 1.08 12.5 5.48 38.7 0.18 

The semi-cone angles are very similar for all the micelles indicating a close similarity of 

the local environments. However, the wobbling and the translational time constants differ 

significantly among different micelles. In the zwitterionic micelles, the wobbling time constants 

and the translational time constants are longer than the corresponding cationic micelles. The 

TH-1818_136122027



Chapter 7 

 

107 

wobbling diffusion constants are higher for the cationic micelles than the zwitterionic micelles of 

the same chain length. The results indicate that the interface of the sulfobetaine micelles is more 

compact compared to the cationic micelles having identical tail length. 

 

Figure 7.11: Fluorescence anisotropy decay of MPTS inside cationic and sulfo-betaine micelles 

(𝜆𝑒𝑚 = 440 nm). 

7.3. EFFECT OF COUNTER IONS: 

The alkyl quaternary ammonium surfactant may have other counter ions rather than the 

bromide anion and thus, the results may depend on the nature of the counter ion used. To look at 

the effect of the counter ions (𝐵𝑟− vs.𝐶𝑙−), we compared the ESPT dynamics of HPTS between 

the CTAB and CTAC micelles and found that the ESPT dynamics of CTAC is considerably faster 

than the CTAB micelles (Figure 7.10). Chloride ions are more hydrated than the 𝐵𝑟− and hence, 

𝐵𝑟− ions like to reside more at the interface. Thus, for CTAB, the headgroup charges are more 

neutralized and may require less water at the interface for further stabilization of the headgroups. 

For the same chain length surfactants, the ESPT rate follows the order: CTAC > CTAB > SB16. 

The counter ion binding is higher in CTAB than in CTAC.286 The sulfobetaine SB16 surfactant 

may be generalized as an alkylammonium surfactant with a propyl sulfonate counter-anion. This 

counter ion is expected to be more hydrophobic than bromide and cannot leave the interface. From 

these considerations, hydration at the interface of the sulfobetaine should be lower. Thus, the 

behaviour of the zwitterionic surfactant has similarity to the cationic surfactant with a very 

hydrophobic counter ion. 
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7.4. SUMMARY AND CONCLUSIONS: 

In summary, we compared the interfacial properties, in particular, the nature of the 

interfacial hydration and rigidity, of cationic and zwitterionic sulfobetaine micelles using the 

ESPT behavior of HPTS and rotational anisotropy of MPTS. The slower ESPT and rotational 

dynamics found inside the zwitterionic micelles compared with that of the cationic micelles with 

the identical alkyl tail length; imply that the interface of zwitterionic sulfobetaine micelles is 

more packed and less hydrated. The slower ESPT is mainly arise because of reduction in the 

mobility of water molecules due to their strong hydrogen bond formation with the surfactant 

headgroups. Moreover, we also show that both the interfacial ESPT dynamics and fluorescence 

anisotropy decay depend on the nature of the counter anion of the cationic micelles; the 

hydrophobic bromide makes the dynamics slower than that of the 𝐶𝑙− counter ion. Thus, the 

slower dynamics inside the sulfobetaine surfactant in comparison with the corresponding 

alkylammoium surfactant may be ascribed to the counter ion effect. The interfacial properties of 

a zwitterionic sulfobetaine micelle may be modelled as a cationic alkyl-ammonium surfactant 

micelle with a similar tail but with a hydrophobic counter ion. 
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