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ABSTRACT 

In this dissertation, detailed investigation of characteristics of molecular self-assembly 

of different surfactant systems have been explored via surface tensiometry, 

conductivity, UV-Visible spectroscopy, fluorescence steady state emission 

spectroscopy, fluorescence anisotropy, one dimensional proton nuclear magnetic 

resonance (1H NMR) study, two dimensional nuclear Overhauser effect spectroscopy 

(2D NOESY) study, two dimensional rotating frame nuclear Overhauser effect (2D 

ROESY) study, small angle neutron scattering (SANS) study, density functional theory 

(DFT) calculations, dynamic light scattering study (DLS), rheometry, high resolution 

transmission electron microscopic (HRTEM) study and cryogenic transmission 

electron microscopic (cryo-TEM) study.  

In Chapter I, the concept of molecular self-assembly has been introduced. The 

different types of molecular aggregates and the related systems have been presented 

with special emphasis on worm-like micelles.  Application of self-assembled structures 

and important research advancements in related fields have been elaborately discussed.  

In Chapter II the scope of research on molecular aggregates in the field of surface 

chemistry and the objectives of the present dissertation have been discussed.  

In Chapter III, influence of head group geometry of cationic surfactants 

Cetyltrimethylammonium bromide (CTAB) and Cetylpyridinium bromide (CPB) on 

interaction with aromatic π-conjugated systems (additives) 1 Naphthol, 2 Naphthol and 

2,3 Dihydroxynaphthalene have been explored as function of temperature and 

composition. It has been found that the aromatic π-conjugated systems behave as 

cosurfactant and synergistically reduce the critical micellization concentration (cmc) of 

both CTAB and CPB. Interaction parameter (β) evaluated on basis of regular solution 

theory showed that the naphthalene derivatives interacted more strongly with the 

pyridinium head group of CPB compared to quaternary ammonium head group of 

CTAB. SANS study revealed a morphology transition in spherical aggregates of CTAB 

and CPB to elongated cylindrical aggregates in presence of the aromatic additives. 

Rheometric study of the viscoelastic gels of the surfactant-additive systems have been 

presented as function of temperature. The observed characteristics have been discussed 

in light of cation-π and π-π interactions with the aid of 1H NMR and NOESY study. 
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In Chapter IV the nature of transition from ordinary micelles (of nanometer length 

scale) of surface active ionic liquid 1-Hexadecyl-3-methylimidazolium chloride, to 

wormlike micelles (WLM) (micrometer length scale), mediated by 1 Naphthol, 2 

Naphthol and 2,3 Dihydroxynaphthalene (2,3 DHN) in salt free condition have been 

studied under Newtonian as well as non-Newtonian flow regimes. Conductance and 

tensiometry showed that the additives lower the critical micelle concentration (cmc) of 

the ionic liquid surfactant. The interaction parameter (β) of the systems at different mole 

fractions evaluated on basis of Rubingh’s Regular solution approach were negative at 

all SAIL/Additive compositions. UV-Vis spectroscopy showed that micelle-bound 

additives formed hydrogen bonds with interfacial water molecules. Location of the π-

conjugated hydroxy aromatic derivatives within the SAIL micelles was ascertained via 

UV-Vis and 1H NMR study. At higher concentration (100mM, 1:1), systems formed 

transparent viscoelastic gel. Rheological study of the viscoelastic gels showed that their 

zero shear viscosity is a function of temperature. 2,3 DHN interacted most strongly with 

the SAIL micelles, both in Newtonian and non-Newtonian regimes. This was 

corroborated by DFT study of binding energy. The study sheds light on understanding 

the molecular interactions behind the structural change from spherical to elongated 

micelles, in both microscopic and macroscopic scale, triggered by hydroxy 

naphthalenes under salt-free condition. The metal tolerance of the gels have been 

studied which has huge application prospects as fractured fluids in oil-mining industry. 

In Chapter V, synthesis of hydrophobic derivatives of tyrosine and tryptophan viz., 

octyl and dodecyl esters of tyrosine and octyl ester of tryptophan have been presented 

and their interfacial and bulk properties in aqueous media as models for the membrane 

proteins are investigated. Molecular modelling by density functional theory (DFT) 

method is carried out in order to understand molecular conformation and geometry for 

the purpose of determining the packing parameters. Water induced molecular folding 

of the esters of both tyrosine and tryptophan, as observed by rotating frame nuclear 

Overhauser effect spectroscopy (ROESY), indicated that segregation of hydrophobic 

and the hydrophilic blocks in water is the key to the development of fascinating 

interfacial property displayed by the aromatic aminoacid esters. The unusually high 

order morphology of the aggregates, as observed under high resolution transmission 

electron microscopy (HRTEM), is highly uncommon for single chain amphiphiles and 

points to the fact that the self-assembly behavior of the present systems resembles that 
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of  block copolymers. The study of the growth of mesosized hollow aggregates with 

internal bilayer structures from tyrosine and tryptophan based model systems would 

add to the understanding of biochemistry and biotechnology relevant to cell membrane. 

The promise of the biocompatible nanostructured motifs as the drug carriers have been 

discussed. The highly functional role played by the aromatic aminoacids at the 

membrane-water interface is considered with the present amphiphilic models for future 

perspective. 

In Chapter VI influence of the long chain aromatic aminoacid residue of tyrosine, 

viz.,L-Tyrosineoctyl ester (TYOE) and L-Tyrosinedodecyl ester (TYDE) in modifying 

the surface characteristics of the model-membrane interface viz., spherical micellar 

aggregates of cationic amphiphile Cetyltrimethylammonium bromide (CTAB) have 

been investigated via tensiometric study. The surface property of the cationic micellar 

interface appear highly modified in presence of the long chain tyrosine residues. 

Interaction parameters suggest synergistic interaction between the quaternary 

ammonium group of the cationic model-membrane monomers and the phenolic moiety 

of TYOE and TYDE. SANS study revealed strong sequestering of the electrostatic 

charge of the cationic micelles in presence of the tyrosine derivatives and 

unidimensional growth of the spherical aggregates. The relative position of TYOE and 

TYDE w.r.t the membrane interface have been ascertained from study of micropolarity 

of the membrane interface by monitoring the dissociation equilibrium of the hydroxy 

functionality within the CTAB micelles. The results have been further corroborated by 

1H NMR and 2D NOESY study. The transition in the model membrane curvature as 

function of composition of the tyrosine derivative and their chain length have been 

investigated by rheometry and HRTEM study. Results highlight the specific role of the 

hydroxy functionality and hydrophobicity of the alkyl chain length of TYOE and TYDE 

in modifying the membrane curvature. Micellar morphology transition from cylindrical 

to rod/wormlike micelles via charge screening of the headgroups by π-electrons of 

aromatic aminoacid is indeed interesting in view of the abundance of zwitterionic 

phosphatidylcholine in bio-membranes and the ubiquitous feature of transmembrane 

proteins to localize tyrosine and tryptophan at the interface. Since the interplay between 

lipids and proteins is the key to how cells control membrane shape during many vital 

events including cellular fission, fusion and virus entry, the observed tuning of micellar 

surface curvature by tyrosine analogue is thought provoking and opens up avenue for 
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new physical chemistry research on a vital biological phenomena. The end-cap 

geometry of the cylindrical/wormlike micelles formed via charge screening of the 

cationic micelles is discussed and found to be flat-cap in shape for the first time. 

In Chapter VII, local bending of membrane curvature of model membrane system 

composed of spherical micelles of cationic surfactant Cetyltrimethylammonium 

bromide, (CTAB) in presence of long chain (octyl) derivative of aromatic aminoacid 

Tryptophan have been studied via tensiometry, fluorescence steady state emission, 1H 

NMR, 2D ROESY, rheometry and DFT study. The lowering of the membrane curvature 

mediated by the tryptophan residues have been discussed in the light of cation-π 

interaction and the high promise of fine tuning of the tryptophan residues to achieve 

desirable rigidity of membrane interface have been discussed. Calculation of interaction 

parameter provide support in favor of non-ideal mixing of the CTAB and TROE 

molecules, yielding negative magnitude of β, which  shows that this interaction is 

attractive and synergistic in nature. Fluorescent behavior of TROE reveals progressive 

binding of TROE molecules to CTAB. NMR spectroscopy provided considerable 

evidence of strong cation-π interaction to take place between the quaternary ammonium 

head groups of CTAB and the electron rich π conjugated indole face of TROE. The 

CTAB-TROE system showed marked change in their physical property at increased 

concentration. Highly viscoelastic gels comprised of linear as well as wormlike 

micelles were observed via HRTEM microscopy. The study demonstrates high 

efficiency of TROE, which is an important model representing membrane bound 

tryptophan residues, in tuning the morphology of CTAB micelles. The system mimics 

the microenvironment of lipid membranes through cation-π interaction as well as 

hydrogen bond.  
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PREFACE 

Surface active agents or Surfactants constitute a unique class of compounds having 

amphiphilic nature that are capable of forming molecular aggregates in solution without 

any external aid. The shape and size of the aggregates are functions of parameters such 

as chemical nature of the surfactant, nature of the additives and the solvent polarity. 

Morphology transition of surfactant assemblies have been the subject of intensive 

investigation from both theoretical and experimental points of view during the past 

three decades. The interest in the micellar morphology originates not only from the 

variety of supramolecular structures (such as micelles, vesicles, wormlike micelles etc.) 

formed by the surfactant, but also from the industrial application due to segregation of 

polar and nonpolar domains with particular characteristics in a given system.  

Lipids are one of the vital components in biological systems. Aggregation of lipid 

molecules into bilayers forms the structure of the bio-membranes. Beside this, 

surfactants are also present in the gastrointestinal tract and lungs as well. Natural 

surfactants have also been found in crude oil. Synthetic surfactants, on the other hand, 

have a wide range of domestic and industrial use. Examples include cosmetic products, 

dyestuff, mineral processing, oil field industry, pharmaceuticals, paints etc.  

A comprehensive understanding of the process of surfactant aggregation in solution is 

pivotal in the field of surfactant chemistry in order to develop surfactant systems with 

adaptive functionality. This thesis aims to explore the aggregation characteristics of 

various surfactants in solution, their biological relevance, compatibility and their 

applicability.  
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Appendix A 

Surface activity and modifying effects of 1 Naphthol, 2 Naphthol and 2,3 

Dihydroxynaphthalene on self-assembled nanostructures of 1-Hexadecyl-3-

methylimidazolium chloride 

 

Figure S1. (a) Variation of CMC of C16-3-MeImCl with additives concentration at 303 K. 

(b) Variation of CMC of C16-3-MeImCl/Additive systems as a function of mole fraction of 

additives at 303 K 

1.1. Mixing behavior of π-conjugated additives with SAIL under Newtonian flow 

regime 

Decrease in surface tension is caused by orientation of surface active agents at the air-

water interface. The various surface parameters underlining the surface behavior is 

calculated via Gibbs adsorption equation. For aqueous surfactant mixtures, the Gibbs 

surface excess of surfactants per unit area of surface is related to the surface pressure, 

Π [where Π = surface tension of water (γ0) surface tension of surfactant solution (γ)] by 

the equation1 

dΠ =∑νΓiRT d ln ai                                                                                                                                                                                                                  (1) 

where ν is the number of ions per surfactant molecule, Γi is the surface excess or 

adsorption density, ai is the activity of the ith component in the mixed adsorbed film, 

while T and R are the absolute temperature and universal gas constant, respectively. 

When the composition of the components of the surfactants in the aqueous solution is 

constant and C is the total surfactant concentration in solution, 

𝛤𝑚𝑎𝑥 =
𝜈

2.303𝑅𝑇
[

𝑑𝛱

𝑑𝑙𝑜𝑔 𝐶
+ 𝑑𝑙𝑜𝑔𝑓±]𝑇,𝑃                                                                                                                                          (2) 
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where f is the mean activity coefficient of the surfactant in solution. The maximum 

surface excess (Γmax
tot in mol/m2) and the minimum area per molecule of a surface active 

compound (Amin
tot in nm2/molecule) can be estimated from the relationships  

𝛤𝑚𝑎𝑥
𝑡𝑜𝑡 =

1

2.303𝑅𝑇
𝑙𝑖𝑚𝐶→𝐶𝑀𝐶[

𝑑𝛱

𝑑𝑙𝑜𝑔 𝐶
]                                                                              (3) 

and 

𝐴𝑚𝑖𝑛
𝑡𝑜𝑡 =

1018

𝑁.𝛤𝑚𝑎𝑥
𝑡𝑜𝑡   (4) 

where N is the Avogadro number. Since the surfactant solutions were always dilute in 

within the regime studied, dlog f± was neglected. 

1.2. Interaction parameters 

According to the approach of the Regular Solution Theory (RST), the parameters - mole 

fraction of surfactant (α1); CMC of the mixture, (CMC); CMC of the surfactant (CMC1), 

CAC of the additives (CAC2) and mole fraction of the surfactant within the micelles, 

(X1), are related as follows:2 

𝛽 =
ln{(𝐶𝑀𝐶.𝛼1) (𝑋1.𝐶𝑀𝐶1)}⁄

(1−𝑋1 )2                                                                                                              (5) 

X1 is evaluated iteratively using the relation: 

[𝑋1
2.ln(𝐶𝑀𝐶.𝛼1 𝐶𝑀𝐶1.𝑋1)]⁄

(1−𝑋1)2 ln [
𝐶𝑀𝐶 (1−𝛼1)

𝐶𝐴𝐶2(1−𝑋1)
] = 1                                                                                    (6) 

The activity coefficients f1 and f2 of the surfactant and respective additives are related 

to β as  

𝑓1 = exp{𝛽 (1 − 𝑋1)2}                                                                                                                (7) 

𝑓2 = exp{𝛽 . 𝑋1
2}                                                                                                                         (8) 
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2. UV spectroscopy 

Figure S2. Plot of absorbance of (a) 0.5 mM 1 Naphthol, (b) 0.5 mM 2 Naphthol, (c) 0.5 

mM 2,3 Dihydroxynaphthalene (2,3 DHN)  against the concentration of aqueous C16-3-

MeImCl at 250C. The value of Ks (binding constant) are determined from the slope of the 

plot in the inset. 

Surfactant – Probe Binding Equilibria 

 The binding constant Ks of the probe molecules viz, 1 Naphthol, 2 Naphthol and 2,3 

Dihydroxynaphthalene (2,3 DHN) with cationic micelle of 1-Hexadecyl-3-

methylimidazolium chloride (C16-3-MeImCl) are determined from the study of the 

effect of surfactant addition on the absorption spectra of the probe employing following 

relation3 (Table S1): 

f/(1 – f ) = Ks { [ Dm ] – [ St ]. f} - Ks . cmc.                                                                            (9)                            

Where, f = [Sm]/ [ St ] and  Dm = [Dt } – cmc (suffix t refers to total). Above relationship 

is drawn assuming following equilibrium hold between aqueous solubilisate ( Sw ) and 

the surfactant ( Dm ) to form the micelle embedded substrate ( Sm ), 

Sw   + Dm  = Sm                                                                                                                                                                                                                             (10) 

Experimentally, f is calculated by, f = (A – Aw  ) / ( Am – Aw ), where A, AW , and Am  

are absorption intensities in surfactant, in water and at complete micellization of 

substrate, respectively. A plot of  f / (1 – f  ) against { [D ] – [ St  ].f}  shows discontinuity 

at two critical points. Above plots give good straight lines, from the slope of which the 

binding constant Ks is obtained. 
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Table S1. Binding constant of 1 Naphthol, 2 Naphthol and 2,3 DHN with C16-3-MeImCl. 

Probe Surfactant Ks 

1 Naphthol C16-3-MeImCl 1552 

2 Naphthol C16-3-MeImCl 3476 

2,3 DHN C16-3-MeImCl 6952 

 

The binding constant for  2,3 DHN   is substantially larger than that of 1 and 2 Naphthol  

and this result is consistent with the fact that  2,3 DHN is more efficient in tuning 

microstructural transition of C16-3-MeImCl micelles  compared to 1 and 2 Naphthol. 

3. Rheology      

 

Figure S3. Dynamic rheology of C16-3-MeImCl/Additive systems (1:1, 100 mM) as 

function of temperatures. Specification: a) 1 Naphthol, b) 2 Naphthol, c) 2,3 DHN, solid 

squares-G˝, solid circle-G´. 

3.1. Living polymer model for Maxwell fluids 

According to this model the relaxation of the viscoelastic micelles involves two time 

scales viz., reptation time (τrep) corresponding to curvilinear diffusion of a wormlike 

micellar chain along its own contour and breaking time(τb) which is the result of 

micellar chain scission. When τb << τrep, there occurs many breakages and 

recombination before the chain segment relaxes by reptation. The system is then 

defined by a single stress relaxation time, 

𝜏𝑅 = (𝜏𝑟𝑒𝑝. 𝜏𝑏)
1

2⁄                                                                                                                        (11) 
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and is characterized as a Maxwell Fluid. The sinusoidal deformation on the system, at 

an angular frequency, ω, causes the response stress, which remains out of phase with 

the applied strain. The strain ɣ(t)  is given by:4   

𝛾(𝑡) = 𝛾0 exp(𝑖𝜔𝑡)                                                                                                                   (12) 

where 𝛾0 denotes the amplitude of strain, and t is the time. 

The response stress will also be sinusoidal and will have a phase difference of δ, i.e 

𝜎(𝑡) = 𝜎0exp {𝑖(𝜔𝑡 + 𝛿)}                                                                                                         (13) 

 The complex modulus (G*) thus obtained is defined as  

𝐺∗ =  𝜎(𝑡) 𝛾(𝑡)⁄ =
𝜎0

𝛾0
(cos 𝛿 + 𝑖 sin 𝛿) =  𝐺´ + 𝑖𝐺˝                                                                 (14)  

where G0 is the storage modulus at high frequency, where it exhibits a plateau, also 

called the plateau modulus.  

 

Figure S4. Crossover frequency (ω) profile as a function of temperature for C16-3-

MeImCl/Additive (1:1, 100 mM) systems. 
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Figure S5. Shear viscosity (ƞ) profile of C16-3-MeImCl/Additive (1:1, 100 mM) systems as 

a function of temperature. Specification: a) 1 Naphthol, b) 2 Naphthol, c) 2,3 DHN. 

 

 

Figure S6. Corresponding zero shear viscosity (ƞ0) of C16-3-MeImCl/Additive (1:1, 100 

mM) systems at various temperatures.  

.  

Figure S7. Arrhenius semilog plots of relaxation time (τR) as function of 1/T for C16-3-

MeImCl/Additive (1:1, 100 mM) systems 

3.2. Packing parameter 

P is a dimensionless fundamental parameter, which determines the shape of molecular 

aggregates and is defined as:5 
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𝑃 =
𝑉𝑐

(𝐴0. 𝐿𝑐)⁄                                                                                                                           (15) 

where 𝑉𝑐  is the volume occupied by the alkyl chain of the aggregate monomer, 𝐿𝑐 is the 

alkyl chain length and 𝐴0 is the area occupied the surfactant monomer head group. 𝑉𝑐 

and 𝐿𝑐  are characteristics of the ionic liquid monomer and are therefore rigid quantities 

4. 1H NMR study 

 

Figure S8 (a) 1H-NMR spectra of 10 mM C16-3-MeImCl and 10 mM 2 Naphthol in D2O 

at 250C, (b) 1H-NMR spectra of 10 mM C16-3-MeImCl and 10 mM 2,3 DHN in D2O at 

250C. 
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5. DFT Study 

 

Figure S9. UB3LYP/6-31G (d, p) electrostatic potential, in Hartrees, at the 0.004 e Bohr-

3 isodensity surfaces of (a) 1 Naphthol, (b) 2 Naphthol and (c) 2,3 DHN with Cn-3-

MeImCl (n=10). 
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Appendix B 

Solvent induced molecular folding and self-assembled nanostructures of Tyrosine 

and Tryptophan analogues in aqueous solution: Fascinating morphology of high 

order 

1.1. Single point energy calculation 

The electronic energy (Ee), the zero point energy (ZPE) of the aminoacid esters were computed 

in order to evaluate the total thermal internal energy (Etot) given by-  

Etot = ZPE + Etransational + Erotational + Evibrational                                                                                                                           (1) 

and the enthalpy, H, is given by- 

H = Ee + Etot + RT                                                                                                                     (2) 

at 298.15 K and 1 atm pressure with rigid rotor and harmonic oscillation approximation.1 The 

total entropy, Stot, was calculated as  

Stot = Stransational + Srotational + Svibrational .                                                                                                          (3) 

The results are summarized in Table S1.  

Table S1. B3LYP/6-31G Calculated electronic energy, Ee (Hartree), Zero point energy, 

ZPE (kCal.mol-1),  standard enthalpy, Ho (kCal.mol-1), standard Gibbs free energy, Go 

(kCal.mol-1),standard entropy, So (Cal.mol-1.K-1 ),  specific heat capacity at constant 

volume, CV (Cal.mol-1.K-1) and total thermal internal energy, Etot (kCal.mol-1 ) at 298.15 

K and 1 atm pressure.  

1.2.  Surface parameters  

For any surface active moiety, the Gibbs surface excess per unit area of surface is related to the 

surface pressure, Π [where Π = surface tension of water (γ0) surface tension of solution (γ)] by 

the equation2 

dΠ =∑νΓiRT d ln ai                                                                                                                                                                                   (4) 

Amino

acid 

ester 

Ee ZPE Ho
298K, 1 atm Go

298K, 1 atm So
298K, 1 atm CV Etot 

TYOE -944.25 265.67 +15.42 -37.46 177.37 85.44 280.51 

TYDE -1101.47 337.87 +18.19 -42.08 204.12 104.51 356.06 

TROE -1000.59 282.31 +15.83 -37.29 178.17 89.31 297.55 
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where ν is the number of ions per surface active molecule, Γi is the surface excess or adsorption 

density, ai is the activity of the ith component in the adsorbed film, while T and R are the absolute 

temperature and universal gas constant, respectively and C is the total surfactant concentration 

in solution, 

Γmax =
ν

2.303RT
[

dΠ

dlog C
+ dlogf±]T,P                                                                                                                                              (5)  

f is the mean activity coefficient of the surfactant in solution. The maximum surface excess 

(Γmax in mol/m2) and the minimum area per molecule of a surface active compound (Amin
 in 

nm2/molecule) can be estimated from the relationships:3 

Γmax =
1

2.303RT
limC→CMC[

dΠ

dlog C
]                                                                              (6) 

and 

Amin =
1018

N.Γmax
tot  

       (7)  

where N is the Avogadro number. Since the solutions were always dilute within the regime 

studied, dlog f± was neglected. 

1.2.1. Thermodynamics 

The standard free energy change of aggregation, (ΔG0
agg), standard free energy change of 

interfacial adsorption (ΔG0
ads), standard enthalpy change of aggregation (ΔH0

agg), standard 

entropy change of aggregation (ΔS0
agg) are related to the cac  and temperature (T) as follows:4 

ΔGagg
0 =RTlnXcac                                                                                                                     (8) 

ΔHagg
0 = -RT2 dlnXcac

dT
                                                                                                              (9) 

ΔSagg
0 =

(ΔHagg
0 -ΔGagg

0 )

T
                                                                                                             (10) 

ΔGads
0 = ΔGagg

0 -
Пcac

Γmax
                                                                                                              (11) 

The enthalpy-entropy compensation temperature, TC, and the enthalpy of compensation, 

ΔHcom
*  are related as:5 

ΔHagg
0 = ΔHcom

* + TC . ΔSagg
0                                                                                               (12) 

TC  indicates the solvation part of the aggregation phenomenon and is obtained from the slope 

of the ΔHagg
0  v/s ΔSagg

0  plot while ΔHcom
*  accounts for the solute-solute interactions within the 

system and is obtained from the respective intercept.3 ΔHcom
*  obtained from Figure S3 and 

Equation 12 are -13.5 kJ.mol-1, -14.1 kJ.mol-1 and -30.3 kJ.mol-1 for TYOE, TYDE and TROE 

respectively. 
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Figure S1. Enthalpy entropy compensation curves for (a) TYOE, (b) TYDE and (c) TROE 

 

Figure S2. Variation of emission intensity of 2µM aqueous Pyrene as a function of (a) TYDE, (b) 

TROE concentration at 250C. 

 

 
Figure S3 (a) 1H NMR Spectra of TROE in D2O  
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Figure S3 (b) 1H NMR Spectra of TYOE in D2O   
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Appendix C 

Interaction of tyrosine analogues with quaternary ammonium head group at 

micelle/water interface and their influence on aggregation characteristics of 

cationic micelles 

1. Interaction parameters. 

The strength and nature of interaction between two components in a binary surfactant mixture 

is given by the interaction parameter, β, obtained on basis of Rubingh’s Regular solution theory. 

According to this approach, the parameters- mole fraction of surfactant CTAB i.e α1 ; 

experimental critical aggregation concentration of the mixed system of the mixture, cac; critical 

aggregation concentration of CTAB, cac1and mole fraction of the surfactant within the 

micelles, X1., are related as follows:1  

β=  
ln{(cac.α1) (X1.cac1)}⁄

(1-X1 )
2                                                                                                                                             (1) 

X1 is evaluated iteratively using the relation:2  

[X1
2.ln(cac.α1 cac1.X1)]⁄

(1-X1)2 ln [
cac (1-α1)

cac2(1-X1)
] = 1                                                                                         (2) 

The respective activity coefficients f1 and f2 of the surfactant and respective hydrotopes are 

related to β as  

f1 = exp{β (1-X1)2}                                                                                                                  (3) 

f2 = exp{β . X1
2}                                                                                                                        (4) 
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Figure S2. (a) Absorption spectra of 0.2 mM TYOE in aqueous medium as function of 

pH at 298 K, Inset display plot of ln [IN-/HIN] vs pH,  (b) Absorption spectra of 0.2 mM 

TYOE in presence of 100 mM aqueous CTAB solution at varying pH at 298 K, Inset 

display plot of ΔpKa
i   vs dielectric constant at 298 K, (c) Absorbtion spectra of 0.2 mM 

TYDE in aqueous medium as function of pH at 298 K, Inset display plot of ln [IN-/HIN] 

vs pH,  (d) Absorption spectra of 0.2 mM TYDE in presence of 100 mM aqueous CTAB 

at varying pH at 298 K, Inset display plot of ΔpKa
i   vs dielectric constant at 298 K. 

 

Figure S2. Cole-Cole plots of (c) CTAB (75 mM)-TYOE (37 mM) as function of 

temperature and (d) CTAB (75 mM)-TYDE (37 mM) as function of temperature. 
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Appendix D 

Interaction of a tryptophan analogue with quaternary ammonium head group at 

micelle/water interface and its influence on aggregation characteristics of cationic 

micelles 

1.1.Behavior of TROE at air-water interface 

Decrease in surface tension is caused by orientation of surface active agents at the air-water 

interface. The various surface parameters underlining the surface behavior is calculated via 

Gibbs adsorption equation. For a surface active moiety, the Gibbs surface excess per unit area 

of surface is related to the surface pressure, Π [where Π = surface tension of water (γ0) surface 

tension of solution (γ)] by: 1 

dΠ =∑νΓiRT d ln ai                                                                                                                                                                                                  (1) 

where ν is the number of ions per surface active molecule, Γi is the surface excess or adsorption 

density, ai is the activity of the ith component in the adsorbed film, while T and R are the absolute 

temperature and universal gas constant, respectively and C is the total surfactant concentration 

in solution, 

Γmax =
ν

2.303RT
[

dΠ

dlog C
+ dlogf±]T,P                                                                                                                                             (2) 

f is the mean activity coefficient of the surfactant in solution. The maximum surface excess 

(Γmax in mol/m2) and the minimum area per molecule of a surface active compound (Amin
 in 

nm2/molecule) can be estimated from the relationships: 

Γmax = 
1

2.303RT
limC→CMC[

dΠ

dlog C
]                                                                              (3) 

and 

Amin =
1018

N.Γmax
tot  

                                                                                                                           (4) 

where N is the Avogadro number. Since the solutions were always dilute within the regime 

studied, dlog f± was neglected. 

1.2. Energetics of Micellization and Interfacial Adsorption. 

The standard free energy of aggregate formation per mole of monomer unit for TROE in 

aqueous medium is evaluated based of Mass action model. The standard free energy change of 

aggregation, (ΔaggG0), standard free energy change of interfacial adsorption (ΔadsG0), standard 

enthalpy change of aggregation (ΔaggH0), standard entropy change of aggregation (ΔaggS0) are 

related to the critical aggregation concentration (CAC)  and temperature (T) as follows:2 
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ΔaggG0=RTlnXCAC                                                                                                       (5) 

ΔaggH0 = -RT2 dlnXCAC

dT
                                                                                                (6) 

ΔaggS0 =
(ΔaggH0-ΔaggG0)

T
                                                                                              (7) 

ΔadsG0 = ΔaggG0-
ПCAC

Γmax
                                                                                                (8) 

2.1. UV-Vis absorption  

UV-Vis study was carried on Jasco V 530 Spectrophotometer fitted with a tungsten filament. 

A matched pair of glass cuvette of optical length 1cm was used for control and sample solutions. 

The solutions were allowed to equilibrate for 10 minutes before each measurement.  

 

Figure S1. Absorption spectra of 0.2 mM TROE as function of CTAB concentration at 

298 K. 
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Chapter I  

Introduction and review of previous works 

1.1.  Self-assembly of amphiphilic molecules : An overview 

Self-assembly refers to spontaneous organization of molecules in solution driven by 

noncovalent interactions into stable aggregates. Self-assembly is highly recognized in 

biological systems, e.g., lipid bilayers, the DNA duplex, and tertiary and quaternary 

structure of proteins. The process of spontaneous aggregation of single molecules in 

solution into larger structures with a certain order is also an important phenomenon in 

every-day-life as well as in science. The best-known example of aggregation in every-

day-life is the formation of micelles by detergent molecules. The most important type 

of aggregation, which is essential to life, is the formation of the lipid bilayer membrane 

by phospholipids. It has inspired chemists and physicists to study and mimic this and 

other types of aggregates.1 Aggregation of molecules often occurs at the borderline of 

solubility. An important molecular property in this respect is polarity, for which 

solubility follows the rule 'like dissolves like'. Polar (hydrophilic) compounds are well 

soluble in polar solvents, e.g. salt in water, and the same goes for apolar (hydrophobic) 

compounds and solvents, e.g. vitamin E in oil. Furthermore, polar compounds are 

insoluble in apolar solvents and vice versa. Interestingly, there is a major class of 

compound which are amphiphilic in nature, i.e. these contain a polar as well as an apolar 

part. The polar part is called “head” and the apolar part, usually a long chain 

hydrocarbon, is called “tail” (Figure 1).  

 

                                     Polar hydrophilic     Apolar hydrophobic  

                                                 head                      chain 

Figure 1. Representation of a surfactant molecule 

These compounds are most comfortable in a situation when each part is located in an 

appropriate environment, which is only possible at the interface between two media. 

Therefore, amphiphilic compounds are also called surface-active agents, or in short, 
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surfactants.2 The hydrophobe is usually the equivalent of 8 to 18 hydrocarbon, and can 

be aliphatic, aromatic, or a mixture of both. The source of hydrophobes are normally 

natural fats and oils, petroleum fractions, relatively short synthetic polymers, or 

relatively high molecular weight synthetic alcohols. The hydrophilic group gives the 

primary classification to surfactants, and are anionic, cationic and nonionic in nature. 

The anionic hydrophiles are the carboxylates (soaps), sulphates, sulphonates and 

phosphates. The cationic hydrophiles are usually quaternary ammonium, pyridinium, 

imidazolium cations etc. The nonionic hydrophiles are dominated by long chain 

ethoxylates. These hydrophiles associate with water at the ether oxygens of a 

polyethelene glycol chain. There are some surface active amphiphilic molecules that 

contain both anionic and cationic centres at the head group. These are called 

zwitterionic surfactants. Surfactants can also have two hydrocarbon chains attached to 

a polar head and are called double chained surfactants. On the other hand, surfactants 

containing two hydrophobic and two hydrophilic groups are called “gemini” 

surfactants. Amphiphilic molecules can also have two head groups (both anionic, both 

cationic or one anionic and the other cationic) joined by hydrophobic spacer.1 These 

type of molecules are termed “bola-amphiphiles” commonly known as “bolaforms”. 

Surface activity of these molecules depend on both the hydrocarbon chain length and 

the nature of the head group(s).  

1.2. Classifications of  diverse self-organized assemblies on the basis of packing 

parameter 

The concept of molecular packing parameter has been widely cited in chemistry, 

physics, and biology literature because it allows a simple and intuitive insight into the 

self-assembly phenomenon.3 The packing parameter approach permits indeed to relate 

the shape of the surfactant monomer to the aggregate morphology.4-6 The molecular 

packing parameter P is defined as the ratio ν/(ao.lc), where ν and lc are the volume and 

the extended length of the surfactant tail, respectively and ao is the equilibrium area per 

molecule at the aggregate interface (or mean cross-sectional (effective) head-group 

surface area), as illustrated in Figure 2. If we consider a spherical micelle with a core 

radius R, made up of Nagg molecules, the volume of the core is V = Nagg× ν = 4πR3/3, 

the surface area of the core A = Nagg× ao = 4πR2. Hence, it can be deduced that R = 3 ν 

/ ao, from simple geometrical relations. If the micelle core is packed with surfactant tails 

without any empty space, then the radius R cannot exceed the extended length lc of the 
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tail. Introducing this constraint in the expression for R, one obtains 0 ≤ ν / ao.lc ≤ 1/3, 

for spherical micelles. These geometrical relations, together with the constraint that at 

least one dimension of the aggregate (the radius of the sphere or the cylinder, or the 

half-bilayer thickness, all denoted by R) cannot exceed lc, lead to the following well-

known connection between the molecular packing parameter and the aggregate shape4: 

0 ≤ P ≤ 1/3 for sphere, 1/3 ≤ P ≤ 1/2 for cylinder, and 1/2 ≤ P ≤ 1 for bilayer. Inverted 

structures are formed when P>1. 

 

 

 

 

 

 

 

 

 

Figure 2. The critical packing parameter P (or surfactant number) relates the head group 

area, the extended length and the volume of the hydrophobic part of a surfactant molecule 

into a dimensionless number P=v/(aolc) 

Therefore, if the molecular packing parameter is known, the shape and size of the 

equilibrium aggregate can be readily identified as shown below (Table 1). It is 

noteworthy that ao is often referred to as the “headgroup area” in the literature. 

However, for all practical purposes this has led to the erroneous identification of ao as 

a simple geometrical area based on the chemical structure of the headgroup in many 

papers, although ao is actually an equilibrium parameter derived from thermodynamic 

considerations.3 Needless to say, that for the same surfactant molecule, the area ao can 

assume widely different values depending on the solution conditions such as 

temperature, salt concentration, additives present, etc.; hence, it is meaningless to 

associate one specific area with a given head group. For example, sodium 

dodecylbenzene sulfonate forms micelles in aqueous solution whereas bilayer 

structures are formed when alkali metal chlorides are added.7 Moreover, the role of the 

surfactant tail has been virtually neglected. This is in part because the ratio ν /lc 

appearing in the molecular packing parameter is independent of the chain length for 

common surfactants (0.21 nm2 for single tail surfactants) and the area ao depends only 

on the head group interaction parameter. Nagarajan showed that the tail length 
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influences the head group area (consideration of tail packing constraints) and thereby 

the micellar shape.8 

Table 1.  Schematic representation of surfactant structures and shapes derived from 

various packing parameters 

 

  

Possible                                 

surfactant type 

    

P(=v/aolc) 

                 

Shape 

Structures 

formed 

   

Single-tail 

surfactants 

with large 

headgroups 

 

 

 

< 1/3 

  

 

Single-chain 

surfactants 

with small 

headgroups 

 

 

 

1/3<P<1/2 

  

 

Double-chain 

surfactants 

with large 

headgroups 

and flexible 

chains 

 

 

 

1/2<P<1 

  

 

Double-chain 

surfactants 

with small 

headgroups or 

rigid, 

immobile 

chains 

 

 

 

P~1 

 
 

 

double-chain 

surfactants 

with small 

headgroups, 

and bulky 

chains 

 

 

 

P>1 
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1.2.1 Micelles 

The most intensely studied and debated molecular self-assembly and perhaps the 

simplest in terms of the structure of the aggregate is the micelle. Micelles formed by 

ionic amphiphilic molecules in aqueous solution are dynamic associations of surfactant 

molecules that achieve segregation of their hydrophobic portions from the solvent via 

self-assembly. They are loose, mostly spherical aggregates above their critical 

micellization concentration (cmc) in water or organic solvents.1 Also, micellar 

aggregates are short-lived dynamic species, which rapidly disassemble and 

reassemble.9 Hence, only average shape and aggregation numbers of micelles can be 

determined. Micellization of surfactants is an example of the hydrophobic effect. In 

micellization there are two opposing forces at work. The first is the hydrophobicity of 

the hydrocarbon tail, favoring the formation of micelles and the second is the repulsion 

between the surfactant head groups. The mere fact that micelles are also formed from 

ionic surfactants is an indication of the fact that the hydrophobic driving force is large 

enough to overcome the electrostatic repulsion arising from the surfactant head groups. 

Figure 3 represents a spherical micelle formed in aqueous solution, where the 

hydrophobic chains are directed towards the interior of the aggregate and the polar 

head-groups point towards water, hence allowing the solubility / stability of the 

aggregate (no phase separation). 

 

Figure 3. Schematic representation of a spherical micelle in aqueous solution. 

 

Micelles are also known to be disorganized assemblies whose interiors consist of 

mobile, non-stretched hydrophobic chains.10 Water molecules can penetrate partially 

into the micelle core to interact with surfactant hydrophobic tails.11 There are a huge 

number of publications related to the micelles, micelle structures, and the 

thermodynamics of micelle formation. A huge amount of experimental and theoretical 

work devoted to the understanding of the aggregation of surface-active molecules has 
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been carried out.12-14 Micelles are formed by cationic, anionic, zwitterionic as well as 

surfactants having short alkyl chains. The environment of a micelle varies in a regular 

manner as a function of distance from the center of the micelle, going from a relatively 

dense aliphatic medium near the center to a relatively diffuse region known as either 

Stern layer in ionic micelles, or as palisade layer in neutral micelles15-17 where the 

headgroups, bound counterions, and solvent molecules coexist. The remaining 

counterions are contained in the Gouy-Chapman portion of the double layer that 

extends further into the aqueous phase. Fluorescence probe studies have indicated that 

micellar core is nonpolar, but less fluid than hydrocarbon solvents of equivalent chain 

length.18 On the other hand, the Stern layer has polarity equal to that of alcohols.19  

When a nonpolar group is introduced into an aqueous solution, the hydrogen bonding 

network formed by the existing water molecules is disrupted and the water molecules 

order themselves around the nonpolar entity to satisfy hydrogen bonds (Figure 4 (a)). 

This results in an unfavorable decrease in entropy in the bulk water phase. As additional 

nonpolar groups are added to the solution, they self-associate thus reducing the total 

water-accessible surface of the complex relative to the monodisperse state. (Figure 4 

(b)) 

   (a)   
(b)                       

Figure 4. (a)Water molecules ordered around surfactant monomers, (b) Loss of total 

water-accessible surface as a result of micellization.  

Now, fewer water molecules are required to rearrange around the collection of nonpolar 

groups. Therefore, the entropy associated with the complex is less unfavorable than for 

the monodisperse detergents. In short, hydrophobic association and the formation of 

micelles is driven by the favorable thermodynamic effect on the bulk water phase. An 

extensive compilation of the cmc’s of surfactants in aqueous media has been 

published.20 
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1.2.2 Vesicles 

Vesicles are closed bilayered or hollow spherical structures similar to those of the 

lamellar phase characterized by two distinct water compartments, one forming the core 

and other the external medium. Like micelles, the formation of vesicles is a result of 

energetically favorable hydrophobic association of the hydrocarbon tail(s) of an 

amphiphilic molecule. However, unlike micelles, two distinct domains are present in 

vesicles: a lipophilic membrane and the aqueous interior cavity. Precisely, the surface 

of micelles is a lipid monolayer, while that of liposomes is a lipid bilayer. Whereas, the 

inner core of micelles is composed of hydrocarbon chains, and that of vesicles is an 

aqueous phase.21,22 Vesicles are dynamic supramolecular structures generally 

composed of amphiphilic molecules that form bilayers enclosing a small aqueous 

compartment. Besides the common phospholipids, synthetic amphiphiles can also form 

vesicles and bilayers that encapsulate an aqueous compartment. Due to the close 

analogy of synthetic vesicles with biological membranes, research on vesicles have 

been undertaken extensively giving rise to a blossoming field of biomimetic membrane 

chemistry.4,23 Specific molecules can bind to the bilayer membrane and mediate 

interactions between the vesicles or, in selected cases, can be transported across the 

membrane. For this reason, synthetic vesicles are versatile model systems for protein 

and carbohydrate mediated recognition, fusion, adhesion and transport phenomena that 

are known from ion and water channels, endocytosis, viral infection, cell adhesion and 

the development of tissue from individual cells.24 Vesicles are differentiated on basis 

of size and structure as follows: small unilamellar vesicles (SUVs,<100 nm), large 

unilamellar vesicles (LUVs, 100 -1000 nm), giant unilamellar vesicles (GUVs, >1 μm), 

multilamellar vesicles (MLVs, >1 μm) and multivesicular liposomes (MVLs, >1 μm).  

The term ‘‘liposome’’ is generally used for vesicles composed of natural phospholipids, 

while the term ‘‘vesicle’’ includes vesicles composed of synthetic amphiphiles, 

phospholipids, and other components. A schematic representation is shown in Figure 

5.  
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Figure 5. Schematic representation of (a) liposome with assembly of phospholipids in a 

bilayer showing both inner aqueous and outer lipid compartments within the structure 

and (b) various forms and sizes of vesicles; small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), giant unilamellar vesicles (GUVs), multilamella and 

multivesicular liposomes.25 

Vesicles can also be formed by mixing a single-tailed cationic surfactant with an 

aromatic acid. This is similar to the mixtures of surfactants because the surfactant and 

the aromatic acid tend to bind very strongly. The difference is that only one of the two 

components in the mixture is a surfactant. Mixtures of CTAB and 5-methyl salicylic 

acid (5mS) have been previously studied by Davis et al.26 Surprisingly, at a molar ratio 

around 1.1, it was found that their solution contained unilamellar vesicles. Cryogenic 

transmission electron microscopy (cryo-TEM) was employed, which showed that 

vesicles were around 100 nm in diameter. Zheng, Zakin and co-workers27 also used 

cryo-TEM to infer the presence of vesicles in mixtures of CTAB and the sodium salt of 

3-methyl salicylic acid (3mS). These vesicles transformed into cylindrical micelles 

upon shearing. In the system studied by Manohar et al., a surfactant was obtained by 

mixing of CTAB with sodium 3-hydroxynaphthalene-2-carboxylate (SHNC) in 

equimolar amounts, followed by removal of excess counterions.28 In aqueous solutions, 

at room temperature, the surfactant molecules assembled into MLVs with diameter 

around 1 - 10 μm.29 Due to the formation of these large MLVs, highly turbid and viscous 

solutions were obtained (viscosities ca. 100 times that of water). On increasing the 

temperature, the samples transformed into clear solutions containing wormlike micelles 

(discussed later), thereby leading to an increase in viscosity by about an order of 

magnitude. Davies and co-workers, using turbidimetry, rheological techniques, and 

small-angle neutron scattering (SANS) measurements, have demonstrated that the 

aromatic derivative, 5-methyl salicylic acid (5mS), can induce the cationic surfactant, 
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CTAB, to form either wormlike micelles or unilamellar vesicles depending on the 

solution composition.30 Eisenberg and Zhang reported the formation of vesicles from 

self-assembly of polystyrene-poly (acrylic acid) (PS-PAA) block copolymer.31 Due to 

the wide array of intramolecular and intermolecular interactions within block 

copolymer assemblies, the block copolymer vesicles (or polymerosomes) has superior 

mechanical and physical properties, compared to the lipid based vesicles (or 

liposomes).32 Following this, hundreds of papers and reviews have been published 

reporting the formation of vesicles from single, di-block and tri-block copolymers.33-37 

Biocompatible vesicles show high promise in applications for the in vivo delivery of 

anti-cancer drugs for tumour treatment38 and even in the treatment of degenerative brain 

conditions.39 Vesicles with responses to pH stimulus also exhibit applications for the 

rapid and non-cytotoxic cellular delivery of DNA sequences, which opens the 

possibilities for efficient gene-delivery for the treatment of specific genetic 

diseases.40,41 Polymer vesicles has also been used as synthetic nano-reactors42 for 

several biological connotations.43 Furthermore, the potential applications of polymer 

vesicles as synthetic intra-cellular organelles have been the basis for several striking 

reports, with possibilities for the treatment of genetic diseases caused by either enzyme 

inactivity or deficiency.44 

1.2.3. Worm like micelles 

Under specific conditions like salinity, pH, counter ion variation etc., micelles can grow 

into ‘polymer-like’ elongated and flexible aggregates, referred to as ‘wormlike’ (or 

‘threadlike’) micelles (Figure 6).  

 

Figure 6. Microstructure of a typical wormlike micelle. 
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The formation of worm like micelles is a consequence of the system minimizing the 

excess free energy by reducing the number of end caps as the spontaneous curvature of 

the end caps is higher than the curvature along the cylindrical body. The dynamics of 

these systems are particularly interesting, because subtle changes in the surfactant, 

counterion and added electrolyte alter the dimensions, flexibility and interactions of the 

micelles which lead to marked effects on the macroscopic rheological behavior.45 The 

rheological behavior of these surfactant solutions is known to follow “reaction-

reptation model” which is an extension of the reptation model of polymer relaxation to 

cylindrical micelles of surfactant molecules undergoing reversible scission and 

recombination processes.46 Wormlike micelles have drawn considerable interest over 

the past three decades, both from a theoretical viewpoint as well as for industrial and 

technological applications, the range of which keeps expanding. From a fundamental 

perspective, wormlike micelles are of specific interest, as they are a model of 

‘equilibrium polymers’ (or ‘living’ polymers)47-49: extended linear objects that 

constantly break and reform. Due to their transient nature, they exhibit novel static and 

dynamic properties on time-scales both long and short compared to their finite 

lifetime.49-51 The unique viscoelastic properties of worm like micelles have been 

exploited to tune the rheology in various applications without the use of polymers or 

additives.52 Industrial significance include their use as heat-transfer fluids, hard-surface 

cleaners, drag reduction agents,53-56 fracturing fluids in oil fields,57 solids transports and 

personal care products,58 for which both their high viscosity and elastic properties are 

exploited. Several theoretical approaches and simulations59-61 have been proposed to 

predict structure-property relationships and understand how the structural features of 

the aggregates can be tuned by specific control parameters, and how these dictate the 

bulk properties. The bulk properties and dynamics have been measured by rheological 

measurements, recently by microrheology and neutron spin-echo while detailed 

structural information is typically obtained by small-angle neutron scattering (SANS), 

static and dynamic light scattering (LS), and cryogenic transmission electron 

microscopy (cryo-TEM).62 

1.3. Rheology of viscoelastic fluids 

Rheology is the science of deformation and flow. The term originates from Greek 

‘rheos’ meaning 'to flow’. One common factor between solids, liquids, and all materials 
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whose behavior is intermediate between solids and liquid is that if we apply a stress or 

load on any of them they will deform or strain. The response of materials towards the 

externally applied strain or deformation describes its rheological behavior. The 

experimental characterization of a material's rheological behavior is known 

as rheometry. Typically, materials are either elastic or viscous. Elasticity is the 

tendency of solid materials to return to their original shape after forces are applied on 

them. An ideal elastic material stores all imposed deformation energy and recovers 

totally on release of stress. Viscosity is a measure of a fluid’s resistance to flow. An 

ideal viscous material is unable to store any deformation energy. It is irreversibly 

deformed when subjected to stress i.e., it flows and the deformation energy is dissipated 

as heat resulting in rise in temperature. Materials whose properties are intermediate 

between viscous and elastic are known as viscoelastic i.e., they store some of the 

deformation energy in their structure while some is lost by flow. The relationship 

between stress and strain of viscoelastic materials depends on time or, in the frequency 

domain, on frequency. One of the way of characterization of materials is by its 

relaxation time- i.e. the time required to reduce the stress in the material by its flow. 

Some of the typical relaxation time for materials are- gas <10-6 sec, liquid 10-6 – 2 sec, 

solid > 102 sec. Figure 7 represent the difference in viscous, elastic and viscoelastic 

fluids in terms of relaxation time. 

 

Figure 7. Curves showing the differences between viscous, viscoelastic and elastic 

materials when subjected to deformation.63 

Shearing of a substance is the key to the knowledge of its flow behavior and structure. 

A sheared flow is achieved through: (a) flow between two parallel plates, (b) rotational 

flow between two coaxial cylinders, of which one is stationary and other is rotating, (c) 

telescopic flow through capillaries and pipes (d) torsional flow between parallel plates. 

Depending on their viscosity behavior as a function of shear rate, stress, deformation, 
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fluids are characterized as Newtonian or non-Newtonian. Newtonian fluids are named 

after Sir Issac Newton (1642 - 1726) who described the flow behavior of fluids with a 

simple linear relation between shear stress [mPa] and shear rate [1/s]. This relationship 

is now known as Newton's Law of Viscosity, where the proportionality constant η is 

the viscosity [mPa.s] of the fluid: 

𝜎 = 𝜂 ∗ �̇�                                                                                                                              (1) 

Where, 𝜎 is the shear stress, �̇� is the shear rate and 𝜂 is the viscosity. 

Newtonian fluids are characterized by a single co-efficient of viscosity and thus they 

have constant viscosity dependent on temperature but independent of shear rates. 

Typical examples are water, mineral and vegetable oils and pure sucrose solutions. In 

reality most fluids are non-Newtonian, i.e., their viscosity is dependent on shear rate 

(Shear Thinning or Thickening) or the deformation history (Thixotropic fluids). In 

contrast to Newtonian fluids, non-Newtonian fluids display either a non-linear relation 

between shear stress and shear rate (Figure 8), have a yield stress, or viscosity that is 

dependent on time or deformation history or a combination of all the above.  

 
Figure 8. Viscosity of Newtonian, shear thinning or shear thickening fluids as function of 

shear rate.  

 

A fluid is shear thickening if the viscosity of the fluid increases as the shear rate 

increases (Figure 8). A common example of shear thickening fluids is a mixture of 

cornstarch and water. Fluids are shear thinning if the viscosity decreases as the shear 

rate increases. Shear thinning fluids, also known as pseudo-plastics, are ubiquitous in 

industrial and biological processes. Common examples include ketchup, paints and 

blood. A fluid while flowing under constant stress may show some elastic properties as 

well. When such bodies are subjected to a sinusoidally oscillating stress, the strain is 

neither exactly in phase with the stress (as it would be for a perfectly elastic solid) nor 

90 degrees out of phase (as it would be for a perfectly viscous liquid) but rather exhibits 

a strain that lags the stress at a value between zero and 90 degrees: 
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The sinusoidal deformation (strain) can be expressed as 

𝛾(𝑡) = 𝛾0exp(𝑖𝜔𝑡)                                                                                                                     (2) 

Where, 𝛾0 is the amplitude of the strain, ω is the angular frequency and t is the time. 

The shear stress developed will also be sinusoidal with a phase angle δ, thus 

𝜎(𝑡) = 𝜎0 exp(𝑖[𝜔𝑡 + 𝛿)                                                                                                                 (3) 

For an oscillatory shear, we can define a complex shear modulus G* as: 

𝐺∗ =
𝜎(𝑡)

𝛾(𝑡)
=

𝜎0(𝑐𝑜𝑠𝛿+𝑖𝑠𝑖𝑛𝛿))

𝛾0exp(𝑖𝜔𝑡)
                                                                                                          

or, 𝐺∗ = 𝐺´ + 𝑖𝐺˝                                                                                                                              (4) 

G΄ and G΄΄ are referred as the storage or elastic modulus and loss or viscous modulus 

respectively and are measure of the elastic or viscous property of the system. 

Oscillatory shear measurements are a convenient way to measure viscoelasticity of 

entangled wormlike micelles formed in various surfactant solutions. Wormlike micelles 

have two principal mechanisms of stress relaxation: first, reptation occurs when the 

system is sufficiently concentrated to be entangled, as for classic polymers.64 Reptation 

describes how a polymer chain escapes from the tube formed by the surrounding 

entangled chains. The characteristic time of stress relaxation by reptation,𝜏𝑟𝑒𝑝, is 

directly proportional to 
𝐿2

𝐷𝑐
 with L the micellar contour length and 𝐷𝑐 the curvilinear 

diffusion constant of the micelle. Second, micelle breaking (scission) and 

recombination is expressed by the characteristic time 𝜏𝑏𝑟, which is inversely 

proportional to L.47When the system is sufficiently entangled, reptation is much slower 

than breaking. In this fast breaking limit (𝜏𝑏𝑟 << 𝜏𝑟𝑒𝑝) several scission and 

recombination events take place within the reptation time scale. In this limit, the stress 

relaxation is close to that of a Maxwell fluid, with a single exponential stress decay,47,48 

characterized by one relaxation time, 𝜏𝑅: 

𝜏𝑅 = (𝜏𝑅 . 𝜏𝑟𝑒𝑝)
1
2⁄                                                                                                                           (5) 
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The viscoelastic behaviour of giant micelles is often close to that of a Maxwell fluid, 

for which G´and 𝐺˝ are related as: 

𝐺ˊ(𝜔) = 
𝐺0𝜔

2𝜏𝑅
2

(1+𝜔2𝜏𝑅
2 )

                                                                                                                                                                                     (6)                                        

𝐺˝(𝜔) =
𝐺0𝜔𝜏𝑅

(1+𝜔2𝜏𝑅
2 )
                                                                                                                           (7) 

where 𝐺0 is the elastic modulus extrapolated to infinite frequency, also referred to as 

the plateau 

modulus. 𝐺0is proportional to the number density of the entanglement points, therefore 

it characterizes the network structure whereas 𝜏𝑅is a measure of the time required for 

the original state to be reestablished after the application of a stress and therefore 

characterizes the dynamics of the system. The zero shear viscosity, 𝜂0 , for Maxwell 

fluids is given by: 

𝐺0 = 𝜂0. 𝜏𝑅                                                                                                                                     (8) 

The network mesh size of the entangled wormlike micelles is characterized by ξ, the 

hydrodynamic correlation length. This length scale can be obtained directly from the 

plateau modulus 𝐺0:
65 

ξ = (
𝑘𝐵.𝑇

𝐺0
)
1
3⁄                                                                                                                                   (9) 

ξ is related to the persistence length,𝑙𝑝, of the micelles and the entanglement length, 𝑙𝑒 

the average distance along the micelle between two entanglement points in the micellar 

network as: 

𝑙𝑒 =
ξ
1
3⁄

𝑙𝑝
2
3⁄
                                                                                                                                         (10) 

The entanglement length can be determined from measurements of viscoelasticity 

using66 

𝐺0

𝐺˝𝑚𝑖𝑛
=

𝐿𝑎𝑣𝑔,

𝑙𝑒
                                                                                                                                          (11) 

where 𝐿𝑎𝑣𝑔,  is the average micelle length and 𝐺˝𝑚𝑖𝑛 is the local minimum of the 𝐺˝ 

curve at frequencies above 1 𝜏𝑅⁄ . The ratio 𝐿𝑎𝑣𝑔, /𝑙𝑒 defines the average number of 

entanglements per micelle.   

Quantitative rheological measurements show that this viscoelasticity is characterized 

by a single relaxation time, a property which is rather unusual for fluids with complex 
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microstructures.67 This rule is indeed so general that it is now admitted that a single 

relaxation time in the linear mechanical response is a strong indication of the wormlike 

character of self-assembled structures. The kinetics of the micelle formation and 

breakdown above the cmc is based on multiple equilibria, in which the micelles grow 

or shrink by stepwise incorporations or dissociations of monomers.19,68,69 For surfactant 

showing preferentially the cylindrical aggregation, the end-cap energy, E, denotes the 

excess in packing energy (between a spherical and a cylindrical environment) for the 

molecules located in the two hemispherical end-caps. The growth laws for neutral and 

polyelectrolyte micelles are presented as follows. 

Neutral micelles 

The end-cap energy E is here equivalent to the scission energy necessary to create two 

new chain ends. For a dispersion of micelles of length L and molecular weight 

distribution c(L), the minimization of a free energy that takes into account the end-cap 

energy and the translational entropy yields for the average micellar length,𝐿𝑎𝑣𝑔,
70-72  

𝐿𝑎𝑣𝑔 =
2

𝑛0
𝑐
1
2⁄ exp(

𝐸

2𝑘𝐵𝑇
)                                                                                                                (12) 

where𝑛0 is the number of surfactant per unit length of the linear aggregate. 𝑛0 (in Å-1) 

is of the order of unity. The distribution in length c(L) is broad and given by: 

𝑐(𝐿) =
𝑐

𝐿𝑎𝑣𝑔
2 exp(−

𝐿

𝐿𝑎𝑣𝑔
)                                                                                                            (13) 

where c(L)dL denotes the number density of chains of length comprised between L and 

L + dL. 

Polyelectrolyte Micelles 

MacKintosh and coworkers have proposed a model to demonstrate that the electrostatic 

interactions reduce the scission energy and favor the breaking of micelles.73,74 For 

polyelectrolyte 

micelles, the end-cap energy is not equivalent to the scission energy. The electrostatic 

contribution to the free energy results in a broad dilute regime. There, the micelles are 

rather monodisperse and their length increases very slowly with concentration. The 

overlap concentration, c´ between the dilute and semidilute regimes depends on the 

effective linear charge density, ν, through the relationship: 
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c´ = (
𝑘𝐵𝑇𝑙𝑏𝑅𝑐ν

2

𝐸
)2                                                                                                                                                                                       (14) 

where 𝑙𝑏 is the Bjerrum length (𝑙𝑏= 7.15 Å in water) and 𝑅𝑐the radius of the cylinder. 

Above the overlap threshold, which also corresponds to the screening of the 

electrostatic interactions by the counterions, the micelles grow more rapidly according 

to: 

𝐿𝑎𝑣𝑔 =
2

𝑛0
𝑐
1
2⁄ exp(

𝐸

2𝑘𝐵𝑇
[1 − (

c´

𝑐
)
1
2⁄ ])                                                                                       (15) 

The predictions for the dynamics of growth of neutral and polyelectrolyte micelles 

agree qualitatively with experiments. For instance, it is known that the addition of salt 

to a solution of polyelectrolyte micelles can result in a strong increase of viscosity, the 

solution passing from a viscous fluid to a viscoelastic gel.75 

1.4. Formation and Physical Chemistry of Wormlike Micelles  

Wormlike micelles can form spontaneously at ambient temperature using cationic 

surfactants, e.g., with 16 carbon atoms in the aliphatic chain. This is the case for 

cetyltrimethylammonium bromide (CTAB)76,77 and cetylpyridinium bromide (CPBr).78 

The growth of the aggregates can be promoted however if cosurfactants or other low 

molecular weight additives are incorporated to the solutions. These additives are short 

alcohol chains, strongly binding counterions, oppositely charged surfactants etc. the 

different classes of surfactants and cosurfactants/additives which form such structure. 

These are discussed elaborately as follows. 

(a) Surfactant and simple salt. The addition of simple salts such as sodium chloride 

(NaCl) or potassium bromide (KBr) to ionic surfactant solutions results in the screening 

of the electrostatic interactions between the charges, and thus in the growth of the 

aggregates. The archetype system of class A is CTAB with KBr.49,79-83 Other well-

known examples are sodium dodecyl sulfate (SDS) with monovalent84-90 or multivalent 

counterions.91,92 

(b) Surfactant and cosurfactant, where the cosurfactant is a short alcohol chain. 

Classical examples are the ternary systems sodium alkylsulfate-decanol (Dec)-water, 

Sodiumdecyl sulfate (SdS)-Dec93-96 and Sodiumdodecyl sulfate (SDS)-Dec97-99 and 

cetylpyridinium chloride (CPC)-hexanol-Hexanol (Hex)-brine.100-104 In these systems, 
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the ratio between the alcohol and surfactant concentrations controls the polymorphism 

of the self-assembly.  

(c) Surfactant and strongly binding counterion. Strongly binding counterions are 

small molecules of opposite charge with respect to that of the surfactant. They are 

sometimes called hydrotopes. Well-known examples of hydrotopes are salicylate, 

tosilate and chlorobenzoate counterions, which all contain an aromatic phenyl group. 

CTAB and CPC with sodium salicylate (NaSal) have been probably the most studied 

micellar systems during the last two decades.105-120 Contrary to simple salts (class A), a 

large proportion of these counterions (~ 80 %) is assumed to be incorporated into the 

micelles. It was found that in CPC-NaSal, long wormlike micelles are immediately 

formed at the cmc (0.04 wt. %), without passing through any intermediate spherical 

morphology.105,106,121 

(d) Amphoteric surfactant. Amphoteric surfactants are surface active molecules that 

contain positive and negative charges in the head group. Betaine-type molecules with 

quaternary ammonium and carboxylate groups are the representatives of this class. 

They associate at low concentrations and aqueous solutions exhibit strong gel-like 

properties. These properties are attributed to the existence of an entangled network of 

micelles.122,123 

(e) Gemini surfactants and surfactant oligomers. The covalent linking of 

amphiphilic moieties at the level of the head group yields to Gemini surfactants and 

surfactant oligomers.124 In aqueous solutions, these molecules present a broad 

polymorphism of aggregation.125-129 Gemini surfactants are one of the rare examples 

for which cylindrical micelles close on themselves spontaneously, forming loops or 

rings. This property has been attributed to large end-cap energies.130 

(f) Cationic and anionic surfactant mixtures. Oppositely charged surfactants have 

shown synergistic enhancements of rheological properties, and notably through the 

formation of mixed wormlike micelles. The growth of the micelles is assumed to arise 

from the charge neutralization of the surface potential and from the related increase of 

the ionic strength (as in type (a)). Recent examples studied are the mixtures of sodium 

dodecylsulfate (SDS) and dodecyltrimethylammonium bromide (DTAB)131,132 or the 

mixtures made from cetyltrimethylammonium tosilate and sodium dodecyl 

benzenesulfonate.133, 134 
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(g) Block copolymers. Cylindrical self-assembly have also been reported in aqueous 

solutions of low molecular weight block copolymers.135-137 The system investigated is 

poly(ethylene oxide)-poly(butadiene) with a weight fraction around 50 % for the first 

block.135,136 “Giant” micelles have been found by cryo-transmission electron 

microscopy and the cylindrical morphology of the poly(butadiene) core was confirmed 

by neutron scattering. Beside the ionic sufactants, non-ionic surfactants such as 

polyoxythelene ethers such as C12E5,
138 C10E51,

139 and C16E6
140 are also reported to form 

worm like micelles in presence of co-surfactants. Lecithin (or phosphatidylcholine),141-

144 is one of the most widely studied lipid-based surfactant forming wormlike micelles 

and is used in pharmaceutical formulations as it is well-tolerated and non-toxic. Since 

the past decade, an increasing number of studies have been focusing on wormlike 

micelles made from biocompatible or biodegradable surfactants, which could find 

potential applications as drug-delivery systems. Examples include block-copolymers 

based on methoxypoly(ethylene glycol) and poly(caprolactone-b-L-lactide)145 and 

biomimetic glycopolymer–polypeptide triblock copolymers for site-specific drug 

delivery.146 

1.5. Morphology transition in presence of aromatic hydrotropes/counterions 

Organic π-conjugated molecules are effective tuners in the formation of various 

nanostructured materials, and the entailed route is potentially facile and efficient for the 

development of functional materials of technological and biological importance.147-150 

Microstructural transitions of micellar aggregates, especially the nature of transition 

from ordinary micelles to long worm-like giant micelles and the vesicles, mediated by 

organic π-electron systems are of fundamental scientific interest and have been 

investigated. Interactions of aromatic hydroxy compound, phenol (PhOH) with micellar 

aggregates of CTAB in aqueous solutions have been investigated by means of titration 

calorimetry, solution conductimetry, and 1H NMR spectroscopy.151, 152 Results indicate 

that PhOH molecules can interact directly with CTAB micelles formed either in H2O 

or D2O and reside both at palisade layer152 as well as  at the hydrophobic core of the 

micelles.151 The strongly negative enthalpy change of micellization, The 𝛥𝐻𝑚𝑖𝑐
0 ,values 

measured for the PhOH/CTAB/H2O system suggest that the main driving force of 

phenol solubilization is the increased PhOH - CTAB interaction upon transfer from the 

unmicellized aqueous phase. Influence of electrolyte on the interaction between the 

micelles of CPC and phenol was studied by Xu et. al.153 Compared with sodium chloride 
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(NaCl) and sodium sulfate (Na2SO4), the presence of sodium carbonate (Na2CO3) 

promoted the solubilization of phenol in CPC micelle significantly due to the 

enhancement in degree of dissociation of phenol. The addition of Na2CO3 produced 

more (phenolate ion) C6H6O
− at the same phenol concentration. The ion interaction 

between C6H6O
− and (pyridinium ion) C5H5N

+ played more important role in the 

solubilization of phenol in CPC micelle than the polar interaction between phenol and 

CPC micelle in the presence of Na2CO3. A thermo-responsive phase transition from a 

viscoelastic wormlike micelle solution to an elastic hydrogel in a mixture of an 

imidazole-type surfactant, 1-hexadecyl-3-methylimidazolium bromide (C16mimBr), 

and sodium salicylate (NaSal) was repoted by Lin. et al.154 They speculated that π-π 

interactions between aromatic groups may play a key role in the observed thermo-

responsive phase transition. You et. al.155 reported the structural transitions of wormlike 

micelles triggered by pH in system comprised of ionic liquid (IL) N-hexadecyl-N-

methylpyrrolidinium bromide (C16MPBr) and anthranilic acid (AA). For 80mM 

C16MPBr/80 mM AA composition, highly entangled wormlike micelle were observed 

at pH 5.01 which disappeared at pH 2.03 as well as at pH 7.03. The pKa values of the 

AA are 2.14 and 4.92 and its isoelectric point is 3.2. When pH value increases from ~2 

to ~5, an increased binding of AA on the headgroups of C16MPBr occurred due to 

reduced electrostatic repulsion, which led to the morphology of aggregates transit from 

spherical micelles to WLMs.  The structural transitions occurring with change in pH 

for aqueous mixtures of CTAB and NaSal were further investigated by Umeasiegbu et. 

al. at various temperatures using dynamic light scattering and small-angle neutron 

scattering study.156 Beside structural transition from rigid cylindrical micelles at neutral 

pH to spherical micelles at ∼ pH 2 upon protonation of salicylate molecules; an 

unanticipated reversion to flexible cylindrical micelles with further decrease in pH was 

observed. Their results suggested that, in addition to the well-described electrostatic 

and hydrophobic interactions in cationic surfactant−hydrotrope mixtures, the pH-

induced microstructural changes are potentially governed by complementary cation−π 

and hydrogen bonding interactions. The effect of extended aromatic π-conjugated 

compounds 1 and 2-Naphthols on the shape transition of CTAB and cetylpyridinium 

bromide (CPB) micelles were studied by Saha et. al.157 They revealed that in the 

absence of charge screening of surfactant head groups, H bonding among micelle 

embedded naphthol molecules probably played the key role in micellar shape transition. 

While fluorescence quenching via H-bond strengthening was not observed in the 
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micellar phase, UV absorption spectra demonstrated the presence of inter molecular H 

bond in micelle-embedded naphthols in their ground electronic states, which was 

confirmed by FTIR. In a subsequent paper,158 they established that the success of 

naphthols in effecting microstructural transition of micelles lie in their unique ability to 

form H-bonds with interfacial water molecules, which have shown unusual H-bond 

donating properties compared to bulk water. They reported that OH groups of micelle-

embedded naphthols remain protruded toward the Stern layer through ∼1 Å and the 

dielectric constant of OH sites has been measured as 45 ± 2 by observing the pKa shift 

of acid-base equilibrium of naphthols at the interface relative to that in bulk water. This 

observation was significant in relation to orientation of aromatic moieties in biological 

membrane. In studying the the location, orientation, and dynamics of small 

hydrophobes 1 naphthol and 1-methylnaphthalene in lipid 

dimyristoylphosphatidylcholine (DMPC) membrane, via 1H- nuclear overhauser effect 

spectroscopy (NOESY) and molecular dynamics simulation, Shintani et. al. have 

shown that 1-naphthol exhibits a slight preference for pointing its OH group toward the 

hydrophilic domain of the membrane while no definite preference was concluded for 

the orientation of 1-methylnaphthalene.159 Stronger NOE was observed for 1-naphthol 

due to the restricted motion of the OH group along with the slowdown of the 1-naphthol 

motion within the lipid membrane. Study on 1-hexadecyl-3-methylimidaozlium 

cation,[C16mim]+ with aromatic anions, 4-hydroxybenzesulfonate, [HBS]−, 

benzenesulfonate, [BS]−, and p-toluenesulfonate [PTS]− have shown that the ILs 

exhibited 2-3 fold lower cmc values as compared to that of conventional surfactants or 

ILs having inorganic anions as counterions.160 The high promise and applicability of 

aromatic π-conjugated systems in promoting structural transition and their industrial 

and biological relevance have been explored in this dissertation. 

1.6. Need for innovation in novel surfactant development 

Besides the constant challenge of finding ways to minimize the manufacturing cost for 

existing surfactants, the market pull for ‘greener’ products is the overriding driving 

force for surfactants development. Some recent methodology that are being followed 

are - to synthesize the surfactant from natural building blocks; to insert one or more 

weak bonds into the structure in order to speed up the degradation,  such surfactants are 

sometimes referred to as ‘cleavable surfactants’; to use starting materials – natural or 

synthetic – that give proper rate of biodegradation and to make more efficient 
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surfactants, i.e., surfactants that can be used in lower amounts; gemini surfactants are 

examples of that approach. With the rising challenges of environmentally benign 

chemical processing, ionic liquids (ILs), consisting of a large organic cation and a 

corresponding small anion, have emerged in recent years as discussed earlier. ILs have 

drawn increasing interest for their promising role as alternative media in a variety of 

catalytical, separation, and electrochemical processes as a result of their unique 

chemical and physical properties.161-163 According to the generally accepted definition, 

these salts are liquid below 100◦C, and have a negligible vapor pressure.164 They have 

been shown to be excellent candidates in the fields of catalysis, nanostructure materials, 

organic synthesis, electrochemistry, and liquid/liquid extraction.165-169 More 

importantly, their chemical and physical properties can be effectively and easily 

tailored by changing the cation, anion, and substituent components.170 ILs bearing long 

alkyl chain can be regarded as a novel category of amphiphiles. ILs are considered 

environment friendly compounds, mainly because they are non-flammable and non-

volatile. Additionally, enhanced reaction rates obtained in ILs allows the reduction of 

solvent volumes in the given technological process, thus reducing costs, risks and 

possible waste. These properties prompt the interest to replace common volatile organic 

solvent with ILs. The opportunity of cation modification and anion selection as well as 

enormous number of their possible combinations let to improve their physical and 

chemical properties. This, in turn, fulfills technological demands and provides for 

contemporary technology and especially chemical industry, novel so called task-

specific media.171 The high interest is also due to the capability of ILs to form a wider 

range of intermolecular interactions than typical volatile organic solvents. This includes 

interactions of the type: strong and weak ionic, hydrogen bonding, van der Waals, 

dispersive, n-π and π-π interactions.172,173 A number of ILs also exhibit surface activity 

at air/water interface and due to this inherent nature, they are called surface-active ionic 

liquids (SAILs), and they can form aggregates with specific structures, shapes, and 

properties. The aggregation behavior of SAILs has therefore been extensively 

investigated in the field of colloid and interface chemistry.174,175 Bowers et al.  

investigated the aggregation behavior of three ionic liquids based on the 1-alkyl-3-

methyl-imidazolium cation, 1-butyl-3-methylimidazolium tetrafluoro-borate 

([BMIM][BF4]), 1-methyl-3-octylimidazolium chloride and iodide ([OMIM][Cl] and 

[OMIM][I], respectively) in aqueous solutions by means of surface tension, 

conductivity, and small angle neutron scattering (SANS) measurements.176 Their 
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results revealed that SAILs behaved like short chain surfactants in aqueous solutions 

and formed micelles at concentrations higher than their respective cmc. The 

conductivity data for the [OMIM][Cl] and [OMIM][I] also indicated the possible 

presence of aggregates at concentrations below the cmc. Fluorescence quenching 

technique was used by Vanyur et. al to determine the aggregation number of long chain 

imidazolium based ionic liquids viz., 1-dodecyl-3-methyl-imidazolium bromide 

([DDMIM][Br]), 1-methyl-3-tetradecyl-imidazolium bromide ([TDMIM][Br]) and 1-

hexadecyl-3-methyl-imidazolium bromide ([HDMIM][Br]).177 They observed that the 

aggregation number of the micelles were smaller than values characteristic for parallel 

alkyltrimethylammonium bromide (CnTAB) surfactants containing the same chain 

length. The fluorescent behavior of pyrene probe indicated higher polarity in 

[CnMIM][Br] micelles than in the corresponding CnTAB micelles. A novel class of 

zwitterionic SAIL N-alkyl-N-carboxymethylimidazolium inner salts ([N-Cn, N´-CO2-

Im], n = 10, 12, 14) was synthesized and reported by Wang. et. al.178 They showed that 

these class of SAIL exhibited higher surface active property and lower cmc than 

conventional imidazolium based SAILs. Detailed experimental and theoretical 

investigations on another newly synthesized halogen-free and low-cost 

alkylcarboxylate-based anionic SAIL namely, 1-butyl-3-methylimidazolium 

alkylcarboxylates ([C4mim][CnH2n−1O2], n = 8, 10, 12) was reported by Cheng et. al.179 

An interesting study on C16mimBr, with an azobenzene derivative, sodium azobenzene 

4-carboxylate (AzoCOONa) in aqueous solution was done by Yu et.al. Initially, 

viscoelastic wormlike micelles with a viscosity of 0.65 Pa·s were constructed in the 

C16mimBr/AzoCOONa system. Upon irradiation by UV light (365 nm), the wormlike 

micelles become much longer and more entangled, exhibiting a high viscosity of 6.9 

Pa.s.180 This can be attributed to photoisomerization of the AzoCOONa molecule from 

trans to cis form. It is the first time that, with exposure to UV or visible light, the 

aggregate type of the photoresponsive system has been found to remain unchanged, 

with only a change of internal property parameters. The cation−π interaction prevailing 

over the hydrophobic interaction and electrostatic interaction between C16mimBr and 

AzoCOONa molecules was supposed to be responsible for this peculiar phase behavior. 

Apart from these, a large number of reports on aggregation of different imidazolium 

based surface active ionic liquids are available in literature.181 
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The diverse application of the self-assembled aggregates of molecules has also led to 

the research in increasing the extent of adaptiveness of these aggregates towards 

different chemical and physical environment. Modification in adaptive nature of self-

assembly of molecules towards parameters like temperature, pH, pressure, moisture etc. 

have also been a major field of interest. The environmental adaptiveness, including 

smart self-assemblies adaptive to pH, temperature, pressure, and moisture; special 

chemical adaptiveness, including nanostructures adaptive to important chemicals, such 

as enzymes, CO2, metal ions, redox agents, explosives, biomolecules; field 

adaptiveness, including selfassembled materials that are capable of adapting to external 

fields such as magnetic field, electric field have been extensively researched in the past 

and ongoing decade.182 

Amino acids, on the other hand, are natural products and the linkage between the amino 

acid residue and the hydrophobic tail is often an ester or an amide bond. Such bonds 

are easily degraded by the action of hydrolytic enzymes such as lipases and peptidases. 

This means that the majority of amino acid-based surfactants are readily biodegradable 

and non-toxic, especially to marine organisms. In addition, the most common of the 

amino acid-based surfactants have proven to be mild to the skin and non-sensitizing. 

Long chain N-alkyl derivatives of amino acids are amphoteric surfactants. There has 

been an interest in N-alkyl cysteine-based surfactants because of the possibilities that 

the thiol group in the polar head can provide.183,184 Task specific surfactants based on 

l-glycine, l-alanine, l-valine, l-glutamic acid, and l-proline having superior surface 

activity compared to conventional surfactants, were prepared by Trivedi et al.185 Amino 

acid-based surfactants have many of the characteristics that are needed for surfactants 

in consumer products. The transmembrane domains of integral membrane proteins 

show an astounding accumulation of the aromatic amino acids tyrosine and tryptophan 

residues, especially in the region of the highest lipid density. It has been found that 

these residues perform vital antioxidant functions inside lipid bilayers and protect cells 

from oxidative destruction.186 Long-chain acylated tyrosine and tryptophan, but not 

phenylalanine or short-chain acylated derivatives, are potent inhibitors of lipid 

peroxidation and oxidative cell death. Statistical analyses of amino-acid distribution 

patterns in integral membrane proteins reveal a pronounced enrichment of tyrosine and 

tryptophan in the transmembrane domains of all major classes of membrane proteins: 

Single-span as well as multi-span membrane proteins, proteins of the a-helix bundle as 
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well as of the β-barrel type.187-189 Tyrosine and Tryptophan are especially enriched in 

the region contacting the membrane zone of the highest lipid density, which comprises 

the inner portion of the lipid headgroups and the beginning of the hydrocarbon tails. 

The antioxidant functions of tyrosine and tryptophan provide a specific explanation for 

(a) their unique transmembrane distribution pattern and (b) the high vulnerability of 

low-protein neuronal membranes to oxidative stress, as seen in neurodegenerative 

disorders.  With the growing concern about the biological effects of chemicals it is likely 

that the class of amino acid surfactants will become even more important in the future. 

References are provided in BIBLIOGRAPHY under “References for Chapter I” (Page 

155-168) 
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Chapter II  

Scope and object 

The self-aggregation of amphiphilic molecules, either in the simplest form of 

monolayers or in the form of micelles, vesicles and liposomes, all provide unique 

opportunities to bring other molecules closer together, to orient them in specific way 

and to alter their reactivities. Normal micelles that form within aqueous surfactant 

solutions above a certain surfactant concentration (or a concentration range), usually 

called critical micelle concentration (cmc), are a topic of major interest due to their 

unusual physicochemical properties as a result of surfactant aggregation. Although 

some work has been done in this field, a complete understanding of the micellization 

phenomena, its fundamental aspects, use of related studies for technological 

developments, and understanding molecular behavior requires a comprehensive 

knowledge of the forces and factors controlling the said process. One approach that is 

widely being practiced for this knowledge has been the study of effect of additives 

especially electrolytes, on the micellization characteristics of ionic surfactants. The 

alteration or modifications of important physicochemical properties of aqueous 

surfactant solutions is highly desirable as far as potential applications of such systems 

are concerned. Modification of forces operating within the surfactant micelles has led 

to formation of sophisticated aggregates such as wormlike micelles, which have 

physical characteristics that are entirely different from that of the spherical micelles. 

Wormlike micelles are long, flexible, cylindrical chains with contour lengths of the 

order of a few micrometers. The rheological properties of entangled wormlike micellar 

solutions are similar to those of semidilute polymer solutions with the difference that 

the micelles are dynamic in nature (breaking and recombining rapidly). The formation 

of wormlike micelles is linked to the emergence of viscoelasticity in the solution. Due 

to their viscoelastic properties, wormlike micelles have found applications in many 

areas, such as home and personal care products and in oil field industry. Frequently, 

they are also used as drag reducing agents for district heating.1  Fluids those viscosify 

or gel upon heating are of high interest for biomedical and drug delivery applications, 

for flow control and separation using micro-fluidic devices and as hydraulic fracturing 

fluids in enhanced oil recovery. The simplicity, low cost and ease of preparation of 

these systems might make it attractive for some of these applications. Understanding 
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how the micellar structure is connected to the  chemical composition and geometry of 

the surfactants, and how the structural features of the aggregates can be tuned by 

specific control parameters, and how these dictate the bulk properties of the solution, 

offers a considerable challenge. Although it is generally believed that micellar 

entanglement and transient network formation are responsible for developing shear 

induced viscoelasticity, precise knowledge regarding the nature of interaction in 

micellar entanglement and shear induced structure formation of such complex fluids is 

still lacking. In view of the fact that most of the previous works on the micellar shape 

transition involved systems containing cationic surfactants in presence of hydrophobic 

salts as the triggering agents, the primary aim of the present work is to attempt for 

morphology transition under salt-free condition. The major objectives of this 

dissertation are, therefore, as follows: 

The objective of this work is to understand how the molecular geometry of surfactants 

determine their interaction with the class of π-conjugated aromatic additives viz., 1 

Naphthol, 2 Naphthol and 2,3 Dihyroxynaphthalene (2,3 DHN) in order to apply these 

compounds as triggering agents under salt-free condition. The surfactants chosen for 

this study are cetyltrimethylammonium bromide (CTAB) and cetylpyridinium bromide 

(CPB). Both CTAB and CPB are very important ionic surfactants from scientific as 

well as industrial points of view. Moreover, the quaternary ammonium head group of 

CTAB resemble the choline moiety, which also consist of quaternary ammonium group 

and are present in phosphocholine, the most abundant phospholipid found in plant and 

animal membranes. Both CTAB and CPB have identical hydrophobic chain length 

consisting of 16 carbon atoms in the linear hydrocarbon chain but they differ in charge 

type and size of the polar head groups. The naphthalene derivatives have been chosen 

since these aromatic compounds have shown promise of structural modification of 

cationic micelles via charge screening through their electron-rich aromatic skeleton and 

also because they resemble the aromatic aminoacid tyrosine, which is present   

abundantly in lipid membrane interface. To precisely understand the role of the OH 

group, all the three naphthalene derivatives, viz.,1 Naphthol, 2 Naphthol and 2,3 DHN, 

which only differ in the relative position of the OH group in their molecular 

architecture, have been investigated.  

The second objective is the detailed investigation on the surface properties of the 

individual naphthalene derivatives, viz., 1 Naphthol, 2 Naphthol and 2,3 DHN, in order 
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to understand their unique behaviour as triggering agents of morphology transition of 

the cationic micelles. These compounds will be studied to understand their interaction 

with the novel surface active ionic liquid (SAIL) 1-hexadecyl-3-methylimidazolium 

bromide (C16-3-MeImCl) as well. SAIL belonging to the imidazolium class, have 

superior surface property compared to conventional surfactants.2 Moreover, the 

imidazole ring has found application as bio-reagent due to its ability to bond to metals 

as ligands.3-7 In order to have a more comprehensive idea on the interaction with 

hydroxynaphthalene, C16-3-MeImCl, is chosen in particular, because its hydrocarbon 

chain is identical to CTAB and CPB. The scope of industrial application of the C16-3-

MeImCl-hydroxynaphthalene systems will be explored and metal tolerance of 

viscoelastic gel will be examined because of the possibility of its application as 

fractured fluids in oil-fields under neutral and salt-free conditions.  

Biological membranes exhibit various function-related shapes, and the mechanism by 

which these shapes are created is largely unclear. It is generally believed that the 

changes of membrane topology is produced as a result of a complex interplay between 

membrane proteins, lipids and certain physical forces. In an attempt to understand the 

specific role of interfacial aromatic aminoacids in tuning spontaneous membrane 

curvature, a physico-chemical investigation on a model system of charged 

micelle/water interface, loaded with aromatic aminoacids, is proposed. 

The scope of understanding the precise functioning of the aromatic amino acid viz., 

tyrosine and tryptophan would also be explored. Lipid membrane interface contain 

unusually high concentrations of residues of tyrosine and tryptophan, especially in the 

region where lipid density is maximum and it has been found that these residues 

perform vital antioxidant functions.8 With an objective to understand this preference of 

nature towards these two aminoacids in particular, aminoacid amphiphiles based of 

tyrosine and tryptophan will be synthesised and characterised. Attempts will be made 

to understand their molecular conformation in vacuum as well as in aqueous medium. 

Octyl and dodecyl esters of tyrosine and tryptophan in presence of cationic micelles of 

CTAB will be employed as the models for bio-membrane in order to study their surface 

and interfacial properties. Influence of Tyrosine and Tryptophan esters in modification 

of these properties at different concentration regimes will be explored. The rheology of 
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the systems will be examined in view of the possibility of unidimensional growth of the 

micelles and subsequent development of complex fluidic nature of the system 

References are provided in BIBLIOGRAPHY under “References for Chapter II” (Page 

169) 
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Chapter III 

Modification of aggregation characteristics of cationic 

surfactants by hydroxy aromatic derivatives of naphthalene 

under salt-free condition 

1. Introduction  

Ever since the interests are generated in scientific community on micellar shape 

transition phenomenon and the formation of long wormlike micelles (WLM) more than 

40 years ago, a number of triggering agents for tuning the micellar surface curvature 

leading to sphere to rod transition, especially those of cationic micelles, have been in 

the center of attention. Some of these agents are highly efficient compared to others. 

For some cationic surfactants, wormlike micelles are formed even at low salt 

concentrations by using specific strongly binding aromatic anions, such as salicylate, 

tosylate, chlorobenzoate and naphthalene sulfonate. The research on WLM has drawn 

considerable interest because its rheology is challenging due to the presence of multiple 

pertinent length scales and stress relaxation mechanism. This relatively new material 

has many applications using that of fractured fluids in the oil field, efficient drag 

reducing agent in hydrodynamic engineering and home care; personal care and 

cosmetic products. A large number of study in micellar shape transitions in cationic, 

anionic and catanionic surfactant systems have been reported in the literature, but 

almost all the investigations engaged organic and inorganic salts and involved charge 

screening of the head groups  via electrostatic interactions. Surprisingly, attempt to 

promote micellar morphology transition under salt-free condition is meagre in the 

literature.  

Organic π-conjugated molecules are effective tuners in the formation of various 

nanostructural materials and the entailed route is potentially facile and efficient for the 

development of functional materials of technological and biological importance. 

Microstructural transitions of micellar aggregates, especially the nature of transition 

from normal spherical micelles to long wormlike micelles mediated by organic π-

electron systems are of fundamental scientific interest and have been reported recently. 

It has been shown that along with hydrophobic interactions, cation-π interaction is 

principally involved and the success of 1 and 2 Naphthols in effecting microstructural 
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transition of micelles like CTAB and CPB lies also in their unique ability to form H-

bonds with interfacial water molecules, which have shown unusual H-bond donating 

properties compared to bulk water.  

Studies on the effect of neutral naphthols and methoxynaphthalenes on CTAB micelles 

that showed the formation of cylindrical micelles with the former but not the later point 

to the importance of the hydroxyl (OH) group of salicylate molecules as well.  It is 

argued that the cation-π interaction is one of the most important driving force in tuning 

the surface curvature via charge screening of the head group in the case of salicylate 

promoter as well. 1 and 2 Naphthols triggered wormlike micelle formation on CTAB 

and CPB. However, in the case of salicylate, it is believed that the ionized salicylate 

molecules are positioned in an inner location of the micelle-water interfacial region 

(palisade layer) for effective electrostatic interaction between the cationic head group 

of surfactant molecule and COO- group of salicylate molecule. It has further been 

argued that with decreasing pH and consequent protonation, salicylate molecules are 

positioned at an outer location of the micelle water interface with the cationic head 

group perpendicular to their π-face, resulting in stronger cation-π interaction. In 

general, these studies bring new fundamental insight into the driving molecular forces 

behind wormlike micelle formation in cationic surfactant/hydrotopes solutions 

(including 1 and 2 Naphthols), showing that in addition to the hydrophobic effect and 

electrostatic interactions, the importance of H-bonding and cation-π interactions are 

also vital importance. Further investigations might provide deeper insights into the 

molecular mechanism through which H-bonding and cation-π interactions contribute to 

the equilibrium microstructure and associated rheological behavior of cationic 

surfactant-hydrotrope mixtures. 

Interests in the micellar morphology transitions in presence of organic π-conjugated 

systems as above also stem from another important point of view; the biological 

relevance of cation-π interaction and the fact that the self-assembled aggregates of 

surfactants viz., micelles, vesicles etc. are considered as simple models of biological 

membrane including cell membranes. It is indeed interesting to further note that in 

structural biology, the importance of quaternary ammonium ion is well recognized. For 

example, Dougherty and co-workers found that the anionic cyclophane ( ) is a 
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better receptor for quaternary ammonium and iminium ions in aqueous borate buffer 

than for corresponding neutral molecules.  

Some of the strongest support for cation-π interactions at acetylcholine binding sites 

comes from studies of the nicotinic acetylcholine receptor (nAChR). Even without an 

X-ray structure, the evidence for a key role for aromatic residues at the ACh-binding 

site, and hence for the possible involvement of a cation-π interaction, is very strong.  

Further, biological membranes exhibit various function-related shapes, and the 

mechanism by which these shapes are created is largely unclear. It is generally believed 

that the changes of membrane topology is produced as a result of a complex interplay 

between membrane proteins, lipids and certain physical forces. In view of the 

abundance of zwitterionic phosphatidylcholine in biomembranes and the ubiquitous 

feature of transmembrane proteins to localize aromatic aminoacids near the membrane-

water interface, present study on the interaction of cationic head groups with aromatic 

π-systems definitely add to the understanding the tuning of surface curvature of 

biophysical membranes in presence of transmembrane proteins.  

From the ongoing discussion it is amply clear that a completely new driving force is 

operational viz., cation-π interaction in presence of cationic head group (including 

quaternary ammonium ion (CTAB)) and the π-electron face of aromatic π-system along 

with hydrophobic interaction and H-bonding. This lead to highly efficient tuning of 

surface curvature of cationic micelles resulting in sphere-to-rod/ wormlike micelles 

transitions under salt-free condition. As have been already mentioned, further study 

would contribute to the deeper insights into the molecular mechanism by which H-

bonding and cation-π interaction lead to the microstructure transition of micellar 

aggregates. Surprisingly, only a few works in this direction are reported. 

In the present chapter, a detailed study of the interaction of CTAB and CPB micelles 

with the aromatic systems viz., 1 Naphthol, 2 Naphthol and 2,3 Dihydroxynaphthalene 

(2,3 DHN) have been undertaken along with the subsequent microstructural transition 

from spherical to WLM. Molecular level picture have been obtained from 2D NMR 

study. The morphology transitions have been investigated by means of SANS and the 

detail rheological aspects have been explained dynamic rheological investigation. 
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2. Materials and Methods 

Materials 

Cetylpyridinium bromide (CPB) and Cetyltrimethylammonium bromide (CTAB) were 

purchased from Across chemicals (USA) and was used as received. 1 and 2 Naphthols 

(Fluka, Germany) and 2,3 Dihydroxynaphthalene (Fluka, Germany) were further 

purified by vacuum sublimation followed by crystallization from 1:1 aqueous 

methanol. Methanol was distilled prior to use. Double distilled water (conductance 

below 2 μS/cm, pH ~6.5-7) was used for all experimental purposes. D2O was purchased 

from Aldrich, USA (Purity >99.9%). 

Methods 

2.2.1. Specific conductivity measurements- The specific conductivity measurements 

were carried out in Metler Toledo Digital Conductivity bridge (MC226) (accuracy 

0.1%) using a dip-type immersion cell with cell constant 1.0 (±0.05) cm-1. 5 min 

equilibrium time was allotted before each reading. Constant temperature was 

maintained during the experiments with Remi ultra-thermostat (CB-700) with precision 

± 0.1K. The uncertainty of the measurements was ±0.01μS.cm-1.  

2.2.2. Small Angle Neutron Scattering (SANS). The SANS measurements were 

carried out using small angle neutron scattering diffractometer at the Dhruva reactor, 

Bhabha Atomic Research Centre, Trombay, India. The diffractometer uses a beryllium 

oxide filtered beam with a mean wavelength (λ) of 5.2 Å. The angular distribution of 

the scattered neutrons is recorded using a one-dimensional (1D) position-sensitive 

detector (PSD). The accessible wave vector transfer (Q = 4π sin θ/λ, where 2θ is the 

scattering angle) range of the diffractometer is 0.017-0.35 Å-1. The PSD allows 

simultaneous recording of data over the full Q. The samples were held in a quartz 

sample holder of 0.5 cm thickness. The measured SANS data have been corrected and 

normalized to absolute unit (as cross-section per unit volume), using standard 

procedures. 

2.2.3. Nuclear Magnetic Resonance Spectroscopy (NMR). 1H-NMR experiments 

were performed in Bruker (Germany) ADVANCE spectrometer operating at 300 MHz 

frequency (for characterization) and at 600.13 MHz for 2D Nuclear overhauser 

spectroscopy (NOESY) study. Signals are quoted as δ values in ppm using residual 
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protonated solvent signals as internal standard (D2O: δ 4.79 ppm). Respective solutions 

were made in D2O and 0.6 mL of the same was used for each measurement. Data are 

reported as chemical shift. 2D NOESY spectra was studied using Brucker standard 

software acquisition program noesyphpr in phase-sensitive mode using 5 mm BBO 

probe. An acquisition time of 0.085 sec and relaxation delay of 2 sec was used between 

the scans. The mixing time was 300 milisec. A total number of 2048 complex point 

were collected. Number of 16 scans were undertaken. 

2.2.4. Rheology. The rheological experiments were done using cone-plate geometry 

with 40 truncation angle, with diameter 25 mm and 0.105 mm sample gap in MCR 302 

(Anton Paar, Germany) equipped with Peltier temperature control system. The samples 

were initially stirred at 600C for three hours for homogenization and equilibrated for 72 

hrs. During measurement, samples were equilibrated for 10 mins at each temperature.1 

2.3. Analysis of SANS data 

For a system of monodispersed interacting particles, the differential scattering cross-

section per unit volume (dΣ/dΩ) may be expressed as a function of scattering vector Q 

as:  

𝑑𝛴

𝑑𝛺
 = n (ρm – ρs) 

2 V2 [<F(Q)2> + <F(Q)>2(S(Q)-1)] + B                                            (1) 

where n is the number density of micelles, ρm and ρs are the scattering length densities 

of the micelle and the solvent, respectively, and V is the volume of the micelle. F(Q) 

denotes the single-particle form factor which is the characteristic of specific size and 

the shape of the scatterer, and S(Q) denotes the interparticle structure factor. B is a 

constant, which represents the incoherent scattering background. The F(Q) is calculated 

by treating the micelles as prolate ellipsoids, using the equations: 2 

<F(q)2>=∫ [𝐹(𝑞, 𝜇)]2
1

0
𝑑𝜇                                                                                            (2) 

<F(q)>2=∫ [𝐹(𝑞, 𝜇)
1

0
𝑑𝜇]2                                                                                            (3) 

𝐹(𝑞, 𝜇) = 
3(sin𝑥−𝑥 cos𝑥)

𝑥3
                                                                                              (4)             

𝑥 = 𝑞[𝑎2𝜇2 +𝑏2(1 − 𝜇2)                                                                                          (5) 
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where a and b are the semimajor and semiminor axes of an ellipsoidal micelle, 

respectively, and μ is the cosine of the angle between the directions of a and the wave 

vector transfer Q. The interparticle structure factor S(Q) identifies the correlation 

between the centers of different micelles, and it is the Fourier transform of the radial 

distribution function g(r) for the mass centers of the micelle. S(Q) is calculated using 

expressions derived by Hayter and Penfold from the Ornstein-Zernike equation and 

using the rescaled mean spherical approximation.3 To simplify the calculation of S(Q), 

the micelle is assumed to be a rigid equivalent sphere of radius σ = (ab2)1/3 interacting 

through a screened Coulomb potential.  

3. Results and Discussion 

3.1. Surface activity of aromatic π systems and their influence on surface and bulk 

properties of cationic surfactants 

The influence of head group architecture of the cationic surfactants CTAB and CPB on 

their interaction with the aromatic π conjugated hydroxy naphthalenes viz., 1 Naphthol, 

2 Naphthol and 2,3 Dihydroxynapthalene (2,3 DHN) is studied via conductometry. 

Upon addition of the hydroxy aromatic derivatives, there is a gradual decrease in the 

cmc values of both CTAB and CPB. While 1 Naphthol lowers the cmc of the surfactants 

in a linear fashion (Figure 1(a)), a non-linear or exponential trend is exhibited by both 

2 Naphthol and 2,3 DHN as a function of concentration, which is more prominent in 

the case of CPB. Moreover, it is striking that the cmc of CPB is lowered to a greater 

extent compared to the others, i.e., CTAB. The lowering of cmc values indicates that 

the micellization of both the cationic surfactants are facilitated due to presence of the 

additives.  

 
Figure 1. Variation of cmc of the surfactant-additive systems as function of (a) 1 Naphthol, 

(b) 2 Naphthol and (c) 2,3 DHN concentration at 303 K.  
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In a similar study, influence of phenol on micellization characteristics of CTAB have 

been reported previously.4 A gradual decrease in cmc of CTAB was observed with 

increase in phenol concentration. The cmc of CTAB decreased from 0.93 mM in 

aqueous solution to 0.63 mM in presence of 10 mmol.kg-1 phenol. It was concluded that 

the decrease is cmc values was due to decreased electrostatic repulsion between the 

cationic head group of the CTAB micelle and salting out of the surfactant monomers. 

In the present study, it is evident that the lowering of cmc of CTAB as well as CPB 

occur at much lower concentration of the naphthalene derivatives. This stronger 

synergism may be attributed to the presence of the extra benzene moiety in the hydroxy 

naphthalene molecules and the extended conjugation therein.  

In the present study, it is evident that the lowering of cmc of CTAB as well as CPB 

occur at much lower concentration of the naphthalene derivatives. This stronger 

synergism may be attributed to the presence of the extra benzene moiety in the hydroxy 

naphthalene molecules and the extended conjugation therein. In another study on 

Cetylpyridinium chloride (CPC)-Phenol interaction at different pH, it was found that at 

lower phenol concentration (0.5 mM, 1.0 mM), phenol was solubilized at the micelle-

water interface driven by the interaction between the phenolate ion (C6H6O
-) and the 

pyridinium cation (C5H5N
+).5 At higher phenol concentration (>2 mM), upon saturation 

of the micelle-water interface, C6H6O
- is intercalated deeper into the palisade layer of 

the micelles. In the present case, the additives (aromatic π systems) remain in their 

protonated form, since the solution pH was maintained in the range 6.8-7.2 which is far 

below the pKa of the individual additives (viz., pKa of 1 Naphthol is 9.34, pKa of 2 

Naphthol is 9.51, pKa of 2,3 DHN  is 9.10)6 yet, they strongly interact with the 

surfactants thereby reducing the electrostatic head group repulsion between the cationic 

head groups and facilitating micellization. It is evident that interaction between the 

naphthalene moieties is stronger with CPB compared to that in CTAB, possibly due to 

the aromatic head group architecture of the latter. To obtain the composition of 

optimum interaction, the cmc of the systems are measured as function of different 

surfactant:additive molar ratios and displayed in Figure 2. 
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Figure 2. Variation of cmc of surfactant-additive systems at different surfactant:additive 

mole ratio, at 303 K. 

It may be seen that for both CTAB and CPB, minimum value of cmc is obtained at 

equimolar composition of the surfactant and the respective additives. Theoretical 

calculations based on regular solution theory,7 showed a similar cmc-concentration 

profile for mixtures of ionic and non-ionic surfactants with similar head group sizes.8 

The electrostatic free energy of mixing as a function of reduced charge density, S, 

assuming S>>1 have been expressed as:8 

𝑆 =
𝜎

√𝑐𝑡.𝜖0𝜖𝑟𝑁𝐴𝑘𝑇
                                                                                                                                (6) 

Where, 𝜎 =
𝑒𝑒𝑙

𝑎𝑐ℎ
 is the surface charge density, 𝑒𝑒𝑙 is the elementary charge and 𝑎𝑐ℎis the 

area per charge at the aggregate surface. 𝜖0and 𝜖𝑟are the electric permeability in a 

vacuum and the relative permeability,  respectively, 𝑁𝐴 is the Avogadro constant, k is 

the Boltzmann constant and T is the temperature. Therefore, the synergistic effect 

observed between CTAB/CPB and the additives is due to electrostatic interaction 

governed by entropy of mixing of the surfactant and additive molecules with the solvent 

and as well as among themselves.8 The increase in the cmc values beyond equimolar 

composition may be due to the self-interaction between the surfactants and thus 

becomes predominant at higher surfactant compositions and over-rules the synergism 

between surfactant and the additive.9  

More insight on the strength and nature of interaction between the two components of 

the mixed systems is found out by calculating the interaction parameter, β, obtained on 

the basis of Rubingh’s Regular solution theory.10 According to this theory, the excess 

energy of mixing of the components in a mixed surfactant system is zero. The 

parameters viz., mole fraction of surfactant CTAB or CPB, 𝛼1, experimental critical 

3:7 4:6 5:5 6:4 7:3

0.60

0.65

0.70

0.75

0.80
 CTAB

 CPB

(a)

Surfactant:1 Naphthol

 mole ratio

c
m

c
 (

m
M

)

3:7 4:6 5:5 6:4 7:3

0.3

0.4

0.5

0.6

0.7

0.8 (c)  CTAB

 CPB

Surfactant:2,3 DHN 

mole ratio

c
m

c
 (

m
M

)

3:7 4:6 5:5 6:4 7:3
0.5

0.6

0.7

0.8

 

(b)  CTAB

 CPB

Surfactant:2 Naphthol

 mole ratio

c
m

c
 (

m
M

)



 

37 

 

aggregation concentration of the mixed system of the mixture, 𝑐𝑎𝑐,critical aggregation 

concentration of CTAB, 𝑐𝑎𝑐1 (the cmc of CTAB in the mixed systems is now renamed 

as cac) and mole fraction of the surfactant within the micelles,𝑋1, are related as 

follows:11  

β= 
ln{(𝑐𝑎𝑐.𝛼1) (𝑋1.𝑐𝑎𝑐1)}⁄

(1−𝑋1)2
                                                                                                                                   (7) 

𝑋1 is evaluated iteratively using the relation:11  

[𝑋1
2.ln(𝑐𝑎𝑐.𝛼1 𝑐𝑎𝑐1.𝑋1)]⁄

(1−𝑋1)2
ln [

𝑐𝑎𝑐(1−𝛼1)

𝑐𝑎𝑐2(1−𝑋1)
] = 1                                                                                           (8) 

The respective activity coefficients f1 and f2 of the surfactant and respective hydrotopes 

are related to β as:  

𝑓1 = exp{𝛽(1 − 𝑋1)
2}                                                                                                                  (9) 

𝑓2 = exp{𝛽. 𝑋1
2}                                                                                                                            (10) 

All the π-conjugated additives viz., 1 Naphthol, 2 Naphthol and 2,3 DHN are reported 

to be surface active with well-defined critical aggregation values (Discussed in detail 

in Chapter IV). Therefore the surfactant-additive systems in the present study have been 

treated as mixed surfactant systems and the interaction between the head groups of the 

surfactant components are evaluated (Table 1). It is noteworthy that negative values of 

β are obtained for all the surfactant-additive systems implying that their interaction is 

essentially attractive and synergistic in nature. The hydroxy aromatic compounds 

interact more strongly with the aromatic pyridinium head group of CPB compared to 

quaternary ammonium head group of CTAB as evident from higher negative values of 

β observed for the CPB-additive systems at all the compositions (Table 1 as well). This 

result corroborates the lower cmc values observed in CPB-2,3 DHN system (Figure 

2(c)). Moreover, among all the systems, the extent of head group interaction is the 

highest in between CPB and 2,3 DHN and lowest in between CTAB-2 Naphthol system. 

Most of the systems exhibit maximum value in β at or near the equimolar composition 

(except CTAB-2,3 DHN system and CPB-2 Naphthol system) implying that in most of 

the systems, entropically this composition is more favored compared to the others.  
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Table 1. Interaction parameter (β), activity coefficients (f1 and f2) of CTAB and CPB with 

1-Napthol, 2-Napthol and 2,3 DHN at 303 K (Prefix 1 indicate surfactant, 2 indicate 

additive). 

 

3.2. Nuclear magnetic resonance (NMR) study 

3.2.1. 1H NMR 

To ascertain the location of the solubilized additives within the surfactant micelles, 1H 

NMR study is undertaken. The molecular architecture of the additives viz., 1 Naphthol, 

2 Naphthol and 2,3 DHN are similar, differing only in the position of the OH 

functionality in the aromatic ring. The hydroxy proton being labile, does not provide 

signals which could be worthwhile for NMR analysis. Therefore, the study is focused 

on determining the location of residence of the aromatic naphthalene ring with respect 

to the surfactant molecules. The collective 1H NMR spectra of 2 Naphthol in D2O, 

CTAB in D2O and mixture of 10 mM CTAB and 10 mM 2 Naphthol in D2O, alongwith 

the respective proton numbering, are presented in Figure 3. The spectra exhibit several 

interesting features. Firstly, considering the resonances for the aromatic moiety, it may 

be seen that the signals of 2 Naphthol in D2O appear highly spilt displaying the most 

downfield and most upfield resonances at 7.86 and 7.18 ppm respectively (Figure 3(a)). 

However, in the CTAB-2 Naphthol mixture (Figure 3 (c)), the aromatic proton signals 

CTAB 

αSurf

actant 

1-Napthol 2-Napthol 2,3 DHN 

cmc β f1 f2 cmc β f1 f2 cmc β f1 f2 

0.3 0.77 -4.14 0.06 0.27 0.81 -3.37 0.09 0.37 0.75 -3.49 0.08 0.37 

0.4 0.68 -4.11 0.07 0.24 0.73 -3.41 0.11 0.32 0.66 -3.45 0.09 0.34 

0.5 0.63 -4.11 0.08 0.21 0.66 -3.46 0.11 0.27 0.51 -4.49 0.05 0.21 

0.6 0.68 -3.78 0.12 0.18 0.69 -3.31 0.15 0.24 0.64 -4.76 0.08 0.11 

0.7 0.79 -2.66 0.29 0.24 0.81 -2.32 0.34 0.29 0.75 -2.59 0.27 0.27 

CPB 

 cmc β f1 f2 cmc β f1 f2 cmc β f1 f2 

0.3 0.69 -4.72 0.04 0.24 0.57 -5.03 0.03 0.24 0.50 -5.01 0.02 0.27 

0.4 0.65 -4.43 0.05 0.22 0.54 -4.81 0.04 0.22 0.39 -5.77 0.02 019 

0.5 0.57 -4.86 0.05 0.16 0.52 -4.75 0.05 0.19 0.30 -6.69 0.11 0.12 

0.6 0.63 -5.53 0.05 0.08 0.54 -4.35 0.07 0.19 0.41 -5.44 0.03 0.14 

0.7 0.71 -3.57 0.16 0.17 0.59 -3.87 0.11 0.18 0.49 -4.56 0.07 0.15 
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are broadened and appear heavily merged and shielded, the most downfield and upfield 

resonances being at 7.46 and 7.06 ppm respectively. This upfield shift essentially imply 

a non-polar environment around the aromatic protons.12 The broadening of signals are 

indicative of possible hydrogen bonding associated with the protons.12 Secondly, the 

N-methyl protons of CTAB (C1) which normally resonate at 3.11 ppm in D2O, also 

appear greatly shifted to lower ppm value i.e., 2.78 ppm (δinitial – δfinal = Δδ = 0.33 ppm).  

 

Figure 3. 1H NMR spectra of (a) 5 mM 2 Naphthol in D2O, (b) 10 mM CTAB in D2O and 

(c) mixture of 10 mM CTAB and 10 mM 2 Naphthol in D2O, at 298 K.  

The most significant upfield shift is observed in the C2 protons, Δδ = 0.69 ppm.13 The 

resonances for the alkyl chain protons viz., C3, C4 and C5 as well as the terminal 

protons viz., C6, merge together and appear as multiplet ranging from 1.53 ppm to 0.57 

ppm. It is striking that the intense signal corresponding to C5 protons appears at 1.26 

ppm in D2O (Figure 3 (b)), while in the CTAB-2 Naphthol mixture (Figure 3(c)), it 

appears at 1.53 ppm i.e., a downfield shift of Δδ = -0.27.  A similar upfield shift in the 

NMe (C1) as well as C1 and C2 proton resonances of CTAB has been reported in 

presence of phenol which has been shown to be the evidence in favor of radial 

penetration of the aromatic ring of phenol into the palisade layer of the CTAB micelles.4 

The presently observed shielding effect on the CTAB protons, may, therefore, be 

thought to be induced by the effect of ring current of the naphthalene ring of 2 Naphthol, 

which intercalates into the palisade layer and its location remains in the vicinity of the 

CTAB head group.14,15 The huge perturbation of the alkyl proton resonances (Figure 

3(c)) demonstrates interaction between naphthalene ring and the chain protons and this 
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further suggests much higher penetration depth of 2 Naphthol compared to that of 

phenol.4 This leads to the concomitant upfield shift in the aromatic resonances. 

Intercalation of the extended benzene ring into micelle causes the hydrocarbon chains 

of CTAB to mutually move away apart causing an increase in the spatial distribution of 

the alkyl protons creating a relatively less non-polar environment in the vicinity which 

ultimately resulted in the downfield shift of the C5 resonances.4,16  

 

Figure 3 (d). 1H NMR spectra of mixture of 10 mM CPB and 10 mM 2 Naphthol in D2O, 

at 298 K. 

The aromatic resonances for the pyridinium moiety of CPB in D2O resonate highly 

downfield, in between 8-9 ppm5 but in the CPB-2 Naphthol system (Figure 4 (d)), a 

merged broad peaks appear within 7.04 ppm to 8.83 ppm due to resonances of aromatic 

protons of both CPB and 2 Naphthol. It is apparent that the more downfield resonance 

is exhibited by pyridinium protons due to stronger deshielding of the same.5 Therefore, 

a qualitative assignment of the aromatic resonances has been presented in Figure 5(d). 

The spectral line width of the aliphatic proton signals of CPB in the CPB-2 Naphthol 

mixed system is high, and these appear as multiplets, because of which specific 

assignment of proton resonances becomes less straightforward in this case. 2D NMR 

is, therefore, applied for achieving better insight on the molecular interactions. 

3.3.2. NOESY  

Nuclear Overhauser effect spectroscopy (NOESY) is a 2D NMR technique which 

presents correlation via dipolar interaction, between protons which are closer than 5 Å 

in space. Intensity of NOESY cross-peaks is a direct measure of extent of magnetization 

transfer and the internuclear distance between the protons.17 The NOESY spectrum of 
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(10 mM) CTAB and (10 mM) 2 Naphthol and that of (10 mM) CPB and (10 mM) 2 

Naphthol shows several cross-peaks correlating CTAB and the aromatic protons of 2 

Naphthol as well as that of CPB and the aromatic protons (Figure 4). 

 

Figure 4. 2D NOESY spectrum of (a) 10mM CTAB and 10 mM 2 Naphthol in D2O and 

(b) 10mM CPB and 10 mM 2 Naphthol in D2O at 303 K. 

 

The intense cross-peak N1-N7/C4 highlights the correlation between the NMe protons 

of CTAB with that of the aromatic ring. The presence of cross-peaks N1-N7/C1 and 

N1-N7/C2 (highlighted in the box (b) in Figure 4 (a)) which correlates the quaternary 

ammonium protons of CTAB with the terminal as well as some other aliphatic protons 

of the same is indeed interesting. This is indicative of apparent self-interaction within 

the CTAB molecule, which generally occur if the molecule remain in highly coiled 

conformation. This is, however, not likely to occur in our present system because of the 

presence of strong hydrophobic interactions between the hydrocarbon chain and the 

naphthalene moiety, indicated by the intense cross-peaks viz., N1-N7/C5-C6 which 

correlate the NMe protons as well as the chain protons of CTAB with the aromatic ring 

of 2 Naphthol (highlighted in box (a) in Figure 4(a)). This observation indicates the 

simultaneous proximity of the aromatic protons with the chain protons as well and 

provides evidence in favor of much deeper intercalation of the naphthalene moiety 

towards the micellar core as suggested from the 1H NMR study.4 Therefore, the 

apparent self-interaction between the head group and chain protons of CTAB is likely 

to originate from different CTAB molecules with different orientations. In all 

probabilities, this may occur near the end-cap regions of the rod/worm-like micelles. In 
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the case of CPB, cross-peaks indicating correlation between the aromatic protons of 

both 2 Naphthol (N1-N7) and CPB (T1-T3) with the α methylene protons of CPB (T4) 

are evident. Contrary to that observed in the case of CTAB, intensity of the N1-N7/T4 

cross-peak is significantly less, which suggests a greater distance between the T4 and 

N1-N7 protons. Moreover, key cross-peaks indicating interaction between the alkyl and 

terminal protons with the naphthalene as well as pyridinium moiety, is apparent 

(Highlighted in box (c)), although intensity corresponding to interaction with 2 

Naphthol is relatively low.  Moreover, similar to that observed in the case of CTAB-2 

Naphthol system, the self-interaction between the T4 and the T5-T6, is also apparent in 

CPB-2 Naphthol system.  

The origin of the observed interactions in NOESY spectra may be understood by 

considering the different forces operating within the systems. Spectroscopic 

investigations of CTAB-1 Naphthol system in aqueous solutions has revealed that 

naphthols have the unique ability to form hydrogen bonds with the interfacial water 

molecules at its vicinity, in which the proton atoms of its hydroxy groups act as the 

donors.12 This is considered as the driving force behind the embedding of the 2 

Naphthol molecules in between the CTAB monomers within its micelle. A similar 

argument may be adopted to explain the observed interactions in the present CTAB-2 

Naphthol system. The restructuring of water molecules at the micelle-water interface 

causes the OH functionality of 2 Naphthol to orient outward from the micellar interface, 

while the aromatic rings are embedded in between head groups of CTAB. 2D ROESY 

analysis show that this orientation is favored by strong cation-π interaction between the 

quaternary ammonium head group and the π-electron cloud of the naphthalene moiety 

and also by hydrophobic interactions between the aromatic protons and the alkyl chain 

protons.12,18,19 This interaction largely neutralizes the positive charge on head group of 

CTAB monomers and facilitates micellization which is reflected in the conductometric 

study. The π-π interactions, on the other hand, are known to control diverse 

phenomenon like stabilization of the DNA double helical structure,20 tertiary structure 

of proteins,21 packing of aromatic molecules in crystal,22 etc. This interaction results if 

the attractive interaction between π-electron and 𝜎- framework outweigh the repulsive 

interaction between two π-electron system.23 CPB is essentially an electron deficient 

aromatic system with a positively charged nucleus surrounded by delocalized π-

electron cloud, while 2 Naphthol is a neutral electron rich aromatic system with 



 

43 

 

extended π-electron conjugation. The CPB-2 Naphthol system is likely to be dominated 

by the π-π interaction instead of the cation-π interaction as observed in CTAB-2 

Naphthol system.20 The electrostatic complementarity between the π-electron rich 2 

Naphthol and the π-electron deficient CPB head group can lead to strong face-to-face 

stacking and thereby screening the head group charge of the CPB molecule because of 

which the micellization is favored.24 Due to this interaction along with the rigid 

anchoring of the OH moiety to the interfacial water and further due to the larger head 

group size of pyridinium ring, the naphthalene moiety does not penetrate deep inside 

the micelle for which the relatively less intense cross-peaks correlating the aromatic 

naphthalene protons and CPB chain protons are observed in the NOESY spectra (Figure 

3 (b)). A schematic representation of the molecular orientation in the CTAB-2 Naphthol 

and CPB-2 Naphthol systems is proposed in Scheme 1. Due to stronger cation-π 

interaction, the naphthalene additive shield the electrostatic charge of the CTAB head 

groups more efficiently, compared to π-π interaction which is further corroborated in 

the SANS study (Discussed later).  

 

Scheme 1. Schematic representation of possible molecular orientation in the (a) CTAB-2 

Naphthol system and (b) CPB-2 Naphthol system.  

Due to the effective shielding of the head group charges via intercalation of the 

naphthalene moiety in between the surfactant monomers in micelles, the effective head 

group area, a0, of the surfactant is decreased, which eventually increase the packing 

parameter, P of the surfactant. P governs the aggregate morphology and is given by:25  

𝑃 =
𝑣

𝑎𝑜.𝑙𝑐
                                                                                                                                                            (11) 

where ν and 𝑙𝑐 are the volume and the extended length of the surfactant tail, 

respectively. For spherical micelles, P >
1

3
, while for elongated or worm-like micelles, 
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1

2
>P >

1

3
.25 The ellipsoidal or wormlike micelles in the present surfactant-additive 

systems are thus formed as the consequence of the electrostatic shielding of the head 

group charge.26  To minimize the end cap energy, long wormlike micelles are formed 

with cylindrical body and nearly spherical end caps. Due to spatial congestion near the 

endcaps and higher density of the surfactant molecules, intermolecular interaction 

between the surfactants are likely to be predominant at the end cap and this may be 

responsible for the corresponding cross-peaks observed in the NOESY spectrum 

(Figure 4(a), (b)) as mentioned before. These aspects have been discussed in further 

detail in Chapter VI.   

3.3. Small angle neutron scattering (SANS) study 

The structural aspects of surfactant aggregates in solution may be obtained via SANS 

study.27 In a SANS experiment, the sample is subjected to a beam of neutrons and the 

intensity of the scattered neutrons are measured in different directions. To obtain larger 

scattering intensity, samples are made in deuterated solvents. The SANS profile of the 

surfactant-additive systems are provided in Figure 5. The SANS spectra of the 

surfactant in the presence of the additives show a rise in the low Q region, while 

scattering in the high Q region is independent of the surfactant type and is nearly 

identical for CTAB and CPB in case of all the additives.  The SANS spectra of CTAB 

in D2O
26 and CPB in D2O

28 show a characteristic correlation peak at the intermediate 

Q region, signifying the presence of inter-particle electrostatic interaction. In presence 

of 1 Naphthol, no correlation peak is evident in either CTAB or CPB (Figure 5 (a)) 

which demonstrates that the electrostatic repulsions between the charged head group of 

CTAB as well as CPB is efficiently reduced due to the presence of 1 Naphthol.26 There 

is a rise in intensity at the low Q region for CTAB compared to CPB, in case of all three 

additives which signifies a growth in the micellar structure for CTAB compared to CPB 

in all the three cases.2 
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Figure 5. SANS distribution profile of 25 mM CTAB and 25 mM CPB in the presence of 

(a) 25 mM 1 Naphthol, (b) 25 mM 2 Naphthol and (c) 25 mM 2,3 DHN at 303 K. Solid 

circles represent experimental curve, solid lines represent theoretical fit for prolate 

ellipsoid micelle model. 

The spectra of CTAB in presence of 2 Naphthol (Figure 5 (b)) is similar to that in the 

presence of 1 Naphthol, while, a correlation peak is evident in spectra of CPB meaning 

that electrostatic repulsion is present in this system, i.e., the screening of CPB head 

group repulsion by 2 Naphthol is less efficient than that in the case of CTAB. In 

presence of 2,3 DHN, distinct correlation peak is evident for CTAB and CPB (Figure 

5 (c)). The peak appear at higher Q value for CPB compared to 2 Naphthol. The 

correlation peak generally occur at 𝑄 ≈
2𝜋

𝑑
, where d is the average distance between the 

aggregates present in the sample.2 Thus, the observation imply a decrease in correlation 

length in the surfactant-2,3 DHN systems, ξ, given by ξ =2π⁄Qmax.
26 The nearly identical 

Qmax for CTAB and CPB (Figure 5 (c)) imply that aggregate density in both the systems 

is identical. The SANS data are fitted to the prolate ellipsoid micellar model and it is 

found that the model is in excellent agreement with the experimental curves (Solid lines 

in Figure 5). This interestingly signifies that a structural modification of the spherical 

micelles of both CTAB and CPB is mediated by the hydroxy aromatic derivatives. The 

slope of the intensity vs Q at the intermediate Q region is obtained as -1.3, -1.5 and -

1.3 for 1 Naphthol, 2 Naphthol and 2,3 DHN respectively and may be taken as an 

indication of presence of wormlike or rod like structures in the system.28 Table 2 

represents the structural dimension of the surfactant-additive systems obtained on 

fitting the experimental data to prolate ellipsoidal micellar model. 
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Table 2: Dimension of wormlike micelles of CTAB and CPB in presence of 1 Naphthol, 2 

Naphthol and 2,3 DHN at 303 K, as obtained from SANS study. 

 

It is apparent that the micelles of the system are rod like having length about five times 

of the radius. Longest worm like micelles are formed in CTAB-2 Naphthol system 

while shortest worms are formed in CPB-1 Naphthol system. Nevertheless, the result 

indicate that the hydroxy aromatic derivatives steer the transition of morphology of 

spherical aggregates of both CTAB and CPB, to elongated worm like.  

3.4. Rheology of the wormlike micelles 

On minimizing head group repulsion, surfactant micelles are capable of forming linear 

wormlike aggregates which have characteristic property of a  viscoelastic gel, i.e., these 

giant molecules can withstand external stress up to a critical extent (Newtonian 

behavior) beyond which they become viscous or fluid-like.29 Rheology is an important 

tool to measure the viscoelastic traits of such systems. On the application of an external 

stress, the system undergoes deformation followed by relaxation in order to regain its 

equilibrium state. According to the living polymer model of Cates30 the relaxation of 

the viscoelastic micelles involves two time scales viz. reptation time (τrep) 

corresponding to curvilinear diffusion of a chain along its own contour and breaking 

time (τb) which is the result of chain scission. When τb << τrep, there occurs many 

breakages and recombination before the chain segment relaxes by reptation. The system 

is then defined by a single stress relaxation time, τR, given by τR=(τrep. τb)
1/2 and is 

characterized as a Maxwell Fluid. The sinusoidal deformation on the system, at an 

angular frequency ω, causes the response stress, which remains out of phase with the 

applied strain.  

The sinusoidal deformation (strain, 𝛾(𝑡)) can be expressed as: 

𝛾(𝑡) = 𝛾0exp(𝑖𝜔𝑡)                                                                                                                                 (12) 

where, 𝛾0 is the amplitude of the strain, ω is the angular frequency and t is the time. 

 CTAB CPB 

Semi minor 

axis (Å) 

Semi major axis 

(Å) 

Semi minor 

axis (Å) 

Semi major axis 

(Å) 

1 Naphthol 23 92 22 59 

2 Naphthol 26 122 21 110 

2,3 DHN 22 74 19 72 
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The response stress will also be sinusoidal and will have a phase difference of δ, i.e. 

 𝜎(𝑡) = 𝜎0 exp(𝑖[𝜔𝑡 + 𝛿)                                                                                                              (13)  

The complex modulus (G*) thus obtained is defined as:  

𝐺∗ =
𝜎(𝑡)

𝛾(𝑡)
=

𝜎0(𝑐𝑜𝑠𝛿+𝑖𝑠𝑖𝑛𝛿))

𝛾0exp(𝑖𝜔𝑡)
                                                                                                          

or, 𝐺∗ = 𝐺´ + 𝑖𝐺˝                                                                                                                            (14) 

where 𝐺´ is the storage modulus and 𝐺˝ is the loss modulus and these reflect the 

respective extent of elastic and viscous property of the system. For a fluid with near-

Maxwell character, the elastic (or storage modulus), 𝐺´ and viscous (or loss modulus), 

𝐺˝ are related to angular frequency, ω as: 31 

𝐺ˊ(𝜔) = 
𝐺0𝜔

2𝜏𝑅
2

(1+𝜔2𝜏𝑅
2 )

                                                                                                                                                                                       (15) 

𝐺˝(𝜔) =
𝐺0𝜔𝜏𝑅

(1+𝜔2𝜏𝑅
2 )
                                                                                                                           (16)        

where G0 is the storage modulus at high frequency, where it exhibits a plateau, also 

called the plateau modulus. It is proportional to the number density of the entanglement 

points and hence characterize the network structure.32 τR is obtained from inverse of 

crossover frequency, i.e. the frequency where 𝐺ˊ and 𝐺˝ intersects. Furthermore, Cole-

Cole plot i.e the plot of 𝐺˝ v/s 𝐺ˊ is expected to yield a semicircle at low frequency 

region for a Maxwell fluid.31 

3.4.1. Dynamic oscillatory measurements  

Oscillatory measurements were carried out to characterize the flow behavior of the 

viscoelastic gels. Figure 6 presents the variation of 𝐺ˊ and 𝐺˝ with ω, for the surfactant-

additive systems at different temperature. The response of  𝐺ˊ and 𝐺˝ as function of ω 

is typical to that observed in viscoelastic fluids comprised of wormlike micelles.26,32,33 

At lower ω, systems are predominantly viscous with Gʺ predominating over G´ while 

at high ω, G´ > Gʺ and the systems exhibit elastic behavior. There exists a distinct cross 

over point, ωc, at which 𝐺ˊ = 𝐺˝. With rise in temperature, the frequency spectra shifts 

to the right, exhibiting higher ωc. 



 

48 

 

 
Figure 6. Dynamic viscosity profile of (a) 100 mM CTAB-100 mM 1 Naphthol, (b) 100 

mM CTAB-100 mM 2 Naphthol, (c) 100 mM CTAB-100 mM 2,3 DHN, (d)100 mM CPB-

100 mM 1 Naphthol, (e) 100 mM CPB-100 mM 2 Naphthol and (f) 100 mM CPB-100 mM 

2,3 DHN at 328 K. Insets display the respective Cole-Cole plots. 

A higher value of ωc imply lower relaxation time, 𝜏𝑅, as 𝜏𝑅 =
1
𝜔𝑐
⁄ .34 The variation of 

𝜏𝑅 as function of temperature (Figure 7) shows that the wormlike micellar systems 

composed of CTAB-additive (2 Naphthol and 2,3 DHN) relaxed relatively slower (or 

higher values of 𝜏𝑅) compared to CPB-additive system (2 Naphthol and 2,3 DHN).  

 
Figure 7. Variation of 𝝉𝑹 with temperature for different surfactant-additive systems. 

The network mesh size of the entangled wormlike micelles is characterized by ξ the 

hydrodynamic correlation length. This length scale can be obtained directly from the 

plateau modulus 𝐺0: 
35 
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ξ = (
𝑘𝐵.𝑇

𝐺0
)
1
3⁄                                                                                                                                   (17) 

ξ is related to the persistence length,𝑙𝑝, of the micelles and the entanglement length, 𝑙𝑒 

the average distance along the micelle between two entanglement points in the micellar 

network as: 

𝑙𝑒 =
ξ
1
3⁄

𝑙𝑝
2
3⁄
                                                                                                                                         (18) 

The entanglement length can be determined from measurements of viscoelasticity 

using:30 

𝐺0

𝐺˝𝑚𝑖𝑛
=

𝐿𝑎𝑣𝑔,

𝑙𝑒
                                                                                                                                          (19) 

where 𝐿𝑎𝑣𝑔,  is the average micelle length and 𝐺˝𝑚𝑖𝑛 is the local minimum of the 𝐺˝ 

curve at frequencies above 1 𝜏𝑅⁄ . The ratio 𝐿𝑎𝑣𝑔, /𝑙𝑒 defines the average number of 

entanglements per micelle.   

Table 3 summarizes the parameters obtained from rheological study of the surfactant-

hydrotope systems. It is evident that in all the cases, τbr << τRep , which characterizes all 

the systems with a single relaxation time i.e.,  they exhibit Maxwellian behavior in the 

concerned temperature range. 

Table 3 shows that the τRep of CTAB-2 Naphthol system varies from ~284 sec to 0.38 

sec in temperature range 313-333 K whereas that in case of CPB-2 Naphthol varies 

within ~976 sec to 3 sec within same temperature range. In the case of CTAB-2,3 DHN 

system, τRep ranges from ~1486 sec to 100 sec for a temperature jump of 5K from 328 

K to 333 K whereas under similar conditions, τRep for CPB-2,3 DHN system ~47 sec to 

3 sec. A higher value of τRep is indicative of slower relaxation, which is associated with 

linearity of the micellear framework,31 i.e., longer micelles are formed in CTAB-2 

Naphthol/2,3 DHN  systems compared to CPB-2 Naphthol/2,3 DHN systems while 1 

Naphthol shows the preference to form longer micelles with CPB compared to CTAB 

as evident from the higher values of τRep in case of CPB (Table 3). Flow activation 

energy, EA, which describes the end-cap energy and the energy required for reversible 

micellar scission and is regarded as a measure of the “compactness” or “slowness” of 

the WLM flow has been evaluated as: 

𝜏𝑅 = 𝐴. exp(
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                                     (20) 
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or, log 𝜏𝑅 = log𝐴 + (
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                      (21) 

where A is the pre-exponential factor and is a constant, R is the universal gas constant 

taken as  8.314 J.mol-1. K-1 and T is the temperature. 

Table 3.  Parameters 𝑮𝒎𝒊𝒏
˝ , 𝝉𝑹, 𝝉𝒃, 𝝉𝒓𝒆𝒑, 𝝃, L as obtained from rheological data for 100 mM 

CTAB and 100 mM CPB with 100 mM 1 Naphthol, 100 mM 2 Naphthol and 100 mM 2,3 

DHN as additive at different temperatures. 

  

Additive 
Temp 

K 

𝐺𝑚𝑖𝑛
˝  

Pa 

𝜏𝑅 

s 

𝜏𝑏 

s 

𝜏𝑟𝑒𝑝 

s 

𝜉 x 106 

m 

L 

nm 

1 Naphthol 

CTAB 

313 14.18 3.34 0.04 279.32 1.93 340-637 

318 50.78 0.59 0.01 284.11 1.63 158-297 

323 60.33 2.92 0.08 1.44 1.62 138-259 

328 56.82 3.30 0.08 1.55 1.71 127-238 

333 85.28 4.17 0.01 0.38 1.61 102-192 

CPB 

318 4.63 0.10 0.10 975.86 2.14 766-1437 

323 7.34 0.41 0.05 119.10 2.16 482-903 

328 8.26 1.62 0.02 24.08 2.17 428-804 

330.5 8.36 2.52 0.02 9.92 2.15 435-816 

333 10.84 5.62 0.01 3.24 2.01 421-790 

 CTAB 

2 Naphthol 

328 43.57 3.88 0.010 1486 1.47 354-664 

330.5 58.61 0.27 0.012 6.08 1.45 202-379 

333 18.63 1.26 0.015 100.3 1.46 637-1195 

335.5 39.76 0.52 0.013 20.9 1.53 259-486 

CPB 

323 5.09 3.66 0.06 213 2.00 872-1635 

328 6.96 0.77 0.01 47.45 2.01 641-1203 

333 10.43 0.18 0.01 2.82 2.01 427-801 

 CTAB 

2,3 DHN 

325.5 8.05 9.34 0.13 693.20 1.83 725-1359 

328 11.97 3.48 0.09 121.75 1.66 657-1233 

330.5 13.56 2.29 0.06 82.42 1.63 623-1168 

333 17.70 1.45 0.03 66.71 1.62 487-913 

335.5 23.43 0.67 0.02 28.56 1.88 237-444 

CPB 

328 12.36 1.05 0.05 22.21 2.02 353-662 

330.5 5.27 0.64 0.13 3.23 2.05 799-1498 

333 17.61 0.26 0.063 1.07 2.29 225-423 
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Arrhenius’ semilog plot of τR v/s temperature shows a straight line (Figure 8) implying 

a single exponential decrease in relaxation time with temperature. This further 

characterizes the system as Maxwell fluid.31,36  

Figure 8. Arrhenius’ Semi log plots of τR as function of inverse of temperature for 100 mM 

CTAB and 100 mM CPB in presence of (a) 100 mM 1 Naphthol, (b) 100 mM 2 Naphthol 

and (c) 100 mM 2,3 DHN for different surfactant systems (100mM ,1:1). 

The flow activation energy for all the systems obtained following Equation 21, are 

summarized in Table 4. 

Table 4. Flow Activation energies of different surfactant-additive systems obtained from 

Arrhenius’ semi-log plots. 

Flow Activation Energy, Ea  ( kJ.mole-1) 

Surfactant 1 Naphthol 2 Naphthol 2,3 DHN 

CTAB 70.26 104.26 96.71 

CPB 101.46 115.47 110.38 

 

Results indicate that the wormlike micelles of CPB-additive systems possess a more 

flow activation energy compared to corresponding CTAB-additive systems implying 

that more compact micelles are formed in the former. Nevertheless, the study show that 

the architecture of surfactant head group can fine tune the molecular interaction and 

determine the specificity of additives towards forming wormlike micelles of desired 

length scale.  

4.0. Conclusion 

A synergistic interaction has been observed between the cationic surfactants (viz., 

CTAB and CPB) and the hydroxy aromatic compounds 1 Naphthol, 2 Naphthol and 2,3 

DHN. As a result of reduction in electrostatic repulsion between the surfactant 

headgroups caused by the π-electrons of naphthalene additives,  the cmc’s of both 
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CTAB as well as CPB are lowered in presence of the aromatic compounds, nevertheless 

CPB displays a greater decrease in cmc compared to CTAB. 1H NMR and 2D NOESY 

study revealed that the hydroxynaphthalene derivatives intercalate deeper within the 

CTAB micelles while reside at the palisade layer of CPB micelles. Hydrogen bonding 

between the OH of the aromatic additives and the interfacial water molecules facilitate 

favorable orientation of the aromatic compounds to position within the surfactant 

micelles. 1 Naphthol most efficiently reduces the electrostatic repulsion between the 

surfactant head groups while 2,3 DHN is found to be least efficient in this respect. 

Furthermore, morphology transition of the surfactant aggregates from spherical to 

rod/ellipsoidal (at 25 mM surfactant:additive concentration) is also evident. At higher 

concentrations, (surfactant:additive >100 mM), the surfactant-additives systems 

formed thick viscoelastic gel consisting of long wormlike micelles (WLM). While 2 

Naphthol and 2,3 DHN form longer micelles with CTAB, in the case of 1 Naphthol, 

longer micelles are formed with CPB. Moreover, WLM’s of CPB are more compact 

than that of CTAB. This observed difference in rheological behavior probably 

originates from the difference in headgroup architecture of the surfactants. While strong 

cation-π interaction between the quaternary ammonium group of CTAB and the π 

electron cloud of the additives dominate the CTAB-additive systems, the CPB-additive 

are governed by the consequent π-π stacking between the aromatic pyridinium moiety 

and the naphthalene ring of the additives. Nevertheless, the study reveals high 

efficiency of the hydroxyaromatic compound viz., 1 Naphthol, 2 Naphthol and 2,3 

DHN as effective triggering agents of morphology transition from spherical to 

wormlike micelles, under neutral salt-free conditions. The study also highlights the fact 

that WLM with fascinating rheological properties may be designed by tuning the 

headgroup architecture of surfactant and the nature of triggering agent under salt-free 

condition.  

References are provided in BIBLIOGRAPHY under “References for Chapter III” (Page 

170-172). 
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Chapter IV 

Surface activity and modifying effects of 1 Naphthol, 2 

Naphthol and 2,3 Dihydroxynaphthalene on self-assembled 

nanostructures of 1-Hexadecyl-3-methylimidazolium 

chloride 

1. Introduction 

Due to their unique chemical and physical properties and high tunability 1 ionic liquids 

(ILs) have drawn increasing interest as alternative media in a variety of catalytical, 

separation and electrochemical methods.2 The transfer of a compound through an 

interface is a major part of the extraction process which is controlled by molecules 

adsorbed at the interface. The presence of surface active ionic liquid (SAIL) aggregates 

could modulate the efficiency of these processes including partial extraction of the 

product into micelles. Under certain conditions such as concentration, salinity, 

temperature, presence of counter ions, etc., the globular micelles may undergo uniaxial 

growth and form very long and highly flexible aggregates, referred to as ‘‘wormlike’’ 

or ‘‘threadlike’’ micelles.3 Due to their cylindrical morphology and high flexibility, 

wormlike micelles (WLM) have emerged as a novel carrier system that provide larger 

core volume to load drugs and is, therefore, able to flow readily through capillaries and 

pores.4 Since WLM’s have larger drug loading capacity and longer circulation time it 

may be highly useful and novel strategy for drug delivery to start as WLM’s and later 

degrade to spherical micelles, which are already known to be extremely useful for 

therapeutic applications.5,6 Better prospect of controlled drug release warrants more 

insight on mechanism and kinetics of such degradability of wormlike micelles. 

Study on micelle formation of the surface active ionic liquid, (SAIL) 1-Hexadecyl-3-

methylimidazolium chloride, C16-3-MeImCl and the cationic surfactant 

Cetylpyridinium chloride, C16PyCl in the temperature range 15-750C, have shown that 

although aggregation of C16PyCl should have been more favorable than C16-3-MeImCl 

as C16PyCl is more hydrophobic than the corresponding SAIL, this is not the case.7 The 

strong hydrogen-bonding between the counter ion and the relatively acidic hydrogen of 

the imidazolium ring distinguishes imidazole-based SAILs from other conventional 
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cationic surfactants. Also, due to presence of asymmetric organic cations, the lattice 

energy of 1-alkyl-3-methyl-imidazolium [CnMIM] salts is reduced which result in low 

melting point ionic liquids, commonly called room temperature ionic liquid (RTIL) 

(melting point < 1000C).8 Literature shows that the coexistence of incompatible 

hydrophobic moieties such as fluorocarbon and hydrocarbon chains are a basic 

requirement but often not sufficient for the formation of the two distinct types of 

micelles i.e. spherical and WLM in aqueous solutions. On the other hand, synergistic 

micellization is observed when ionic surfactants are mixed with non-ionic or with 

oppositely charged surfactants. Both surface and bulk properties of these systems have 

been studied using different experimental techniques.9,10,11 Strong synergistic gains in 

viscoelastic properties of mixtures of anionic and cationic surfactants compared to the 

parent surfactants have been reported. ILs (especially those with long hydrophobic 

chains) have been reported to show amphiphilic properties in aqueous solution.12,13,14 

Aromatic hydrotropes like salicylate, tosylate, chlorobenzoate, hydroxynaphthalene 

carboxylates and nitrobenzoate are reported to induce wormlike micelle formation in 

cationic surfactant solution. In particular, various hierarchically self-assembled 

structures such as tubes, ribbons, vesicles and lamellar structures can be fabricated in 

mixtures of surfactants and hydrotropes.15 Synergistic effect of aromatic hydrotropes 

on the solution properties of ammonium gemini surfactants were reported.16 Recently, 

highly temperature sensitive wormlike micelle-to-hydrogel and vice-versa transition in 

the ionic liquid 1-Hexadecyl-3-methylimidazolium chloride, triggered by the aromatic 

hydrotrope, Sodium salicylate (NaSal), have been reported.17 It is evident from 

literature that interaction of aromatic hydrotropes with surfactant yield interesting 

properties of aggregates which are tunable via external stimuli like temperature, pH 

etc.18 However, majority of the reports involve ionic medium and presence of salts, and 

there are very less reports regarding study of interaction of ionic liquids with non-ionic 

hydrotropes and on the use of additives in improving the micellization characteristics 

of ionic liquids. It has also been reported that hydroxy aromatic compound viz., 1 

Naphthol and 2 Naphthol interact with the structurally reoriented water molecules on 

micellar surface of the cationic surfactant CTAB via hydrogen bond formation and 

induce viscoelasticity in CTAB solution.19,20 It was observed that 1 Naphthol and 2 

Naphthol showed surface active behavior.20 The surface active property of the aromatic 

promoters leaves room for understanding of the molecular interactions between the 

aromatic hydrotropes/additives and the surfactant systems comprising of aromatic 
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extended conjugated systems especially because the hydroxy aromatic group as well as 

the imidazolium moiety, both form the fundamental skeleton of two non-essential 

amino acids viz. tyrosine and tryptophan respectively. Herein further investigation on 

the effect of the hydroxy aromatic compounds, viz., 1 Naphthol, 2 Naphthol and 2, 3-

Dihydroxynaphthalene on the aggregation characteristics of the ionic liquid system 

namely, 1-Hexadecyl-3-methylimidazolium chloride (C16-3-MeImCl) have been 

carried out. This ionic liquid has superior individual surface and bulk property 

compared to its ordinary surfactant analogues viz. Cetylpyridinium bromide (CPB) and 

CTAB. The pKa of the additives are > 9.15 and therefore, in aqueous solution of ionic 

liquids (pH 6.5-7.5), these remain in protonated non-ionic form. In this chapter, the 

quantitative estimation of the surface parameters of the aromatic compounds: 1 

Naphthol, 2 Naphthol and 2,3 Dihydroxynaphthalene has been done and their effect in 

modifying the aggregation characteristics of the ionic liquid C16-3-MeImCl under salt-

free condition has been studied. An interesting aspect of these additives, is their 

fluorescent nature; which enables them to be used as self-probes. Modification of their 

spectral properties in presence of the ionic liquid may provide insight of the probe-ionic 

liquid interaction at the micro-structural level. Interactions in micro-environment of the 

additives are explored spectroscopically (UV-Visible Spectroscopy, Fluorescence 

anisotropy and 1H-NMR) and the effect of the additives on aggregate morphology of 

the ionic liquid micelle are explored. For more specific insight about the binding 

interactions of the individual additives with the ionic liquid, molecular dynamics 

calculations using DFT are carried out. Effect of metal salts on viscosity of the SAIL-

Additive system have been investigated.  

2. Materials and Methods   

2.1. Materials 

1-Hexadecyl-3-methylimidazolium chloride, was purchased from Across chemicals 

(USA) and was used as received. 1 and 2 Naphthols (Fluka, Germany) and 2,3-

Dihydroxynaphthalene (Fluka, Germany) were further purified by vacuum sublimation 

followed by crystallization from 1:1 aqueous methanol. Methanol was distilled prior to 

use. Double distilled water (conductance below 2 μS/cm, pH ~ 6.5-7) was used for all 

experimental purposes. D2O was purchased from Aldrich, USA (Purity >99.9%). All 

conductometric measurements were carried out on Metler Toledo Digital Conductivity 
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bridge (MC226) using a dip cell with cell constant 1.0 cm-1. Tensiometric studies were 

done with Krüss GmbH K9 tensiometer following the ring detachment method. 

Constant temperature was maintained during the experiments with Remi ultra 

thermostat (CB-700) with precision (± 0.1K).  

2.2. Methods 

2.2.1. Tensiometry. Tensiometric measurements were performed on Krȕss K9 

Tensiometer (Germany), based on Du-Nόuy ring detachment method, fitted with 

Omniiset temperature bath with precision ± 0.10C. Before each measurement, the 

platinum ring was thoroughly cleaned with 1:1 acetone-water solution and heated under 

oxidizing flame until glowing temperature was attained. After every addition, the 

experimental solution was stirred for 5 minutes for homogeneity and equilibrated for 

10 minutes. For each measurement, three to five subsequent readings were taken for 

concordance. Standard deviation was < 0.1 mN.m-1.   

2.2.2. Specific conductivity measurements. The specific conductivity measurements 

were carried out in Metler Toledo Digital Conductivity bridge (MC226) (accuracy 

0.1%) using a dip-type immersion cell with cell constant 1.0 (±0.05) cm-1. 5 min 

equilibrium time was allotted before each reading. Constant temperature was 

maintained during the experiments with Remi ultra-thermostat (CB-700) with precision 

± 0.1K. The uncertainty of the measurements was ±0.01μS.cm-1.  

2.2.3. pH measurements. The pH’s of the solutions were measured using Systronics 

digital pH meter (Model: 335, India), calibrated with standard buffers of pH 4.0 and 

9.2. Solutions were equilibrated for 5 min after addition of acid/alkali till a steady pH 

meter reading was observed.  

2.2.4. Fluorescence anisotropy. Steady state fluorescence anisotropy study was 

carried out in bench top spectrofluorimeter from Photon technologies International 

(Quantamaster-40) with excitation and emission slit widths fixed at 0.3 nm and 2.0 nm 

respectively. Steady state anisotropy (r) was determined using the following 

expressions:21 

𝑟 =
𝐼𝑉𝑉−𝐺.𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺.𝐼𝑉𝐻
 and 𝐺 =

𝐼𝐻𝐻

𝐼𝑉𝐻
                                                                                                                                                                 (1) 
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where IVV and IVH represent the intensities obtained with the excitation polarizer 

oriented vertically and the emission polarizer oriented vertically and horizontally 

respectively; IHV and IHH refer to the similar parameters as mentioned above for the 

horizontal positions of the excitation polarizer. 

2.2.5. 1H-NMR. 1H-NMR experiments were performed in Bruker ADVANCE 

spectrometer operating at 300 MHz frequency at 298 K. Signals are quoted as δ values 

in ppm using residual protonated solvent signals as internal standard (D2O: δ 4.79 ppm). 

Data are reported as chemical shift. 

2.2.6. Rheology. The rheological experiments were done using cone-plate geometry 

with 40 truncation angle, with diameter 25 mm and 0.105 mm sample gap in MCR 302 

(Anton Paar) equipped with Peltier temperature control system.  

Sample Preparation 

Since Naphthol(s) and its derivative 2,3-Dihydroxynaphthalene are only sparingly 

soluble in water, a methanolic solution of higher concentration was initially made. 

Experimental solutions were prepared routinely by transferring the required volume of 

solution (in pure methanol) in the experiment vial first, and then the alcohol was 

evaporated off completely before the addition of aqueous surfactant solution.20 For 

rheometry, surfactant was added to the dried additive followed by requisite volume of 

solvent. Sample concentration for all the systems was 100 mM with 1:1 surfactant: 

additive mole ratio i.e. concentration of each of the components was 100 mM. The 

mixture was then stirred at 600C for three hours for homogenization and equilibrated 

for 36 hrs. During measurement, samples were equilibrated for 10 mins at each 

temperature.22 For NMR study, respective solutions were made in D2O and 0.6 mL of 

the same was used for each measurement.  

3. Results and Discussion 

3.1. Surface active properties of π-conjugated additives 

The variation of surface tension of aqueous solution of the hydroxy aromatic 

compounds 1 Naphthol, 2 Naphthol and 2,3 Dihydroxynaphthalene (2,3 DHN) is 

obtained from tensiometric study. It is evident from Figure 1 that the surface tension of 

water decreases linearly as a function of  concentration of 1 Naphthol, 2 Naphthol  or 

2,3 DHN and reaches a limiting value  above critical aggregation concentration  (cac) 
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in each case. The equilibrium surface tension of the additive solutions is 12-15 mN.m-

1 lower than pure water’s which confirms their surface activity. The cac for 1 Naphthol, 

2 Naphthol and 2,3 DHN is found to be 4.66 mM, 3.62 mM  and 3.06 mM respectively 

at 303 K.  

 

Figure 1. Tensiometric profile of additives (1 Naphthol, 2 Naphthol and 2,3 DHN) in log 

scale at 303 K. 

Table 1 lists the cac values along with the surface tension at cac (γCAC), the maximum 

surface excess concentration (Γmax) and the minimum surface area per organic molecule 

(Amin). (Mathematical background of evaluation of surface parameters is provided 

under section 1.1 of Appendix A). 

Table 1. Interfacial parameters of 1 Naphthol, 2 Naphthol and 2,3 DHN in aqueous 

medium at 303 K 

 

Both cac and γcac values decrease slightly in the order 1 Naphthol ˃ 2 Naphthol ˃ 2,3 

DHN, which indicates stronger surface activity and wetting ability at the surface in the 

opposite order (Table 1). The minimum surface area per molecule (Amin) marks the 

effectiveness of a compound to populate the air-water interface. Higher the value of 

Amin, greater is the tendency to “wet” the surface. Amin for 2,3 DHN is found to be 0.55 

nm2.molecule-1 , almost twice that of 1 and 2 Naphthols, which are almost identical i.e. 

0.28 and 0.29 nm2 molecule-1 respectively. The γcac for 1 Naphthol, 2 Naphthol and 2,3 
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Additive cac (mM) 103Πcac  (mN.m-1) 106Γ max (mol.m-2) A min (nm2.molecule-1) 

1 Naphthol 4.66 17.2 5.64 0.29 

2 Naphthol 3.62 19.2 5.93 0.28 

2,3 DHN 3.06 21.1 3.02 0.55 
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DHN are respectively 57.02, 55.37 and 52.85 mM.m-1. The values indicate in case of 

2,3 DHN, the surface activity is the highest while that for 1 Naphthol it is lowest. The 

maximum surface excess (Γmax) denotes the number of surface active molecules present 

at the interface in excess of the bulk. Γmax
   for 2,3 DHN is 3.02 mol.m-2 while that of 1 

and 2 Naphthol are 5.64 and 5.93 mol.m-2 respectively i.e. approximately half the 

number of dihydroxynaphthalene populate the surface compared to mono hydroxy 

analogue. This suggests that the 2,3 DHN molecules are arranged in staggered or 

oblique manner at the water/air interface whereas the 1 and 2 Naphthols may possibly 

be arranged more or less perpendicularly. While lesser number of 2,3 DHN molecules 

populate the surface compared to that of Naphthols due to their oblique arrangements, 

the surface activity vis-a-vis hydrophobic force operating at the surface becomes higher 

leading to lowering of γcac value. 

3.2. Synergistic improvement of surface and bulk properties of C16-3-MeImCl in 

presence of Naphthols 

 The effects of π- conjugated hydroxy aromatic additives 1 Naphthol, 2 Naphthol and 

2,3 DHN on the critical micelle concentration, (cmc) of the cationic ionic liquid 1-

Hexadecyl-3-methylimidazolium chloride (C16-3-MeImCl) are studied, both by 

conductivity and surface tension measurements (Figure S1(a) of Appendix A). The cmc 

of C16-3-MeImCl (0.89 mM) is in agreement with the reported value.7 The cmc of C16-

3-MeImCl decreases significantly as a function of additive (the hydroxy aromatic 

compounds) concentrations and the systems display strong synergism in their 

aggregation behavior. The maximum drop in cmc is observed from 0.89 mM to 0.45 

mM, 0.52 mM and 0.65 mM in presence of 1 Naphthol, 2 Naphthol and 2,3 DHN 

respectively inspite of much higher cac of these additives (Figure S1(a) of Appendix 

A). The observation demonstrates a fairly strong interaction between the additives and 

the SAIL micelles. From figure S1(b) of Appendix A, it is seen that the CMC decrease 

with increasing mole fraction of additives up to αAdditive= 0.5, and increases thereafter. 

It seems apparent that hydrophobicity of the aromatic ring of the additives is involved 

in strong interaction with the hydrocarbon tail of SAIL in the micelle. All these 

additives have similar aromatic architecture for which their effectiveness in reducing 

the cmc is found to be nearly identical. Earlier, Bergstrom and Eriksson have shown by 

theoretical calculation based on the theory of regular solution mixtures, that for mixed 

systems consisting of monovalent ionic surfactant and a non-ionic surfactant, the cmc 
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vs. composition curve exhibits a skew with maximum shallow at α=0.5 i.e. at equimolar 

composition, at total surfactant concentration below 0.2 M, wherein the reduced charge 

density, Sr>> 1. Sr dominates the electrostatic free energy per unit charge of the system 

which arises out of the interaction of additive and surfactant with solvent molecules and 

amongst themselves.23 Interestingly, similar nature of curves are obtained in the present 

mixed systems comprising of C16-3-MeImCl and hydroxy aromatic compounds. It may 

be argued that the π-conjugated additives, in this case, behave as cosurfactant to lower 

the cmc of the present systems. 

3.3. Interaction Parameters 

To quantitatively investigate the interaction between the surface active components viz. 

1 Naphthol, 2 Naphthol and 2,3 DHN with the SAIL, C16-3-MeImCl, the interaction 

parameter (β) and activity coefficients of the respective components in the micellar 

region is evaluated based on Rubingh’s Regular solution theory (RST).24 The central 

assumption of RST is that excess entropy of mixing is zero and that the departure from 

ideal mixing is described by the single interaction parameter, β, which account for the 

enthalpy of mixing. β, reflects the interaction between the head groups of the surfactant 

and the additives involved. More negative value of β indicates stronger interaction 

between the surfactant and the surface active components25 (Mathematical background 

of Regular Solution approach is provided under section 1.2 of Appendix A). For 

components which are non-aggregating in nature, their solubility limit can be taken as 

the phase-separation point and the regular solution theory can be extended onto them.26 

In cases where the additive is highly water soluble yet non-aggregating in nature the 

high value of solubility incur a high value of x1, which predicts an unusually high value 

of interaction parameter.27 In the present systems, however, quantitative analysis of the 

mixture in the usual framework of RST is valid because of the surface active nature of 

the additives and the observed well defined cac values for each of them. The interaction 

parameters and activity coefficients of components at different additive mole fraction 

are, therefore, determined following equation 5 of SI and summarized in Table 2. It is 

seen that in all the cases, β have negative values at all additive mole fractions (-2.9  ˃ 

β ˃- 5.7 ). While for 1 Naphthol, β increases from -3.45 to -5.73 at mole fraction 0.1 to 

0.7; in 2 Naphthol and 2,3 DHN, β reaches minima (highest negative) near a 

composition ̴ αadditive = 0.5 there after it decreases (Table 2). This implies that interaction 

of 1 Naphthol with the micelles of the SAIL is favored with increasing additive 
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concentration whereas in case of 2 Naphthol and 2,3 DHN, the synergism is highest 

near equimolar composition of the components. 

Table 2. Interaction parameter (β), activity coefficients (f1 and f2) of C16-3-MeImCl with 

1 Naphthol, 2 Naphthol and 2,3 DHN at 303 K 

αAdditive 
1 Naphthol 2 Naphthol 2,3 DHN 

βm
 f1 f2 βm

 f1 f2 βm
 f1 f2 

0.3 -3.45 0.171 0.185 -2.95 0.221 0.236 -2.87 0.222 0.025 

0.4 -4.08 0.099 0.168 -3.41 0.139 0.235 -3.21 0.156 0.257 

0.5 -5.40 0.033 0.134 -4.23 0.071 0.207 -3.76 0.089 0.258 

0.6 -5.44 0.027 0.161 -3.63 0.089 0.295 -3.48 0.095 0.322 

0.7 -5.73 0.018 0.176 -3.84 0.065 0.326 -3.69 0.070 0.355 

 

The activity coefficients of the surfactant and the additives are less than unity (Table 2) 

for all additive compositions, which indicates the deviation from ideal behavior. The 

behavior seems at par with their ability to lower the cmc of the SAIL. 1 Naphthol is 

found to lower the cmc to a higher extent compared to 2 Naphthol and 2,3 DHN. This 

further confirms the strong synergism between the additives and the SAIL micelles. 

 3.4. Mode of Interaction: Absorption spectroscopy and fluorescence anisotropy 

study 

UV Absorption spectroscopy  

To explore the interactions at the molecular level, responsible for the synergism, 

spectral modifications of the additives viz. 1 Naphthol, 2 Naphthol and 2,3 DHN are 

studied as a function of SAIL micelle concentration (Figure 2 (a-c)).  

 

Figure 2 (a) Absorption spectra of 1 Naphthol (0.5 mM) in water at varying 

concentrations of C16-3-MeImCl at 298 K. [C16-3-MeImCl] :  (1) 0.0 (2) 0.49 (3) 0.97 (4) 

1.44 (5) 1.90 (6) 2.35 (7) 2.79 (8) 3.22 (9) 3.63 (10) 4.43 (11) 5.21 mM; (b) Absorption 

spectra of 2 Naphthol (0.5 mM) in water at varying concentrations of C16-3-MeImCl at 
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250C. [C16-3-MeImCl] : (1) 0.0 (2) 0.39 (3) 0.78 (4) 1.16 (5) 1.53 (6) 1.90 (7) 2.26 (8) 2.61 (9) 

2.95 (10) 3.29 (11) 3.62 mM; (c) Absorption spectra of 2,3 DHN (0.5 mM) in water at 

varying concentrations of C16-3-MeImCl at 250C. [C16-3-MeImCl] : (1) 0.00 (2) 0.39 (3) 

0.78 (4) 1.16 (5) 1.53 (6) 1.90 (7) 2.26 (8) 2.61 (9) 2.95 (10) 3.29 (11) 3.62 (12) 3.94 (13) 4.27 

mM. 

Aromatic moiety like naphthalene (and its derivatives) has two strongly overlapped 

bands in the UV-Vis region viz., longitudinally polarized 1La← 1A and transversely 

polarized, 1Lb←
1A band.28 Thus conjugation extended to OH group in transverse 

direction in 1 Naphthol and that in longitudinal direction in case of 2 Naphthol and 2,3 

DHN ought to affect the 1La and 1Lb bands respectively.20 Significant red shift in the 

λmax for all the three additive systems (shown in inset) (Figure 2 (a-c)) is observed in 

presence of SAIL micelles. The isobestic points indicate equilibria to exist between 

micelle bound and free additive (probe) molecules (Figure S2 of Appendix A). The red 

shifts are respectively 4.6 nm for 1 Naphthol with λmax at 293.1 nm, 2.3 nm for 2 

Naphthol with λmax at 273nm and 3 nm for 2,3 DHN  with λmax at 324nm. This 

significant red shift in near UV absorbance’s in the additives, which arises out of two 

strongly overlapped π-π* transitions indicates a lesser π-π* separation (Figure 2) on 

addition of SAIL in the post-micellar region (above 1.44 mM in 1 Naphthol, 1.16 mM 

for 2 Naphthol and 2,3 DHN). Such shift continues to occur till most of the probe 

molecules are partitioned within the micellar phase at high SAIL-Additive ratio (90:1). 

The role of Hydrogen bonding in such modification of spectral property is noteworthy. 

The OH group of the naphthols can act both as proton donor or acceptor in forming 

intermolecular hydrogen bonds. During hydrogen bond formation of hydroxy group, in 

which OH act as donor, electron density on the oxygen increases, which is further 

induced towards the aromatic ring decreasing the π-π* separation resulting in the 

observed red shift in the absorption spectra.20 The results suggest that the considerably 

polar hydroxyl group of the micelle-embedded additive molecules, protrude out of the 

micellar interface and engage in hydrogen bond with interfacially located water 

molecules thereby acting at hydrogen donor. Significant values of binding constants are 

also observed for C16-3-MeImCl micelles-Additive systems. (Figure S2 of Appendix 

A). The hydrogen bonds steer the rigidity of re-oriented water structures, and force the 

additives to position firmly in between the surfactant head-groups thereby screening 

their positive charge.  
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Fluorescence anisotropy 

 Fluorescence anisotropy is an important tool to monitor the changes in 

microenvironment of the probe in cases involving the structural transition of 

fluorophores.29 Since the lifetimes of fluorescence emissions are of similar order as the 

rate of tumbling of molecules in solution, physical processes like rotational diffusion 

lead to depolarization of fluorescence and this is a function of solution viscosity and 

the size and shape of the molecule. 1 Naphthol, 2 Naphthol and 2,3 DHN are already 

known to be very effective fluorophores28,30,31 and therefore study of fluorescence 

anisotropy, would be interesting, in order to understand the microscopic changes in the 

environment comprising of the SAIL micelles. To ensure complete insertion of the 

probe molecules within the micelles, the surfactant concentration is varied from 4.7 

mM to 100 mM, (much above the cmc of the SAIL) and the concentration of the self-

probes viz. 1 Naphthol, 2 Naphthol and 2,3 DHN are fixed at 0.4mM. The excitation 

wavelength for 1 Naphthol, 2 Naphthol and 2,3 DHN are respectively 323 nm, 324nm 

and 326 nm while emission for the same are obtained at 465 nm, 478 nm and 351 nm 

respectively. 1 Naphthol (pKa 9.34) undergo ultrafast deprotonation in aqueous media 

due to which the emission intensity of its neutral form (λ = 360 nm) is extremely low.31 

Therefore, anisotropic studies are done considering the anion emission of 1 Naphthol 

at 465 nm.  For similar reason, the most intense peak at 409 nm is considered for 2 

Naphthol (pKa 9.51) whereas that for 2,3 DHN (pKa 9.10) the single emission band 

with λmax at 340 nm is considered. The initial anisotropy of the probes in pure aqueous 

medium is found to be very low and it increases with increase in the SAIL concentration 

and attains limiting value (Figure 3) (for 2 Naphthol and 2,3 DHN).  
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Figure 3. Steady state fluorescence anisotropy of 0.4 mM 1 Naphthol, 2 Naphthol and 2,3 

DHN as function of C16-3-MeImCl concentration at 298K. 

The increase in anisotropy values reflects an impended rotational diffusion of the 

fluorophores under high micro viscous environment.32 Anisotropy-concentration 

profiles show different degree of polarization for different fluorophores in the SAIL 

micelles (Figure 3). Anisotropy is highest for 1 Naphthol, it does not exhibit the plateau, 

while 2 Naphthol and 2,3 DHN reach plateau in anisotropy-concentration profile at high 

SAIL concentrations. Under the condition, when the probe are encapsulated within the 

micellar core, no further change in its rotational dynamics is entailed, resulting in near 

constancy of the anisotropy values. Such situation prevails for 2 Naphthol and 2,3 DHN 

at SAIL concentration of 20 mM onward, while in case of 1 Naphthol, micellar 

encapsulation seems to be less favorable and increases with SAIL concentration upto 

100 mM i.e. location of the probe in 1 Naphthol, registered stronger hindrance to 

rotational freedom. However, the scattering of data-points for 2 Naphthol and 2,3 DHN 

in the anisotropy-concentration profile indicates that unlike 1 Naphthol, the anisotropy 

of the above probes are not the sole function of encapsulation in the micelles vis-à-vis 

concentration of SAILs only.  

3.5. Improvement in viscous properties of C16-3-MeImCl-Naphthol(s) systems at 

enhanced concentration. 

Upon increasing the concentration of the 1:1 C16-3-MeImCl-Naphthol(s) systems to 

100 mM, significant changes in physical properties are observed. The mixture becomes 

highly viscous and shows recoiling of entrapped air bubbles. Upon equilibrating the 
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SAIL-Additive mixtures for 24hrs, transparent gel is formed. The gels show arrested 

flow even after holding upside-down (Figure 4).  

 

Figure 4. Macroscopic appearance of viscoelastic gels of 100 mM 1:1 solutions of C16-3-

MeImCl and (a) 1 Naphthol, (b) 2 Naphthol and (c) 2,3 DHN at 298 K.  

The appearance of viscoelasticity suggests the presence of entangled wormlike micelles 

in the systems.32,33 In order to understand the changes in physical characteristics, 

rheological study of the SAIL-Additive gels are carried out. The response of elastic and 

loss modulus as a function of angular frequency shows that the systems behave like 

typical viscoelastic fluid with loss modulus (G˝) predominating at lower frequencies 

and elastic or storage modulus (G´) predominating at higher frequencies.16 A 

representative plot is shown in Figure 5.  

 

Figure 5. Representative profile of dynamic rheology of C16-3-MeImCl-1 Naphthol system 

(1:1, 100 mM) as function of angular frequency at 328 K. 

Upon increase in temperature, the crossover frequency increases (ωc) i.e. the frequency 

at which G´ and G˝ intersect (Figure S3 (a-c) of Appendix A). The inverse of ωc gives 

the relaxation time (𝜏𝑅) which is the time required by the system to regain its 

equilibrium structure after an external stress is applied. With increase in temperature, 
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𝜏𝑅  decreases, implying that the systems adopt faster routes of stress- relaxation.  The 

trend in relaxation time, show that SAIL-Additive composed of 2,3 DHN relaxes much 

slower followed by 1 Naphthol and 2 Naphthol respectively (Figure S4 of Appendix 

A).34 The dynamics of the viscoelastic micellar systems have been most successfully 

described by Cate’s “living polymer model” which is the combination of the reptation 

model of polymer dynamics and the effect of reversible scission on viscoelastic 

properties.35,36,37 According to this model the relaxation of the viscoelastic micelles 

involves two time scales viz. reptation time (τrep) corresponding to curvilinear diffusion 

of a wormlike micellar chain along its own contour and breaking time (τb) which is the 

result of micellar chain scission. When τb << τrep, there occurs many breakages and 

recombination before the chain segment relaxes by reptation. The system is then 

defined by a single stress relaxation time: 

𝜏𝑅 = (𝜏𝑟𝑒𝑝. 𝜏𝑏)
1
2⁄                                                                                                                           (2) 

and is characterized as a Maxwell Fluid. 

For a fluid with near-Maxwell character, the elastic (or storage modulus), G′ and 

viscous (or loss modulus), G″ are related to angular frequency, ω as:36 

𝐺ˊ(𝜔) = 𝐺0𝜔
2𝜏𝑅

2 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                                                                        (3) 

𝐺˝(𝜔) = 𝐺0𝜔𝜏𝑅 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                                                                          (4) 

where G0 is the storage modulus at high frequency, where it exhibits a plateau, also 

called the plateau modulus. It is proportional to the number density of the entanglement 

points and hence characterizes the network structure.37 (More details provided under 

Section 3.1 of Appendix A) The oscillatory flow spectra of all the SAIL-Additive 

systems could be fitted to the theoretical curve obtained on basis of Maxwell’s model 

(Figure 5). The semi-circular nature of Cole-Cole plot further proves that the system 

behaves as Maxwell fluid (Figure 5 inset). Deviation of G˝ from Maxwell model at 

higher ω indicates that the wormlike micelles are in dynamic equilibrium and the 

process of breaking and recombination takes place rapidly.38 At this condition, the 

system adopts faster relaxation time given by Rouse or breathing modes. The 

characteristic parameters of the wormlike micellar network viz. the hydrodynamic 

correlation length, ξ, which is a measure of the network mesh size of the entangled 



 

67 

 

micelles; the persistence length, 𝑙𝑝 ; entanglement length, 𝑙𝑒 and average micellar length 

, L are related as:  

𝜉 = (
𝑘𝐵. 𝑇

𝐺0
⁄ )1 3⁄                                                                                                                            (5) 

𝑙𝑒 =
𝜉
5

3

𝑙𝑝
2

3

⁄                                                                                                                                      (6) 

𝐺0

𝐺𝑚𝑖𝑛
˝ =

𝐿

𝑙𝑒
                                                                                                                                          (7) 

where, 𝑘𝐵 is Boltzman constant , T is the temperature,  𝐺𝑚𝑖𝑛
˝  is the local minimum 

observed in 𝐺˝ curve at frequency above 𝜔𝑐. 

Assuming near Maxwell behavior for the systems39 the micellar characteristics of the 

C16-3-MeImCl-Additive (1:1, 100 mM) systems have been evaluated using the above 

relations and are presented in Table 3. 

Table 3.  Parameters 𝑮𝒎𝒊𝒏
˝ , 𝝉𝑹, 𝝉𝒃, 𝝉𝒓𝒆𝒑, 𝝃, L as obtained from rheological data for C16-3-

MeImCl with 1-Naphol, 2 Naphthol and 2,3 DHN as additive at different temperatures. 

 

  

1 Naphthol 

Temp 

K 

𝐺𝑚𝑖𝑛
˝  

Pa 

𝜏𝑅 

s 

𝜏𝑏 

s 

𝜏𝑟𝑒𝑝 

s 

𝜉 x 106 

m 

L 

nm 

318 11.5 4.22 0.16 111.03 2.13 315-473 

323 8.46 1.79 0.12 26.67 2.68 217-408 

328 10.02 0.38 0.10 1.49 2.82 160-300 

333 20.97 0.07 0.02 0.34 2.65 212-397 

2 Naphthol 

318 4.63 4.39 0.395 48.87 3.23 225-422 

323 11.74 0.83 0.079 8.67 2.91 123-230 

328 24.90 0.28 0.040 1.97 2.98 202-379 

330.5 5.71 0.19 0.063 0.60 3.05 224-42 

333 1.46 2.01 1.010 3.99 3.49 590-1107 

2,3 DHN 

323 12.46 8.03 0.049 1316.6 1.91 413-774 

325.5 15.87 3.35 0.039 285.08 2.01 278-522 

328 18.84 2.87 0.040 205.82 2.04 170-319 

330.5 20.55 0.76 0.015 37.08 1.91 255-478 

333 11.08 0.51 0.099 2.65 2.81 149-280 
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From the values of 𝜏𝑏  and𝜏𝑟𝑒𝑝, it is clear that 𝜏𝑏  ≪𝜏𝑟𝑒𝑝, which further testifies the 

presence of single relaxation mode and hence wormlike micelles, in the systems. The 

reptation time, in case of C16-3-MeImCl-2,3 DHN system is much higher, varying 

within 1316.6-2.65 s (approx. 10 order higher) compared to C16-3-MeImCl-1 Naphthol 

(𝜏𝑟𝑒𝑝=111.03-0.34 s) and C16-3-MeImCl-2 Naphthol (𝜏𝑟𝑒𝑝 = 48.87-3.99 s) with 

temperature (Table 3). Higher the time, slower is the process adopted by the system in 

order to relax. Results show that the system comprised of C16-3-MeImCl-2,3 DHN 

undergoes slowest reptation. Slow relaxation is also associated with linearity of the 

micelles.35 It can be said that C16-3-MeImCl-2,3 DHN form longer micelles than C16-

3-MeImCl-1 Naphthol and C16-3-MeImCl-2 Naphthol systems. From the severe drop 

in 𝜏𝑟𝑒𝑝 with temperature in all the C16-3-MeImCl-Additive systems, (Table 3) it is clear 

that temperature has profound effect on the relaxation mode of the systems. In order to 

understand the temperature dependence of the wormlike micellar characteristics, 

oscillatory flow measurements as functions of various forms of stress at different 

temperatures are studied.The shear dependent flow-curves are extrapolated to zero 

shear rate to obtain the zero shear viscosity (Figure S5 (a-c) of Appendix A). The 

samples exhibit a constant viscosity below a critical shear rate above which shear 

thinning is observed, which corresponds to the non-Newtonian flow behavior typical to 

wormlike micelle.37 The critical shear rate, ɣc, shifts to lower values on increasing the 

temperature with corresponding increase in zero shear viscosity (η0). η0 become 

maximum at particular temperature specific to the additives (Figure S5 (a-c) of 

Appendix A). With further increase in temperature, η0 decreases and the Newtonian 

region shifts forward i.e. ɣc, increased.  

The molecular origin of the observed changes in viscoelastic behavior is the change in 

topology of the SAIL aggregates and shape of its micelles due to the presence of the 

hydroxy aromatic additives. The packing parameter,26 P for spherical micelles < 1 3⁄  

while that for elongated micelles is 1 3⁄  <P<1 2⁄  . P is a dimensionless fundamental 

parameter, which determines the shape of molecular aggregates.  (Details provided 

under Section 3.2 of Appendix A) At higher concentrations of the SAIL micelles and 

additives (100 mM, 1:1) the inter-micellar interaction between the components 

increases to a great extent. Since the local H-bonding network of water at the charged 

micellar interface differ much from that in the bulk, these water molecules are much 
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less polar (dielectric constant ~ 30) with restricted mobility.20 The aromatic ring of the 

Naphthols and 2,3 DHN embed in between the imidazolium head group of the SAIL 

micelles and impart  strong screening effect on the electrostatic charges of the micellar 

head groups which  reduces the electrostatic double layer around the micelle. The strong 

hydrogen bonding with the OH group of the naphthol(s) and its derivatives with the 

interfacial water optimally orients the aromatic π-system of 1 Naphthol, 2 Naphthol and 

2,3 DHN perpendicularly for stronger screening of the electrostatic repulsion between 

the imidazolium headgroups via cation-π interaction.40 This addition of Naphthol(s)-

2,3 DHN into the micelles apparently decreases the effective area of the head groups 

causing an increase in 𝐴0and lowers the packing parameter. Thus, the globular micelles 

flip into cylindrical micelles with lower spontaneous curvature.41 The WLM’s are 

eventually formed because small cylindrical rods are thermodynamically unstable in 

aqueous media since their end-cap energy is higher compared to that of the body of the 

rods.  Presence of the long WLM’s on entanglement, impart the observed viscoelasticity 

in the medium. With rise in temperature, the tendency of the additives to get solubilized 

within the palisade layer of the SAIL micelles increases which further lowers the 

interfacial curvature of the molecular assembly. This leads to the formation of longer 

worms with corresponding increase in viscosity (Figure S6 of Appendix A).42,43,44 

When a linear micelle breaks the energy penalty is compensated by formation of two 

new end caps. The increased curvature of an end cap which spreads the head groups 

apart is favored over the concave curvature of a branch point which drives the charged 

head groups of the surfactants closer together, resulting in formation of branches. The 

gain in entropy, with temperature, in the branch points is greater than in the end caps, 

which enables faster and easier route to stress relaxation by sliding of the branches 

alongside the cylindrical body of the wormlike micelles.32 These branch points restrict 

the alignment of micelles when under shear and cause an increase in the critical shear 

rate while lowering the zero shear viscosity above the critical temperature. The 

observed critical temperature for the C16-3-MeImCl-Additive systems are: 308 K for 1 

Naphthol with η0 674 Pa.s, 313 K for 2 Naphthol with η0 211 Pa.s and 318 K for 2,3 

DHN with η0 1819 Pa.s. Tendency of 2,3 DHN to embed within the micellar core is, 

therefore, higher compared to 1 and 2 Naphthol, which subsequently lead to 

corresponding highest increase in zero shear viscosity with temperature (Figure S6 of 

Appendix A). 
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The flow activation energy, (EA) describes the end-cap energy required for reversible 

micellar scission and also, a measure of compactness of the WLM and is related to τR 

and temperature as:35 

𝜏𝑅 = 𝐴. exp(
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                                     (8) 

or, log 𝜏𝑅 = log𝐴 + (
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                      (9) 

where A is the pre-exponential factor and is a constant, R is the universal gas constant 

taken as  8.314 J.mol-1. K-1 and T is the temperature. EA is found to be 241.13, 218.20 

and 249.61 kJ.mol-1 for SAIL WLM in presence of 1 Naphthol, 2 Naphthol and 2,3 

DHN respectively (Figure S7 of Appendix A). Above trend of EA implies that the most 

compact assembly occurs in case of 2,3 DHN, which causes the “slowest” movement 

of the worms.  

3.6. 1H NMR study: The location of residence of the additive within SAIL 

micelles 

Proton NMR (1H NMR) spectroscopy is an important tool for identifying the time-

averaged location of aromatic solubilized species within the surfactant micelles, based 

on the dependence of chemical shifts of protons in surfactant and aromatic units on the 

composition of the aqueous phase.45 The present study is aimed to investigate the effect 

of addition of the naphthol additives on the protonic environment of C16-3-MeImCl 

micelles. Figure 6(a) shows the 1H NMR spectra of 10 mM C16-3-MeImCl in D2O. The 

concentration is much above the critical micellar concentration of C16-3-MeImCl (0.89 

mM), therefore it is assumed that the system consists of micelles of the ionic liquid. 

The spectra of C16-3-MeImCl is similar to that of 10 mM CTAB.46,47 Here, the most 

downfield resonance at ppm 7.36 is due to the aromatic protons of the imidazolium ring 

(H2, H3 and H4) (Figure 6(a)). The α protons (H5) of the alkyl chain are deshielded 

due the vicinity of the aromatic ring, and appear at 4.09 ppm. The intense signal at 3.77 

ppm corresponds to the N-methyl protons (H1) attached to the imidazolium ring. The 

relatively less intense resonance at 1.75 ppm is due to the β protons (H6) whereas the γ 

protons (H7) appear as a hinge at 1.18 ppm. The signals for the intermediate methylene 

protons (H8-H19) merge together and appear as an intense signal at 1.12 ppm while the 

terminal methyl group (ω, H20) appear farthest upfield at 0.72 ppm. 
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Figure 6 (a) 1H-NMR spectra of 10 mM C16-3-MeImCl in D2O at 250C; (b) 1H-NMR 

spectra of mixture of 10 mM C16-3-MeImCl and 10 mM 1 Naphthol in D2O at 298 K. 

Figure 6 (b) depicts the spectra of the mixture of 10 mM C16-3-MeImCl and 10 mM 1 

Naphthol in D2O with the spectra of 1 Naphthol in D2O in the inset. The aromatic 

protons of 1 Naphthols resonate in between 7.10 and 7.76 ppm (Inset) and appear highly 

split. It is evident that in the mixture, signals due to aromatic protons merge, broaden 

and appear upfield with three main signals (two singlet and one doublet) at 7.9, 7.38 

and 7.05 ppm respectively. The large upfield shift of the resonances indicates that the 

protons are located in relatively non-polar environment compared to that in water.19,48 

The broadening of the peaks imply restricted motion of the naphthol molecules in the 

viscoelastic phase on the NMR time scale.19 The α protons of the ionic liquid resonate 

highly upfield at 3.54 ppm while the N-methyl protons do not seem affected, resonating 

at 3.77 ppm.   
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The chemical shift in the terminal methyl group shows opposite trend, resonating at 

down field 0.89 ppm. Resonances due to β protons and the intermediate methylene 

groups merge to a single intense and broad peak at 1.13 ppm. The observed upfield 

shifts are supposedly induced by ring current of the aromatic ring of the naphthol.49,50 

The large shift of the α and β protons confirms that the aromatic part of the additives 

are intercalated in the outer micellar part.46,48 Previously, study of 1H NMR of CTAB 

micelles (10 mM) have shown that only the protons adjacent to the polar quaternary 

ammonium head groups of CTAB were affected and shifted upfield in presence of 

phenols (5 mM) while terminal methyl group and other methylene protons remains 

unaffected. The aromatic protons of phenols appeared upfield in presence of CTAB and 

so did the α and β protons of CTAB, hence it was concluded that the phenols reside at 

the vicinity of the micellar interface without affecting protons beyond γ position of the 

alkyl chain.46 In the present study, a downfield shift of the resonance of terminal protons 

is observed in all the C16-3-MeImCl-Additives systems (Figure 6 (b), Figure S8 (a-b) 

of Appendix A). The broadening of peak near 1.13 and 0.89 ppm together with the 

respective upfield and downfield chemical shifts show that both intermediate and 

terminal protons are perturbed due to the presence of naphthol. This suggests an 

orientation of the naphthol ring between the alkyl chains such that the ring current 

affects the terminal protons as well (particularly by those naphthol moieties embedded 

near endcaps). Due to formation of cylindrical micelles, the alkyl chains of C16-3-

MeImCl move apart creating greater space for the spatial distribution of the terminal 

methyl groups which accounts for the observed downfield shift.47 This difference in 

behavior from phenol,46 is due to the presence of extended conjugation of the extra 

aromatic ring adding to the hydrophobicity of naphthols (and 2,3 DHN). The hydroxy-

naphthalene derivatives have greater hydrophobic length compared to phenol which 

allows easier partitioning of the same within the alkyl chains. Similar observations were 

found with 2 Naphthol and 2,3 DHN as well (Figure S8 (a-b) of Appendix A).  

3.7. Binding Energy: DFT study 

To further understand the differences in electrostatic interactions between the two 

components of each system viz., the imidazolium head group of C16-3-MeImCl and the 

naphthalene moiety of the additives, DFT calculations were done using Gaussian 09 

package with hybrid functional B3LYP using 6-31G (d, p) basis set.51 For technical 

limitation the hydrocarbon chain was truncated beyond C10 (since the electrostatic 
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interactions considered are primarily between the surfactant head group and the 

aromatic ring of the additive). The calculated binding energies for the imidazolium 

moiety and the additive molecules was found to be -10.05 kcal.mol-1, -9.68 kcal.mol-1 

and -10.31 kcal.mol-1  for 1 Naphthol, 2 Naphthol and 2,3 DHN respectively. The values 

indicate that 2,3 DHN bind to imidazolium head group more strongly followed by 1 

Naphthol and 2 Naphthol i.e. the magnitude of electrostatic interaction with the ionic 

liquid is highest in case of 2,3 DHN and lowest in case of 2 Naphthol. It can be said 

that due to two hydroxy functionality, 2,3 DHN binds stronger with the head group of 

the ionic liquid compared to the mono-naphthols. This result corroborates the trend 

observed in the zero shear viscosity with temperature and the flow activation energy of 

the systems (Section 3.5). The difference in magnitude arises from the fact that though 

all the additives have identical aromatic backbone, they differ in the electrostatic 

surface potential owing to position of the hydroxy functionality, (Figure S9 of 

Appendix A) which plays major role in stability of the imidazolium-hydroxy aromatic 

moieties. The present study gives an overview of the extent of interaction between the 

imidazolium head group and the additive moiety in terms of binding energy.  

3.8. Application: Metal ion tolerance of SAIL-π-conjugated additive systems - 

Improved viscous characteristics in presence of metal ion impurities 

Hydraulic fracturing is a method of using pump rate and hydraulic pressure to fracture 

or crack a subterranean formation in a process for enhancing the recovery of 

hydrocarbons from the formation. Recently it has been shown that aqueous drilling and 

treating fluids may be gelled or have their viscosity increased by the use of non-

polymeric viscoelastic WLM. These materials are advantageous in many ways over the 

use of the conventional polymer gelling agents in that they do not leave a filter cake on 

the formation face, do not coat the proppant or create microgels.52-56 Since electrostatic 

interaction plays major role in partitioning Sodium salicylate (NaSal) in cationic 

micelles, such process is not favorable in absence of electrolyte or high salinity because 

of charge screening of head groups. Moreover, salicylate forms stable complexes with 

such metal ions which are present in rock environment.57 The salicylate moiety acts as 

an active bidentate donor ligand to form chelates with many heavy and transition metal 

ions. Its efficiency as the fractured fluid in presence of salinity and the metal salts is 

thus highly compromised. The Naphthols, (including 2,3 DHN), are a new class of 

promoters which may act under salt free condition. The study of their effectiveness in 
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presence of metal ions is, therefore, of considerable interest in order to address the 

limitation of NaSal as the WLM triggering agent. In this connection, wormlike micellar 

solutions of C16-3-MeImCl and 1 Naphthol were prepared in presence of metal salts 

and the viscosities at steady shear rate of 304 sec-1, were measured. All the metal ions 

are employed as chloride salts, in order to ensure identical effect of anions, if any, on 

the rheology of the system and also due to the fact that impact of chloride ions on the 

microstructural transition of surfactant micelles is, in general, small.58 For the purpose 

of comparison, similar study is done in the SAIL-NaSal system. The viscosity profiles 

as a function of metal concentrations are shown in Figure 7.  

 

Figure 7 (a) Viscosity of C16-3-MeImCl (5 mM)-NaSal(3.5mM) system as a function of 

metal ion concentration at 303 K and 304 sec-1. (b) Viscosity of C16-3-MeImCl(5 mM)-

NaSal(3.5mM) system as a function of anion concentration  at 303 K and 304 sec-1. (c) 

Viscosity of C16-3-MeImCl-1 Naphthol (1:1, 7.5 mM) system as a function of metal salt 

concentration at 303 K and 304 sec-1 shear rate. 

The addition of transition metal salts progressively decreases the viscosity of the SAIL-

NaSal system which is indeed significant (Figure 7 (a)). The extent of the lowering of 

viscosity as a function of metal ion follows the order: ZnCl2 < CoCl2 < NiCl2 < CuCl2. 

This can be explained in light of degree of complex forming tendency of NaSal with 

metal ions in aqueous solutions. The trend follows the Mellor and Maley series of 

stability of metal complexes.59 The fact that viscosities are highly reduced (maximum 

reduction in viscosity encountered from ~ 7.0 cP to ~ 3.5 cP, Figure 7 (a)) which also 

implies that although addition of metal salts increases Cl- counter ion in the system, 

counter ion binding, if any, could not ultimately enhance micellar growth. It seems 

apparent that unavailability of free salicylate ions in presence of metal, for promoting 

microstructural transition of spherical micelle to WLM becomes key factor in reducing 

viscosity and augmenting effect, if any, of counter ion condensation is trounced.   
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The diminishing charge density on the head groups in presence of counter ions reduces 

the electrostatic interaction between micelles and salicylate ions causing later to remain 

in the vicinity of the interface only. This further stabilizes the spherical micelles and 

lowers the viscosity. Therefore, the effect of alkali metal salts is not surprising. Alkali 

metal salts have been known to induce micellar growth and conspicuous effect of anions 

on charge screening is reported earlier.60 The alkali metal ions cannot form complex 

with salicylate, yet the drop of viscosity as a function of salt concentration is found for 

all the salts (Figure 7 (b)) in the present study. In the present system, anions lower the 

viscosity in a trend: Cl- < Br- < SO4
2-. It seems apparent that same reason is invoked 

here also. Effect of confiscating salicylate ion by Cl- prevails over the effect of counter 

ion binding on sphere-to-rod transition. Recently, in studying the effect of anions on 

rheology of WLM of Cetyltrimethylammonium salicyalate (CTASal) system, it is also 

shown that the anions decrease the relaxation time of the systems.61,62 However, 

Chloride counter ions of C16-3-MeImCl are reported to participate in hydrogen bonding 

with the solvent H2O molecules as well as with the imidazolium head group.62-65 

Therefore, it can be said that the condensation of counter ions from the added alkali 

metal salts, on the WLM surface following the order Cl- < Br- < SO4
2- leads to the 

corresponding decrease in viscosity. 

On the other hand, it is indeed interesting to note that in the present study, the viscosities 

of C16-3-MeImCl-1 Naphthol system increases considerably with the increase in metal 

salt concentration. The nature of interaction in this system is probably H-bonding and 

cation-π interaction along with hydrophobic forces. Therefore, counter ion cannot 

remove 1 Naphthol from micellar phase.  Further, 1 Naphthol, being a non-chelating 

agent promoter, does not interfere with the metal ions and the linear morphology of the 

micelles is maintained (Figure 7 (c)). A schematic representation of the possible 

molecular interactions is given in Scheme 1.  
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Scheme 1. Schemetic representation of possible microstructural changes in aqueous 

SAIL-Additive (1 Naphthol) solutions and SAIL-NaSal, on addition of metal salts and the 

underlying forces.  

However the reason underlying the increase in viscosity is not entirely apparent 

although it can be understood, from the above discussion, that counter ion binding is 

definitely involved in micellar growth in the present system. Nevertheless, the situation 

is indeed complex in nature. The effectiveness of counter ion binding is dependent on 

a number of factors from the tendency of ion-pair formation for alkali metal salt 

solutions to the ease of formation of aquo-complex formation in transition metals. The 

observed trend in viscosity enhancement (Figure 7 (c)) is the result of a number of such 

multiple factors. However, it is clear that, the efficiency of Naphthols as viscoelasiticity 

inducer is not compromised by the presence of metal impurities and salinity and unlike 

NaSal it enhances and could be a potential agent to replace NaSal as fractured fluid for 

oil recovery. 

4.0 Conclusion 

Strong synergism is observed between the surface active ionic liquid, 1-Hexadecyl-3-

methylimidazolium chloride and the π-conjugated additives viz., 1 Naphthol, 2 

Naphthol and 2,3-Dihydroxynaphthalene, in improving the surface and bulk properties 

of the system Significant attractive interaction exist between π-electron clouds of the 
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additives and charged imidazolium head groups via cation-π interaction. Fluorescence 

anisotropy study suggests partitioning of the additives within the SAIL micelles while 

UV-Visible and 1H NMR study support the positioning of the additives at the palisade 

layer of the micelles and their involvement in hydrogen bonding with interfacial water 

molecules. The dynamic oscillatory flow measurements confirm the formation of 

viscoelastic wormlike micelles while flow activation energy supports the efficiency of 

the π conjugated aromatic additives in triggering wormlike micelles in the order 2 

Naphthol <1 Naphthol <2,3-Dihydroxynaphthalene. The viscoelasticity of the SAIL-

Additive systems is tuneable by temperature as the systems respond to a critical 

temperature with highest zero shear viscosity, above which they relax faster forming 

branched micelles. Results of DFT study show that 2,3 DHN has maximum binding 

energy followed by 1 Naphthol and 2 Naphthol to the imidazolium moiety. Moreover, 

the systems are found to be metal tolerant. The viscosity of the present system is found 

to increase in the presence of metal salts. This observation promises potentiality of the 

system in enhanced oil recovery as fractured fluids in the presence of metal ion 

impurities. This study reports, fine-tuning of the temperature sensitive wormlike 

micelles developed under the salt-free condition which has huge prospects as usage in 

storage and carriage media of suitable drugs.  

References are provided in BIBLIOGRAPHY under “References for Chapter IV” (Page 

173-177) 

Findings of this chapter has been published in Colloid Surfaces A., 2017, 516, 262-273. 
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Chapter V 

Solvent induced molecular folding and self-assembled 

nanostructures of Tyrosine and Tryptophan analogues in 

aqueous solution  

1. Introduction 

The environmental concern for the widespread use of a large number of surfactant 

classes including those of linear alkylbenzene sufonates, alkylphenol ethoxylates and 

dialkyl quats, leads to legislation in many countries with the aim to  gradual phasing 

out of these materials from commercial and industrial scenario.1-3 The apprehension is 

not only due to poor biodegrability under anaerobic conditions concerning the use of 

anaerobically stabilized sewage sludge as fertilizer in agriculture, but also due to strong 

inhibitory effects of some of the above surfactant classes on metabolic activity of 

autotropic ammonia oxidizing bacteria with respect to the nitrogen cycling reaction in 

soils and water.4,5 As a result, a trend is quite visible throughout the world to produce 

more environmentally benign surfactants, although so far only limited success has been 

achieved to produce the so called green surfactants for industrial purposes at affordable 

prices. The strategy for preparing environment friendly surfactant molecules could be 

to start with the biologically active molecules, viz., aminoacids or vegetable oil 

derivatives.1,6 The end products of these chemical processes will form the interesting 

domain of natural surface active biomolecules and create interests not only to chemists 

and biologists, but also to environmentalists as well.7-13 These compounds would 

naturally find a large number of basic and industrial applications too. Since the 

precursor aminoacid molecules are having biocompatible properties and a large variety 

of chemical functionalities, the surfactant molecules containing the aminoacids in their 

molecular architecture would retain the same remarkable properties. Notwithstanding 

the prevailing situation, the aminoacid based new surfactants would be water soluble, 

biodegradable, non-toxic, chiral, with little or no adverse impact on soil and aquatic 

environment.5-6, 14-16 All these properties ensure their eventual development to cater the 

need in food, pharmaceutical and cosmetic sectors, which are the major user of various 

surfactant classes. However, in spite of the promise of optimism that has been raised up 

in the development of aminoacid based surfactants, volume of industrial production is 
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still meagre. Further, surprisingly, one of the very important aminoacid class viz., 

aromatic aminoacids has not been focused for preparing aminoacid based surfactant 

systems. Therefore, it would indeed be prudent to explore the possibility of surface 

active properties of long chain derivatives of aromatic aminoacids, especially those of 

tryptophan and tyrosine, in order to apply these materials as the environment friendly 

surfactants. This, quite naturally, would not be confined to spherical aggregates and 

their uses concerning laundry detergent only and rather, the applications of 

biocompatible and environment-gentle surfactants would be quite diverse. The 

increasing need for drug delivery systems that improve specificity and activity and at 

the same time reduce toxicity to ensure maximum treatment safety has led to the 

development of a great variety of drug vector formation. Since the first reported 

nonionic surfactants vesicles (ninosomes) at nearly three decade ago, there have been a 

number of studies on ninosomes as the potential drug carriers, principally focusing on 

the absence of electrostatic driving force in such systems to create any undesirable 

secondary interaction interface.17 The combination of polar aromatic aminoacids and 

non-polar long chain compounds (esters of tyrosine and tryptophan) might led to the 

association into vesicles on hydration as a result of existence of a high interfacial 

tension between water and the hydrocarbon portion of the amphiphile. Therefore, the 

high promises that are expected to be created for these supramolecular assemblies, if 

they are formed in aminoacid based systems, would translate into the demand for 

advanced highly functionalized drug delivery materials having bio-origin. 

Another highly challenging fact pertinent to aromatic aminoacid based surfactants, 

however, prompts also from their biological relevance and strongly functional roles 

played by aromatic aminoacids in transmembrane proteins at membrane interface. 

Biological membranes are complex assemblies of lipids and proteins in which 

phospholipids form the major building blocks. The components of supreme importance 

in cell membranes are various types of proteins which are associated with lipid bilayer 

to form functional membranes and perform different important tasks inculcated by the 

cell. Some crucial of these proteins are either transmembrane proteins, anchored 

proteins or peripheral proteins. The transmembrane proteins viz., α-helical bundles and 

β-barrel proteins, localize aromatic aminoacids (especially tyrosine, tryptophan and 

histidine) at the membrane/water interface where they form functionally significant 

hydrogen bonds (H-bonds) with interfacial water.18-23 The discrimination between 
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nonpolar interior and the polar exterior of the lipid bilayer is made by the 

transmembrane proteins via the typical hydrophobic and the hydrophilic domains that 

are present in their molecular architecture. The hydrophobic region which contains a 

stretch of 20-25 hydrophobic and/or uncharged aminoacids spans the membrane 

bilayer. The hydrophillic region, on the other hand, are exposed to one or both sides of 

the membrane, contains hydrophilic aminoacids including aminoacid vesicles. The 

interplay between hydrophobic and hydrophilic forces in membrane proteins is thus the 

key to the function and activity of these protein molecules which typically resemble 

conventional surfactants or amphiphilic molecules in this respect. While amphiphilic 

behavior of the membrane proteins is indeed significant, it is difficult if not impossible, 

to study in situ because of the inherent complexity of the membrane systems. Long 

chain alkyl esters of aromatic aminoacids, especially those of tyrosine and tryptophan, 

could be good models of membrane proteins and a few study on fluorescence behavior 

of such a model system, viz., tryptophanoctyl ester are reported in literature.24-29 

However, no scientific report of such model systems involving tyrosine or other 

aromatic amino acids is available. In spite of their importance the surface active 

property of the model systems have not been reported. Therefore, the initial motivation 

is to consider the surface activities of long chain esters of tyrosine and tryptophan and 

to study the behavior of the aromatic π systems at the interface. It is indeed a fact that 

these materials are not easily available at present, not even from well-known chemical 

manufacturers. This may be one of the reasons for the lack of interest shown to these 

model systems. In this chapter, the method of synthesizing octyl esters of tyrosine and 

tryptophan residues and dodecyl ester of tyrosine and investigation of a detail aspect of 

the surface activity and related phenomena including their conformations, molecular 

interactions in aqueous medium, aggregation behavior and the morphology of the self-

assembled nano structures of the aggregates are presented. 

2. Materials and Methods  

2.1. Materials 

L-Tyrosinoctyl ester (TYOE), L-Tyrosinedodecyl ester (TYDE) and L-

Tryptophanoctyl ester (TROE) were synthesized in our laboratory according to Scheme 

1 and Scheme 2 respectively. L-Tyrosine and L-Tryptophan were purchased from HI-

Media (India), SOCl2 and n-Dodecanol from Aldrich (USA), n-Octanol from Lancaster 
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(England). Pyrene was purchased from Fluka (Switzerland) and purified prior to use 

via column chromatography using Hexane as eluent. Hexane was purchased from 

SDFCL (India); NaCl, NaOH, Na2SO4, for synthesis, were purchased from Merck 

(India). Purity of all chemicals were greater than 99% and were used as received (except 

Pyrene). All experiments were done with de-ionised and doubly distilled water with pH 

6.5-7 and specific conductance below 2μS.cm-1. 

2.2. Methods 

2.2.1. Tensiometry. Tensiometric measurements were performed on Krȕss K9 

Tensiometer (Germany), based on Du-Nόuy ring detachment method, fitted with 

Omniiset temperature bath with precision ± 0.10C. Before each measurement, the 

platinum ring was thoroughly cleaned with 1:1 acetone-water solution and heated under 

oxidizing flame until glowing temperature was attained. After every addition, the 

experimental solution was stirred for 5 minutes for homogeneity and equilibrated for 

10 minutes. For each measurement, three to five subsequent readings were taken for 

concordance. Standard deviation was < 0.1 mN.m-1.           

2.2.2. pH measurements. The pH’s of the solutions were measured using Systronics 

digital pH meter (Model: 335, India), calibrated with standard buffers of pH 4.0 and 

9.2. Solutions were equilibrated for 5 min after addition of alkali till a steady pH meter 

reading was observed.  

2.2.3. Fluorescence spectroscopy. Steady state fluorescence emission study was 

carried out in bench top spectrofluorimeter from Photon Technologies International 

(Quantamaster-40, USA) with excitation and emission slit widths fixed at 3.0 nm and 

2.5 nm respectively. Samples were taken in Hellma quartz cuvette of optical length 1.0 

cm.  

2.2.4. Nuclear Magnetic Resonance Spectroscopy (NMR). 1H-NMR experiments 

were performed in Bruker (Germany) ADVANCE spectrometer operating at 300 MHz 

frequency (for characterisation) and at 400 MHz for 2D ROESY study. Signals are 

quoted as δ values in ppm using residual protonated solvent signals as internal standard 

(D2O: δ 4.79 ppm). Respective solutions were made in D2O and 0.6 mL of the same 

was used for each measurement. Data are reported as chemical shift.  
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2.2.5. High Resolution Transmission Electron Microscopy (HRTEM).  HRTEM 

images were obtained with Jeol JEM 2100 microscope (Japan) operating at accelerating 

voltage of 200 KV. All images were taken at suitable defocus condition to obtain 

maximum contrast. A drop of sample solution was added to 200 mesh copper lacey 

support grid coated with carbon film. Excess sample was manually blotted carefully 

with Whatman 42 filter paper for 2 s. The grid was dried at 600C for 1 hr before 

experimentation. 

2.2.6. Dynamic light scattering (DLS). The dynamic light scattering (DLS) was 

performed on Zetasizer Nano ZS light scattering apparatus (Malvern Instruments Ltd., 

UK) with He-Ne laser (632.8 nm, 4 mW) at scattering angle 1730. The temperature was 

kept constant at 303 K.  

2.3. Synthesis of TYOE and TYDE 

To 0.6 mol of n-Alcohol (95 mL n-Octanol; 135 mL n-Dodecanol respectively for 

TYOE and TYDE) at -5 0 C, 0.055 mol (4 mL) Thionyl chloride was added dropwise 

and mixture was stirred for 10 min (Scheme 1). To this, 0.05 mol (9 g) of L-Tyrosine 

was added and the resulting mixture was stirred and refluxed at 95 0 C for 21 hrs under 

nitrogen atmosphere. The mixture was then allowed to stand at room temperature. The 

white solid that appeared was washed with diethylether several times (to remove excess 

n-alkanol) and filtered via vacuum suction. It was then dissolved in water and pH was 

adjusted to 7 (± 0.2) by dropwise addition of ~ 0.1N NaOH solution. The white cloudy 

solution was taken in a separating funnel to which ethyl acetate was added and mixture 

was shaken well and kept to stand overnight. Clear, transparent layer of water and ethyl 

acetate was obtained.  

 

Scheme 1: Synthetic route of L-Tyrosine alkyl ester, n=8 (TYOE), 12 (TYDE) 

 The organic part of the mixture was collected over Na2SO4 and solvent was evaporated 

in a water bath and product was dried in vacuum pump for 6 hrs.30 Yellow semisolid 

product for TYOE (Yield ~72%, 6.5 g) and white crystalline product for TYDE (Yield 
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~75%, 6.7 g) were respectively obtained and these were characterized using 1H and 13C 

NMR Spectroscopy.  

L-Tyrosine Octyl ester: 

1H-NMR (300 MHz, CDCl3): δ (ppm) 7.3 (1H, -OH), 7.01 (d, 2H, 8.4 Hz), 6.69 (dd, 

2H, 2.1 Hz), 4.17-4.10 (m, 2H), 3.74-3.66 (m, 1H), 3.2 (broad, -NH2), 3.05 (dd, 1H, 5.1 

Hz), 2.94-2.79 (m, 1H), 2.06 (t, 2H), 1.64 (t, 2H), 1.31-1.25 (m, 10H), 0.898 (t, 3H, 6.6 

Hz)  

13C-NMR (300 MHz, CDCl3): δ (ppm) 174.9, 130.35 (for two C, twice intensity), 

127.9, 115.7, 77.45, 77.02, 76.60, 65.43, 55.54, 39.71, 29.18, 28.55, 25.88, 22.62, 

14.17, 14.07. 

L-Tyrosine Dodecyl ester: 

1H-NMR (300 MHz, CDCl3): δ (ppm) 7.2 (s, -OH), 6.99 (d, 2H, 8.4 Hz), 6.66 (d, 2H, 

8.4 Hz), 4.12 (t, 2H, 6.6 Hz),  3.71 (q, 1H, 5.1 Hz), 3.03 (broad, -NH2), 3.05 (dd, 1H, 

4.8, 5.1 Hz), 2.8 (q, 1H, 7.1 Hz), 1.63 (t, 2H, 6.6 Hz), 1.28 (d, 18H, 5.1 Hz), 0.88 (t, 

3H, 6.3 Hz). 

13C-NMR (300 MHz, CDCl3): δ (ppm) 174.9, 155.4, 130.34, 127.79, 115.77, 77.46, 

77.03, 76.61 65.46, 55.53, 39.71, 31.91, 29.63, 29.58, 29.51, 29.34, 29.24, 28.57, 25.89, 

22.68, 14.11.  

2.4. Synthesis of TROE 

To 63 mL (0.4 mol) n-Octanol maintained at -50C, 2.2 mL SOCl2 (0.03 mol) was added 

dropwise and stirred for 30 minutes. Thereafter, 6 g L-Tryptophan (0.03 mol) was 

added and the mixture was stirred and refluxed at 1300C under nitrogen atmosphere for 

21 hrs. The white solid obtained was washed with diethyl ether several times and 

dried.31 It was then treated with ethyl acetate and strong NaOH solution was added 

dropwise to adjust pH to 7.0 (± 0.2)  

 

Scheme 2: Synthetic route of L-Tryptophanoctylester (TROE) 
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The ethyl acetate part was collected over Na2SO4 and washed with saturated NaCl 

solution several times and dried under vacuum for 24 hrs (Scheme 2).32 The white solid 

product (TROE) was obtained and characterized using 1H NMR and 13C NMR 

techniques. Yield of the product was ~92% (8.1 g). 

1H-NMR (300 MHz, CDCl3): δ (ppm) 8.2 (s, NH2), 7.73 (d, 1H, 7.92 Hz), 7.47 (d, 1H, 

7.92 Hz), 7.37 (s, 2H), 7.26 (m, 1H), 4.19 (t, 1H, 6.75 Hz), 3.93 (q, 2H, 4.98 Hz), 3.58 

(q, 2H, 4.98 Hz), 3.37 (q, 1H, 5.13 Hz), 3.19-3.14 (m, 1H), 1.72 (s, 6H ), 1.34 (s, intense, 

6H ), 0.99 (t, 3H, 6.93 Hz ) 

13C-NMR (300 MHz, CDCl3): δ (ppm) 171.23, 136.31, 127.46, 123.1, 122.1, 119.46, 

118.72, 111.29, 110.92, 65.29, 62.99, 54.91, 31.8, 30.6, 29.4, 29.3, 25.88, 22.66, 14.12. 

2.5. Sample preparation 

For experiments at low concentration regime (concentration < 5 times critical 

aggregation concentration (cac)), the aminoacid esters are directly dissolved in water. 

For experiments at high concentration regimes (concentration > 5 times cac), the 

samples are dissolved in pure methanol followed by addition of water. The final 

methanol content in water never exceeded 4%.  

3. Results and Discussion 

3.1. Molecular modelling of TYOE, TYDE and TROE 

Since the geometry of the individual amphiphile molecule determines the packing 

parameter vis-à-vis morphology of the self-assembled aggregates in aqueous solutions, 

the structural aspects of TYOE, TYDE and TROE are important and have been studied 

by density functional theory (DFT) calculations in Gaussian 09 package using the 

hybrid functional B3LYP and 6-31G as the basis set.33 According to the above 

measurements, the most stable conformations of aromatic aminoacid esters are 

observed as those in which the aromatic moieties are bent/folded towards the 

hydrocarbon chains at different angles. The optimized conformations of TYOE, TYDE 

and TROE are shown in Figure 1. The hydrophobic alkyl chain lengths for TYOE, 

TYDE and TROE as obtained from the DFT calculations are 9.74Å, 14.87 Å and 9.74Å 

respectively. The respective aromatic planes arise approximately 1.29 Å below the 
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plane containing the alkyl chain of TYOE and TYDE, and approximately 1.01 Å in case 

of TROE. The bending angles between the aromatic  

 

Figure 1. Optimised geometries of (a) T YOE, (b) TYDE, (c) TROE using DFT B3LYP 

methodology and 6-31G basis set. Color Code: Blue= Nitrogen, Red=Oxygen, 

Green=Carbon, Grey=Hydrogen 

plane and the alkyl chain are 152.50, 154.60 and 98.10 for TYOE, TYDE and TROE 

respectively. This shows that TYOE and TYDE are comparatively much less aligned 

(vertically) towards the hydrocarbon skeleton compared to TROE. Single point energy 
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calculations were done to compute the energetics of the most stable conformation in 

vacuum. The total thermal internal energy of the most stable conformations i.e., those 

which display minimum internal energy in vacuum via energy minimization are 280.5 

kcal.mol-1, 356.06 kcal.mol-1 and 297.55 kcal.mol-1 for TYOE, TYDE and TROE 

respectively. (Theoretical details are provided in Section 1.1 of Appendix B). It is 

noteworthy that the structural geometry of tryptophan octyl ester was studied previously 

by molecular mechanics calculation.28 It has been shown that, in vacuum, the stable 

conformations were all folded. Extended conformation did occur in water for they were 

stabilized by electrostatic and Vander Waals interaction between the solvent and TROE 

molecules. Such interactions are weaker for folded conformations. Nevertheless, there 

is a difference in potential energy of ~ 5 kcal.mol-1 between the extended and folded 

conformation of TROE in presence of solvent. This again favors the folded 

conformation.  

3.2. Interfacial and bulk properties of TYOE, TYDE and TROE  

Measurement of interfacial tension is a reliable and popular tool which provide direct 

insight into the molecular behaviour of a moiety through careful study of its bulk 

property. In order to explore the nature of the aminoacid esters, viz., TYOE, TYDE and 

TROE, in solution, tensiometric study was undertaken. Figure 2 (a-c) shows that the 

surface tension of water decreases steadily with increasing concentrations of TYOE, 

TYDE and TROE and reaches a constant value at a critical concentration in each case, 

like a conventional surfactant. At room temperature, viz., 303 K, sharp break points at 

1.81 mM, 1.31 mM and 0.046 mM concentrations of TYOE, TYDE and TROE are 

observed respectively. The equilibrium surface tension of the solutions at the critical 

points, (γcac), are 45.0 mN.m-1 for TYOE, 38 mN.m-1 for TYDE and 52.5 mN.m-1 for 

TROE. These surface tension values are indeed much lower than that of pure water i.e., 

70.8 mN.m-1 at 303 K. This result indicates that the aminoacid esters are surface active 

in nature. The absence of a minimum around the break point confirms the purity of the 

synthesized ester.34 Generally, nature of head group and the alkyl chain length of the 

non-ionic surfactant govern cmc/cac values (cac stands for ‘critical aggregation 

concentration’; the term, in general, is used in this work because of the occasional 

presence of different types of aggregates together (See Section 3.5)).35  
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Figure 2. Surface tension profile as function of temperature for (a) TYOE, (b) TYDE, (c) 

TROE, (d) Variation of cac with temperature for different aminoacid esters. 

 

In the present study, it is observed that the cac values for two tyrosine esters (1.81 mM 

for octyl and 1.31 mM for dodecyl esters) are not only close to cmc (critical micelle 

concentration) values normally found for many conventional single tailed surfactants 

but also follow the well understood trend of synergism as a function of chain length.36 

Tryptophan ester (TROE), however, exhibits surprisingly strong self-assembling 

tendency in water displaying the cac value of 0.046 mM.  The γcac values for the three 

aromatic aminoacid esters indicate that none of these amphiphiles packs air-water 

interface much densely, most probably due to their obliquely bent head group geometry 

(See also Section 3.4).37 However, among the three, TYDE molecules are packed most 

densely while TROE are least densely packed. The pC20 values have been determined 

from the surface tension plots.38 The pC20 is defined as pC20 = - log C20, where C20 

stands for the concentration required to reduce the surface tension of water by 20 mN.m-

1. The C20 is the minimum concentration needed to lead to a saturation of the surface 

adsorption and thus can be used as the signature for the efficiency of the amphiphile 

adsorption at the air-water interface. Higher value of pC20 imply greater surface active 
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nature. The pC20 values for the present aromatic aminoacid amphiphile systems are 

found to be 0.05, 0.50 and 1.30 for TYOE, TYDE and TROE respectively. It implies 

that TROE demonstrates much higher surface activity compared to the tyrosine 

analogues. The cac of the present systems is a typical weak function of temperature like 

cmc of the conventional surfactants (Figure 2 (d)).39 In the present case, it decreases 

with temperature initially and then increases passing through a shallow minimum. The 

observed decrease in surface tension is probably caused by orientation of aminoacid 

esters at the air-water interface. The rapture of hydrogen bonds between the 

amphiphiles and the water molecules caused by initial rise in temperature, increases the 

effective hydrophobicity of aminoacid ester molecules, thus favouring its aggregation. 

The increase in cac at higher temperatures is due to breakdown of the structured “ice-

bergs” of water, thus increasing the entropy of aggregation.40-42 The noted decrease in 

the equilibrium surface tension values corresponds to higher surface energy with rise 

in temperature. Other surface parameters underlining the surface behavior of the surface 

active aminoacid esters in aqueous medium are calculated via Gibbs adsorption 

equation43,44 (theoretical background provided under Section 1.2. of Appendix B). and 

presented in Table 1. The maximum surface excess (Γmax) denotes the number of 

surface active molecules present at the air-water interface in excess of the bulk. Γmax 

shows a significant increase of nearly 2.5 times, from 1.96 x 10-6 to 4.87 x 10-6 mol.m-

2 in case of TYOE and 2.21 x 10-6 to 5.59 x 10-6 mol.m-2 for TYDE in the temperature 

range of 323-328 K but in the case of TROE, it decreases from 6.8 x 10-6 mol.m-2 to 2.6 

x 10-6 mol.m-2 within temperature range of 293-333 K (Table 1). Amin, which is the 

minimum surface area occupied by a molecule at the interface, decreases from 0.85 to 

0.46 nm2.molecule-1 for TYOE and 0.75 to 0.46 nm2.molecule-1 for TYDE while 

increases from 0.24 to 0.66 nm2.molecule-1 for TROE (Table 1). The increase in A min 

value, in the case on TROE suggests that the molecules are oriented more obliquely at 

the interface, and explains the decrease in number of excess TROE molecules with 

temperature. The TYOE and TYDE, on the other hand assume perpendicular 

orientations and consequently their Γmax is higher.37 The observation indicates that the 

head group of the aminoacid ester moieties play a significant role in determining the 

orientation of the molecules at the interface.  
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Table 1. Temperature dependence of Critical aggregation concentration (cac), surface 

parameters viz., surface pressure at cac (Пcac), surface excess, (Γmax ), area minimum (Amin 

) of TYOE, TYDE and TROE in aqueous medium 

The morphology/phase-transitions of self-assembled aggregates of amphiphilic 

compounds are dependent on the packing parameter (p),45 

𝑝 = 𝑣 𝑙. 𝑎0⁄   ,                                                                                                                            (1) 

where v and l are the volume and length of the hydrophobic alkyl chain respectively, 

and a0 is the area of the hydrophilic head group of the surfactant molecule. 

The numerical value of p determines the degree and the extent of morphological 

transition of the aggregates, formed in surfactant solution. For example, in order to form 

global micelles, p ≤ 1/3; for wormlike micelles, 1/3 < p ≤ 1/2; for bilayers, 1/2 < p ≤  1 

and for reverse micelle structures p > 1.46 The effective head group area, a0, of the 

surfactant molecules, is generally obtained from the variation of the surface tension as 

a function of concentration47 and is given by the Amin (Table 1). The volume of the 

TYOE 

Temperature (K) cac (mM) 
103 x Пcac 

(mN.m-1) 

106 Γmax (mol m-

2 ) 

Amin
 

(nm2.molecule-1) 

293 2.75 33.2 1.96 0.85 

303 1.81 26.1 2.55 0.65 

313 1.41 26.9 3.45 0.48 

323 1.38 36.7 4.87 0.30 

328 1.66 25.9 2.55 0.46 

TYDE 

293 2.63 39.6 2.21 0.75 

303 1.31 33.4 3.79 0.44 

313 0.83 36.9 5.80 0.29 

323 0.93 31.8 5.59 0.30 

328 1.54 33.1 3.65 0.46 

TROE 

293 0.059 12.6 6.81 0.24 

303 0.046 18.3 2.93 0.57 

313 0.038 17.8 3.42 0.48 

323 0.042 12.8 2.15 0.79 

333 0.045 17.7 2.58 0.66 
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hydrophobic chains, v, can be determined empirically from Tanford’s equation as 

follows-48 

v= 27.4 + 26.9 n                                                                                                                         (2) 

where n is the number of carbon atoms in the chain. 

For, n=8 and 12, (for octyl esters of tyrosine and tryptophan and dodecyl ester of 

tyrosine) v assumes the values of 242.6 Å3 and 350.2 Å3 respectively. Using these 

values, and the value of Amin from Table 1, assuming perpendicular orientation only, p 

is found to be 0.38 for TYOE, 0.53 for TYDE and 0.43 for TROE. The values indicate 

that in the case of TYOE, p is slightly above the limit of 0.33 (for micelles), and 

therefore, is expected to aggregate as nearly spherical micelle as well as ellipsoidal 

clusters, while both TYDE and TROE would have strong inclination to pack as bilayers 

or vesicles.49 

3.2.1. Thermodynamics 

The energetics of aggregation and interfacial adsorption have been studied as function 

of temperature (Table 2) using Gibbs adsorption isotherm34 and Mass action model 50 

of surfactant aggregation respectively. Mathematical details and equations are provided 

under Section 1.2.1 in Appendix B. The standard free energy of aggregate formation 

per mole of monomer unit 51 for TYOE, TYDE and TROE in aqueous medium is 

evaluated based on Mass action model and summarized in Table 2. The high negative 

𝛥𝐺𝑎𝑔𝑔
0   for TROE aggregation, compared to that for tyrosine analogues, shows that the 

aggregation process is much favored in the former. The self-assembly of amphiphilic 

molecules in polar solvents like water generally involves interesting thermodynamic 

maneuver.  
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Table 2. Thermodynamic parameters viz., Standard Gibbs free energy change of 

aggregation  (ΔGagg
0), standard enthalpy change of aggregation (ΔHagg

0),standard entropy 

change of aggregation (ΔSagg
0) and standard free energy change of adsorption (ΔGads

0) of 

TYOE, TYDE and TROE in aqueous medium. 

 

On the one hand, the endothermic melting of the ordered solvent cluster due to 

hydrophobic effect of the amphiphile dominates over the exothermic association of 

hydrophilic parts leading to positive entropy change. The hydrophilic part, on the other 

hand, preferentially hydrates in solvent water via hydrogen bond formation with water 

molecules. Thus a greater enthalpic compensation is brought about compared to that if 

the hydrophilic parts are interacted among each other leading to electrostatic repulsion 

between adjacent hydrophobic blocks. The balance between all such forces drives the 

formation of aggregates of different size, shape and order. Thus, during aggregation, 

compared to tyrosine analogues, the endothermic melting of ordered water molecules 

around nonpolar tail of TROE is much greater than the subsequent exothermic assembly 

of the molecules (Table 2). While hydrophobic and electrostatic interactions 

TYOE 

Temperature (K) 
ΔGagg

0
  

(kJ.mol-1) 

ΔHagg
0

 

(kJ.mol-1) 

ΔSagg
0 

(J.mol-1 K-1) 

ΔGads
0 

(kJ.mol-1) 

293 -10.33 +56.56 +228.31 -27.24 

303 -12.29 +38.41 +167.31 -22.51 

313 -14.48 +16.73 +99.17 -22.27 

323 -13.27 -8.56 +14.59 -20.81 

328 -13.22 -22.77 -29.11 -23.40 

TYDE 

293 -11.42 +36.19 +162.50 -29.34 

303 -12.88 +17.74 +101.08 -21.69 

313 -13.55 +0.78 +45.78 -19.91 

323 -13.48 -15.65 -6.71 -19.17 

328 -14.17 -30.63 -50.17 -23.23 

TROE 

293 -33.51 -9.32 +82.55 -35.36 

303 -35.89 -9.05 +88.58 -42.21 

313 -36.94 -7.71 +93.38 -42.18 

323 -37.85 -6.12 +98.23 -43.94 

333 -38.89 -4.31 +103.84 -45.97 
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dominate𝛥𝐻𝑎𝑔𝑔
0 , 𝛥𝑆𝑎𝑔𝑔

0 is contributed by the transfer of the hydrocarbon chains of the 

monomers into the aggregate core.52 Thus temperature favors the decrease of the 

exothermic repulsion between the tryptophan head groups in TROE. Further, the 

association of monomers, readjustment of the hydration sphere of the head groups 

within the aggregates and reorganization of the hydrocarbon chains at the aggregate 

core increases the overall degrees of freedom of the system causing a net rise in 

entropy.53 The linear enthalpy-entropy compensation relationship was observed with 

compensation temperature, Tc, as 308 K, 313 K and 246 K for TYOE, TYDE and TROE 

respectively (Figure S1 of Appendix B). Further, the negative values of 𝛥𝐺𝑎𝑑𝑠
0  indicate 

that the phenomenon of interfacial adsorption is also spontaneous in nature. In the case 

of TYOE and TYDE, 𝛥𝐺𝑎𝑑𝑠
0  shows a non-regular trend with temperature while in the 

case of TROE, the value increases as function of temperature. This shows that 

temperature favors the process of adsorption in TROE. Furthermore, the more negative 

values of 𝛥𝐺𝑎𝑑𝑠
0  compared to 𝛥𝐺𝑎𝑔𝑔

0   for TYOE, TYDE and TROE at all temperatures 

indicate that the adsorption process in all the aminoacid esters is more spontaneous in 

comparison to their corresponding aggregation.44 

3.2.2. Steady state fluorescence emission  

Steady state fluorescence emission study was performed in order to verify cac values 

of the aminoacid aggregates and to ascertain the microenvironment of the molecular 

aggregates in solution.  Figure 3 (a) depicts the variation of fluorescence emission 

intensity of 2 µM aqueous pyrene solution upon increasing concentration of TYOE 

(representative plot). Plots for TYDE and TROE are provided in SI (Figure S2 of 

Appendix B). The lowering of emission intensity signify considerable binding of 

pyrene to the TYOE molecules. The relative intensities of the vibronic bands, I1/I3, of 

pyrene emission are plotted as function of the concentrations of aminoacid esters 

(Figure 3 (b)). 
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Figure 3. (a) Variation of emission intensity of 2µM aqueous Pyrene as a function of 

TYOE concentration at 303 K (representative plot), (b) Relative intensities of vibronic 

band (I1/I3) of pyrene fluorescence in aqueous solution of TYOE, TYDE and TROE at 303 

K. Solid circles - experimental curve, Dashed line - Boltzmann sigmoidal fit. 

 

A sigmoidal variation is observed in all the three cases (Figure 3(b)). The values were 

fitted according to Boltzman distribution to obtain the inflexion point, which has been 

considered as the cac.54 The cac’s obtained by this method are 2.66 mM for TYOE, 

2.21 mM for TYDE and 0.051 mM for TROE respectively. These values differ to a 

considerable extent from those obtained from the surface tension measurement (Table 

1). However, such difference of results of the two methods are not uncommon.6 The 

I1/I3 value, which is shown to be the measure of the polarity of the fluorophore location, 

ranges from 0.91 to 1.02 in TYOE, 1.04 to 1.14 in TYDE and 1.12 to 1.18 in TROE 

(Figure 3(b)). The values are consistent with those observed for pyrene in non-polar 

solvent toluene (1.11) and in non-polar micellar core of traditional anionic surfactant 

Sodium dodecyl sulfate (1.14).54 The vibronic bands of the fluorescence emission 

spectrum of pyrene are highly sensitive to the local polarity; the I1/I3 values in micelle-

solubilized pyrene increases with solvent polarity.55 Therefore, it is evident that the 

pyrene molecules partition into a preferably non-polar location at core of the 

aggregates. This also corroborates the fact that the lowering of the emission intensity 

upon increased amphiphile concentration as observed in Figure 3(a), is the signature of 

partitioning more and more fluorophore into the aggregate core. Further, I1/I3 varies in 

the order TYOE>TYDE>TROE, implying that the aggregate core is more polar in 

TROE followed by TYDE and least polar in TYOE.  
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3.2.3. Aggregation Number 

The steady-state fluorescence quenching technique was used to determine the 

aggregation number (Nagg) of the aggregates of aminoacid esters. The equilibrium of 

the aminoacid esters between the aqueous and the self-assembled pseudo-phases 

follows the Poisson distribution. The following equation is applied to analyze the 

fluorescence quenching data56 

ln 𝐼 = ln 𝐼0 −
𝐶𝑄

𝐶𝑎
                                                                                                                           (3) 

Or, ln 𝐼 = 
ln 𝐼0−𝑁𝑎𝑔𝑔.𝐶𝑄

𝐶𝑇−𝑐𝑎𝑐
                                                                                                                 (4) 

 where CQ, Ca, and CT are the concentrations of quencher, aggregate, and total 

aminoacid esters, respectively, while I and I0 are the fluorescence intensities in the 

presence and absence of the quencher. Figure 4 shows the emission spectra of pyrene 

in aqueous solutions of the aminoacid esters in the presence of varying quencher 

concentrations (Cetylpyridinium chloride, CPC). The emission intensity of pyrene 

decreases with the increase of quencher concentration in all the three aminoacid esters. 

From the slope of the plots of ln (I/I0) vs. quencher concentration (Insets of Figure 4(a), 

(b) and (c)) and the cac values, the Nagg is determined by using Equation 4. In order to 

avoid the possibility of microstructure transition, concentration of amphiphile is kept 

4.5 times of cac, whereas higher concentration is usually desirable. However, the results 

of the quenching experiment suggests that, both pyrene and the quencher, CPC, are 

partitioned well within the aggregate core under above concentration condition. The 

shape of the emission spectra of pyrene is modified in presence of CPC; the vibronic 

structure becomes ill-defined and the spectra is red-shifted due to the interaction of 

pyrene molecules with the pyridinium head groups of CPC within the aggregates. The 

aggregation numbers obtained by this method are 35 and 18 respectively for TYOE and 

TYDE, while that for TROE, Nagg could not be determined due to nonlinear nature of 

the ln (I/I0) vs. quencher concentration plot (Inset of Figure 4(c)). It seems apparent 

that the experimental plots (insets of Figure 4 (a) and Figure 4 (b)) for TYOE and TYDE 

are consistent and yield the values of Nagg. Nevertheless, the aggregation numbers are 

unusually small, especially for TYDE aggregates. Moreover, the deviation of plots of 

ln (I/I0) vs. quencher concentration (for TROE), from linearity is undoubtedly indicative 

of morphology transition of the aggregates at the experimental concentration. It is 



 

95 

 

therefore tempting to examine the molecular interaction (by 2D NMR) and detail 

morphology (by HRTEM) at similar and higher concentration regimes of the aminoacid 

analogues.  

 

Figure 4. Variation of fluorescence emission spectra of 2µM Pyrene in aqueous solutions 

of the amino (a) 8.09 mM TYOE, (b) 4.24 mM TYDE, (c) 0.21 mM TROE at 303 K. Insets 

display linear plots of ln (I/I0) for 2µM Pyrene in aqueous solutions of the respective 

aminoacid esters as function of Cetylpyridinium chloride (Q) concentrations. 

 

3.4. Molecular interactions: 2D NMR (Concentration > 5 fold cac) 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful and reliable tool for the 

investigation of molecular aggregates.57 The NMR techniques have been successfully 

utilized in determining parameters like size, shape, degree of association, structure etc. 

of various self-assemblies.58-61 Rotating frame Nuclear Overhauser effect spectroscopy 

(ROESY) is one of the 2D NMR techniques which correlates signals arising via dipolar 

interaction from protons that are close in space (<5Å). The intensity of cross peaks of 

ROESY spectra reflects the extent of magnetization transfer between the nuclei and is 

proportional to the internuclei distance.62 Herein, 2D ROESY spectroscopic analysis is 

utilized to study the microstructure of the aminoacid esters, viz., TYOE and TROE in 

solution (D2O). The chemical representation and proton numbering of TYOE and 

TROE are shown in Scheme 3.   

 

Scheme 3. Chemical representation and proton numbering of TROE and TYOE  
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The presence of key cross peaks in the ROESY spectra of TYOE and TROE (Figure 5) 

suggests that strong interaction occurs between various protons of the respective 

molecules. In Figure 5(a), the intense cross peaks 3/4-15 and 1/2-15 correlate the 

aromatic protons of the indole ring of tryptophan moiety with the terminal alkyl 

protons.  

 

Figure 5. 2D 1H-1H ROESY spectra of (a) TROE (0.5 mM), (b) TYOE (7.2 mM) in D2O 

at 303K.  

Cross peaks viz., 1/2 -13/14, 3/4-10 and 1/2-9 are observed between the aromatic 

protons and the intermediate aliphatic protons of the octyl chain of TROE. These 

correlations suggest that the aromatic face of the TROE molecule containing the 

benzene ring of the indole moiety lie in close proximity of the aliphatic protons of the 

alkyl chain of TROE, including the terminal methyl protons. The optimized geometries 

of aminoacid esters (Section 3.1) in vacuum especially that of TROE, also showed that 

aromatic ring remains folded. Previously, theoretical studies using molecular 

mechanics calculations,28 have shown that an extended conformation of TROE 

molecule is energetically unfavorable and that TROE molecule exist as folded 

conformer in vacuum as well as in water box, with the amino and carboxylate groups 

located at one end creating a polar extremity. Similar conformation of TROE is 

observed herein from the ROESY spectrum. The interaction of aromatic protons with 

terminal methyl group further suggests that the aliphatic chain tend to bend towards the 

aromatic ring exhibiting a folded structure. Strong hydrophobic interactions between 

the aromatic ring and the aliphatic chain might be the driving force behind the “bending 

inwards” of the terminal alkyl protons and the observed cross-peaks in ROESY 

spectrum. This conformation of TROE may be stabilized by the favorable vander Waal 



 

97 

 

interaction and possible hydrogen bonding between the solvent water molecules and 

the polar amino and carboxyl groups of TROE, which lie at the micellar interface. 

Furthermore, the two H6 protons exists in two magnetically non-equivalent 

environment. One is closer to the polar amino group and appear downfield at δ 4.2 ppm 

while other is oriented away from the amino group and appear relatively upfield at δ 

3.9 ppm (Figure S3 (a) of Appendix B). In ROESY spectrum, a correlation between the 

more downfield H6 proton is observed with H8 and H11/H12 proton of the alkyl chain. 

Moreover, several other weak cross peaks viz., 1/2-6, 1/2-7 and 5-10 are also observed 

correlating the aromatic protons with the protons at the polar end of the head group. 

These interactions, suggests that molecular interactions may also occur between two 

adjacent TROE molecules.  

In the case of TYOE, two fascinating aspects were observed. Firstly, in spite of 

consisting of two types of magnetically non-equivalent aromatic protons viz., H1 and 

H2 (Figure 5(b)), the 1H NMR spectra displayed low intensity resonance signals for a 

third type aromatic proton at δ 7.00 ppm (Figure S3 (b)). This indicates that some of 

the H2 protons may be hydrogen-bonded to the amino group in its vicinity. The 2D 

ROESY spectrum reveals that this hydrogen-bonded proton interacts with H10 of the 

aliphatic chain giving rise to cross peak at 6.99-2.75.  A very weak correlation peak is 

observed between the aromatic H1 proton and the terminal methyl protons viz., H12. 

This shows that the aliphatic chain terminal is located away from the proximity of the 

aromatic ring contrary to that observed in TROE. Secondly, unlike commonly observed 

for aliphatic proton resonances and as observed in the spectra of TYOE in non-polar 

solvent CDCl3 where it appears at δ 1.33 ppm (Figure S3 (a) of Appendix B), the chain 

protons H5-H9 appears highly downfield in D2O and merges into a single peak 

observed at 3.16 ppm (Figure S3 (b) of Appendix B). No intense peak at the non-polar 

end suggesting otherwise is evident. The observation indicates that the chain protons of 

TYOE experiences unusually high polar environment in aqueous medium compared to 

TROE. Intense cross-peaks correlating these protons viz., H5-H9 with the aromatic 

non-bonded H2 proton is observed. It seems likely that in TYOE, the aromatic moiety 

bends inwards the carbonyl group along with the ester–oxygen facing the interface.63 

Due to incorporation of rigidity in structure owing to the hydrogen bonding, the 

aromatic group remain less closely packed compared to TROE. The highly polar 

environment experienced by H5-H9 in TYOE may be explained by the close proximity 
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of the –NH2 group in the vicinity, as well as the presence of larger number of the polar 

solvent molecules compared to TROE.  

On basis of the 2D NMR observation, a probable structure of TROE and TYOE as 

present within the aggregates and the intra-molecular interaction between different 

protons is shown in Scheme 4.  

 

Scheme 4. Key 1H-1H intra-molecular ROESY ( ) correlations in (a) TROE and 

(b) TYOE. Color code: Blue= Nitrogen, Red=Oxygen, Green=Carbon, Grey=Hydrogen 

3.5. Morphology of aggregates: HRTEM and DLS (Concentration >5 fold cac) 

The aggregate morphology of the aminoacid esters were visualized using High 

Resolution Transmission Electron Microscopy (HRTEM)6 (Figure 6). To ensure 

complete aggregation and microstructure transformation, aqueous solutions of the 

aminoacid esters were prepared with concentrations 5-10 times of their respective cac. 

The TEM micrographs show presence of aggregates of different sizes having diverse 

microstructural features. In TYOE, spherical micelles of size 5-10 nm (representative 

indication by red square) and small spherical vesicles of size 20-30 nm (representative 

indication by red arrow) are observed to pack together in form of ellipsoid domains 

(Figure 6 (a)).  



 

99 

 

 

Figure 6. HRTEM micrographs of (a-c) 7.2 mM TYOE in aqueous medium in different 

fields of view: (a) shows the clusters of vesicular aggregates, (b) Boxes highlight dispersed 

micellar aggregates, size < 10nm. Arrows indicate presence of large vesicles of diameter 

>50 nm. (c) Presence of giant spherical vesicles of diameter ~200 nm; (d-f) 9.0 mM TYDE 

in different fields of view: (d) presence of aggregates of micellar dimension (arrows and 

boxes), (e) Mesosize aggregates with regular hollow internal structures (Trigonal 

dodecahedron/icosahedron?), (h) Giant vesicle of diameter ~200nm (g-i) 0.5 mM TROE 

in different fields of view: (g) uniformly distributed micellar aggregates, (h) vesicles with 

distinct bilayer membrane of thickness ~5-7 nm of predominantly square geometry, 

Hollow concentric circles indicate bilayer thickness. (i) Large spherical vesicle of diameter 

~ 150 nm.  
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Furthermore, the vesicles form stacked-up structures, as is evident from their 

overlapped contour (indicated by red arrow).64,65 Absence of well-defined membrane 

around the periphery of the large ellipsoidal assembly suggests that the formation of 

this cluster is driven by solvophobic repulsive interactions between the micelles or 

vesicles and the solvent molecules. It may also be seen that large spherical vesicles, of 

average diameter of ~100 nm are present alongside the smaller micellar aggregates 

which are dispersed throughout the field of view (Figure 6 (b)). Larger vesicles of 

diameter > 200 nm are also present (Figure 6 (c)). Similar co-existence of small micelles 

(size <8 nm) and vesicles (diameter 20-25 nm) is evident in TYDE (Figure 6 (d)) as 

well. Closer inspection of HRTEM picture of TYDE aggregates reveals the presence of 

mesosize aggregates with regular hollow internal structures, which look like trigonal 

dodecahedron/icosahedron geometry (Figure 6 (e)). The aggregates in TYDE are 

spheroidal and have diameter ~10-20 nm. These are comparatively more 

homogeneously distributed (Figure 6 (d)) than TYOE. Besides, there are large number 

of smaller aggregates of micellar dimension (black dots), evenly distributed within the 

field of view (Figure 6). However, giant spherical vesicles (diameter ~200 nm) similar 

to that in TYOE are also observed in TYDE (Figure 6 (f)). In TROE, micellar 

aggregates of size <10 nm are found dispersed in the medium (Figure 6 (g) indicated 

by red square), while larger vesicles of average dimension ~60-80 nm, having cubic 

geometry (indicated by red arrow) are found to co-exist (Figure 6 (h)). Giant vesicles 

similar to those in TYOE and TYDE are also observed in another field of view (Figure 

6 (i)). The membrane bilayer thickness observed in larger vesicles of TYOE, which are 

relatively less abundant than the smaller ones, is about ~4-6 nm. The TROE consisted 

of large vesicles with well-defined bilayer boundaries. The bilayer membrane thickness 

of TROE was ~8-10 nm. The vesicles of TROE are sparsely distributed compared to 

TYOE and TYDE, and this may be due to much lower concentration of TROE (0.5 

mM) compared to TYOE (7.2 mM) and TYDE (9 mM) of the experimental samples.  

The presence of the large vesicular aggregates in TYOE, TYDE and TROE was also 

examined using the dynamic light scattering measurements (DLS), at 303 K (Figure 7). 

For better understanding, the sample concentrations were kept identical to that used 

during HRTEM measurement. It is evident that giant aggregates of size 200 nm – 600 

nm are present in all the three aminoacid esters. The average hydrodynamic diameter 

(dh), of TYOE, TYDE and TROE are obtained as 451 nm, 353 nm and 540 nm 
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respectively. The results confirm the aggregation of the aminoacid esters into giant 

vesicles.  

 

Figure 7. Size distribution of aggregates in aqueous solutions of 7.2 mM TYOE, 9.0 mM 

TYDE and 0.5 mM TROE as obtained from DLS measurement at 303 K. 

 

Unlike conventional single tailed surfactant systems, TYOE, TYDE and TROE 

aggregates display rich morphologies as observed from HRTEM study in the absence 

of any promoter/additive. The key difference of aromatic aminoacid esters from the 

conventional surfactants is that unlike the later, aminoacid esters contain blocks of 

hydrophobic and hydrophilic moieties in their molecular structures. This molecular 

picture is similar to that one witnesses in block copolymer amphiphiles, the self-

assembled aggregates of which have attracted wide interests due to creation of a 

plethora of morphologies.17,65,66 For these systems which contain multiple number of 

hydrophobic and hydrophilic blocks, the morphologies are determined by the curvature 

created in the assembly via relative volume of such water insoluble and water soluble 

domains. The balance between the hydrophobic and hydrophilic interactions give rise 

to an optimum surface area (a0) of hydrophobic block at the interface between 

hydrophobic and hydrophilic domains. This area, together with the length and volume 

of hydrophobic block contributes to the packing parameter. In the present amphiphilic 

systems, viz., TYOE, TYDE and TROE, containing hydrophobic and hydrophilic 

blocks in the molecule, the geometries and degree of order of the aggregate 

nanostructures depends on the amphiphile concentration as well as the volume ratio of 

the water insoluble and water soluble blocks – ‘the insoluble soluble ratio (ISR)’.66,67 

As a result, at low concentration, due to the soluble domain compatibility with the 

solvent, the system may be soluble. On the other hand, at the cac or higher 
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concentrations, the molecules containing multiple number of blocks self-assemble to 

form either dispersed isotropic globular phase or larger aggregates with higher order 

morphology. From the length of hydrophobic and hydrophilic domains for TYOE, 

TYDE and TROE, as determined by DFT calculations (Figure 1), the corresponding 

ISR values for these amphiphiles are found to be 4.12, 5.42 and 3.93 respectively 

(assuming identical cross-sectional area). It may, therefore, be presumed that the 

surface activity of the above systems would be in the order TYDE > TYOE > TROE, 

unless major structural discrimination is encountered by them in presence of polar 

solvent.  

 
Scheme 5. Schematic representation of possible morphology and orientation of L-

Tryptophanoctyl ester molecules in bilayer and micelles. 

However, due to segregated structure in presence of solvent, present system deviate 

from above trend. Therefore, instead of kinetically trapped non equilibrium structures 

of small vesicles formed by conventional double tailed surfactants with inverted 

cone/truncated cone like molecular form, thermodynamically stable vesicles and 

bilayers are formed in present amphiphile systems due to their intrinsic polydispersity. 

Such polydispersity leads to selective segregation of hydrophobic blocks to the inside 

of vesicles, whereas hydrophilic blocks segregates to the outside. The preferred 

curvature of the bilayer is stabilized in this way. The effect is enhanced in smaller 

vesicles since the tendency to segregate would be greater as interfacial curvature is 

increased. The various morphologies that are observed in the present systems are 

primarily a result of inherent molecular curvature of these and how this influences the 

packing of the amphiphiles in the assemblies. A schematic representation of possible 
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morphology and orientation of the molecules in bilayer and micelles is shown in 

Scheme 5. The vesicles which are formed in the present aminoacid ester based 

amphiphile systems are found to be stable (examined up to 10 days and found stable in 

terms of size). The conformation of individual aminoacid ester molecule as observed 

by DFT computation is modified in aqueous aggregates. As is revealed from 2D NMR 

study, these molecules are further folded in the aggregates due to the interplay between 

hydrophobic and hydrophilic forces including H-bonding between the polar groups 

present in the hydrophilic blocks with the water molecules at the interface. Therefore, 

the driving force of the self-assembly formation is the hydrophobic and hydrophilic 

interactions along with the non-covalent interactions including H-bonding. The 

thermodynamic maneuver (enthalpy and entropy) plays a vital role just like the 

aggregation process as involved in block copolymers and common surfactants in polar 

solvents.  Hydrogen bond formation in aqueous amphiphilic systems have attracted 

much attention recently, both experimentally and theoretically, because it has been 

proved of crucial importance on the structural and dynamic properties of self-assembled 

nanostructural motifs.67 The array of intramolecular and intermolecular interactions 

among the blocks within TYOE, TYDE and TROE assemblies in water generates the 

sophisticated structures. These interactions for the formation and stability of rich 

morphologies also undoubtedly includes H-bonding network that is formed among 

interfacially located hydrophilic blocks as well. The difference between the molecular 

packing predicted from Israelachvili’s approach46 (Section 3.1) and that observed in 

solvent is, therefore, due to the molecular folding induced by the solvent. In presence 

of solvent, the aminoacid esters, with the folded aromatic ring behave as the pseudo-

double tailed surfactants with truncated cone geometries and the hydrophilic blocks 

oriented towards the interface act as the “head groups”. Such orientation is favored due 

to strong hydrogen bonding of the polar head groups with the solvent water molecules.67 

Therefore, due to molecular folding in presence of water vis-à-vis segregation of 

hydrophobic and hydrophilic blocks, the conventional approach of the calculation of 

packing parameter and the prediction of aggregation morphology in terms of individual 

molecular geometry is not valid, and hence, does not follow in the present study.68 

4. Conclusion 

Molecular geometries of the models for membrane proteins, viz., TYOE, TYDE and 

TROE, as determined via energy minimization by DFT calculations, exhibit partial 
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bending of the aromatic ring (phenol or indole respectively) towards hydrocarbon chain 

of the molecules. Occurrence of a hydrophilic block (consisting of ethereal oxygen, 

carbonyl and the amine groups) between two strongly hydrophobic blocks (consisting 

of phenol/indole ring and the hydrocarbon chain respectively) in the molecular 

architectures and the obliquely bend molecular geometry leads to form a distinctive 

amphiphilic system that unveil strong surface active properties in aqueous solutions. 

The 2D NMR  in D2O reveals that the unique molecular geometry of these tyrosine and 

tryptophan analogues facilitate strong segregation domain of the two hydrophobic 

blocks to form within the same molecule and this leads to further folding of the 

molecules via non-covalent interactions including hydrogen bonding. The display of 

rich morphology of the exclusive aggregates, as has been witnessed in the present 

systems, is not only rare for single chain amphiphiles, the biocompatibility of the 

aromatic aminoacid esters make them highly potential contender for drug delivery 

vehicle and drug vectors as well.  The demonstration of chemically segregated domains 

with exceptional chemistries and topographies, leading to the formation of bilayer and 

membrane motifs commands fundamental features of cell membranes and may have 

important relevance in biotechnology. Further, it points out to the fact that membrane 

proteins are not just integral dopants in the membrane system but very much set its role 

as the building blocks of the cell membrane and may act as the stabilizer of the 

membrane structure as well. 

References are provided in BIBLIOGRAPHY under “References for Chapter V” (Page 

178-183) 

Findings of this chapter has been published in Langmuir, 2017, 33, 6581-6594. 
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Chapter VI 

Interaction of tyrosine analogues with quaternary 

ammonium head group at micelle/water interface and their 

influence on aggregation characteristics of cationic micelles 

1. Introduction 

Most cellular membranes are complex assemblies of different lipids and proteins in 

which phospholipids are the major building blocks. Phosphatidylcholine (lecithin) is 

usually the most abundant phospholipid in animals and plants. It is a neutral or 

zwitterionic phospholipid (with quaternary ammonium cation and phosphate anion) 

over a range of pH. Membranes are thin, fluidic and highly flexible in nature with low 

bending modulus and permits selective passage of materials from and into the cells as 

well as allow lateral flow of membrane components in itself.1 A number of different 

types of proteins also form an integral part of the cell membrane. These functional 

protein molecules are bound to the cell membrane through different mechanism and 

perform various tasks. Some of these crucial proteins are either transmembrane 

proteins which extend across the lipid bilayer or intercellular anchored proteins that do 

not span the membrane but are covalently attached to the inner surface by fatty acids or 

phospholipids. Peripheral proteins are weakly bound to the membrane surface by non-

covalent interactions with other membrane proteins but most of the proteins of the 

plasma membrane that are exposed to cell surface are covalently linked to some sugar 

molecules.2-5 The transmembrane proteins, viz., α-helical bundles and β-barrel proteins, 

localize aromatic aminoacids (especially, tyrosine, tryptophan and histidine) at the 

membrane/water interface where they form functionally significant H-bonds with 

interfacial water. The prevalent understanding is that these residues help the anchoring 

of membrane proteins to the biological membranes via interaction with the lipid head 

groups. In membrane proteins, these residues have been demonstrated to orient 

themselves to face the lipid head groups and are part of the so called ‘aromatic belt’.6-9 

A highly significant non-covalent interaction, which is believed to occur abundantly in 

biological systems is cation-π interactions, the weak attractive interactions that exist 

between cationic species and π-electron cloud of aromatic ring.10-13 However, the 

relevance of this interaction in biological structures has been recognized only in recent 



 

106 

 

years. While the majority of x-ray crystal structure analysis reveals cation-π interaction 

as one of the main forces that stabilizes protein folding and protein complexes with 

small molecules, most of the above findings are the results achieved through indirect 

experiments. Therefore, investigation aimed at individual interactions by other lead 

techniques are of extreme importance for better understanding of the forces in complex 

biological organizations.14-16 Furthermore, neurotransmitters transmit signals across a 

chemical synapse from one neuron (nerve cell) to another target neuron where the 

synapse binds specific receptor in the membrane. It is understood that almost all the 

neurotransmitters contain a cationic center and a common strategy for biological 

recognition of cation is the cation-π interaction. The nicotinic acetylcholine receptor is 

the example of ligand-gated ion channel.17,18 A number of aromatic aminoacids have 

been identified as contributing to the agonist binding site, suggesting that cation-π 

interaction is involved in binding the quaternary amino group of the agonist, 

acetylcholine. Therefore, it is imperative to say that studies on the interaction of 

aromatic aminoacids with such cationic species as quaternary ammonium group at the 

membrane/water interface is of particular importance. But, surprisingly, report of such 

a fundamental study is lacking in the literature. In view of the inherent complexity of 

the biomembrane systems, use of suitable models for the aromatic aminoacid residues 

of such proteins would indeed be helpful. In spite of the importance, very few model 

systems have been developed that could help understand the behavior of aromatic 

aminoacids viz., tyrosine and tryptophan residues in the membrane. Tyrosine and 

tryptophan octyl esters are recognized as the important models for the membrane bound 

aromatic residues.19-24 It is interesting to note that fluorescence properties of long chain 

esters of tryptophan (L-Tryptophanoctyl ester), incorporated in model membrane of 

surfactant micelles, have been shown to be similar to that of tryptophan residue of 

transmembrane proteins. In the previous chapter, it has been shown that occurrence of 

hydrophilic and hydrophobic blocks in octyl and dodecyl esters of tyrosine as well as 

in octyl ester of tryptophan, leads to molecular bending of these aromatic systems in 

aqueous solutions and eventually fascinating high order morphology of the exclusive 

aggregates are formed.25 These self-assembled systems also exhibit high promise 

toward application as bio-inspired drug carriers.  

It will be interesting to pay attention as well, in this context, to the shape of biological 

membrane and the mechanism of its tuning in various vital processes like cell fusion 
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and fission. Biological membranes exhibit various function-related shapes, and the 

mechanism by which these shapes are created is largely unclear. It is generally believed 

that the changes of membrane topology is produced as a result of a complex interplay 

between membrane proteins, lipids and certain physical forces. Therefore, it is also 

tempting to explore whether the aromatic amino acid residues of transmembrane 

proteins can have any role to play in controlling shape transition of the membranes near 

head group of phosphatidylcholine.   

2. Materials and Methods  

2.1. Materials 

L-Tyrosineoctyl ester (TYOE) and L-Tyrosine dodecyl ester (TYDE) were synthesized 

in our laboratory following the procedure published previously.3 CTAB was purchased 

from Fluka (Switzerland). D2O for NMR study was purchased from Aldrich (USA). 

Purity of all the chemicals were greater than 99.5% and were used as received. All 

experiments were done with de-ionised and doubly distilled water with pH 6.5-7 and 

specific conductance below 2μS.cm-1. 

2.2. Methods 

2.2.1. Tensiometry. Tensiometric measurements were performed on Krȕss K9 

Tensiometer (Germany), based on Du-Nόuy ring detachment method, fitted with 

Omniiset temperature bath with precision ± 0.10C. Before each measurement, the 

platinum ring was thoroughly cleaned with 1:1 acetone-water solution and heated under 

oxidizing flame until glowing temperature was attained. After every addition, the 

experimental solution was stirred for 5 minutes for homogeneity and equilibrated for 

10 minutes. For each measurement, three to five subsequent readings were taken for 

concordance. Standard deviation was < 0.1 mN.m-1.           

2.2.2. pH measurements. The pH of the solutions were measured using Systronics 

digital pH meter (Model: 335, India), calibrated with standard buffers of pH 4.0 and 

9.2. Solutions were equilibrated for 5 min after addition of acid/alkali till a steady pH 

meter reading was observed.  

2.2.3. UV-Vis Spectroscopy. UV-Vis study was carried on Jasco V 530 

Spectrophotometer fitted with a tungsten filament. A matched pair of glass cuvette of 



 

108 

 

optical length 1 cm was used for control and sample solutions. The solutions were 

allowed to equilibrate for 10 minutes before each measurement.  

2.2.4. Fluorescence spectroscopy. Steady state fluorescence emission study was 

carried out in bench top spectrofluorimeter from Photon Technologies International 

(Quantamaster-40, USA) with excitation and emission slit widths fixed at 3.0 nm and 

2.5 nm respectively. Steady state anisotropy (r) was determined using the following 

expressions26 

𝑟 =
𝐼𝑉𝑉−𝐺𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺𝐼𝑉𝐻
 and 𝐺 = 𝐼𝐻𝐻 𝐼𝐻𝑉⁄                                                                                                    (i) 

where 𝐼𝑉𝑉 and 𝐼𝑉𝐻 represent the intensities obtained with the excitation polarizer 

oriented vertically and the emission polarizer oriented vertically and horizontally 

respectively; 𝐼𝐻𝑉 and 𝐼𝐻𝐻 refer to the similar parameters as mentioned above for the 

horizontal positions of the excitation polarizer. The anisotropy values were averaged 

over an integration time of 60 seconds. Samples were taken in Hellma quartz cuvette 

of optical length 1.0 cm. 

2.2.5. Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR experiments 

were performed in Bruker (Germany) ADVANCE spectrometer operating at 400 MHz. 

Signals are quoted as δ values in ppm using residual protonated solvent signals as 

internal standard (D2O: δ 4.79 ppm). Respective solutions were made in D2O and 0.6 

mL of the same was used for each measurement. Data are reported as chemical shift. 

2D Nuclear Overhauser effect spectroscopy (NOESY) spectra was studied using 

Brucker standard software acquisition program noesyphpr in phase-sensitive mode 

using 5 mm BBO probe. An acquisition time of 0.085 sec and relaxation delay of 2 sec 

was used between the scans. The mixing time was 300 milisec. A total number of 2048 

complex point were collected. Number of 16 scans were undertaken. 

2.2.6. Small Angle Neutron Scattering (SANS). The SANS measurements were 

carried out using small angle neutron scattering diffractometer at the Dhruva reactor, 

Bhabha Atomic Research Centre, Trombay, India. The diffractometer uses a beryllium 

oxide filtered beam with a mean wavelength (λ) of 5.2 Å. The angular distribution of 

the scattered neutrons is recorded using a one-dimensional (1D) position-sensitive 

detector (PSD). The accessible wave vector transfer (Q = 4π sin θ/λ, where 2θ is the 

scattering angle) range of the diffractometer is 0.017-0.35 Å-1. The PSD allows 
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simultaneous recording of data over the full Q. The samples were held in a quartz 

sample holder of 0.5 cm thickness. The measured SANS data have been corrected and 

normalized to absolute unit (as cross-section per unit volume), using standard 

procedures. 

2.2.7. Cryogenic Transmission Electron Microscopy (Cryo-TEM).  Samples for 

Cryo-TEM were prepared in controlled environment vitrification system (CEVS). A 

drop of sample solution was added to 300 mesh copper support grid coated with carbon 

film. Excess sample was blotted carefully. For vitrification, the TEM grids were 

plunged rapidly in liquid ethane at -1830C, and stored in liquid nitrogen. The Cryo-

TEM images were obtained with Hitachi H-7650 microscope (Japan) operating at 

accelerating voltage of 120 kV.  

2.2.8. Rheology. The rheological experiments were done using cone-plate geometry 

with 40 truncation angle, with diameter 25 mm and sample gap of 0.105 mm sample 

gap in MCR 302 rheometer (Anton Paar, Germany) equipped with Peltier temperature 

control system. The samples were initially stirred at 600C for three hours for 

homogenization and equilibrated for 72 hrs. During measurement, samples were 

equilibrated for 10 mins at each temperature.27 

2.3. Analysis of SANS data 

For a system of monodispersed interacting particles, the differential scattering cross-

section per unit volume (dΣ/dΩ) may be expressed as a function of scattering vector Q 

as: 

𝑑𝛴

𝑑𝛺
 = n (ρm – ρs) 

2 V2 [<F(Q)2> + <F(Q)>2(S(Q)-1)] + B                                             (1) 

where n is the number density of micelles, ρm and ρs are the scattering length densities 

of the micelle and the solvent, respectively, and V is the volume of the micelle. F(Q) 

denotes the single-particle form factor which is the characteristic of specific size and 

the shape of the scatterer, and S(Q) denotes the interparticle structure factor. B is a 

constant, which represents the incoherent scattering background. The F(Q) is calculated 

by treating the micelles as prolate ellipsoids, using the equations:28 

<F(q)2>=∫ [𝐹(𝑞, 𝜇)]2
1

0
𝑑𝜇                                                                                            (2) 
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<F(q)>2=∫ [𝐹(𝑞, 𝜇)
1

0
𝑑𝜇]2                                                                                            (3) 

𝐹(𝑞, 𝜇) = 
3(sin𝑥−𝑥 cos𝑥)

𝑥3
                                                                                              (4) 

𝑥 = 𝑞[𝑎2𝜇2 +𝑏2(1 − 𝜇2)                                                                                          (5) 

where a and b are the semimajor and semiminor axes of an ellipsoidal micelle, 

respectively, and μ is the cosine of the angle between the directions of a and the wave 

vector transfer Q. The interparticle structure factor S(Q) identifies the correlation 

between the centers of different micelles, and it is the Fourier transform of the radial 

distribution function g(r) for the mass centers of the micelle. S(Q) is calculated using 

expressions derived by Hayter and Penfold from the Ornstein-Zernike equation and 

using the rescaled mean spherical approximation.29 To simplify the calculation of S(Q), 

the micelle is assumed to be a rigid equivalent sphere of radius σ = (ab2)1/3 interacting 

through a screened Coulomb potential.  

3. Results and Discussion 

3.1. Surface properties of CTAB-TYOE/TYDE mixtures 

The cac and other physico-chemical properties of TYOE and TYDE are reported in 

Chapter V.25 In the present chapter, the surface and other related properties of TYOE 

and TYDE, in presence of CTAB is examined. On the one hand, the cmc values of 

CTAB decrease significantly as a function of TYOE or TYDE concentrations and the 

system display significant improvement of surface and bulk properties. On the other 

hand, the values of γcmc of the system (in the composition regime of x1= 0 to x1=1) are 

much lower than that of pure CTAB (x1=1) or TYOE/TYDE (x2=0). The pC20 (negative 

logarithm of surfactant concentration pure required to reduce the surface tension of 

water by 20 units at the temperature of measurement) values of the mixed systems are 

found to be much higher than that of CTAB.  
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Figure 1. Variation of surface tension of CTAB in presence of (a) TYOE, (b) TYDE, as 

function of mole fraction at 303 K. C denotes the concentration of CTAB within the mixed 

systems. 

Since the cac value of TYOE (cac = 1.81 mM) and TYDE (cac = 1.31 mM) is much 

higher than that of CTAB (cmc = 0.9 mM), the cmc of mixed system gives a minima at 

the aminoacid ester composition of x1 = 0.2 for both TYOE and TYDE and predictably 

consistent value of 0.9 mM (xTYOE/TYDE = 0.0) and 1.49 mM (at xTYOE = 1) and 1.45 

mM (at x TYDE = 1) for octyl and dodecyl esters of tyrosine respectively. The strong 

synergism in surface properties as observed at xTYOE and xTYDE of 0.2, is attributed to 

the electrostatic interaction between the π-electron face of tyrosine ester with 

quaternary ammonia groups of CTAB. This interaction stabilizes ester-CTAB pairs as 

the pseudo double tailed surfactant systems, resulting in the stronger hydrophobic 

interactions in the mixed micelle core and lowers cmc of the system. The CTAB-

TYOE/TYDE systems may, therefore, be assumed to behave as mixed surfactant 

solution.30 The nature of mixing may be evaluated on basis of Clint’s approach. For any 

mixed component system, the cac is related to individual component as:31 

1

𝑐𝑎𝑐𝑚𝑖𝑥
= ∑

𝑥𝑖

𝑓𝑖.𝑐𝑎𝑐𝑖

𝑛
𝑖=1                                                                                                                       (6) 

where caciandcacmix are the cac of the ith component and the mixed surfactant system 

respectively, 𝑥𝑖 and 𝑓𝑖 are the mole fractions and activity coefficients of the respective 

ith component in the mixed aggregate. For ideal mixing, 𝑓𝑖 = 1, and Equation 6 may be 

applied to the present systems as: 

1

𝑐𝑎𝑐𝑖𝑑𝑒𝑎𝑙
=

𝑥1

𝑐𝑎𝑐1
+

(1−𝑥1)

𝑐𝑎𝑐2
                                                                                                                  (7) 
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where 1 denotes CTAB and 2 denotes the respective aminoacid esters. 

The cacideal for the mixed systems have been calculated and presented in Table 1. It is 

evident that the cac of the mixed system deviate significantly from the cacideal, which 

reveals that the interaction between the CTAB and the aminoacid ester molecules is 

non-ideal in nature. The much lower values of cac, along with the tendency of TYOE 

and TYDE to lower the interfacial tension of CTAB indicates that both TYOE and 

TYDE molecules synergistically interact with CTAB and modify the aggregation 

characteristics of CTAB micelles.32,33 For more insight on the modification of 

interfacial property of CTAB in presence of TYOE and TYDE, surface parameters viz., 

equilibrium surface pressure,Пcac, the total surface excess (Γ𝑚𝑎𝑥
𝑡𝑜𝑡 ) and the minimum 

surface area per molecule (Amin
tot ) of the CTAB-aminoacid ester mixed systems are 

evaluated (Table 1).  Increase in Пcac of CTAB from 32.1 mN.m-1,34 (at χTYOE/TYDE =

0) to 38.8 mN.m-1 at χTYOE = 0.6 (Table 1) and to 40.9 mN.m-1 at χTYDE = 0.6 indicates 

enhanced efficiency of surface tension reduction in the mixed surfactant system at these 

compositions compared to pure CTAB.35 The Amin
tot , which is the minimum surface area 

occupied by a surfactant component at the air-water interface, have been calculated 

using Gibbs adsorption isotherm (Table 1).36 The lower Amin
tot  in CTAB-TYOE system, 

at χTYOE=0.2and0.4, 𝑣𝑖𝑧., 0.2 and 0.4 nm2/molecule respectively compared to the 

individual components, i.e., 0.24 nm2/molecule for CTAB and 0.49 nm2/molecule for 

TYOE, suggest that the mutual repulsion between the surfactant head groups is reduced 

at these compositions and the components pack closer at the interface.30 Interestingly, 

the CTAB-TYDE systems exhibit higher values of Amin
tot  compared to individual 

surfactants at all compositions (Table 1) indicating much higher hydrophobicity.35 

3.2. CTAB -TYOE/TYDE interaction 

The interaction parameter β, as defined by the regular solution theory, is useful in 

characterizing the nature and degree of interaction between two nonhomogeneous 

amphiphile molecules in solution. The β value explains the interaction between the head 

groups of surfactants. Interestingly, it does not include the interaction between 

hydrocarbon chains of the amphiphiles when the lengths of the chain are different. The 

interaction parameter β is determined by measuring cmc of the mixtures of CTAB with 

aromatic aminoacid esters. The degree of head group interaction in the mixed aggregate 

systems is measured by calculating β from the equation derived from Rubingh’s37 
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theory of non-ideal mixing (Equation 2 in Appendix C). The values of the interaction 

parameter as determined for the present system is listed in Table 1.  

Table 1. Critical aggregation concentration (cac), cacideal, i.e., cac predicted using Clint’s 

equation; surface parameters viz., equilibrium surface tension (𝛄𝐜𝐚𝐜), surface pressure at 

cac (П𝐜𝐚𝐜), maximum surface excess concentration (Γmax), minimum surface area per 

monomer (Amin); interaction parameter (β), activity coefficient of CTAB (f1) and 

aminoacid esters (f2) as a function of mole fraction of TYOE and TYDE respectively, in 

aqueous medium at 303 K 

 

  

ΧTYOE 
cacideal 

(mM) 

cac 

(mM) 

γcac 

(mN.m-1) 

Пcac 

(mN.m-1) 

106 Γmax 

(mol.m-2 ) 

Amin
 

(nm2 

/molecule) 

β f1 f2 

TYOE 

0.0 - 0.89 39.1 32.1 6.98 0.24 - - - 

0.2 0.99 0.36 37.5 33.7 9.08 0.18 -5.26 0.045 0.116 

0.4 1.12 0.53 34.1 37.1 8.27  0.20 -3.24 0.126 0.312 

0.6 1.28 0.70 32.4 38.8 5.71 0.29 -2.36 0.183 0.515 

0.8 1.49 0.72 33.1 38.1 6.09 0.27 -3.01 0.086 0.573 

1.0 - 1.81 45.1 26.1 3.38 0.49 - - - 

ΧTYDE TYDE 

0.0 - 0.89 39.1 32.1 6.98 0.24 - - - 

0.2 0.95 0.38 30.9 40.3 2.54 0.65 -4.47 0.067 0.169 

0.4 1.02 0.50 30.4 40.8 2.53 0.65 -2.83 0.147 0.397 

0.6 1.10 0.55 30.3 40.9 4.91 0.34 -2.63 0.136 0.532 

0.8 1.19 1.29 30.4 40.8 3.55 0.47 -1.71 0.262 0.684 

1.0 - 1.31 37.8 33.4 5.29 0.31 - - - 
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A number of interesting features are apparent. The β values for all compositions of 

binary mixtures are negative, indicating more attractive interaction to exist in the mixed 

micelles compared to the self-assembly of the individual amphiphile. According to the 

regular solution theory, the β parameter should be independent of composition. Indeed, 

the β parameter values in the present study lie within close range of (2.91-2.56) and 

(2.31-2.09) for CTAB-TYOE and CTAB-TYDE respectively in the composition (x) 

regimes of x1 =0.4 - 0.8. At low and high x, the β is more negative due to self-assemblies 

of the CTAB and aminoacid esters respectively rather than mixed micelle formation. It 

is also interesting to mention that the average value of β (x1 → 0.4 - 0.8) for CTAB-

TYOE and CTAB-TYDE mixtures are found to be -2.72 and -2.35 respectively. This 

indicates that the interaction between quaternary ammonia head groups of CTAB with 

aromatic aminoacid esters is stronger in TYOE compared to TYDE, although the TYDE 

molecules contains longer hydrocarbon chain in its molecular framework. This result is 

indeed surprising and needs to be examined carefully by means of subsequent 

experiments.  

3.3. UV-Vis absorption and study of micropolarity. 

UV-Vis absorption spectra of 0.2 mM aqueous TYOE exhibit a red shift of about 3 nm 

with λmax, varying from 274 nm to 277 nm, upon addition of CTAB (Figure 2). Aromatic 

compounds, in general, exhibit two strongly overlapped bands in the near UV region, 

viz., longitudinally polarized 1La ← 1A and the transversely polarized 1Lb ← 1A band.38 

Distinct isobestic points at 297 nm, 270 nm and 246 nm are observed in the spectra for 

sub micellar concentration regime, indicating that the interaction between the aromatic 

aminoacid and the quaternary ammonium ion head groups to occur even at the water/air 

interface, prior to self-assembly formation of CTAB in aqueous solution. The 

absorbance-concentration profile at the λmax, exhibits linear variation with a break point 

close to cmc. This shows that the interaction of amino acid esters with CTAB molecules 

is fairly strong and the aromatic esters are embedded rather strongly once the micelles 

of CTAB are formed above the cmc. The energy associated with this apparently small 

shift in the λmax is found to be nearly 1.13 kcal.mol-1. It is interesting to note that in a 

theoretical study, the energy involved in cation-π interaction in solvent separated 

quaternary ammonia-benzene system in aqueous media has been shown to be 1.67 

kcal.mol-1. The folded molecular geometry of TYOE molecules are probably embedded 

in the CTAB micelles with the hydrophilic block consisting of ethereal oxygen, amine 
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and carbonyls groups protruded toward the interfacial water and the aromatic face of 

TYOE molecule is arranged near the quaternary ammonium head group. Presence of 

isobestic points, both in pre and post micellar regions (shown in Figure 3) indicates that 

interaction between CTAB headgroups and aromatic moieties of esters takes place at 

the solution interface (pre micellar regime) as well as in the bulk (post micellar regime).  

 

Figure 2 (a) Effect of addition of CTAB in the pre-micellar regime on absorption spectra 

of 0.2 mM aqueous TYOE at 303 K, (b) Effect of addition of CTAB in the post-micellar 

regime on absorption spectra of 0.2 mM aqueous TYOE at 303 K, (c) Variation of 

absorption intensity of 0.2 mM TYOE at 274 nm with CTAB concentration at 303 K.   

 

In the case of 0.2 mM TYDE, the intensity at absorption at λmax 277 nm (initially 

decreases (upto 1.27 mM which is slightly above the cmc of CTAB, i.e. 0.9 mM) 

(Figure 3 (a)) and increases thereafter (Figure 3 (b)) in the post-micellar region. An 

isobestic point is observed at 265 nm. A red shift of 1 nm was observed in the post-

micellar region, where absorption maxima varies from 277 nm to 278 nm.  

 

Figure 3 (a, b) Effect of addition of CTAB on absorption spectra of 0.2 mM aqueous 

TYDE at 303 K, (c) Variation of absorption intensity of 0.2 mM TYDE at 274 nm and 276 

nm with CTAB concentration at 303 K.   

 

The contrasting result may originate from the rigidity of folded geometry of TYDE 

molecule, the aromatic group of which flips upward due to a slight obliquely tilted alkyl 
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chain inside the micelle core via stronger force of hydrophobic interactions. As a result, 

the phenol group of TYDE localizes to little deeper in bulk water, diminishing the 

interaction with the head group. 

An important aspect of tyrosine is its pH dependent dissociation of the phenolic OH 

proton in aqueous solution. Study of the micropolarity of the charged interface could 

also provide a better understanding of the exact nature of the location of the OH groups 

at the vicinity of CTAB micelles. Any changes in surface potential and polarity at the 

charged interface would be reflected in the acid-base equilibrium of the dissociation of 

the hydroxyl protons.39,40 Therefore, determination of the pKa values and its changes 

could provide vital information about the underlying interaction phenomenon occurring 

within the CTAB-aminoacid ester systems. Assuming the dissociation of the hydroxyl 

proton of the tyrosine moiety as:41 

𝑅 − 𝑂𝐻 + 𝐻2𝑂 = 𝑅𝑂− + 𝐻3𝑂
+  

where𝑅 − 𝑂𝐻, 𝑅𝑂−, 𝐻3𝑂
+  are the deprotonated, protonated (neutral) form of the 

phenolic OH group of the aminoacid esters, viz., TYOE and TYDE, and the hydrated 

proton respectively. Change in UV spectra as a function of bulk aqueous pH provide 

the apparent pKa values using Handerson-Hanselbach equation- 

𝑝𝐾𝑎 = 𝑝𝐻 − 𝑙𝑜𝑔[
𝑅𝑂−

𝑅𝑂𝐻
]                                                                                                               (8) 

The quantity [
𝑅𝑂−

𝑅𝑂𝐻
] is determined as 

[𝐴−𝐴𝑅𝑂𝐻]

𝐴𝑂𝐻−−𝐴
where A,𝐴𝑅𝑂𝐻, 𝐴𝑂𝐻−are absorbances of 

the aminoacid esters at experimental, low and high pH’s respectively. The 𝑝𝐾𝑎
𝑜𝑏𝑠 may 

be separated into electrostatic and non-electrostatic components respectively as 

follows: 

𝑝𝐾𝑎
𝑜𝑏𝑠= 𝑝𝐾𝑎

0- 
𝑒.𝜓0

2.303𝑘𝑇
                                                                                                 (9) 

where 𝑝𝐾𝑎
0 is the apparent 𝑝𝐾𝑎

𝑜𝑏𝑠 in absence of any surface potential i.e., at . ψ0 = zero. 

Comparing the 𝑝𝐾𝑎
0 values of the aminoacid esters in aqueous CTAB micellar media 

to the 𝑝𝐾𝑎 in aqueous-organic mixtures viz., 1,4-Dioxane – water mixtures, will provide 

the necessary information about the acid-base equilibria at the micellar interface. 

Defining apparent pKa in aqueous-organic solvent mixtures,𝑝𝐾𝑎
𝑚, as: 
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𝑝𝐾𝑎
𝑚 = 𝐵 + 𝑙𝑜𝑔𝑈𝐻

0 − log [
𝑅𝑂−

𝑅𝑂𝐻
] − log [

𝛾𝑂𝐻−
𝑚

𝛾𝑅𝑂𝐻
𝑚 ]                                                                             (10) 

where 𝛾𝑚 term denotes the respective activity coefficients, B is the pH meter reading 

and 𝑙𝑜𝑔𝑈𝐻
0  is the associated correction factor. The 𝑝𝐾𝑎

0 values relate to an interfacial 

phenomenon whereas the pH measured is that of the bulk solution. Therefore, while 

comparing between the 𝑝𝐾𝑎 in 1,4-Dioxane-water mixture and 𝑝𝐾𝑎
0  in the micellar 

systems, the primary medium effect on the proton, m𝛾𝐻+, needs to be considered, i.e., 

𝑝𝐾𝑎
0 should be compared with 𝑝𝐾𝑎

𝑖  rather than 𝑝𝐾𝑎
𝑚, where i stand for interface. These 

are related as: 

𝑝𝐾𝑎
𝑖= 𝑝𝐾𝑎

𝑚 + m𝛾𝐻+                                                                                                                                              (11) 

Usually, the mean primary medium effect on HCl, m𝛾± approximately gives m𝛾𝐻+. The 

values of m𝛾± and 𝑈𝐻
0  are adopted from works of Drummond and co-workers.39,40 In 

determining the 𝑝𝐾𝑎
0 values for aminoacid esters in the CTAB micelles, a surface 

potential of ±141mV  is assigned to CTAB.40 Comparing 𝛥𝑝𝐾𝑎
0 of micellar surface and 

𝛥𝑝𝐾𝑎
𝑖 in 1,4-dioxane-water mixtures, the effective dielectric constant,𝐷𝑒𝑓𝑓 , of the 

medium at the location of the dissociable proton is found out. The evaluation of the 

effective dielectric constant considers the underlying assumptions are- (i) both the 

protonated and the deprotonated forms of the aminoacid esters are quantitatively 

partitioned within the micellar phase at high CTAB-aminoacid ester ratio, and (ii) since 

the concentration of the aminoacid esters is low, the activity coefficients terms 
𝛾𝑂𝐻−
𝑚

𝛾𝑅𝑂𝐻
𝑚  can 

be neglected such that 𝛥𝑝𝐾𝑎
0 can be compared to 𝛥𝑝𝐾𝑎

𝑖  in different solvent media. The 

results of pH metric titrations are summarized in Table 2. (UV Absorptions plots as 

function of pH are provided in Figure S1of SI). The 𝑝𝐾𝑎
𝑤 of the phenolic –OH of the 

tyrosinate moiety in TYOE and TYDE in aqueous media at 298 K was found to be 9.05 

and 9.25 respectively for TYOE and TYDE which is close to that of L-Tyrosine in 

aqueous media (𝑝𝐾𝑎
𝑤 9.35).42 The 𝐷𝑒𝑓𝑓 decreases only very slightly on increasing 

CTAB concentration from 50 mM to 100 mM. Previous study based on solvatochromic 

visible absorption maxima on CTAB micelles show that the 𝐷𝑒𝑓𝑓 at the micellar 

interface is around 28-33. In a similar study of CTAB micelles, the 𝐷𝑒𝑓𝑓 in presence of 

1 Naphthol was found to vary within 49-51 for 50 mM and 100 mM CTAB.43 It was 

concluded that the hydroxy group of 1 Naphthol were directed away from the micellar 
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surface and resided at a more polar environment. Present study shows that the 𝐷𝑒𝑓𝑓for 

TYOE ranges within 40.8 to 40.2 while that for TYDE ranges from 56.9 to 57.9 for 50 

mM and 100 mM CTAB respectively (Table 2) which is much higher than that at the 

CTAB micellar interface. Therefore, it may be said that both TYOE and TYDE locate 

in such a manner that their OH groups are directed away from the micellar interface, 

and towards the bulk of the aqueous solvent which is highly polar (𝐷𝑒 of water = 78). 

Moreover, compared to TYOE, the phenolic OH in TYDE reside further away from 

CTAB micellar interface, while the phenolic ring of TYOE is located relatively nearer 

to the CTAB micelles. One of the reasons behind this orientation may be the higher 

hydrophobic character of TYDE compared to TYOE due to its longer hydrophobic 

alkyl chain. Nevertheless, this study explains the less interaction of the TYDE 

molecules with CTAB micelles as observed from SANS study (discussed later).  

Table 2: Results of pH titration of 0.2mM TYOE and 0.2 mM TYDE in aqueous solution 

and aqueous CTAB solutions at 298 K. 

 

3.4. Fluorescence depolarization and steady state emission study.  

The degree of depolarization of fluorescence emission of a fluorophore is an index of 

rotational diffusion during the lifetime of its excited state. Any alterations in 

microstructure of fluorophore is reflected in the micro viscosity of the probes and hence 

in their anisotropy values. Therefore this technique is widely employed in exploring the 

structural modifications of micro heterogeneous systems.44 As the tyrosine moiety in 

TYOE and TYDE, are fluorescent active species,42 fluorescence steady state anisotropy 

study was done to gain further insight on change in microenvironment of the TYOE 

and TYDE molecules in presence of the CTAB micelles. Figure 4 shows the variation 

CTAB 

Concentration 

(mM) 

𝑝𝐾𝑎
𝑤 𝑝𝐾𝑎

𝑜𝑏𝑠 𝛥𝑝𝐾𝑎
𝑜𝑏𝑠 𝑝𝐾𝑎

0 𝛥𝑝𝐾𝑎
0 𝐷𝑒𝑓𝑓 

TYOE 

50 mM 
9.055 

9.82 2.12 12.20 4.5 40.8 

100 mM 10.02 2.31 12.34 4.69 40.2 

                             TYDE 

50 mM  

9.25 

10.08 4.6 12.46 3.21 57.9 

100 mM 10.53 5.05 12.91 3.66 56.9 



 

119 

 

of fluorescence anisotropy of 5µM aqueous TYOE and TYDE solutions as function of 

CTAB concentration at 303 K.  

 

Figure 4. Variation of steady state fluorescence anisotropy of 5 μM aqueous TYOE and 5 

μM aqueous TYDE as function of CTAB concentration at 303 K. 

It is evident that, the initial anisotropy value (𝑟0) of TYDE in aqueous solution i.e., 0.24, 

is much higher compared to TYOE i.e., 0.11. Higher 𝑟0 value imply greater rotational 

restriction experienced by TYDE in solution. This may arise due to tighter packing of 

the longer alkyl chains in TYDE compared to TYOE. Figure 4 shows that on increasing 

CTAB concentration, the anisotropy increases up to a certain point after which, the 

value diminishes progressively. This critical concentration limit is found to be 1.01 mM 

in TYOE and 0.66 mM, in TYDE. In both the cases, it corresponds to a concentration 

near to the cmc of CTAB (0.89 mM). This shows that the aminoacid ester molecules, 

which act as fluorescent probes, bind with the CTAB monomers till micellization 

occurs. The cationic micelles consist of a nearly water-free hydrophobic micellar core 

with polar head groups forming the palisade layer. As CTAB is present in large excess 

(probe: CTAB ̴ 1:120, at cmc) it may be assumed that at cmc, all the probe molecules 

are bound to the CTAB micelles. Further addition of CTAB increases the number of 

micelles in solution. The constant population of probes is therefore now redistributed 

within the enhanced number of micelles and hence we observe the decrease in 

anisotropy values. The fluorescence emission spectra of 5 µM TYOE and 5 µM TYDE 

in presence of the CTAB micelles are shown in Figure 5. Upon excitation at the 

wavelength of maximum absorption, the neutral form of tyrosine emits near 303 nm 

while the tyrosinate form emits near 340 nm.42 The emission intensity increases on 

addition of the CTAB in both TYOE and TYDE (Figure 5 (a), (b)). Insets show that 
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there exists a break in the intensity vs concentration plots, at 1.05 mM in TYOE and at 

0.99 mM in TYDE, which corresponds to the respective cmc of CTAB. This 

observation corroborates the trend observed in anisotropic behavior of the aminoacid 

esters. The relative intensities of the neutral (IN) and tyrosinate (IT) form depend upon 

the surrounding medium i.e., in presence of proton acceptor, the tyrosinate band is 

expected to predominate whereas the neutral form will dominate when no proton 

acceptor is present in the immediate vicinity.42  

 

Figure 5. Modification of steady state fluorescence emission spectra of (a) 5µM aqueous 

TYOE (b) 5µM aqueous TYDE, as function of CTAB concentration at 303 K. Insets 

display emission at λmax (neutral) as function of respective concentration, Plots of ratio of 

anionic (IT i.e tyrosinate emission) to neutral (IN) emission or, (IT/IN) as function of CTAB 

concentration of (c) 5µM aqueous TYOE and (d) 5µM aqueous TYDE, at 303 K. 

Greater inherent positive charge imply higher concentration of hydroxyl ions in 

immediate vicinity which may act as proton acceptor.45 The initial linear increase in the 

ratio of IT/IN in both TYOE and TYDE show that proton transfer from the phenolic 

hydroxy group of tyrosine moiety is facilitated as concentration of micelles increase 

(Figure 5 (c), (d)). The decrease thereafter indicate that the neutral form in present in 

excess and that the micelles do not act effectively as proton acceptor.  
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3.5.1. 1H NMR Study 

1H NMR Study is an important tool for identifying the time-averaged location of 

aromatic solubilized species within surfactant micelles, based on the dependence of 

chemical shifts of protons in surfactant and aromatic units, on the composition of the 

aqueous phase. In order to investigate on the relative arrangement of the model 

aminoacid molecules, viz., TYOE and TYDE with the CTAB molecules in the mixed 

systems, 1H NMR spectra of the mixture were recorded in aqueous medium (D2O). The 

molecular structure and proton numbering of CTAB, TYOE and TYDE are given in 

Scheme 1.  

 

Scheme 1. Schematic presentation of structures and proton numbering of TYOE, TYDE 

and CTAB.  
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Figure 6. Comparative 1H NMR spectra of (a) CTAB (10 mM)-TYOE (5 mM) and (b) 

CTAB (10 mM)-TYDE (5 mM) mixed systems in D2O at 303 K.  

The 1H NMR spectra of CTAB (10 mM)-TYOE and CTAB (10 mM)-TYDE (5 mM) 

mixed systems in D2O at 303 K is presented in Figure 6. The key resonances are 

highlighted in the figure. The terminal methyl protons of TYOE resonate at 1.17 ppm 

in D2O,25 whereas, in presence of CTAB, only a single peak at 0.86 ppm corresponding 

to the resonances of terminal methyl protons of both CTAB (C6) and TYOE (T7) is 

observed (Figure 6 (a)). This imply that T7 and C6 protons experience similar 

environment in the CTAB-TYOE mixed system. This shows that the T7 protons of the 

aromatic amino acid ester experiences considerably more non-polar environment 

compared to that of  which is considerably non polar compared to that of its own self-

assembled aggregates. Moreover, in absence of CTAB, the chain protons of TYOE 

appeared considerably downfield25 at 3.16 ppm, whereas in presence of CTAB, these 

signals merged with that of CTAB chain protons and resonates at 1.27 ppm. This further 

indicates greater hydrophobic environment to exist around the chain protons of TYOE 

(T6) in presence of CTAB. It has been reported, both experimentally and theoretically, 

that in aqueous solution, the TYOE moiety prefer folded conformation with the NH2 

and the carbonyl groups oriented toward interfacial water while the aromatic ring and 

the alky chain are embedded towards the aggregate core.25,23 2D NMR analysis of 

TYOE in aqueous medium further revealed that the alkyl chain of TYOE “bend 

inwards” due to which the terminal protons of TYOE reside near the aromatic face of 

the same resulting in a polar environment around the terminal and chain protons of 

TYOE. Therefore, it may be said that, in presence of CTAB, the orientation of TYOE 

is modified such that alkyl chain remains in a straight conformation similar to CTAB 

alkyl chain wherein hydrophobic non polar micro environment is experienced by the 

alkyl and terminal protons of both the moieties. This conformation of TYOE may be 
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driven by the mutual strong hydrophobic interactions between the alkyl chain protons 

of TYOE and CTAB.  

Now, let us turn to dodecyl ester of tyrosine, i.e., TYDE. It is evident that the aromatic 

protons of TYDE in CTAB-TYDE (Figure 6 (b)) system appear relatively downfield 

compared to TYOE (Figure 6 (a)) which indicates that the T1 and T2 protons of TYDE 

experience a greater de-shielding of magnetic resonance as compared to the same in 

TYOE i.e., TYDE aromatic protons reside at more polar environment compared to 

TYOE. The more polar environment might be due to the interfacial water molecules 

present around T2 and T1 of TYDE, which is protruded towards the interfacial water, 

as also indicated from the micro polarity study.  Resonance for T3 and T4 protons in 

CTAB-TYDE system appear significantly downfield compared to CTAB-TYOE 

suggesting that these protons experience relatively more polar environment like T1 and 

T2, compared to the same in CTAB-TYOE system. On the other hand, C1 and C2 

appear upfield. This observation supports the idea that the CTAB head group are 

localized near non-polar region, in between the alkyl chains of TYDE monomers. It 

shows that indeed the TYDE molecule remain “pushed outward” such that the aromatic 

part is indicates that aromatic part of the TYDE molecules projected out of the micellar 

interface and remains close to the interfacial water. Consequently, T1, T2, T3 and T4 

protons of TYDE molecules are located towards the bulk water and therefore, the signal 

for T5 proton in CTAB-TYDE system appear at slight downfield compared to CTAB-

TYOE system because in the former it remains at the proximity of the CTAB 

headgroups. The relatively downfield chemical shifts of the intermediate chain protons 

and the terminal protons in TYDE may be due to the greater spatial distribution of the 

alkyl chains as result of formation of longer cylindrical micelles.32, 46  

This observation is rather surprising, because TYDE with longer chain, is expected to 

be embedded more deep inside CTAB micelles compared to TYOE. However, the 

similar results is observed in thermodynamic and spectroscopic measurements as well, 

indicates that it may be connected with folded and rigid geometry of the aromatic esters. 

It may be argued that as the longer alkyl chain of TYDE experiences stronger 

hydrophobic interaction with CTAB micelles compared to TYOE, the alkyl chain of 

the former favors entrenchment deeper inside the CTAB micelle, and due to its rather 

folded geometry the aromatic moiety flips towards interfacial water, over ridding the 
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weak attractive force via cation-π interaction at the headgroups. The TYDE molecules 

are now more tilted obliquely as shown in Scheme 2. 

 

Scheme 2. Possible orientation of TYOE and TYDE w.r.t. CTAB molecules at the 

micelle/water interface of the wormlike micelles. 

3.5.2. NOESY Study 

Nuclear Overhauser effect spectroscopy (NOESY) is a 2D NMR technique based on 

correlation of signals arising via dipolar interaction from the protons that are located 

close in space (<5Å). The intensity of cross peaks of NOESY spectra is a measure of 

the extent of magnetization transfer between the proton nuclei and is proportional to the 

internuclei distance.47 The NOESY spectra of CTAB (10 mM) and TYOE (5 mM) 

system, is recorded at 303 K (Figure 7). The intense key cross-peaks, T2-C1 and T1-

C1 (Figure 7), correlating the aromatic protons T2 and T1 with the NMe protons of 

CTAB show that the benzene ring of TYOE is located in the vicinity of the quaternary 

ammonium head of CTAB (<5 Å). The folded geometry of TYOE favors hydrophilic 
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blocks consisting of amine, carbonyl and the ethereal oxygen to localize near interfacial 

water and the aromatic face near quaternary ammonium head groups. This orientation 

allows an effective cation-π interaction to take place. The key cross-peaks T2-C6+T7, 

T1-C6+T7 and T2-C5+T6, T1-C5+T6, which are observed in the present system, 

correlate the aromatic protons with the terminal and the hydrocarbon chain protons, of 

CTAB and TYOE respectively. Intense cross peak C1-C5+T6, correlating the NMe 

protons of CTAB with the alkyl chain protons of CTAB as well as TYOE are also 

observed. These cross peaks are particularly interesting because they suggest that both 

the aromatic system of TYOE and the quaternary ammonium head group of CTAB are 

present within the proximity of the chain protons of both CTAB and TYOE. Similar 

cross peaks were observed in the CTAB (10 mM)-TYDE (5 mM) system as well. 

Molecular folding is indeed possible in both TYOE and TYDE due to the presence of 

hydrophobic and hydrophilic blocks in the molecule, such folding is not possible in 

CTAB molecules. However, keeping in view the transition of morphology from 

spherical to rod like/wormlike micelles under the present concentration condition of 

CTAB and TYOE, above spectroscopic observation could be justified if we consider 

the end-cap region of the rods rather than spherical micelles or body of the rods. A 

revisit of the geometry of the end-caps is, therefore, necessary to find the explanation 

of above observation. Further discussion on the geometry of end-caps of rod/worm like 

micelles is presented in section 3.8 of this report.  
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Figure 7. 2D NOESY spectrum of 10mM CTAB and 5mM TYOE in D2O at 303 K 

3.6. Cryo-TEM study 

For direct visualization of the CTAB-aminoacid aggregates, Cryo-TEM images of 

CTAB-TYDE systems were obtained (Figure 8). Figure 8 (a) shows the presence of 

abundant small spheroidal micelles along with the elongated micelles at 100 mM CTAB 

and 40 mM TYDE concentration. When concentration was increased to 60 mM, long 

worm-like micelles developed (Figure 8 (b)). The elongated micelles create a network 

of entangles thread-like structure due to which the viscosity as well as the elasticity of 

the system increases. The presence of very few micellar ends implies that the micelles 

are probably at their longest form.48 At further higher concentration of TYDE, viz., 75 

mM, breakdown of the network occurs and system forms prominent vesicles (Figure 8 

(c)). The cryo-TEM images provide inevitable support to the observation of change in 

micro-structure of CTAB in under the influence of the aminoacid analogues.  
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Figure 8. Cryo-TEM micrographs of aggregates of (a) 100 mM CTAB -40 mM TYDE, (b) 

100 mM CTAB-60 mM TYOE, and (c) 100 mM CTAB-75 mM TYDE.  

3.7. Small angle neutron scattering (SANS) study. 

Information regarding structural polymorphism of self-assembled aggregates in 

solution may be obtained from SANS spectroscopy, in a non-invasive manner.49 In a 

SANS experiment, the experimental sample is subjected to a beam of neutrons and the 

scattered intensities at different directions are measured. As the neutrons are scattered 

by the nuclei of the atoms, large scattering contrast can be achieved in deuterated 

solvents compared to protonated solvents as deuterons and protons differ largely in their 

respective neutron scattering capacities. The microstructural modification of CTAB 

micelles in presence of the aminoacid ester systems were studied with the help of SANS 

spectroscopy.   

Figure 9 (a) shows the SANS spectra of (100 Mm) CTAB-(40 mM) TYOE and (100 

mM) CTAB-(40 mM) TYDE mixed systems at 303 K. Measurements were taken with 

Q range of 0.017 to 0.358 Å-1. SANS distribution for both the CTAB-TYOE and CTAB-

TYDE systems display a rise in the low Q region whereas the intensity at high q region 

is independent of the nature of the aminoacid ester. For CTAB-TYOE system, a broad 

peak is evident at intermediate Q region, which becomes sharper in the case of CTAB-

TYDE system. This peak arises due to the corresponding correlation peak in the 

interparticle structure factor, S(Q), which generally occurs at 𝑄 ≈
2𝜋

𝑑
, where d is the 

average distance between the aggregates present in the sample. Appearance of the 

correlation peak at nearly identical Q for both CTAB-TYOE and CTAB-TYDE systems 

suggest that the aggregate density in both the systems is nearly equal.49 The well-

defined and sharp nature of the correlation peak in CTAB-TYDE system indicates that 

electrostatic repulsion is predominant within the aggregates in this system. The 

broadening of the correlation peak in the case CTAB-TYOE system imply effectively 

(a) (b) (c)



 

128 

 

reduced interparticle repulsion within the aggregates.50 A slope of -1 in the low Q region 

for all the SANS spectra is indictive of the presence of rodlike or elongated aggrregates 

in the system (Figure 9).51,52 The experimental data was fitted with the theoretical 

curves (solid line) obtained on basis on Heyter and Penfold’s approach of analysis 

considering the micelles as prolate ellipsoids.53 It is evident that this model of micelles 

fits very well to the experimental data (Figure 9 (a)) confirming the presence of 

cylindrical or rod-like micellar aggregates within the systems. The increase in intensity 

of the low Q region in the case of CTAB-TYDE system further indicate growth in 

micellar size.54 The observation reveals that the aminoacid esters are efficient in 

screening the electrostatic repulsive interaction between the quaternary ammonium 

head groups of the CTAB micelles, which results in one dimensional micellar growth 

forming elongated micelles.50,51,55,56 

 

Figure 9. (a) SANS distribution of CTAB (100 mM)-TYOE (40 mM) and CTAB (100 

mM)-TYDE (40 mM) systems at 303 K, (b) SANS profile of CTAB (100 mM)-TYDE 

system as function of TYDE concentration at 303 K, (c) Effect of temperature on CTAB 

(100 mM)-TYOE (40 mM) system, and (d) Effect of temperature on CTAB (100 mM)-

TYDE (40 mM) system. Solid circles represent experimental curve, solid lines represent 

theoretical fit for prolate ellipsoid micelle model. 
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This observation is highly significant as it exemplifies the role of the tyrosine 

analogues, which are abundantly present in transmembrane proteins, in modifying the 

surface curvature of the lipid membranes which largely consists of phosphocholine 

derivatives having quaternary ammonium head groups similar to CTAB. SANS study 

of CTAB-TYDE system as function of TYDE concentration (at constant CTAB 

concentration of 100 mM) show that longer micelles form at 60 mM TYDE compared 

to 40 mM concentration as evident from the increase in correlation peak intensity in the 

SANS profile (Figure 9 (b)). At TYDE concentration of 75 mM, the spectra deviates 

from the prolate ellipsoidal model fit, implying a major structural change at this 

composition. The effect of temperature on 100 mM-40 mM CTAB-aminoacid 

composition is studied (Figure 9 (c), (d)). With rise in temperature, the intensity of the 

correlation peak increases with shifting of Qmax to higher Q values. The shift in Qmax 

suggests a decrease in correlation length, ξ, given by ξ =2π⁄Qmax
57 i.e., with rise in 

temperature, the micellar length decreases, for both the systems while the radius of the 

micelles remains constant as indicated by the overlapping intensities in the high Q 

region. As evident, the effect is more prominent in CTAB-TYOE system compared to 

CTAB-TYDE system. Table 3 quantitatively summarizes the dimensions of the CTAB-

aminoacid ester assemblies obtained from SANS treatment at various conditions. It may 

be seen that the semi major axis, a, is 4-5 times the semi-minor axis, b, in all the systems 

at all temperature and compositions, which confirms the cylindrical shape of the 

aggregates throughout. Micelles formed with TYDE as additive are nearly 40% longer 

than that formed in presence of TYOE (Table 3) at all temperatures. Increasing 

concentration of TYDE in CTAB-TYDE system from 40 to 60 mM causes an increase 

of ~ 20 - 40 nm in the micellar length. Increasing temperature from 303 K to 323 K 

decrease the micellar length by approximately 25% in each case. 
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 Table 3. Dimension of wormlike micelles of CTAB with additives as a function of 

concentration and temperature obtained from SANS study. 

 

The SANS study corroborates the synergistic interplay between the CTAB and the 

aminoacid ester molecules, as observed from the study of interfacial property study, at 

much higher concentrations. The differences in the micellar lengths and extent of 

electrostatic interaction of the additives with CTAB head group arises primarily due to 

the difference in their molecular architecture. While both TYOE and TYDE contain 

identical head group, viz., the phenol ring of tyrosine moiety, the longer alkyl chain 

length of TYDE, viz., 12 carbon units, confers higher hydrophobicity to it compared to 

TYOE with 8 carbon units. Secondly, the spatial orientation of the additives and their 

location w.r.t CTAB monomers as well as the micelles is also likely to influence the 

interaction behavior of the aminoacid esters with the CTAB molecules.  

3.8. End-caps and end-cap geometry 

Morphology transition of cationic micelles from sphere to rod like micelles and 

subsequent transition to wormlike micelle via charge screening is a well studied 

process. Formation of rod/wormlike micelle in the present system, consisting of CTAB 

and TYOE or TYDE, is understood from the observation of non-Newtonian nature of 

flow and subsequent SANS and TEM studies. The transition from spherical to rod like 

micelles by tuning the surface curvature via charge screening involves topological 

defects at the end-caps. Such end-cap region with different curvature compared to main 

cylindrical body incur an added energetic penalty. This thermodynamically unfavorable 

situation leads to long wormlike micelles instead of large number of small rods. 

Therefore, among the other factors, the contour length of WLM becomes a function of 

end-cap energy as well. A mean field theory of the growth process of WLM for either 

CTAB=100mM 

Temper

ature 

(K) 

TYDE 40 mM  TYDE 60 mM TYOE 40 mM 

Semi 

Major 

Axis (Å ) 

Semi 

Minor 

Axis (Å ) 

Semi 

Major 

Axis (Å ) 

Semi 

Minor 

Axis (Å ) 

Semi 

Major 

Axis (Å ) 

Semi 

Minor 

Axis (Å ) 

303 126.29 26.869 148.21 29.739 94.23 22.693 

313 108.51 25.421 143.17 26.92 79.127 21.784 

323 99.852 24.079 109.05 25.36 70.992 20.839 
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neutral or strongly screened system predicts the average contour length to be function 

of volume fraction ϕ, temperature and the end-cap energy EC with two hemispherical 

end-cap model as given in the following relation:58-60 

𝐿~𝜙
1

2exp[
𝐸𝐶

𝑘𝐵. 𝑇
⁄ ]                                                                                                             (12) 

where 𝑘𝐵 is the Boltzman constant. 

On the other hand, a molecular level self-consistent field analysis of very long 

cylindrical micelles supports the idea of swollen end-caps with respect to the cylindrical 

part.61 This dumbell shaped model is, however, energetically not favorable on two 

counts. First, in such a case, the diameter of the spheres of the dumbell shaped part be 

longer than twice the straight chain length of the surfactant molecule and second, the 

dumbell-shaped micelles contains energetically unfavorable negative curvature at the 

neck. Present discussion on the end-cap geometry of cylindrical micelles of CTAB is, 

therefore, confined to hemispherical end-caps with the possibility of perturbation on 

geometry due to the presence of TYOE/TYDE in the system (e.g. flat end caps). 

In addition to the 2D NMR results, as shown in section 3.5.2, some further observation 

is also worth mentioning here. The cross peaks viz., C1-C6+T7 and C2-C6+T7 are 

observed and they correlate the quaternary ammonium protons of CTAB with the 

terminal protons of both CTAB and TYOE. C2 interacts with T7 quite obviously 

because of the folded structure of TYOE but interaction of C2 with C6 of the same 

CTAB molecule is ruled out because complete folding of CTAB molecule would lead 

to instability of the rod as mentioned above. Moreover, cross peaks corresponding to 

correlation between C3, C4 and the terminal methyl protons of CTAB are observed 

(indicated by elliptical symbols in Figure 7). This further indicates that the cross peaks 

arise from interactions of the protons from the two sets of CTAB molecules, residing 

at different environments. First, the NMe protons of CTAB (C1) are located close to 

the aromatic protons, viz., T1, T2 of TYOE facilitating cation-π interaction to take 

place. This orientation results in the observed cross peaks between the NMe and C1 

protons with aromatic protons of TYOE. Second, from the CTAB protons residing at 

the end caps adjacent to the body of the rod-like micelles which exhibit the interaction 

between the C2, C3 protons of one CTAB molecule with the intermediate (C5) as well 
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as terminal protons of the other (C6) at the flat part of the cap (Figure 8 (interaction 

shown by elliptical symbol)) 

1D SCF (Self-consistent field; concentration gradient in one direction) study shows that 

the end-cap energy of very long wormlike micelles is nearly 2.8 kBT per cap, which is 

equivalent to ~1.67 kCal.mol-1.59 Interestingly, this energy is of the order of cation-π 

interaction (~1.13 kCal.mol-1) of the present system.  

Further, lowering of the curvature of the end-caps via embedding of TYOE/TYDE in 

the end-cap region, just like the body of the cylinder by hydrophobic force and cation-

π interaction, cannot be ruled out. Under this situation, the end-cap would suffer a 

perturbation on its geometry and a somewhat flat caps with positive curvature at the 

junction with the cylindrical body would result (Scheme 3) The CTAB and 

TYOE/TYDE molecules at the flat part of the cap would, therefore, direct toward the 

body in somewhat parallel orientation, whereas the alkyl chains of CTAB molecules of 

the junctions tend to converge towards the core of the micelles. The junctions with 

positive curvature do not accommodate TYOE/TYDE molecules and, therefore, no 

screening of CTAB head groups results. The molecular interactions which are present 

in the micelles and manifested in 2D NMR spectra are not only due to the molecules 

present in the cylindrical body but also for the molecules at the end-caps (shown by 

elliptical symbol in Scheme 3) 

 

Scheme 3. Cylindrical/Worm-like micelle with flat end-caps (unusual molecular   

Interactions are shown by elliptical symbol 

3.9. Characteristic study of rheological behavior of the CTAB-amino acid ester 

systems 

The formation of worm-like or elongated micelles in CTAB triggered by the tyrosine 

analogues highly interesting, more so, because the elongated aggregates impart 
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viscoelastic property to the biomimetic model membrane system thereby modifying its 

bulk property to a huge extent.  It was, therefore, tempting to study the bulk rheological 

property of the CTAB-aminoacid ester systems to explore its potentiality further. The 

concentration of CTAB (75 mM) and aminoacid esters (37 mM) i.e., at χTYOE/TYDE= 

0.33 was chosen as it is an intermediate between the compositions 100 mM CTAB-40 

mM aminoacid ester, where χTYOE/TYDE= 0.28 and CTAB (100 mM)- aminoacid ester 

(60 mM), where χTYOE/TYDE= 0.37. The shear viscosity profile of CTAB-TYOE and 

CTAB-TYDE systems studied as function of temperature, show that the systems exhibit 

Non-Newtonian behavior at different temperature ranges (Figure 10). The shear 

thinning at higher shear rates may be considered as another evidence regarding presence 

of worm-like micelles within the system.62 

 

Figure 10. Shear viscosity profiles of (a) CTAB (75 mM)-TYOE (37 mM) system and (b) 

CTAB (75 mM)-TYDE (37 mM) system as function of temperature. 

While in the case of CTAB-TYOE, the linear viscoelastic regime appeared between 

temperatures 70C and 150C (Figure 10 (a)), in the case of CTAB-TYDE system, the 

temperature range was as high as 350C-550C (Figure 10 (b)). This difference in the non-

Newtonian behavior could not be explained in straightforward manner and requires 

more attention, which may be undertaken in a separate study. The response of the 

viscoelastic moduli of these model systems were examined as function of angular 

frequency within the observed respective viscoelastic range (Figure 11). It is evident 

that at shorter time scale, or high ω, elastic behavior is displayed by the samples, with 

storage or elastic modulus, Ǵ, dominating over the viscous or the loss modulus, Gʺ 

(Figure 10 (a), (b)). At longer time scale, or lower ω, an opposite trend is observed, i.e., 

Gʺ> Ǵ. The dominant relaxation time,𝜏𝑅, for these CTAB-aminoacid ester systems is 
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estimated as 
1

𝜔𝐶
 , where 𝜔𝐶 denotes the cross-over angular frequency, where Ǵ = Gʺ. 

The observation demonstrates that the CTAB-aminoacid mixed systems behave as 

“living polymers” which exist in dynamic equilibrium where the micelles undergo 

constant breakage and recombination to form a transient network.63 The viscoelastic 

response of the CTAB-TYOE and CTAB-TYDE systems is in good agreement with 

Maxwell’s mechanical model which may be used in describing the dynamic rheological 

property of the present systems.32,64 

 

Figure 11. Representative plot of frequency sweep curves of (a) CTAB (75 mM)-TYOE 

(37 mM) at 8.50C, (b) CTAB (75 mM)-TYDE (37 mM) at 43.00C. 

According to this model, the Ǵ and Gʺ are given as- 

𝐺ˊ(𝜔) = 𝐺0𝜔
2𝜏𝑅

2 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                                                                 (12) 

𝐺˝(𝜔) = 𝐺0𝜔𝜏𝑅 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                   (13) 

where G0 is the storage modulus at high frequency.  

The oscillatory flow spectra are fitted to the theoretical curve obtained from Maxwell 

model (solid line in Figure 11 (a), (b)). At lower ω, the systems exhibit well-defined 

Maxell behavior, however at higher ω, much deviation is apparent. This deviation is 

caused by presence of faster modes of stress relaxation, like “Rouse or breathing 

modes”.55,56,48,62 From the lower values of 𝜔𝐶, for CTAB-TYDE systems compared to 

that in CTAB-TYOE (Figure S2 of Appendix C), it may be said that the former system 

adopts slower reptation mode of relaxation. Slower relaxation modes may also be 

associated with linearity of the worm-like micelles. From the lower values of 𝜔𝐶, for 

CTAB-TYDE systems compared to that in CTAB-TYOE (Figure S2 of Appendix C), 
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it may be said that the former system adopts slower reptation mode of relaxation. 

Slower relaxation modes may also be associated with linearity of the worm-like 

micelles.65 

4. Conclusion 

Synergistic improvement of the interfacial properties of the aqueous mixtures of CTAB 

with L-Tyrosineoctyl ester or L-Tyrosinedodecyl ester stems from cation-π interaction 

between quaternary ammonium head group of CTAB and π-electron cloud of aromatic 

aminoacid, in addition to usual non-covalent forces present in the system. The 

hydrophobic and hydrophilic blocks present in the molecular architecture of tyrosine 

analogues lead to highly folded geometry, which makes headway for unusual flipping 

of the molecule in the event of slight perturbation on the delicate balance of prevailing 

driving forces resulting in contrasting effects pertaining to hydrophobicity and 

micropolarity. Micellar morphology transition from cylindrical to rod/wormlike 

micelles via charge screening of the headgroups by π-electrons of aromatic aminoacid 

is indeed interesting in view of the abundance of zwitterionic phosphatidylcholine in 

bio-membranes and the ubiquitous feature of transmembrane proteins to localize 

tyrosine and tryptophan at the interface. Since the interplay between lipids and proteins 

is the key to how cells control membrane shape during many vital events including 

cellular fission, fusion and virus entry, the observed tuning of micellar surface curvature 

by tyrosine analogues is thought provoking and opens up avenue for new physical 

chemistry research on a vital biological phenomena. The end-cap geometry of the 

cylindrical/wormlike micelles formed via charge screening of the cationic micelles is 

discussed and found to be flat-cap in shape for the first time. 

References are provided in BIBLIOGRAPHY under “References for Chapter VI” 

(Page 184-189). 
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Chapter VII 

Interaction of a tryptophan analogue with quaternary 

ammonium head group at micelle/water interface and its 

influence on aggregation characteristics of cationic micelles 

1. Introduction 

The integral membrane proteins show a surprising preference for the aromatic amino 

acids tyrosine (Tyr) and tryptophan (Trp) residues in their transmembrane domains 

especially in region where lipid density is highest.  Statistical analyses of distribution 

patterns of the amino acids show that all major classes of the membrane proteins i.e., 

the single as well as multi-span, α-helix bundle as well as the β-barrel type, are found 

to have pronounced enrichment of Tyr and Trp (and not phenylalanine) at their 

transmembrane domains.1-3 Especially, the Trp residues show remarkable involvement 

in the ion channel activity of the peptide gramicidin and in the control of its structure 

and function.4-7 Moreover, Trp also show site preference at the agonist site of the 

nicotinic Acetylcholine receptors (nAChR) which are responsible for transmission of 

electric signals from one neuron to another through nerve synapse.8 As many as six to 

eight aromatic residues and all of the Trp and Tyr residues are known to accumulate at 

the agonist bonding site of nAChR and mediate binding to the cationic agonist 

Acetylcholine via cation-π interaction.8 The importance of Trp in maintenance of the 

structure and functionality of membrane proteins is exemplified by the fact that removal 

of this residue results in degeneration or complete loss of the protein functionality in 

some cases.9 Although Trp is the principal source of intrinsic fluorescence of most of 

the proteins, optical spectroscopic study on multitryptophan proteins is often 

complicated due to the complex nature of the fluorescence process and also due to the 

heterogeneity in parameters like quantum yield, arising from the different 

environmental sensitivity of the individual Trp residues. Tryptophan octyl ester 

(TROE) has been acknowledged as an important model for this purpose. Studies on of 

TROE incorporated into model membranes and membrane-mimetic systems are 

available in literature and have shown to be similar to that of membrane-bound 

tryptophans.10-13 However, such investigations are restricted to study the of 

fluorescence characteristics only. It has been reported in chapter V that the TROE 
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molecules undergo solvent induced molecular folding, just like its tyrosine counterpart 

and reveal unusual aggregation characteristics and surface active nature in aqueous 

medium retaining the folded geometry in self-assembled nanostructure.14 TROE 

molecules form bilayers and large unilamellar vesicles (LUV) in aqueous medium, 

which is rather unique for a short chain single tailed amphiphilic molecule.14 Due to its 

strong surface active behavior and amphiphilic nature, the long chain ester may behave 

as the bioactive surfactants as well. 5 

In connection with development of models related to biomembranes, it is essential to 

use simple systems, which can mimic the important and essential physico-chemical 

features of the membrane architecture, and simultaneously, devoid of much of the 

complexities of natural membranes. Surfactant micelles serve as valuable substitutes 

for membranes for the study of solubilized membrane proteins and amphiphilic or 

hydrophobic peptides.15,16 In this regard, the micelles of cetyltrimethylammonium 

bromide (CTAB) is of significant relevance due to the similarity of its molecular 

structure with phosphatidylcholine,17 which is the most abundant phospholipid present 

in plant and animal membranes. Furthermore, biological membranes exhibit various 

function-related shapes, and the mechanism by which these shapes are created is largely 

unclear. It is generally believed that the changes of membrane topology is produced as 

a result of a complex interplay between membrane proteins, lipids and certain physical 

forces. Therefore, it is also tempting to explore whether the aromatic amino acid 

residues of transmembrane proteins can have any role to play in controlling shape 

transition of the membranes. In this connection, the study of interaction between the 

CTAB micelles and TROE seem highly interesting in relation to fundamental 

understanding of the complex interactions involved at the membrane interface. In this 

chapter, tensiometric and spectroscopic techniques, Density functional theory (DFT) 

and high resolution transmission electronic microscopic (HRTEM) imaging have been 

employed to study the interaction of CTAB micelles with TROE. 

It may be emphasized here that in this work the ability and efficiency of aromatic 

aminoacid ester (viz., TROE) to tune micellar surface curvature has been probed via 

the ease of micellar shape transition from spherical to cylindrical micelles, triggered by 

the aminoacid ester. Due to thermodynamic requirement, the cylindrical or rod like 

micelles once formed, grow very long and impart strong viscoelasticity in the solution 
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which often display unusual rheology. It is also interesting to note that solution 

containing spherical micelles or small rods around normal cmc show Newtonian flow 

characteristics whereas wormlike micelles at relatively higher concentration often 

shows non-Newtonian property. Therefore, the whole study of the present chapter is 

divided into two parts, viz., (i) Newtonian flow regime and (ii) non-Newtonian flow 

regime.  

2. Materials and Methods  

2.1. Materials 

L-Tryptophanoctyl ester (TROE) were synthesized in our laboratory according to 

previous scheme.5 CTAB was purchased from Fluka (Switzerland). D2O for NMR 

study was purchased from Aldrich, USA (Purity >99.9%). Purity of the chemicals were 

greater than 99.5% and were used as received. All experiments were done with de-

ionised and doubly distilled water with pH 6.5-7 and specific conductance below 

2μS.cm-1. 

2.2. Methods 

2.2.1. Tensiometry. Tensiometric measurements were performed on Krȕss K9 

Tensiometer (Germany), based on Du-Nόuy ring detachment method, fitted with 

Omniiset temperature bath with precision ± 0.10C. Before each measurement, the 

platinum ring was thoroughly cleaned with 1:1 acetone-water solution and heated under 

oxidizing flame until glowing temperature was attained. After every addition, the 

experimental solution was stirred for 5 minutes for homogeneity and equilibrated for 

10 minutes. For each measurement, three to five subsequent readings were taken for 

concordance. Standard deviation was < 0.1 mN.m-1.           

2.2.2. pH measurements. The pH of the solutions were measured using Systronics 

digital pH meter (Model: 335, India), calibrated with standard buffers of pH 4.0 and 

9.2. Solutions were equilibrated for 5 min after addition of acid/alkali till a steady pH 

meter reading was observed.  

2.2.3. Fluorescence spectroscopy. Steady state fluorescence emission study was 

carried out in bench top spectrofluorimeter from Photon Technologies International 

(Quantamaster-40, USA) with excitation and emission slit widths fixed at 3.0 nm and 
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2.5 nm respectively. Samples were taken in Hellma quartz cuvette of optical length 1.0 

cm.  

2.2.4. Nuclear Magnetic Resonance Spectroscopy (NMR). 1H-NMR experiments 

were performed in Bruker (Germany) ADVANCE spectrometer operating at 300 MHz 

frequency (for characterization) and at 600.13 MHz for 2D Rotating frame nuclear 

overhauser spectroscopy (ROESY) study. Signals are quoted as δ values in ppm using 

residual protonated solvent signals as internal standard (D2O: δ 4.79 ppm). Respective 

solutions were made in D2O and 0.6 mL of the same was used for each measurement. 

Data are reported as chemical shift. 2D ROESY spectra was studied using Brucker 

standard software acquisition program roesytp in phase-sensitive mode using 5 mm 

BBO probe. An acquisition time of 0.12 sec and relaxation delay of 2 sec was used 

between the scans. A total number of 2048 complex point were collected.  

2.2.5. High Resolution Transmission Electron Microscopy (HRTEM).  HRTEM 

images were obtained with Jeol JEM 2100 microscope (Japan) operating at accelerating 

voltage of 200 KV. All images were taken at suitable defocus condition to obtain 

maximum contrast. A drop of sample solution was added to 200 mesh copper lacey 

support grid coated with carbon film. Excess sample was manually blotted carefully 

with Whatman 42 filter paper for 2 s. The grid was dried at 600C for 1 hr before 

experimentation. 

2.2.6. Rheology. The rheological experiments were done using cone-plate geometry 

with 40 truncation angle, with diameter 25 mm and 0.105 mm sample gap in MCR 302 

(Anton Paar, Germany) equipped with Peltier temperature control system. The samples 

were initially stirred at 600C for three hours for homogenization and equilibrated for 72 

hrs. During measurement, samples were equilibrated for 10 mins at each temperature.9 

3. Results and Discussion  

Newtonian flow regime 

3.1. Modification of interfacial and bulk properties of CTAB in aqueous medium 

as triggered by TROE 

Figure 1 shows the variation of surface tension, γ, as function of various mole fractions 

of TROE. The surface tension, γ, decreases with increase in the concentration of CTAB-

TYOE mixture before reaching a critical aggregation concentration, after which a 
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nearly constant value is obtained. On further increasing the concentration of TYOE, i.e. 

at χTROE 0.6, the mixture became cloudy and formed a suspension of TYOE in CTAB. 

Therefore, the study was restricted to χTROE 0.5 composition. The equilibrium surface 

tension of the mixed systems are 8-10 mN.s-1 lower than that of CTAB (Figure 1). This 

suggests that the surface-activity of CTAB is enhanced in presence of TROE. The CMC 

(critical micelle concentration) of CTAB viz., 0.89 mM20 decreases gradually with 

increasing mole fraction of TROE and becomes 0.14 mM at χTROE 0.5. This indicates 

that, with the increase in TROE concentration, the electrostatic repulsion between the 

quaternary ammonium heads of CTAB molecules is greatly reduced which results in 

strong synergism lowering the cmc values via electrostatic stabilization of the micelles’ 

polar shell.11 

 

Figure 1. Surface tension as a function of total concentration of CTAB-TROE mixed 

system at different composition at 303 K 

The surface excess concentration (Γmax
total) for the CTAB-TROE systems at the 

air/water interface was calculated using Gibbs’ equation12 (Theoretical details are 

provided under Section 1.1 under Appendix D)- 

𝛤𝑚𝑎𝑥
𝑡𝑜𝑡 =

1

2.303𝑅𝑇
𝑙𝑖𝑚𝐶→𝑐𝑚𝑐[

𝑑𝛱

𝑑𝑙𝑜𝑔𝐶
]                                                                                            (1) 

where, Π is the surface pressure, [Π = γ0 − γ;γ0isthe surface tension of water, γ  

denotes the surface tension of surfactant solution], C is the total surfactant 

concentration, T and R are the absolute temperature and universal gas constant (8.314 

J.mol-1. K-1) respectively. 

Table 1 presents the surface parameters of CTAB-TROE mixtures at different 

compositions. The Πcmc, which is a measure of efficiency of surface tension reduction,13 
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increases from 32.40 mN.m-1 for pure CTAB to  41.22 mN.m-1 at χTROE = 0.2 followed 

by a small decrease to 40.82 at χTROE = 0.3 , above which it becomes constant. The 

increase in surface pressure denotes improved efficiency of the mixed system in 

reducing the interfacial tension. The trend indicates that beyond αTROE of 0.3, addition 

of TROE causes no further improvement in surface activity of the system. The 

maximum surface excess (Γmax
tot) which denotes the number of surface active molecules 

present at the air-water interface in excess of the bulk, shows an initial decrease from 

6.6 x 10-6 mol.m-2 in pure CTAB to 4.2 x 10-6 mol.m-2 at χTROE of 0.2 suggesting that a 

smaller number of molecules now populate the surface. The abrupt rise in Γmax
tot to 6.4 

x 10-6 mol.m-2 χTROE of 0.3 indicates the possibility of conformational changes of the 

molecules at this composition. This is corroborated by the trend in the A min
tot values as 

well. A min
tot is the minimum surface area occupied by a molecule at the interface. A 

min
tot increase in presence of TROE (0.395 nm2.molecule-1 at χTROE 0.2) compared to 

pure CTAB (0.249 nm2.molecule-1) and shows a sudden decrease at χTROE of 0.3 (0.258 

nm2.molecule-1). The observation suggests that the molecules are arranged in more 

oblique manner at χTROE < 0.3.5,11 At χTROE of 0.3, the molecular packing density 

changes; decrease in average surface area of the molecules together with increase in 

surface excess suggests a more perpendicular arrangement of molecules at the air-

solution surface at this composition and above. The interaction parameter, β,  which 

explains the interaction between the head groups of surfactants were calculated on basis 

of Rubingh’s regular solution theory (RST)18 and presented in Table 1. 

Table 1. Interfacial parameters of CTAB-TROE system at different mole fraction of 

TROE in aqueous medium at 303 K 

αTROE 

CMC 

(mM) 

ΠCMC  

(mN.m-1) 

106Γ max
tot 

(mol.m-2) 

A min
tot 

(nm2.mol

ecule-1) 

β f1 f1 

0 0.78 32.40 6.649 0.249 - - - 

0.1 0.47 39.42 4.814 0.344 -2.27 0.261 0.395 

0.2 0.30 41.22 4.205 0.395 -3.25 0.099 0.338 

0.3 0.26 40.82 6.412 0.258 -3.34 0.078 0.450 

0.4 0.19 40.72 5.910 0.281 -4.36 0.031 0.399 

0.5 0.14 40.9 4.993 0.332 -5.21 0.014 0.384 
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The negative nature of interaction parameter, further confirms the attractive nature of 

the interaction to exist between CTAB and TROE molecules. Activity coefficient 

values (f1 and f2) are, less than unity, implying non-ideal mixing behavior of the 

components. 

3.2. Steady state fluorescence emission study 

Depending on pH, TROE may exist in protonated or unprotonated form. The pKa of the 

amino functionality of TROE in water is ~9.7.19 Therefore, it may be assumed that 

under experimental conditions, (pH 7.2-7.5) the emission arises solely from the neutral 

form. The effect of CTAB on the steady state emission spectra of 0.2 mM TROE in 

aqueous medium at 250C is shown in Figure 2. TROE was excited at λexc =278 nm 

which is also the λmax of UV absorption spectra (Figure S1 of Appendix D). In absence 

of CTAB, the maximum emission occurred at 350 nm. The intensity at λem decreased 

gradually upon addition of CTAB up to a concentration of 0.39 mM without any change 

in λem. Above 0.39 mM, there is a steady rise in intensity where the λem shifted to 342 

nm in 1.68 mM CTAB showing a prominent blue shift of 8 nm. The fluorescence 

activity of TROE is caused by the indole moiety which is highly sensitive to the polarity 

of its micro-environment.20 Above blue shift in emission maxima indicates an increase 

in non-polar nature of the site of localization of tryptophan moiety of TROE with 

increasing CTAB concentration.4 This is consistent with the transfer of indole of TROE 

from polar bulk aqueous phase to a less polar micellar phase. The intensification in 

fluorescence emission begins at concentration 0.49 mM which is much lower than the 

cmc of CTAB in water (cmcCTAB =0.89 mM in water.15 This suggests that binding of 

TROE with the CTAB molecules begins at considerably low concentrations of CTAB 

and that the aggregation of CTAB is much favored in presence of TROE. This is 

corroborated by conductivity and tensiometric studies as discussed previously (Section 

3.1). The initial decrease in emission intensity might have occurred due to the binding 

of TROE units with the CTAB monomers in the premicellar regime.  
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Figure 2 (a) Fluorescence emission spectra of 0.2 mM TROE as function of CTAB 

concentration up to 0.39 mM (b) Fluorescence emission spectra of 0.2 mM TROE as 

function of CTAB concentration >0.49, at 298 K. 

3.3. Molecular interactions (non-Newtonian flow regime) 

3.3.1. 1H NMR Study  

NMR spectroscopy is a non-invasive tool to study the microenvironment of a system.16 

The characteristics of self-assembled aggregates viz., shape, size, degree of ionization 

etc., have been successfully studied using NMR spectroscopic technique.7,21 As the 1H 

signals from surfactants, in general, are sensitive to the polarity of the solutions, any 

microstructural changes in CTAB induced by the TROE molecule would be reflected 

in the respective 1H NMR spectra of the CTAB molecule. Therefore, the nature of the 

interaction of CTAB and TROE have been studied by 1H NMR spectroscopy. Current 

literature concerning the formation and characterization of wormlike micelles being 

quite large compared to molecular level chemistries, we have emphasized on the 

molecular interaction among the components of the complex fluids as well. The NMR 

spectroscopic study, therefore, involves a system containing 14 mM CTAB and 6 mM 

TROE where viscoelasticity is visibly apparent. The 1D 1H NMR spectra of 14 mM 

CTAB and 6 mM TROE in D2O is shown in Figure 1. The molecular structure and 

proton numbering of CTAB and TROE are given in the inset (Scheme 1). 

The 1H NMR spectra of CTAB is known and available in literature.22 The methyl 

protons of CTAB head group resonates at 3.2 ppm, the γ, β and α protons appear at 

1.43, 1.83 and 3.43 ppm in D2O respectively. The alkyl chain protons appear as an 

intense peak at 1.35 ppm and the terminal protons correspond to a singlet, resonating 

furthest upfield at 0.93 ppm.22 Addition of TROE induces several changes in the 
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protonic environment of CTAB (Figure 3 (a)). The methyl protons of the quaternary 

ammonium head group (C1) now resonates significantly upfield at 2.94 ppm. The β 

protons (C2) also experience a prominent shielding effect and resonate upfield at 3.07 

ppm. The signal for γ protons appear at 1.43 ppm indicating that these protons are 

unaffected by the presence  

 

Figure 3 (a)  1H NMR spectra of mixture of 14 mM CTAB and 6 mM TROE in D2O at 298 

K. 

 

of TROE in the system. Two intense signals corresponding to resonances of aliphatic 

protons of both TROE and CTAB, are observed at 1.10 and 1.25 ppm respectively. As 

the intensity of signal at 1.25 ppm is much higher than that at 1.10 ppm, it may be 

argued that 1.25 ppm corresponds to the hydrocarbon chain of CTAB (since it contains 

greater number of protons viz. 24 aliphatic protons for CTAB compared to 10 protons 

for TROE) while that at 1.10 ppm belongs to TROE respectively i.e. slight shielding 

effect of the aliphatic chain is evident. Precise assignment of the terminal proton 

resonances cannot be done since the corresponding signal from both CTAB and TROE 

appear as merged and overlapped peak at 0.88 ppm. The large chemical shift values of 

the head group and adjacent protons indicates strong interaction with the TROE moiety. 

The upfield nature of the shifts show that the surfactant molecule is in relatively non-

polar environment in presence of TROE. Significant perturbation is experienced by 

protons in the following order: α proton, Δδ 0.36 ppm (Δδ = δCTAB-δMIX); β protons, Δδ 

0.30 ppm; head group protons, Δδ 0.26 ppm; alkyl protons: Δδ 0.10 ppm and terminal 

protons: Δδ 0.05 ppm. This shows that the protons in close proximity with the surfactant 

head group are more strongly influenced by TROE compared to that of hydrocarbon 

chain or the terminal protons. In previous studies, the location of aromatic additive, 
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viz., phenol, within the CTAB micelles was identified by 1H NMR technique.23,24 The 

ring induced upfield shift in 1H NMR peaks of quaternary ammonium protons of 10 

mM CTAB in presence of 5 mM phenol, was taken as evidence in favor of intercalation 

of aromatic moiety at the outer micellar surface.23 In the present study similar shielding 

effect on the CTAB protons have been observed. The shielding effects is extended to 

the adjacent methylene protons (C2 and C3) as well. It is, therefore, suggested that the 

phenolic moiety of TROE intercalates between the CTAB molecules at the micellar 

interface and penetrates deep within the palisade layer, due to which the α  (C2) and β 

(C3) protons experience a significant upfield perturbation. This disrupts the hydration 

of quaternary ammonium head group creating relatively more non-polar environment 

for the head group and the methylene groups, and is reflected in the upfield chemical 

shift.22 The insertion of octyl chain of TROE increases the hydrophobicity of the 

micellar core which is further evident in the small but significant upfield resonance 

signals for the chain protons and terminal methyl protons of CTAB. The hydrophobic 

association between the hydrocarbon chains of both micelles and the TROE along with 

the interaction of the aromatic ring with the cationic head group of CTAB are the major 

driving forces which stabilize the system and eventually decreases the surface curvature 

of CTAB micelles via screening of head group charges and leads to the formation of 

wormlike micelles. 

3.3.2. 2D ROESY 

In order to understand the internuclei distances and the molecular conformation of 

CTAB and TROE in the CTAB-TROE mixture, two dimensional (2D) rotating frame 

nuclear overhauser effect spectroscopy (ROESY) was carried out. The key cross-peaks 

in ROESY experiment reflect the extent of magnetization transfer between the nuclei 

and proximity of the associated proton pairs. ROESY spectra provide vital information 

regarding the spatial orientation and conformation of the molecule in the system.5,16  

Figure 3 (b) shows the 2D ROESY spectrum of 14mM CTAB in presence of 6mM 

TROE in D2O. 
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Figure 3 (b) 2D ROESY spectrum of mixture of 14 mM CTAB and 6 mM TROE in D2O 

at 298 K.  

The presence of ROESY cross-peaks indicates that the interacting proton pairs reside 

within a proximity of 5 Å.11 Several cross-peaks are observed indicating intra- and 

inter-molecular interactions between the CTAB and the TROE.  Intense cross-peaks 

W3:C1, W4:C1 and W6:C1 signify substantial interaction of the NMe group of CTAB 

with the aromatic part of TROE. Further, it suggests that the aromatic part of TROE 

reside very close to the CTAB head group i.e. at the micellar interface. No cross-peaks 

linking the aromatic part to the further methylene protons viz. C3 or C4 have been 

observed. This further emphasized that indeed the aromatic π-system of TROE is in 

close proximity of the head group only and does not extend further down the palisade 

layer. Moreover, the cross-peak W3:C2 shows interaction of the α protons (C2) of 

CTAB with aromatic part proton W3 while no signal connecting C2 with any of the 

protons on benzene ring of TROE is observed. This implies that the TROE is 

intercalated through the micellar interface with the five membered ring oriented 

downward and the six membered ring towards the interface. Proximity of hydrocarbon 

chains of CTAB and terminal methyl group of TROE is evident from the cross-peak 

C5-C16:W15/C17. Another significant cross-peak viz., W8:C5-C16, is obtained and 

suggests the proximity of W8 (first methylene proton of the hydrocarbon chain) of 

TROE with the aliphatic chain of CTAB. This provides considerable evidence that the 
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TROE molecule is flanked between the CTAB molecules as the protons from both the 

hydrocarbon chains interact strongly with each other, while the cationic head group of 

the surfactant interact with the aromatic head of TROE. However, the presence of the 

key cross-peaks W3:C17/W15, W5:C17/W15, W6:C17/W15 is rather interesting. 

These signify that the aromatic protons W3, W5 and W6 interact with the terminal 

protons C17/W15 as well. W3 and W6 protons of TROE also interact with the aliphatic 

carbon chain of CTAB i.e. C5-C16 as indicated by the corresponding cross-peak viz. 

W3:C5-C16 and W6:C5-C16. The presence of these cross-peaks indicate that CTAB 

and TROE exist in more than one conformation. Such interaction between the aromatic 

protons of TROE and terminal/aliphatic protons is possible if the aliphatic methylene 

groups of CTAB come in close proximity (>5Å) with the aromatic part of TROE.  

The rheological behavior of the CTAB-TROE mixture at same composition but at 

higher concentration (140:60 mM) showed the presence of well-defined worm-like 

micelles in the system. It is likely that even at lower concentration i.e. 14:6 mM 

(CTAB:TROE); the system consists of rod-like micelles although the micellar density 

may be much less. The shielding of electrostatic charge of the quaternary ammonium 

head groups of CTAB caused by the flanked TROE moiety drives the surfactant head 

groups to come closer reducing the surface curvature as already mentioned in section 

3.1.11,25 Thus parallel orientation of the two moieties constitute the “cylindrical body” 

of the rod/worm-like micelles. The end-caps, however, have different geometry 

(detailed in chapter VI). The key cross peaks indicating the interaction between the 

CTAB head group protons and the terminal alkyl protons suggest that the long 

hydrocarbon chain of CTAB might remain in the vicinity of the quaternary ammonium 

head group. Therefore, it is obvious that the above interactions have been originated 

from the CTAB and TROE molecules from some other environment rather than 

cylindrical body of the micelles. The geometry of the end-caps of rod/wormlike 

micelles for CTAB-TYOE and CTAB-TYDE is shown to be flat end-caps and not 

hemispherical due to the presence of considerable cation-π interaction in the cap regions 

(Chapter VI). Similar end-cap geometry for the present system indeed explain the 

observed ROESY results. This further suggests that under the present concentration 

condition of CTAB and TROE, the rod or cylindrical micelles are not very long and the 

number density of these micelles and the end-caps are quite high. The ROESY cross-



 

148 

 

peaks corresponding to these interactions are quite intense suggesting that considerably 

large fraction of molecules remain in this orientation.  

Non-Newtonian flow regime 

3.5. Rheological behavior of the wormlike micelles 

The dilute solutions of CTAB-TROE, showed an increase in viscosity with TROE 

concentration and the viscosity was maximum at χTROE 0.3.  At this concentration, i.e. 

CTAB (14 mM)-TROE (6 mM), the solution showed recoiling of entrapped air bubbles. 

Upon increasing the concentration ten times, i.e. at 140 mM CTAB and 60 mM TROE, 

the solution became viscous enough to support its own weight when the vial was held 

upside down. This motivated us to study its dynamic rheological behavior which is a 

very sensitive nanostructure probe in complex fluids. Figure 4 shows the dynamic stress 

sweep to determine the linear viscoelastic regime of the CTAB-TROE gels at two 

different temperatures.  

 

Figure 4. Dynamic shear stress sweep of CTAB-TROE mixed system at 𝛘𝐓𝐑𝐎𝐄 0.3 and total 

concentration of 200 mM at (a) 300C and (b) 450C.   

Both elastic (G´) and loss modulus (G˝) are independent of the applied stress upto 10 

Pa. This shows that the system has viscoelastic nature.11 The storage modulus is greater 

than the loss modulus at both temperatures and this shows that the system is 

predominantly elastic within the Newtonian flow regime. At increased temperature of 

450C, the drop of elastic modulus, G´, from ~ 45 Pa to ~ 20 Pa at 300C and increase in 

viscous modulus G˝, from ~ 0.7 Pa to ~1 Pa at 300C show that the temperature has 

profound effect on the micro-structural arrangement of the molecules. The plots G´ and 
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Gʺ as a function of shear frequency for the CTAB (140 mM)-TROE (60 mM) mixture 

at different temperature are shown in Figure 5.  

 

Figure 5. Variation of storage modulus. G´ and viscous modulus, Gʺ with angular 

frequency, ω of CTAB-TROE mixed system at αTROE 0.3 and total concentration 200 mM 

at (A) 300C, (B) 350C, (C) 400C, (D) 450C. Inset display corresponding Cole-Cole plot (G´ 

vs Gʺ) of the systems. 

At a lower frequency regime, both the elastic modulus G´ and the viscous modulus Gʺ 

increased with increasing frequency; Gʺ was slightly greater than G´ and overlapped at 

the frequency (ωc) for 350C, 400C and 450C. ωc for 300C was not observed within the 

inspected range. However, at higher frequency, G´ was greater than Gʺ indicating 

predominance of the elastic response, whereas Gʺ slightly decreased initially and then 

increased. Similar rheological behavior have been observed in samples reported 

earlier.26 This phenomenon is in good agreement with Maxwell’s mechanical model27 

which can be used to describe the dynamic rheological behavior of a viscoelastic 

micellar solution. According to this model, the parameters are related as per following 

equations: 

𝐺ˊ(𝜔) = 𝐺0𝜔
2𝜏𝑅

2 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                                                                       (1) 
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𝐺˝(𝜔) = 𝐺0𝜔𝜏𝑅 (1 + 𝜔2𝜏𝑅
2 )⁄                                                                                                                                                         (2) 

𝜏𝑅 =
1
𝜔𝑐
⁄                                                                                                                                                                                                          (3) 

𝐺0
= 2Gc                                                                                                                                                             (4) 

where τR is the relaxation time with a value of 1 𝜔𝑐
⁄ . At a certain temperature, G0, or 

the plateau modulus, (the constant value of G´ at higher frequencies) is a measure of 

the degree of entanglement, whereas the relaxation time, 𝜏𝑅
 gives information regarding 

the average micellar length.   

G´ dominates Gʺ over a wide range of frequencies (above ω 0. 3 rad s-1). As can be seen 

from Figure 5, with increase in temperature, the relaxation time decreases following an 

exponential trend in decay i.e. from 3.65 s at 350C to 0.23 s at 450C. This further shows 

that relaxation of stress, which mainly occur by reptation and breakage in viscoelastic 

solutions,27 is dependent on temperature. The semicircular shape of the Cole–Cole plots 

(plots of Gʺ as a function of G´) corresponding to the oscillatory measurements shows 

how well the rheological data fit with the Maxwell model, which is expressed by 

Equation (5)- 

𝐺ʺ2 + (𝐺´ −
𝐺0

2
)
2

= (
𝐺0

2
)
2

                                                                                                       (5)  

As shown in Figure 5 (insets), the Cole-Cole plots are in good agreement with the 

semicircular behavior at low frequencies and this proves the presence of wormlike 

micelles. Gʺ deviate at high frequencies indicating that the worm-like micelles are in 

dynamic equilibrium and the process of breaking and recombination of the micellar 

chains takes place rapidly while the system relaxes faster via Rouse or breathing 

modes.28 Figure 6 show the steady rheological measurements in aqueous CTAB (140 

mM)-TROE (60 mM) mixture solution, demonstrating the variation of steady shear 

viscosity (η) as a function of shear rate at different temperatures.  
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Figure 6. Variation of shear viscosity, η, of the CTAB-TROE mixed system at 𝛘𝐓𝐑𝐎𝐄 0.3 

and total concentration 200 of mM with temperature. 

The system exhibits shear-thinning behavior with a Newtonian plateau which varies 

from about 1000 Pa.s at 250C to 4 Pa.s at 450C at lower shear rates; while at higher 

shear rates, a notable decrease in viscosity is observed. This is caused by the alignment 

of the wormlike chains under the direction of flow.29 The critical shear rate (γ̇) (the 

shear rate at which shear thinning starts) increases by 2 orders of magnitude when 

temperature is raised from 250C to 450C. From the inset of Figure 6, it can be seen that 

the viscosity of the system decreases exponentially with increase in temperature. The 

exponential decay of both viscosity and the relaxation time, is in accordance with 

Arrhenius equation for Maxwell fluids:25 

𝜏𝑅 = 𝐴. exp(
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                               (6) 

𝜂0 = 𝐺0𝐴. exp(
𝐸𝐴

𝑅. 𝑇⁄ )                                                                                                           (7) 

where A is the pre-exponential factor and is a constant, R is the universal gas constant 

taken as  8.314 J.mol-1. K-1 and T is the temperature. From the slope of the plot of log 𝜏𝑅 

vs 1/T, (Figure 7) the flow activation energy was found out to be 91.47 kJ.mol-1. The 

plot of  log 𝜂0vs 1/T have identical slope which further confirms the Maxwellian nature 

of worm-like micelles.  
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Figure 7. Plot of 𝐥𝐨𝐠 𝝉𝑹 vs 1/T and 𝐥𝐨𝐠 𝜼𝟎vs 1/T (Arrheius’ Semilog plots) of CTAB (140 

mM)-TROE (60 mM) solution. 

3.6. HRTEM and DFT study 

For better understanding and quantitative estimation of energy involved in the cation-π 

interaction in the present system, DFT calculations using the hybrid functional 

UB3LYP and basis set 6-31G were performed in Gaussian 09 package30 with CTA+-

TROE molecules in absence of solvent. The associated binding energy was found to be 

-48.14 kJ.mol-1 (or -11.10 kcal.mol-1). This is consistent with the order of magnitude of 

binding energy observed between the ammonium head group and aromatic systems viz., 

benzene, acetylcholine etc.31,32 under similar conditions. It is further confirmed that the 

observed binding energy is due to strong cation- π interaction between the moieties. 

This observation in the present system, therefore, suggests that the synergistic nature of 

the interaction between CTA+ and TROE is primarily driven by the strong cation- π 

interaction between the aromatic π electron cloud of tryptophan moiety and the 

positively charged ammonium head group of CTAB. The electrostatic surface 

potentials at 0.001 e.Bohr-3 isodensity surface have been calculated and presented in 

Figure 8.  
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Figure 8. B3LYP/6-31G electrostatic surface potentials, in Hartrees, at 0.001 e. Bohr-3 

isodensity surface of TROE, CTA+ and CTA+- TROE system. 

A large difference in electrostatic surface potentials at the head group of individual 

TROE and CTA+ moiety is evident which gives rise to the observed strong cation-π 

interaction between the same.  

 

Figure 9. HRTEM micrographs of 10 mM CTAB and 6 mM TROE at different fields of 

view at 298 K.  

The aggregates of CTAB-TROE system are visualized using HRTEM. The TEM 

micrographs distinctively show the presence of both linear (Figure 9 (a)) as well as 

highly entangled (Figure 9 (b)) worm like micelles in the system. This also gives direct 

evidence of the efficient transition of spherical aggregates of CTAB to wormlike 

cylindrical micelles, triggered by the aminoacid ester.   

4. Conclusion 

Study of interfacial property reveals that surface activity of CTAB is highly enhanced 

in presence of TROE. Calculation of interaction parameter provide support in favor of 

non-ideal mixing of the CTAB and TROE molecules, yielding negative magnitude of 

β, which  shows that this interaction is attractive and synergistic in nature. Fluorescent 

behavior of TROE reveals progressive binding of TROE molecules to CTAB. NMR 
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spectroscopy provided considerable evidence of strong cation-π interaction to take 

place between the quaternary ammonium head groups of CTAB and the electron rich π 

conjugated indole face of TROE. The CTAB-TROE system showed marked change in 

their physical property at increased concentration. Highly viscoelastic gels comprised 

of linear as well as wormlike micelles were observed via HR TEM microscopy. The 

study demonstrates high efficiency of TROE, which is an important model representing 

membrane bound tryptophan residues, in tuning the morphology of CTAB micelles. 

The system mimics the microenvironment of lipid membranes through cation-π 

interaction as well as hydrogen bond. As the above morphology transition is mediated 

via tryptophan residues, it opens up an interesting avenue to examine through careful 

monitoring of the external parameters, whether such process can selectively modify the 

local bending of membrane curvature at the tryptophan-rich sites, and to understand the 

structural change at the membrane interface induced in vital biological processes 

including cellular fission, fusion or viral entry through cell membrane.   

References are provided in BIBLIOGRAPHY under “References for Chapter VII” 

(Page 190-192) 
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a  b  s  t  r  a  c  t

The  nature  of transition  from  ordinary  micelles  (of nanometer  length  scale)  of  surface  active
ionic  liquid  1-Hexadecyl-3-  methylimidazolium  chloride,  to wormlike  micelles  (WLM)  (micrometer
length  scale),  mediated  by hydroxy  aromatic  �-electron  systems  1-Naphthol,  2-Naphthol  and  2,3-
Dihydroxynaphthalene  (2,3-DHN)  in  salt  free  condition  have  been  studied  under  Newtonian  as  well
as  non-Newtonian  flow  regimes.  Conductance  and  tensiometry  show  that the  additives  lower  the  CMC  of
the  ionic  liquid.  The  interaction  parameter  (�) of  the  systems  at different  mole  fraction  evaluated  on  basis
of  Rubingh’s  Regular  solution  approach  were  negative  at all SAIL/Additive  compositions.  UV–vis  spec-
troscopy  showed  that  micelle-bound  additives  formed  hydrogen  bonds  with  interfacial  water  molecules.
urface active ionic liquid
icellar shape transition
ormlike micelles

hermo-sensitive
etal ion impurities

Increase  in  steady  state  fluorescence  anisotropic  measurements  revealed  that  the  additives  increasingly
partitioned  within  the micelles. 1H NMR  study  confirmed  that although  the  additives  reside  at  the  pal-
isade  layer,  they  perturb  the micellar  core  as  well. At  higher  concentration  (100  mM,  1:1),  systems  formed
transparent  viscoelastic  gel.  Rheological  study  of  the  viscoelastic  gels  showed  that  their  zero shear  vis-
cosity  is a function  of temperature.  2,3-DHN  interacted  most  strongly  with  the  SAIL  micelles,  both  in
Newtonian  and  non-Newtonian  regimes.  This  was corroborated  by  DFT  study  of  binding  energy.  Hydro-
gen bonding  of  the  hydroxy  functionality  along  with  strong  cation-�  interaction  between  the aromatic
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moieties  and the  imidazolium  ring  are  considered  as  the  main  driving  forces  behind  the  morphology
change.  The  viscosity  of  C16-3-MeImCl/1-Naphthol  increased  as function  of  salt  concentration  unlike  C16-
3-MeImCl/NaSal  system.  A  possible  mechanism  is suggested  and  discussed.  The  present  study  sheds  light
on  understanding  the  molecular  interactions  behind  the  structural  change  from  spherical  to  elongated
micelles,  in  both  microscopic  and macroscopic  scale,  triggered  by hydroxy  naphthalenes  under  salt-free
condition.  The  metal  tolerance  of the  gels  has  huge  application  prospects  as fractured  fluids  in oil-mining
industry.
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. Introduction

Due to their unique chemical and physical properties and high
unability [1], ionic liquids (ILs) have drawn increasing interest as
lternative media in a variety of catalytical, separation and elec-
rochemical methods [2]. The transfer of a compound through an
nterface is a major part of the extraction process which is con-
rolled by molecules adsorbed at the interface. The presence of
urface active ionic liquid (SAIL) aggregates could modulate the
fficiency of these processes including partial extraction of the
roduct into micelles. Under certain conditions such as concen-
ration, salinity, temperature, presence of counter ions, etc., the
lobular micelles may  undergo uniaxial growth and form very long
nd highly flexible aggregates, referred to as “wormlike” or “thread-
ike” micelles [3]. Due to their cylindrical morphology and high
exibility, wormlike micelles (WLM)  have emerged as a novel car-
ier system that provide larger core volume to load drugs and is,
herefore, able to flow readily through capillaries and pores [4].
ince WLMs  have larger drug loading capacity and longer circu-
ation time it may  be highly useful and novel strategy for drug
elivery to start as WLMs  and later degrade to spherical micelles,
hich are already known to be extremely useful for therapeutic

pplications [5,6]. Better prospect of controlled drug release war-
ants more insight on mechanism and kinetics of such degradability
f wormlike micelles.

Study on micelle formation of the surface active ionic liquid,
SAIL) 1-Hexadecyl-3-methylimidazolium chloride, C16-3-MeImCl
nd the cationic surfactant Cetylpyridinium chloride, C16PyCl
n the temperature range 15–75 ◦C, have shown that although
ggregation of C16PyCl should have been more favorable than
16-3-MeImCl as C16PyCl is more hydrophobic than the corre-
ponding SAIL, this is not the case [7]. The strong hydrogen-bonding
etween the counter ion and the relatively acidic hydrogen of
he imidazolium ring distinguishes imidazole-based SAILs from
ther conventional cationic surfactants. Also, due to presence
f asymmetric organic cations, the lattice energy of 1-alkyl-3-
ethyl-imidazolium [CnMIM]  salts is reduced which result in

ow melting point ionic liquids, commonly called room temper-
ture ionic liquid (RTIL) (melting point < 100 ◦C) [8]. Literature
hows that the coexistence of incompatible hydrophobic moi-
ties such as fluorocarbon and hydrocarbon chains are a basic
equirement but often not sufficient for the formation of the two
istinct types of micelles i.e. spherical and WLM  in aqueous solu-
ions. On the other hand, synergistic micellization is observed
hen ionic surfactants are mixed with non-ionic or with oppo-

itely charged surfactants. Both surface and bulk properties of
hese systems have been studied using different experimental tech-
iques [9–11]. Strong synergistic gains in viscoelastic properties
f mixtures of anionic and cationic surfactants compared to the
arent surfactants have been reported. ILs (especially those with
ong hydrophobic chains) have been reported to show amphiphilic
roperties in aqueous solution [12–14]. Aromatic hydrotopes like
alicylate, tosylate, chlorobenzoate, hydroxynaphthalene carboxy-
ates and nitrobenzoate are reported to induce wormlike micelle
© 2016  Elsevier  B.V. All  rights  reserved.

formation in cationic surfactant solution. In particular, various
hierarchically self-assembled structures such as tubes, ribbons,
vesicles and lamellar structures can be fabricated in mixtures of
surfactants and hydrotopes [15]. Synergistic effect of aromatic
hydrotopes on the solution properties of ammonium gemini sur-
factants were reported [16]. Recently, highly temperature sensitive
wormlike micelle-to-hydrogel and vice-versa transition in the
ionic liquid 1-Hexadecyl-3-methylimidazolium chloride, triggered
by the aromatic hydrotope, Sodium salicylate (NaSal), have been
reported [17]. It is evident from literature that interaction of aro-
matic hydrotopes with surfactant yield interesting properties of
aggregates which are tunable via external stimuli like tempera-
ture, pH etc [18]. However, majority of the reports involve ionic
medium and presence of salts, and there are very less reports
regarding study of interaction of ionic liquids with non-ionic
hydrotopes and on the use of additives in improving the micel-
lization characteristics of ionic liquids. It has also been reported
that hydroxy aromatic compound viz., 1-Naphthol and 2-Naphthol
interact with the structurally reoriented water molecules on micel-
lar surface of the cationic surfactant CTAB via hydrogen bond
formation and induce viscoelasticity in CTAB solution [19,20]. It
was observed that 1-Naphthol and 2-Naphthol showed surface
active behavior [20]. The surface active property of the aro-
matic promoters leaves room for understanding of the molecular
interactions between the aromatic hydrotopes/additives and the
surfactant systems comprising of aromatic extended conjugated
systems especially because the hydroxy aromatic group as well
as the imidazolium moiety, both form the fundamental skeleton
of two  non-essential amino acids viz. tyrosine and tryptophan
respectively. We  intend to further investigate the effect of the
hydroxy aromatic compounds, viz., 1-Naphthol, 2-Naphthol and 2,
3-Dihydroxynaphthalene on the aggregation characteristics of the
ionic liquid system namely, 1-Hexadecyl-3-methylimidazolium
chloride (C16-3-MeImCl). This ionic liquid has superior individual
surface and bulk property compared to its ordinary surfactant ana-
logues viz. Cetylpyridinium bromide (CPB) and CTAB. The pKa of
the additives are >9.15 and therefore, in aqueous solution of ionic
liquids (pH- 6.5–7.5), they remain in protonated non-ionic form.
Herein we report the quantitative estimation of the surface param-
eters of the aromatic compounds: 1-Naphthol, 2-Naphthol and
2,3-Dihydroxynaphthalene and investigate their effect in modify-
ing the aggregation characteristics of the ionic liquid C16-3-MeImCl
under salt-free condition. An interesting aspect of these addi-
tives, is their fluorescent nature; which enables them to be used
as self-probes. Modification of their spectral properties in pres-
ence of the ionic liquid may  provide insight of the probe-ionic
liquid interaction at the micro-structural level. Interactions in
micro-environment of the additives are explored spectroscopically
(UV–vis Spectroscopy, Fluorescence anisotropy and 1H NMR) and
the effect of the additives on aggregate morphology of the ionic

liquid micelle are investigated. For more specific insight about the
binding interactions of the individual additives with the ionic liq-
uid, molecular dynamics calculations using DFT  are carried out.
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ffect of metal salts on viscosity of the SAIL/Additive system have
een investigated.

. Materials and methods

1-Hexadecyl-3-methylimidazolium chloride, was  purchased
rom Across chemicals (USA) and was used as received. 1 and
-Naphthols (Fluka, Germany) and 2,3-Dihydroxynaphthalene
Fluka, Germany) were further purified by vacuum sublimation fol-
owed by crystallization from 1:1 aqueous methanol. Methanol was
istilled prior to use. Double distilled water (conductance below

 �S/cm, pH ∼6.5–7) was used for all experimental purposes. D2O
as purchased from Aldrich, USA (Purity > 99.9%). All conducto-
etric measurements were carried out on Metler Toledo Digital

onductivity bridge (MC226) using a dip cell with cell constant
.0 cm−1. Tensiometric studies were done with Krüss GmbH K9
ensiometer following the ring detachment method. Constant tem-
erature was maintained during the experiments with Remi ultra
hermostat (CB-700) with precision (±0.1 K).

The rheological experiments were done using cone-plate geom-
try with 400 truncation angle, with diameter 25 mm and 0.105 mm
ample gap in MCR  302 (Anton Paar) equipped with Peltier temper-
ture control system.

Steady state fluorescence anisotropy study was carried out in
ench top spectrofluorimeter from Photon technologies Interna-
ional (Quantamaster-40) with excitation and emission slit widths
xed at 0.3 nm and 2.0 nm respectively. Steady state anisotropy (r)
as determined using the following expressions [21]:

 = IVV − G.IVH
IVV + 2G.IVH

and G = IHH
IVH

(1)

here IVV and IVH represent the intensities obtained with the
xcitation polarizer oriented vertically and the emission polarizer
riented vertically and horizontally respectively; IHV and IHH refer
o the similar parameters as mentioned above for the horizontal
ositions of the excitation polarizer.

1H NMR  experiments were performed in Bruker ADVANCE spec-
rometer operating at 300 MHz  frequency at 298 K. Signals are
uoted as � values in ppm using residual protonated solvent sig-
als as internal standard (D2O: ı 4.79 ppm). Data are reported as
hemical shift.

.1. Sample preparation

Since Naphthol(s) and its derivative 2,3-Dihydroxynaphthalene
re only sparingly soluble in water, a methanolic solution of higher
oncentration was initially made. Experimental solutions were pre-
ared routinely by transferring the required volume of solution
in pure methanol) in the experiment vial first, and then the alco-
ol was evaporated off completely before the addition of aqueous
urfactant solution [20]. For rheometry, surfactant was  added to
he dried additive followed by requisite volume of solvent. Sample
oncentration for all the systems was 100 mM with 1:1 surfactant:
dditive mole ratio i.e. concentration of each of the components was
00 mM.  The mixture was then stirred at 60 ◦C for three hours for
omogenization and equilibrated for 36 h. During measurement,
amples were equilibrated for 10 mins at each temperature [22].
or NMR  study, respective solutions were made in D2O and 0.6 mL
f the same was used for each measurement.

. Results and discussion
.1. Surface active properties of �-conjugated additives

The variation of surface tension of aqueous solution of the
ydroxy aromatic compounds 1-Naphthol, 2-Naphthol and 2,3-
Fig. 1. Tensiometric profile of additives (1-Naphthol, 2-Naphthol and 2, 3-
Dihydroxynaphthalene (2,3-DHN)) in log scale at 303 K.

Dihydroxynaphthalene (2,3-DHN) is obtained from tensiometric
study. It is evident from Fig. 1 that the surface tension of water
decreases linearly as a function of concentration of 1-Naphthol,
2-Naphthol or 2,3-DHN and reaches a limiting value above criti-
cal aggregation concentration (CAC) in each case. The equilibrium
surface tension of the additive solutions is 12–15 mN  m−1 lower
than pure water’s which confirms their surface activity. The CAC
for 1-Naphthol, 2-Naphthol and 2,3-DHN is found to be 4.66 mM,
3.62 mM and 3.06 mM respectively at 303 K.

Table 1 lists the CAC values along with the surface tension at
CAC (�CAC), the maximum surface excess concentration (�max) and
the minimum surface area per organic molecule (Amin). (Mathe-
matical background of evaluation of surface parameters is provided
under Section 1.1 of SI). Both CAC and �CAC values decrease slightly
in the order 1-Naphthol > 2-Naphthol > 2,3 DHN, which indicates
stronger surface activity and wetting ability at the surface in the
opposite order (Table 1). The minimum surface area per molecule
(Amin) marks the effectiveness of a compound to populate the
air-water interface. Higher the value of Amin, greater is the ten-
dency to “wet” the surface. Amin for 2,3-DHN is found to be
0.55 nm2·mol−1, almost twice that of 1 and 2-Naphthols, which are
almost identical i.e. 0.28 and 0.29 nm2 mol−1 respectively. The �CAC
for 1-Naphthol, 2-Naphthol and 2,3-DHN are respectively 57.02,
55.37 and 52.85 mM m−1. The values indicate in case of 2,3-DHN,
the surface activity is the highest while that for 1-Naphthol it is
lowest. The maximum surface excess (�max) denotes the number
of surface active molecules present at the interface in excess of
the bulk. �max for 2,3-DHN is 3.02 mol  m−2 while that of 1 and 2-
Naphthol are 5.64 and 5.93 mol  m−2 respectively i.e. approximately
half the number of dihydroxy naphthalene populate the surface
compared to mono hydroxy analogue. This suggests that the 2,3-
DHN molecules are arranged in staggered or oblique manner at the
water/air interface whereas the 1 and 2-Naphthols may possibly be
arranged more or less perpendicularly. While lesser number of 2,3-
DHN molecules populate the surface compared to that of Naphthols
due to their oblique arrangements, the surface activity vis-a-vis
hydrophobic force operating at the surface becomes higher leading
to lowering of �CAC value.

3.2. Synergistic improvement of surface and bulk properties of
C16-3-MeImCl in presence of naphthols

The effects of �- conjugated hydroxy aromatic additives
1-Naphthol, 2-Naphthol and 2,3-DHN on the critical micelle

concentration, (CMC) of the cationic ionic liquid 1-Hexadecyl-3-
methylimidazolium chloride (C16-3-MeImCl) are studied, both by
conductivity and surface tension measurements (Fig. S1). The CMC
of C16-3-MeImCl (0.89 mM)  is in agreement with the reported value
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Table  1
Interfacial parameters of 1-Naphthol, 2-Naphthol and 2,3-DHN in aqueous medium at 303 K.

Additive CAC (mM)  103�CAC (mN  m−1) 106� max (mol m−2) Amin (nm2·mol−1)
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1-Naphthol 4.66 17.2 

2-Naphthol 3.62 19.2 

2,3-DHN 3.06 21.1 

7]. The CMC  of C16-3-MeImCl decreases significantly as a function
f additive (the hydroxy aromatic compounds) concentrations and
he systems display strong synergism in their aggregation behavior.
he maximum drop in CMC  is observed from 0.89 mM to 0.45 mM,
.52 mM and 0.65 mM in presence of 1-Naphthol, 2-Naphthol and
,3-DHN respectively inspite of much higher CAC of these additives
Fig. S1(a)). The observation demonstrates a fairly strong interac-
ion between the additives and the SAIL micelles. From Fig. S1(b),
t is seen that the CMC  decrease with increasing mole fraction
f additives upto �Additive = 0.5, and increases thereafter. It seems
pparent that hydrophobicity of the aromatic ring of the addi-
ives is involved in strong interaction with the hydrocarbon tail
f SAIL in the micelle. All these additives have similar aromatic
rchitecture for which their effectiveness in reducing the CMC  is
ound to be nearly identical. Earlier, Bergstrom and Eriksson have
hown by theoretical calculation based on the theory of regular
olution mixtures, that for mixed systems consisting of monovalent
onic surfactant and a non-ionic surfactant, the CMC  vs. composi-
ion curve exhibits a skew with maximum shallow at � = 0.5 i.e.
t equimolar composition, at total surfactant concentration below
.2 M,  wherein the reduced charge density, Sr > > 1. Sr dominates
he electrostatic free energy per unit charge of the system which
rises out of the interaction of additive and surfactant with sol-
ent molecules and amongst themselves [23]. Interestingly, similar
ature of curves are obtained in the present mixed systems com-
rising of C16-3-MeImCl and hydroxy aromatic compounds. It may
e argued that the �-conjugated additives, in this case, behave as
osurfactant to lower the CMC  of the present systems.

.3. Interaction parameters

To quantitatively investigate the interaction between the sur-
ace active components viz. 1-Naphthol, 2-Naphthol and 2,3-DHN

ith the SAIL, C16-3-MeImCl, the interaction parameter (�) and
ctivity coefficients of the respective components in the micellar
egion is evaluated based on Rubingh’s Regular solution theory
RST) [24]. The central assumption of RST is that excess entropy
f mixing is zero and that the departure from ideal mixing is
escribed by the single interaction parameter, �, which account for
he enthalpy of mixing. �, reflects the interaction between the head
roups of the surfactant and the additives involved. More negative
alue of � indicates stronger interaction between the surfactant and
he surface active components [25] (Mathematical background of
egular Solution approach is provided under Section 1.2 of SI).

For components which are non-aggregating in nature, their sol-
bility limit can be taken as the phase-separation point and the
egular solution theory can be extended onto them [26]. In cases
here the additive is highly water soluble yet non-aggregating in

ature the high value of solubility incur a high value of x1, which
redicts an unusually high value of interaction parameter [27]. In
he present systems, however, quantitative analysis of the mix-
ure in the usual framework of RST is valid because of the surface
ctive nature of the additives and the observed well defined CAC
alues for each of them. The interaction parameters and activity

oefficients of components at different additive mole fraction are,
herefore, determined following equation 5 of SI and summarized
n Table 2. It is seen that in all the cases, � have negative values at
ll additive mole fractions (−2.9 > � > −5.7). While for 1-Naphthol,
5.64 0.29
5.93 0.28
3.02 0.55

� increases from −3.45 to −5.73 at mole fraction 0.1–0.7; in 2-
Naphthol and 2,3-DHN, � reaches minima (highest negative) near
a composition �additive ∼= 0.5 there after it decreases (Table 2). This
implies that interaction of 1-Naphthol with the micelles of the SAIL
is favored with increasing additive concentration whereas in case of
2-Naphthol and 2,3-DHN, the synergism is highest near equimolar
composition of the components. The activity coefficients of the sur-
factant and the additives are less than unity (Table 2) for all additive
compositions, which indicates the deviation from ideal behavior.
The behavior seems at par with their ability to lower the CMC  of
the SAIL. 1-Naphthol is found to lower the CMC  to a higher extent
compared to 2-Naphthol and 2,3-DHN. This further confirms the
strong synergism between the additives and the SAIL micelles.

3.4. Mode of interaction: absorption spectroscopy and
fluorescence anisotropy study

3.4.1. UV absorption spectroscopy
To explore the interactions at the molecular level, responsible

for the synergism, spectral modifications of the additives viz. 1-
Naphthol, 2-Naphthol and 2,3-DHN are studied as a function of SAIL
micelle concentration (Fig. 2(a–c)).

Aromatic moiety like naphthalene (and its derivatives) has two
strongly overlapped bands in the UV–vis region viz., longitudi-
nally polarized 1La ←− 1A and transversely polarized, 1Lb ←− 1A
band [21]. Thus conjugation extended to OH group in transverse
direction in 1-Naphthol and that in longitudinal direction in case
of 2-Naphthol and 2,3-DHN ought to affect the 1La and 1Lb bands
respectively [20]. Significant red shift in the �max for all the three
additive systems (shown in inset) (Fig. 2(a–c)) is observed in pres-
ence of SAIL micelles. The isobestic points indicate equilibria to
exist between micelle bound and free additive (probe) molecules
(Fig. S2). The red shifts are respectively 4.6 nm for 1-Naphthol with
�max at 293.1 nm, 2.3 nm for 2-Naphthol with �max at 273 nm and
3 nm for 2,3-DHN with �max at 324 nm.  This significant red shift
in near UV absorbances in the additives, which arises out of two
strongly overlapped �- �* transitions indicates a lesser �-�* sepa-
ration (Fig. 2) on addition of SAIL in the post-micellar region (above
1.44 mM in 1-Naphthol, 1.16 mM for 2-Naphthol and 2,3-DHN).
Such shift continues to occur till most of the probe molecules are
partitioned within the micellar phase at high SAIL/Additive ratio
(90:1). The role of Hydrogen bonding in such modification of spec-
tral property is noteworthy. The OH group of the naphthols can act
both as proton donor or acceptor in forming intermolecular hydro-
gen bonds. During hydrogen bond formation of hydroxy group, in
which OH act as donor, electron density on the oxygen increases,
which is further induced towards the aromatic ring decreasing the
�-�* separation resulting in the observed red shift in the absorption
spectra [20].

The results suggest that the considerably polar hydroxyl group
of the micelle-embedded additive molecules, protrude out of the
micellar interface and engage in hydrogen bond with interfa-
cially located water molecules thereby acting at hydrogen donor.
Significant values of binding constants are also observed for C16-3-

MeImCl micelles/Additive probes. (Fig. S2). The hydrogen bonds
steer the rigidity of re-oriented water structures, and force the
additives to position firmly in between the surfactant head-groups
thereby screening their positive charge.
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Table  2
Interaction parameter (�), activity coefficients (f1 and f2) of C16-3-MeImCl with 1-Naphthol, 2-Naphthol and 2,3-DHN at 303 K.

�Additive 1-Naphthol 2-Naphthol 2,3-DHN

�m f1 f2 �m f1 f2 �m f1 f2

0.3 −3.45 0.171 0.185 −2.95 0.221 0.236 −2.87 0.222 0.025
0.4  −4.08 0.099 0.168 −3.41 0.139 0.235 −3.21 0.156 0.257
0.5  −5.40 0.033 0.134 −4.23 0.071 0.207 −3.76 0.089 0.258
0.6  −5.44 0.027 0.161 −3.63 0.089 0.295 −3.48 0.095 0.322
0.7  −5.73 0.018 0.176 −3.84 0.065 0.326 −3.69 0.070 0.355

Fig. 2. a) Absorption spectra of 1-Naphthol (0.5 mM)  in water at varying concentrations of C16-3-MeImCl at 298 K. [C16-3-MeImCl]: (1) 0.0 (2) 0.49 (3) 0.97 (4) 1.44 (5)
1.90  (6) 2.35 (7) 2.79 (8) 3.22 (9) 3.63 (10) 4.43 (11) 5.21 mM;  b) Absorption spectra of 2-Naphthol (0.5 mM)  in water at varying concentrations of C16-3-MeImCl at 25 ◦ C.
[  (9) 2.95 (10) 3.29 (11) 3.62 mM;  c) Absorption spectra of 2,3-DHN (0.5 mM)  in water at
v 3) 0.78 (4) 1.16 (5) 1.53 (6) 1.90 (7) 2.26 (8) 2.61 (9) 2.95 (10) 3.29 (11) 3.62 (12) 3.94 (13)
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C16-3-MeImCl]: (1) 0.0 (2) 0.39 (3) 0.78 (4) 1.16 (5) 1.53 (6) 1.90 (7) 2.26 (8) 2.61
arying  concentrations of C16-3-MeImCl at 25 ◦ C. [C16-3-MeImCl]: (1) 0.00 (2) 0.39 (
.27  mM.

.4.2. Fluorescence anisotropy
Fluorescence anisotropy is an important tool to monitor the

hanges in microenvironment of the probe in cases involving the
tructural transition of fluorophores [28]. Since the lifetimes of flu-
rescence emissions are of similar order as the rate of tumbling of
olecules in solution, physical processes like rotational diffusion

ead to depolarization of fluorescence and this is a function of solu-
ion viscosity and the size and shape of the molecule. 1-Naphthol,
-Naphthol and 2,3-DHN are already known to be very effec-
ive fluorophores [21,29,30] and therefore study of fluorescence
nisotropy, would be interesting, in order to understand the micro-
copic changes in the environment comprising of the SAIL micelles.
o ensure complete insertion of the probe molecules within the
icelles, the surfactant concentration is varied from 4.7 mM to

00 mM,  (much above the CMC  of the SAIL) and the concentra-
ion of the self-probes viz. 1-Naphthol, 2-Naphthol and 2,3-DHN
re fixed at 0.4 mM.  The excitation wavelength for 1-Naphthol,
-Naphthol and 2,3-DHN are respectively 323 nm, 324 nm and
26 nm while emission for the same are obtained at 465 nm,  478 nm
nd 351 nm respectively. 1-Naphthol (pKa 9.34) undergo ultrafast
eprotonation in aqueous media due to which the emission inten-
ity of its neutral form (� = 360 nm)  is extremely low [31]. Therefore,
nisotropic studies are done considering the anion emission of 1-
aphthol at 465 nm.  For similar reason, the most intense peak at
09 nm is considered for 2-Naphthol (pKa 9.51) whereas that for
,3-DHN (pKa 9.10) the single emission band with �max at 340 nm

s considered. The initial anisotropy of the probes in pure aque-
us medium is found to be very low and it increases with increase

n the SAIL concentration and attains limiting value (Fig. 3) (for
-Naphthol and 2,3-DHN).

The increase in anisotropy values reflects an impended rota-
ional diffusion of the fluorophores under high micro viscous
nvironment [32].

Anisotropy- concentration profiles show different degree of
olarization for different fluorophores in the SAIL micelles (Fig. 3).
nisotropy is highest for 1-Naphthol, it does not exhibit the plateau,

hile 2-Naphthol and 2,3-DHN reach plateau in anisotropy-

oncentration profile at high SAIL concentrations. Under the
ondition, when the probe are encapsulated within the micel-
Fig. 3. Steady state fluorescence anisotropy of 0.4 mM 1-Naphthol, 2-Naphthol and
2,3-DHN as function of C16-3-MeImCl concentration at 298 K.

lar core, no further change in its rotational dynamics is entailed,
resulting in near constancy of the anisotropy values. Such situa-
tion prevails for 2-Naphthol and 2,3-DHN at SAIL concentration
of 20 mM onward, while in case of 1-Naphthol, micellar encap-
sulation seems to be less favorable and increases with SAIL
concentration upto 100 mM i.e. location of the probe in 1-Naphthol,
registered stronger hindrance to rotational freedom. However,
the scattering of data-points for 2-Naphthol and 2,3-DHN in the
anisotropy-concentration profile indicates that unlike 1-Naphthol,
the anisotropy of the above probes are not the sole function of
encapsulation in the micelles vis-à-vis concentration of SAILs only.

3.5. Improvement in viscous properties of
C16-3-MeImCl/Naphthol(s) systems at enhanced concentration

Upon increasing the concentration of the 1:1C16-3-
MeImCl/Naphthol(s) systems to 100 mM,  significant changes

in physical properties are observed. The mixture becomes highly
viscous and shows recoiling of entrapped air bubbles. Upon
equilibrating the SAIL/Additive mixtures for 24 h, transparent
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Fig. 4. Macroscopic appearance of viscoelastic gels of 100 mM 1:1 solutions of C16-
3-MeImCl and a) 1-Naphthol; b) 2-Naphthol and c) 2,3-DHN at 298 K.
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MeImCl/1-Naphthol and C16-3-MeImCl/2-Naphthol systems. From
ig. 5. Representative profile of dynamic rheology of C16-3-MeImCl/1-Naphthol
ystem (1:1, 100 mM)  as function of angular frequency at 328 K.

el is formed. The gels show arrested flow even after holding
pside-down (Fig. 4).

The appearance of viscoelasticity suggests the presence of
ntangled wormlike micelles in the systems [32,33]. In order to
nderstand the changes in physical characteristics, rheological
tudy of the SAIL/Additive gels are carried out. The response of elas-
ic and loss modulus as a function of angular frequency shows that
he systems behave like typical viscoelastic fluid with loss modu-
us (G′′) predominating at lower frequencies and elastic or storage

odulus (Gı́) predominating at higher frequencies [16]. A repre-
entative plot is shown in Fig. 5.

Upon increase in temperature, the crossover frequency
ncreases (	c) i.e. the frequency at which Gı́ and G′′ intersect (Fig.
3(a-c)). The inverse of 	c gives the relataxion time (�R) which is
he time required by the system to regain its equilibrium structure
fter an external stress is applied. With increase in temperature, �R
ecreases, implying that the systems adopt faster routes of stress-
elaxation. The trend in relaxation time, show that SAIL/Additive
omposed of 2,3-DHN relaxes much slower followed by 1-Naphthol

nd 2-Naphthol respectively (Fig. S4). [34]

The dynamics of the viscoelastic micellar systems have been
ost successfully described by the Cate’s “living polymer model”
sicochem. Eng. Aspects 516 (2017) 262–273 267

which is the combination of the reptation model of polymer dynam-
ics and the effect of reversible scission on viscoelastic properties
[35–37]. According to this model the relaxation of the viscoelastic
micelles involves two time scales viz. reptation time (
rep) corre-
sponding to curvilinear diffusion of a wormlike micellar chain along
its own  contour and breaking time(
b) which is the result of micel-
lar chain scission. When 
b « 
rep, there occurs many breakages and
recombination before the chain segment relaxes by reptation. The
system is then defined by a single stress relaxation time,

�R = (�rep × �b)
1⁄2 (2)

and is characterized as a Maxwell Fluid.
For a fluid with near-Maxwell character, the elastic (or storage

modulus), G′ and viscous (or loss modulus), G′′ are related to angular
frequency, 	 as [36]

G′ (ω) = G0ω
2�2
R/

(
1 + ω2�2

R

)
(3)

G
′′

(ω) =  G0ω�R/
(

1 + ω2�2
R

)
(4)

where G0 is the storage modulus at high frequency, where it
exhibits a plateau, also called the plateau modulus. It is propor-
tional to the number density of the entanglement points and hence
characterizes the network structure [37]. (More details provided
under Section 3.1 of SI)

The oscillatory flow spectra of all the SAIL/Additive systems
could be fitted to the theoretical curve obtained on basis of
Maxwell’s model (Fig. 5). The semi-circular nature of Cole-Cole plot
further proves that the system behaves as Maxwell fluid (Fig. 5
inset). Deviation of G′′ from Maxwell model at higher 	 indicates
that the wormlike micelles are in dynamic equilibrium and the pro-
cess of breaking and recombination takes place rapidly [38]. At this
condition, the system adopts faster relaxation time given by Rouse
or breathing modes. The characteristic parameters of the worm-
like micellar network viz. the hydrodynamic correlation length,
�, which is a measure of the network mesh size of the entangled
micelles; the persistence length, lp; entanglement length, le and
average micellar length, L are related as-

� =
(
kB × T ⁄G0

)1/3
(5)

le = �
5
3 ⁄ (6)

G0

G
′′
min

= L

le
(7)

where, kB is Boltzman constant, T is the temperature, G
′′
min

is the
local minimum observed in G′′ curve at frequency aboveωc .

Assuming near Maxwell behavior for the systems [39] the micel-
lar characteristics of the C16-3-MeImCl/Additive (1:1, 100 mM)
systems have been evaluated using the above relations and are
presented in Table 3. From the values of �b and �rep, it is clear
that �b � �rep, which further testifies the presence of single relax-
ation mode and hence wormlike micelles, in the systems. The
reptation time, in case of C16-3-MeImCl/2,3-DHN system is much
higher, varying within 1316.6–2.65 s (approx. 10 order higher)
compared to C16-3-MeImCl/1-Naphthol (�rep = 111.03 − 0.34 s) and
C16-3-MeImCl/2-Naphthol (�rep = 48.87 − 3.99 s) with temperature
(Table 3). Higher the time, slower is the process adopted by the sys-
tem in order to relax. Results show that the system comprised of
C16-3-MeImCl/2,3-DHN undergoes slowest reptation. Slow relax-
ation is also associated with linearity of the micelles [35]. It can be
said that C16-3-MeImCl/2,3-DHN form longer micelles than C16-3-
the severe drop in �rep with temperature in all the C16-3-
MeImCl/Additive systems, (Table 3) it is clear that temperature has
profound effect on the relaxation mode of the systems. In order to
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Table  3
ParametersG

′′
min

, �R , �b , �rep , �, L as obtained from rheological data for C16-3-MeImCl
with 1-Naphthol, 2-Naphthol and 2,3-DHN as additive at different temperatures.

1-Naphthol

Temp K G
′′
min

Pa �R s �b s �rep s � x 106 m L nm

318 11.5 4.22 0.16 111.03 2.13 315–473
323  8.46 1.79 0.12 26.67 2.68 217–408
328  10.02 0.38 0.10 1.49 2.82 160–300
333  20.97 0.07 0.02 0.34 2.65 212–397

2-Naphthol
318  4.63 4.39 0.395 48.87 3.23 225–422
323  11.74 0.83 0.079 8.67 2.91 123–230
328  24.90 0.28 0.040 1.97 2.98 202–379
330.5 5.71 0.19 0.063 0.60 3.05 224–42
333  1.46 2.01 1.010 3.99 3.49 590–1107

2,3-DHN
323  12.46 8.03 0.049 1316.6 1.91 413–774
325.5 15.87 3.35 0.039 285.08 2.01 278–522
328  18.84 2.87 0.040 205.82 2.04 170–319
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protons (H8-H19) merge together and appear as an intense sig-
330.5 20.55 0.76 0.015 37.08 1.91 255–478
333  11.08 0.51 0.099 2.65 2.81 149–280

nderstand the temperature dependence of the wormlike micel-
ar characteristics, oscillatory flow measurements as functions of
arious forms of stress at different temperatures are studied. The
hear dependent flow-curves are extrapolated to zero shear rate to
btain the zero shear viscosity (Fig. S5(a–c)).

The samples exhibit a constant viscosity below a critical shear
ate above which shear thinning is observed, which corresponds
o the non-Newtonian flow behavior typical to wormlike micelle
37]. The critical shear rate, γc, shifts to lower values on increasing
he temperature with corresponding increase in zero shear viscos-
ty (�0). �0 becomes maximum at particular temperature specific
o the additives (Fig. S5(a–c)). With further increase in tempera-
ure, �0 decreases and the Newtonian region shifts forward i.e. γc,

ncreased.
The molecular origin of the observed changes in viscoelastic

ehavior is the change in topology of the SAIL aggregates and shape
f its micelles due to the presence of the hydroxy aromatic addi-
ives. The packing parameter, P [26] for spherical micelles <1/3
hile that for elongated micelles is 1⁄3 <P < 1⁄2. P is a dimensionless

undamental parameter, which determines the shape of molecu-
ar aggregates. (Details provided under Section 3.2 of SI) At higher
oncentrations of the SAIL micelles and additives (100 mM,  1:1)
he inter-micellar interaction between the components increases
o a great extent. Since the local H-bonding network of water at
he charged micellar interface differ much from that in the bulk,
hese water molecules are much less polar (dielectric constant ∼30)
ith restricted mobility [20]. The aromatic ring of the Naphthols

nd 2,3-DHN embed in between the imidazolium head group of
he SAIL micelles and impart strong screening effect on the elec-
rostatic charges of the micellar head groups which reduces the
lectrostatic double layer around the micelle. The strong hydrogen
onding with the −OH group of the naphthol(s) and its deriva-
ives with the interfacial water optimally orients the aromatic
-system of 1Naphthol, 2-Naphthol and 2,3-DHN perpendicularly

or stronger screening of the electrostatic repulsion between the
midazolium headgroups via cation−� interaction [40]. This addi-
ion of Naphthol(s)/2,3-DHN into the micelles apparently decreases
he effective area of the head groups causing an increase in A0 and
owers the packing parameter. Thus, the globular micelles flip into
ylindrical micelles with lower spontaneous curvature [41]. WLM
re eventually formed because small cylindrical rods are thermody-

amically unstable in aqueous media since their end-cap energy is
igher compared to that of the body of the rods. Presence of the

ong WLM’s  on entanglement, impart the observed viscoelastic-
sicochem. Eng. Aspects 516 (2017) 262–273

ity in the medium. With rise in temperature, the tendency of the
additives to get solubilized within the palisade layer of the SAIL
micelles increases which further lowers the interfacial curvature
of the molecular assembly. This leads to the formation of longer
worms with corresponding increase in viscosity [42–44] (Fig. S6).

When a linear micelle breaks the energy penalty is compensated
by formation of two new end caps. The increased curvature of an
end cap which spreads the head groups apart is favored over the
concave curvature of a branch point which drives the charged head
groups of the surfactants closer together, resulting in formation
of branches. The gain in entropy, with temperature, in the branch
points is greater than in the end caps, which enables faster and eas-
ier route to stress relaxation by sliding of the branches alongside
the cylindrical body of the wormlike micelles [32]. These branch
points restrict the alignment of micelles when under shear and
cause an increase in the critical shear rate while lowering the zero
shear viscosity above the critical temperature. The observed critical
temperature for the C16-3-MeImCl/Additive systems are: 308 K for
1-Naphthol with �0 674 Pa s, 313 K for 2-Naphthol with �0 211 Pa s
and 318 K for 2,3-DHN with �0 1819 Pa s. Tendency of 2,3-DHN to
embed within the micellar core is, therefore, higher compared to 1
and 2-Naphthol, which subsequently lead to corresponding highest
increase in zero shear viscosity with temperature (Fig. S6).

The flow activation energy, (EA) describes the end-cap energy
required for reversible micellar scission and also, a measure of
compactness of the WLM  and is related to 
R and temperature as
[35],

�R = A × exp
(
EA⁄R × T

)
(8)

or, log �R = log A + (EA⁄R × T) (9)

where A is the pre-exponential factor and is a constant, R is the
universal gas constant taken as 8.314 J mol−1. K−1 and T is the tem-
perature. EA is found to be 241.13, 218.20 and 249.61 kJ mol−1 for
SAIL WLM  in presence of 1-Naphthol, 2-Naphthol and 2,3-DHN
respectively (Fig. S7). Above trend of EA implies that the most
compact assembly occurs in case of 2,3-DHN, which causes the
“slowest” movement of the worms.

3.6. 1H NMR  study: the location of residence of the additive
within SAIL micelles

Proton NMR  (1H NMR) spectroscopy is an important tool for
identifying the time-averaged location of aromatic solubilized
species within the surfactant micelles, based on the dependence of
chemical shifts of protons in surfactant and aromatic units on the
composition of the aqueous phase [45]. The present study is aimed
to investigate the effect of addition of the naphthol additives on the
protonic environment of C16-3-MeImCl micelles. Fig. 6(a) shows
the 1H NMR  spectra of 10 mM C16-3-MeImCl in D2O.

The concentration is much above the critical micellar concen-
tration of C16-3-MeImCl (0.89 mM),  therefore it is assumed that the
system consists of micelles of the ionic liquid. The spectra of C16-
3-MeImCl is similar to that of 10 mM CTAB. [49,50]. Here, the most
downfield resonance at ppm 7.36 is due to the aromatic protons
of the imidazolium ring (H2, H3 and H4) (Fig. 6(a)). The � protons
(H5) of the alkyl chain are deshielded due the vicinity of the aro-
matic ring, and appear at 4.09 ppm. The intense signal at 3.77 ppm
corresponds to the N-methyl protons (H1) attached to the imida-
zolium ring. The relatively less intense resonance at 1.75 ppm is
due to the � protons (H6) whereas the � protons (H7) appear as
a hinge at 1.18 ppm. The signals for the intermediate methylene
nal at 1.12 ppm while the terminal methyl group (	, H20) appear
farthest upfield at 0.72 ppm. Fig. 6b depicts the spectra of the mix-
ture of 10 mM C16-3-MeImCl and 10 mM 1-Naphthol in D2O with
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Fig. 6. a): 1H NMR  spectra of 10 mM C16-3-MeImCl in D2O at 25 ◦ C; b) 1H NMR

he spectra of 1-Naphthol in D2O in the inset. The aromatic pro-
ons of 1-Naphthols resonate in between 7.10 and 7.76 ppm (Inset)
nd appear highly splitted. It is evident that in the mixture, sig-
als due to aromatic protons merge, broaden and appear upfield
ith three main signals (two singlet and one doublet) at 7.9, 7.38

nd 7.05 ppm respectively. The large upfield shift of the resonances
ndicates that the protons are located in relatively non-polar envi-
onment compared to that in water [19,46]. The broadening of the
eaks imply restricted motion of the naphthol molecules in the vis-
oelastic phase on the NMR  time scale [19]. The � protons of the
onic liquid resonate highly upfield at 3.54 ppm while the N-methyl
rotons do not seem affected, resonating at 3.77 ppm.

The chemical shift in the terminal methyl group shows oppo-
ite trend, resonating at down field 0.89 ppm. Resonances due to �
rotons and the intermediate methylene groups merge to a single

ntense and broad peak at 1.13 ppm. The observed upfield shifts
re supposedly induced by ring current of the aromatic ring of
he naphthol [47,48]. The large shift of the � and � protons con-
rms that the aromatic part of the additives are intercalated in the
uter micellar part [46,49]. Previously, study of 1H NMR  of CTAB
icelles (10 mM)  have shown that only the protons adjacent to the

olar quaternary ammonium head groups of CTAB were affected

nd shifted upfield in presence of phenols (5 mM)  while terminal
ethyl group and other methylene protons remains unaffected.

he aromatic protons of phenols appeared upfield in presence
f CTAB and so did the � and � protons of CTAB, hence it was
ra of mixture of 10 mM C16-3-MeImCl and 10 mM 1-Naphthol in D2O at 298 K.

concluded that the phenols reside at the vicinity of the micellar
interface without affecting protons beyond � position of the alkyl
chain [49]. In the present study, a downfield shift of the resonance
of terminal protons is observed in all the C16-3-MeImCl/Additives
systems (Figs. 6b and S8(a and b)). The broadening of peak near 1.13
and 0.89 ppm together with the respective upfield and downfield
chemical shifts show that both intermediate and terminal protons
are perturbed due to the presence of naphthol. This suggests an
orientation of the naphthol ring between the alkyl chains such that
the ring current affects the terminal protons as well (particularly
by those naphthol moieties embedded near endcaps). Due to for-
mation of cylindrical micelles, the alkyl chains of C16-3-MeImCl
move apart creating greater space for the spatial distribution of the
terminal methyl groups which accounts for the observed down-
field shift [50]. This difference in behavior from phenol, [49] is
due to the presence of extended conjugation of the extra aromatic
ring adding to the hydrophobicity of naphthols (and 2,3-DHN). The
hydroxy-naphthalene derivatives have greater hydrophobic length
compared to phenol which allows easier partitioning of the same
within the alkyl chains. Similar observations were found with 2-
Naphthol and 2,3-DHN as well (Fig. S8(a and b)).
3.7. Binding energy: DFT study

To further understand the differences in electrostatic inter-
actions between the two  components of each system viz., the
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midazolium head group of C16-3-MeImCl and the naphthalene
oiety of the additives, DFT calculations were done using Gaus-

ian 09 package [65] with hybrid functional B3LYP using 6-31G (d,
) basis set. For technical limitation the hydrocarbon chain was
runcated beyond C10 (since the electrostatic interactions con-
idered are primarily between the surfactant head group and the
romatic ring of the additive). The calculated binding energies for
he imidazolium moiety and the additive molecules was  found
o be −10.05 kcal mol−1, −9.68 kcal mol−1 and −10.31 kcal mol−1

or 1-Naphthol, 2-Naphthol and 2,3-DHN respectively. The val-
es indicate that 2,3-DHN bind to imidazolium head group more
trongly followed by 1-Naphthol and 2-Naphthol i.e. the magnitude
f electrostatic interaction with the ionic liquid is highest in case of
,3-DHN and lowest in case of 2-Naphthol. It can be said that due to
wo hydroxy functionality, 2,3-DHN binds stronger with the head
roup of the ionic liquid compared to the mono-naphthols. This
esult corroborates the trend observed in the zero shear viscosity
ith temperature and the flow activation energy of the systems

Section 3.5). The difference in magnitude arises from the fact that
hough all the additives have identical aromatic backbone, they dif-
er in the electrostatic surface potential owing to position of the
ydroxy functionality, (Fig. S9) which plays major role in stability
f the imidazolium-hydroxy aromatic moieties. The present study
ives an overview of the extent of interaction between the imi-
azolium head group and the additive moiety in terms of binding
nergy.

.8. Application: metal ion tolerance of SAIL-�-conjugated
dditive systems − improved viscous characteristics in presence of
etal ion impurities

Hydraulic fracturing is a method of using pump rate and
ydraulic pressure to fracture or crack a subterranean formation

n a process for enhancing the recovery of hydrocarbons from the
ormation. Recently it has been shown that aqueous drilling and
reating fluids may  be gelled or have their viscosity increased by the
se of non-polymeric viscoelastic WLM.  These materials are advan-
ageous in many ways over the use of the conventional polymer
elling agents in that they do not leave a filter cake on the formation
ace, do not coat the proppant or create microgels [51–55]. Since
lectrostatic interaction plays major role in partitioning Sodium
alicylate (NaSal) in cationic micelles, such process is not favor-
ble in absence of electrolyte or high salinity because of charge
creening of head groups. Moreover, salicylate forms stable com-
lexes with such metal ions which are present in rock environment
56]. The salicylate moiety acts as an active bidentate donor lig-

nd to form chelates with many heavy and transition metal ions.
ts efficiency as the fractured fluid in presence of salinity and the

etal salts is thus highly compromised. The Naphthols, (including
,3-DHN), are a new class of promoters which may  act under salt

ig. 7. a) Viscosity of C16-3-MeImCl (5 mM)-NaSal(3.5 mM)  system as a function
eImCl(5 mM)/NaSal(3.5 mM)  system as a function of anion concentration at 303 K and 3

f  metal salt concentration at 303 K and 304 s−1 shear rate.
sicochem. Eng. Aspects 516 (2017) 262–273

free condition. The study of their effectiveness in presence of metal
ions is, therefore, of considerable interest in order to address the
limitation of NaSal as the WLM  triggering agent. In this connec-
tion, wormlike micellar solutions of C16-3-MeImCl and 1-Naphthol
were prepared in presence of metal salts and the viscosities at
steady shear rate of 304 s−1, were measured. All the metal ions are
employed as chloride salts, in order to ensure identical effect of
anions, if any, on the rheology of the system and also due to the
fact that impact of chloride ions on the microstructural transition
of surfactant micelles is, in general, small [57]. For the purpose of
comparison, similar study is done in the SAIL/NaSal system. The
viscosity profiles as a function of metal concentrations are shown
in Fig. 7.

The addition of transition metal salts progressively decreases
the viscosity of the SAIL/NaSal system which is indeed significant
(Fig. 7(a)). The extent of the lowering of viscosity as a function of
metal ion follows the order: ZnCl2 < CoCl2 < NiCl2 < CuCl2. This can
be explained in light of degree of complex forming tendency of
NaSal with metal ions in aqueous solutions. The trend follows the
Mellor and Maley series of stability of metal complexes [58]. The
fact that viscosities are highly reduced (maximum reduction in vis-
cosity encountered from ∼7.0 cP to ∼3.5 cP, Fig. 7(a)) which also
implies that although addition of metal salts increases Cl− counter
ion in the system, counter ion binding, if any, could not ultimately
enhance micellar growth. It seems apparent that unavailability of
free salicylate ions in presence of metal, for promoting microstruc-
tural transition of spherical micelle to WLM  becomes key factor
in reducing viscosity and augmenting effect, if any, of counter ion
condensation is trounced.

The diminishing charge density on the head groups in pres-
ence of counter ions reduces the electrostatic interaction between
micelles and salicylate ions causing later to remain in the vicinity
of the interface only. This further stabilizes the spherical micelles
and lowers the viscosity. Therefore, the effect of alkali metal salts
is not surprising. Alkali metal salts have been known to induce
micellar growth and conspicuous effect of anions on charge screen-
ing is reported earlier [59]. The alkali metal ions cannot form
complex with salicylate, yet the drop of viscosity as a function
of salt concentration is found for all the salts (Fig. 7(b)) in the
present study. In the present system, anions lower the viscosity
in a trend: Cl− < Br− < SO4

2−. It seems apparent that same reason
is invoked here also. Effect of confiscating salicylate ion by Cl−

prevails over the effect of counter ion binding on sphere-to-rod
transition. Recently, in studying the effect of anions on rheology of
WLM  of Cetyltrimethylammonium salicyalate (CTASal) system, it is
also shown that the anions decrease the relaxation time of the sys-

tems [60,61]. However, Chloride counter ions of C16-3-MeImCl are
reported to participate in hydrogen bonding with the solvent H2O
molecules as well as with the imidazolium head group [61–64].
Therefore, it can be said that the condensation of counter ions

 of metal ion concentration at 303 K and 304 s−1. (b) Viscosity of C16-3-
04 s−1. (c) Viscosity of C16-3-MeImCl/1-Naphthol (1:1, 7.5 mM)  system as a function
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Fig. 8. Schemetic representation of possible microstructural changes in aqueous SAIL/Additive (1-Naphthol) solutions and SAIL/NaSal, on addition of metal salts and the
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nderlying forces.

rom the added alkali metal salts, on the WLM  surface following
he order Cl− < Br− < SO4

2− leads to the corresponding decrease in
iscosity.

On the other hand, it is indeed interesting to note that in the
resent study, the viscosities of C16-3-MeImCl/1-Naphthol system

ncreases considerably with the increase in metal salt concentra-
ion. The nature of interaction in this system is probably H-bonding
nd cation-� interaction along with hydrophobic forces. Therefore,
ounter ion cannot remove 1-Naphthol from micellar phase. Fur-
her, 1-Naphthol, being a non-chelating agent promoter, does not
nterfere with the metal ions and the linear morphology of the

icelles is maintained (Fig. 7(c)). A schematic representation of
he possible molecular interactions is given in Fig. 8.

However the reason underlying the increase in viscosity is not
ntirely apparent although it can be understood, from the above
iscussion, that counter ion binding is definitely involved in micel-

ar growth in the present system. Nevertheless, the situation is
ndeed complex in nature. The effectiveness of counter ion binding
s dependent on a number of factors from the tendency of ion-pair
ormation for alkali metal salt solutions to the ease of formation of
quo-complex formation in transition metals. The observed trend
n viscosity enhancement (Fig. 7(c)) is the result of a number of such

ultiple factors. However, it is clear that, the efficiency of Naph-
hols as viscoelasiticity inducer is not compromised by the presence
f metal impurities and salinity and unlike NaSal it enhances and
ould be a potential agent to replace NaSal as fractured fluid for oil
ecovery.

. Conclusion

Strong synergism is observed between the surface active
onic liquid, 1-Hexadecyl-3-methylimidazolium chloride and
he �-conjugated additives viz., 1-Naphthol, 2-Naphthol and
,3-Dihydroxynaphthalene, in improving the surface and bulk
roperties of the system Significant attractive interaction exist

etween �-electron clouds of the additives and charged imi-
azolium head groups via cation-� interaction. Fluorescence
nisotropy study suggests partitioning of the additives within the
AIL micelles while UV–vis and 1H NMR  study support the position-
ing of the additives at the palisade layer of the micelles and their
involvement in hydrogen bonding with interfacial water molecules.
The dynamic oscillatory flow measurements confirm the forma-
tion of viscoelastic wormlike micelles while flow activation energy
supports the efficiency of the � conjugated aromatic additives
in triggering wormlike micelles in the order 2-Naphthol < 1-
Naphthol < 2,3-Dihydroxynaphthalene. The viscoelasicity of the
SAIL/Additive systems is tuneable by temperature as the systems
respond to a critical temperature with highest zero shear viscosity,
above which they relax faster forming branched micelles. Results
of DFT study show that 2,3-DHN has maximum binding energy fol-
lowed by 1-Naphthol and 2-Naphthol to the imidazolium moiety.
Moreover, the systems are found to be metal tolerant. The viscos-
ity of the present system is found to increase in the presence of
metal salts. This observation promises potentiality of the system in
enhanced oil recovery as fractured fluids in the presence of metal
ion impurities. This study reports, fine-tuning of the temperature
sensitive wormlike micelles developed under the salt-free condi-
tion which has huge prospects as usage in storage and carriage
media of suitable drugs.
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ABSTRACT: Hydrophobic derivatives of tyrosine and
tryptophan, viz. octyl and dodecyl esters of tyrosine and
octyl ester of tryptophan, are synthesized, and the interfacial
and bulk properties in aqueous media are investigated as
models for the membrane proteins. Molecular modeling by the
density functional theory method is carried out to understand
the molecular conformation and geometry for the purpose of
determining the packing parameters. Water-induced molecular
folding of the esters of both tyrosine and tryptophan, as
observed using rotating frame nuclear Overhauser effect
spectroscopy, indicates that the segregation of the hydrophobic and hydrophilic blocks in water is the key to the development
of fascinating interfacial property displayed by the aromatic amino acid esters. The unusually high-order morphology of the
aggregates, as observed using high-resolution transmission electron microscopy, is highly uncommon for single-chain amphiphiles
and points to the fact that the self-assembly behavior of the present systems resembles that of block copolymers. The study of the
growth of mesosized hollow aggregates with internal bilayer structures from tyrosine and tryptophan-based model systems would
add to the understanding of biochemistry and biotechnology relevant to the cell membrane. The potential of biocompatible
nanostructured motifs as the drug carriers is discussed. The highly functional role played by the aromatic amino acids at the
membrane−water interface will be considered with the present amphiphilic models for future perspective.

1. INTRODUCTION
The environmental concern for the widespread use of a large
number of surfactant classes, including those of linear
alkylbenzene sulfonates, alkylphenol ethoxylates, and dialkyl
quats, has led to legislation in many countries with the aim of
gradually phasing out these materials from commercial and
industrial scenarios.1−3 The apprehension is not only due to
poor biodegradability under anaerobic conditions, concerning
the use of anaerobically stabilized sewage sludge as fertilizers in
agriculture, but also due to strong inhibitory effects of some of
the above surfactant classes on the metabolic activity of
autotrophic ammonia-oxidizing bacteria with respect to the
nitrogen cycling reaction in soil and water.4,5 As a result, there
is a trend throughout the world to produce more environ-
mentally benign surfactants, although so far, only limited
success has been achieved to produce the so-called green
surfactants for industrial purposes at affordable prices. The
strategy for preparing environment-friendly surfactant mole-
cules could be to start with the biologically active molecules,
viz. amino acids or vegetable oil derivatives.1,6 The end
products of these chemical processes will form an interesting
domain of natural, surface active biomolecules and create
interests not only to chemists and biologists but also to
environmentalists .7−13 These compounds would naturally find
a large number of basic and industrial applications too. Because
the precursor amino acid molecules have biocompatible

properties and a large variety of chemical functionalities, the
surfactant molecules containing the amino acids in their
molecular architecture would retain the same remarkable
properties. Notwithstanding the prevailing situation, the
amino acid-based new surfactants would be water-soluble,
biodegradable, nontoxic, and chiral, with little or no adverse
impact on soil and aquatic environment.5,6,14−16 All of these
properties ensure their eventual development to cater the need
in food, pharmaceutical, and cosmetic sectors, which are the
major users of various surfactant classes. However, in spite of
the optimism that has been raised in the development of amino
acid-based surfactants, the volume of industrial production is
still meagre. Further, surprisingly, one of the very important
amino acid class, viz. aromatic amino acids, has not been
focused for preparing amino acid-based surfactant systems.
Therefore, it would indeed be prudent to explore the possibility
of surface-active properties of long-chain derivatives of aromatic
amino acids, especially those of tryptophan and tyrosine, to
apply these materials as environment-friendly surfactants. This,
quite naturally, would not be confined to spherical aggregates
and their uses concerning laundry detergent only, and rather,
the applications of biocompatible and environment-gentle
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surfactants would be quite diverse. The increasing need for
drug-delivery systems that improve specificity and activity and
at the same time reduce toxicity to ensure maximum treatment
safety has led to the development of a great variety of drug
vector formation. Since the first reported nonionic surfactant
vesicles (ninosomes) nearly 3 decades ago, there have been a
number of studies on ninosomes as potential drug carriers,
principally focusing on the absence of electrostatic driving force
in such systems to create any undesirable secondary interaction
interface.17 The combination of polar aromatic amino acids and
nonpolar long chain compounds (esters of tyrosine and
tryptophan) might lead to the association into vesicles on
hydration as a result of the existence of high interfacial tension
between water and the hydrocarbon portion of the amphiphile.
Therefore, the high promises that are expected to be created for
these supramolecular assemblies, if they are formed in amino
acid-based systems, would translate into the demand for
advanced highly functionalized drug-delivery materials having
bio-origin.
Another highly challenging fact pertinent to aromatic amino

acid-based surfactants, however, prompts from their biological
relevance and strongly functional roles played by aromatic
amino acids in transmembrane proteins at the membrane
interface. Biological membranes are complex assemblies of
lipids and proteins in which phospholipids form the major
building blocks. The components of supreme importance in cell
membranes are various types of proteins that are associated
with the lipid bilayer to form functional membranes and
perform different important tasks inculcated by the cell. Some
of these crucial proteins are transmembrane proteins, anchored
proteins, or peripheral proteins. The transmembrane proteins,
viz. α-helical bundles and β-barrel proteins, localize aromatic
amino acids (especially tyrosine, tryptophan, and histidine) at
the membrane/water interface where they form functionally
significant hydrogen bonds (H-bonds) with interfacial
water.18−23

The discrimination between the nonpolar interior and the
polar exterior of the lipid bilayer is made by the transmembrane
proteins via the typical hydrophobic and hydrophilic domains
that are present in their molecular architecture. The hydro-
phobic region, which contains a stretch of 20−25 hydrophobic
and/or uncharged amino acids, spans the membrane bilayer.
The hydrophilic region, on the other hand, is exposed to one or
both sides of the membrane and contains hydrophilic amino
acids, including amino acid vesicles. The interplay between the
hydrophobic and hydrophilic forces in the membrane proteins
is the key to the function and activity of these protein
molecules that typically resemble conventional surfactants or
amphiphilic molecules in this respect. Although the amphiphilic
behavior of the membrane proteins is indeed significant, it is
difficult, if not impossible, to study in situ because of the
inherent complexity of the membrane systems. Long-chain alkyl
esters of aromatic amino acids, especially those of tyrosine and
tryptophan, could be good models of membrane proteins, and a
few studies on the fluorescence behavior of such a model
system, viz. tryptophan octyl ester, are reported in the
literature.24−29 However, no scientific report of such model
systems involving tyrosine or other aromatic amino acids is
available. In spite of their importance, the surface active
property of the model systems has not been reported.
Therefore, the initial motivation is to consider the surface
activities of long-chain esters of tyrosine and tryptophan and to
study the behavior of the aromatic π systems at the interface. It

is indeed a fact that these materials are not easily available at
present, not even from well-known chemical manufacturers.
This may be one of the reasons for the lack of interest shown to
these model systems. In the present paper, we have reported
the method for the synthesis of octyl esters of tyrosine and
tryptophan residues and dodecyl ester of tyrosine and
investigated a detailed aspect of the surface activity and the
related phenomena, including their conformations, molecular
interactions in the aqueous medium, aggregation behavior, and
morphology of the self-assembled nanostructures of the
aggregates.

2. MATERIALS AND METHODS
2.1. Materials. L-Tyrosineoctyl ester (TYOE), L-tyrosinedodecyl

ester (TYDE), and L-tryptophanoctyl ester (TROE) were synthesized
in our laboratory according to Scheme 1. L-Tyrosine and L-tryptophan
were purchased from HiMedia (India). SOCl2 and n-dodecanol were
purchased from Aldrich (USA). n-Octanol was purchased from
Lancaster (England). Pyrene was purchased from Fluka (Switzerland)
and purified before use via column chromatography using hexane as
the eluent. Hexane was purchased from SDFCL (India); NaCl, NaOH,
and Na2SO4, for synthesis, were purchased from Merck (India). The
purity of all chemicals was greater than 99%, and they were used as
received (except pyrene). All experiments were done with deionized
and doubly distilled water with pH 6.5−7 and specific conductance
below 2 μS·cm−1.

2.2. Methods. 2.2.1. Tensiometry. Tensiometric measurements
were recorded on a Krüss K9 tensiometer (Germany), based on the
Du-Noüy ring detachment method, fitted with an OMNIset
temperature bath with a precision of ±0.1 °C. Before each
measurement, the platinum ring was thoroughly cleaned with 1:1
acetone/water solution and heated under an oxidizing flame until a
glowing temperature was attained. After every addition, the
experimental solution was stirred for 5 min for homogeneity and
equilibrated for 10 min. For each measurement, three to five
subsequent readings were taken for concordance. The standard
deviation was <0.1 mN·m−1.

2.2.2. pH Measurements. The pH values of the solutions were
measured using a Systronics digital pH meter (model: 335, India)
calibrated with standard buffers of pH 4.0 and 9.2. The solutions were
equilibrated for 5 min after the addition of the alkali, until a steady pH
meter reading was observed.

2.2.3. Fluorescence Spectroscopy. Steady-state fluorescence
emission study was carried out in a bench top spectrofluorimeter
from Photon Technologies International (QuantaMaster-40, USA)
with excitation and emission slitwidths fixed at 3.0 and 2.5 nm,
respectively. The samples were taken in a Hellma quartz cuvette of
optical length 1.0 cm.

2.2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H
NMR experiments were performed using a Bruker (Germany)
ADVANCE spectrometer operating at 300 MHz frequency (for
characterization) and at 400 MHz for the two-dimensional (2D)
rotating frame nuclear Overhauser effect spectroscopy (ROESY)
study. Signals are quoted as δ values in ppm using residual protonated
solvent signals as the internal standard (D2O: δ 4.79 ppm). The
respective solutions were made in D2O, and 0.6 mL of the same was
used for each measurement. Data are reported as a chemical shift.

2.2.5. High-Resolution Transmission Electron Microscopy (HR-
TEM). HR-TEM images were obtained with a Jeol JEM 2100
microscope (Japan) operating at an accelerating voltage of 200 kV.
All images were taken at suitable defocus condition to obtain
maximum contrast. A drop of the sample solution was added to a 200
mesh copper lacey support grid coated with the carbon film. The
excess sample was manually blotted carefully with a Whatman 42 filter
paper for 2 s. The grid was dried at 60 °C for 1 h before
experimentation.

2.2.6. Dynamic Light Scattering (DLS). DLS was performed on a
Zetasizer Nano ZS light scattering apparatus (Malvern Instruments

Langmuir Article

DOI: 10.1021/acs.langmuir.7b01651
Langmuir 2017, 33, 6581−6594

6582

http://dx.doi.org/10.1021/acs.langmuir.7b01651


Ltd., UK) with the He−Ne laser (632.8 nm, 4 mW) at a scattering
angle of 173°. The temperature was maintained constant at 303 K.
2.3. Synthesis of TYOE and TYDE. To 0.6 mol of n-alcohol (95

mL of n-octanol and 135 mL of n-dodecanol, respectively, for TYOE
and TYDE) at −5 °C, 0.055 mol (4 mL) thionyl chloride was added
dropwise, and the mixture was stirred for 10 min (Scheme 1). To this
mixture, 0.05 mol (9 g) L-tyrosine was added, and the resulting
mixture was stirred and refluxed at 95 °C for 21 h under a nitrogen
atmosphere. The mixture was then allowed to stand at room
temperature. The white solid that appeared was washed with diethyl
ether several times (to remove excess n-alkanol) and filtered via
vacuum suction. It was then dissolved in water and pH was adjusted to
7 (±0.2) by dropwise addition of ∼0.1 N NaOH solution. The white
cloudy solution was taken in a separating funnel, to which ethyl acetate
was added, and the mixture was shaken well and allowed to stand
overnight. A clear, transparent layer of water and ethyl acetate was
obtained.
The organic part of the mixture was collected over Na2SO4. The

solvent was evaporated in a water bath, and the product was dried in a
vacuum pump for 6 h.30 The yellow semisolid product for TYOE
(yield ≈ 72%, 6.5 g) and the white crystalline product for TYDE (yield
≈ 75%, 6.7 g) were obtained, and these were characterized using 1H
and 13C NMR spectroscopies.
2.3.1. TYOE. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.3 (1H,

−OH), 7.01 (d, 2H, 8.4 Hz), 6.69 (dd, 2H, 2.1 Hz), 4.17−4.10 (m,
2H), 3.74−3.66 (m, 1H), 3.2 (broad, −NH2), 3.05 (dd, 1H, 5.1 Hz),
2.94−2.79 (m, 1H), 2.06 (t, 2H), 1.64 (t, 2H), 1.31−1.25 (m, 10H),
0.898 (t, 3H, 6.6 Hz).

13C NMR (300 MHz, CDCl3): δ (ppm) 174.9, 130.35 (for two C,
twice intensity), 127.9, 115.7, 77.45, 77.02, 76.60, 65.43, 55.54, 39.71,
29.18, 28.55, 25.88, 22.62, 14.17, 14.07.
2.3.2. TYDE. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.2 (s, −OH),

6.99 (d, 2H, 8.4 Hz), 6.66 (d, 2H, 8.4 Hz), 4.12 (t, 2H, 6.6 Hz), 3.71
(q, 1H, 5.1 Hz), 3.03 (broad, −NH2), 3.05 (dd, 1H, 4.8, 5.1 Hz), 2.8
(q, 1H, 7.1 Hz), 1.63 (t, 2H, 6.6 Hz), 1.28 (d, 18H, 5.1 Hz), 0.88 (t,
3H, 6.3 Hz).

13C NMR (300 MHz, CDCl3): δ (ppm) 174.9, 155.4, 130.34,
127.79, 115.77, 77.46, 77.03, 76.61 65.46, 55.53, 39.71, 31.91, 29.63,
29.58, 29.51, 29.34, 29.24, 28.57, 25.89, 22.68, 14.11.
2.4. Synthesis of TROE. To 63 mL (0.4 mol) of n-octanol

maintained at −5 °C, 2.2 mL of SOCl2 (0.03 mol) was added dropwise
and stirred for 30 min. Thereafter, 6 g of L-tryptophan (0.03 mol) was
added, and the mixture was stirred and refluxed at 130 °C under a
nitrogen atmosphere for 21 h. The white solid obtained was washed
with diethyl ether several times and dried.31 It was then treated with
ethyl acetate, and a strong NaOH solution was added dropwise to
adjust pH to 7.0 (±0.2)
The ethyl acetate part was collected over Na2SO4 and washed with

saturated NaCl solution several times and dried under vacuum for 24 h
(Scheme 2).32 The white solid product (TROE) was obtained and
characterized using 1H NMR and 13C NMR techniques. The yield of
the product was ∼92% (8.1 g).

1H NMR (300 MHz, CDCl3): δ (ppm) 8.2 (s, NH2), 7.73 (d, 1H,
7.92 Hz), 7.47 (d, 1H, 7.92 Hz), 7.37 (s, 2H), 7.26 (m, 1H), 4.19 (t,

1H, 6.75 Hz), 3.93 (q, 2H, 4.98 Hz), 3.58 (q, 2H, 4.98 Hz), 3.37 (q,
1H, 5.13 Hz), 3.19−3.14 (m, 1H), 1.72 (s, 6H), 1.34 (s, intense, 6H),
0.99 (t, 3H, 6.93 Hz).

13C NMR (300 MHz, CDCl3): δ (ppm) 171.23, 136.31, 127.46,
123.1, 122.1, 119.46, 118.72, 111.29, 110.92, 65.29, 62.99, 54.91, 31.8,
30.6, 29.4, 29.3, 25.88, 22.66, 14.12.

2.5. Sample Preparation. For experiments at low concentration
regimes [concentration < 5 times critical aggregation concentration
(cac)], the amino acid esters were directly dissolved in water. For
experiments at high concentration regimes (concentration > 5 times
cac), the samples were dissolved in pure methanol, followed by the
addition of water. The final methanol content in water never exceeded
4%.

3. RESULTS AND DISCUSSION
3.1. Molecular Modeling of TYOE, TYDE, and TROE.

Since the geometry of the individual amphiphile molecule
determines the packing parameter, vis-a-̀vis morphology of the
self-assembled aggregates in aqueous solutions, the structural
aspects of TYOE, TYDE, and TROE are important and have
been studied using density functional theory (DFT) calcu-
lations in Gaussian 09 package using the hybrid functional
B3LYP and 6-31G as the basis set.33 According to the above
measurements, the most stable conformations of aromatic
amino acid esters are observed in which the aromatic moieties
are bent/folded toward the hydrocarbon chains at different
angles. The optimized conformations of TYOE, TYDE, and
TROE are shown in Figure 1. The hydrophobic alkyl chain
lengths for TYOE, TYDE, and TROE as obtained from the
DFT calculations are 9.74, 14.87, and 9.74 Å, respectively. The
respective aromatic planes arise approximately 1.29 Å below the
plane containing the alkyl chain of TYOE and TYDE and
approximately 1.01 Å in the case of TROE. The bending angles
between the aromatic plane and the alkyl chain are 152.5°,
154.6°, and 98.1° for TYOE, TYDE, and TROE, respectively.
This shows that TYOE and TYDE are comparatively much less
aligned (vertically) toward the hydrocarbon skeleton compared
with TROE. Single point energy calculations were done to
compute the energetics of the most stable conformation in
vacuum. The total thermal internal energy of the most stable
conformations, that is, those which display minimum internal
energy in vacuum via energy minimization, are 280.5, 356.06,
and 297.55 kcal·mol−1 for TYOE, TYDE, and TROE,
respectively. (Theoretical details are provided in section
S1.1.) It is noteworthy that the structural geometry of
tryptophan octyl ester was studied previously using the
molecular mechanics calculation.28 It has been shown that, in
vacuum, the stable conformations were all folded. Extended
conformation did occur in water for they were stabilized by
electrostatic and van der Waals interaction between the solvent

Scheme 1. Synthetic Route of L-Tyrosine Alkyl Ester, n = 8 (TYOE) and 12 (TYDE)

Scheme 2. Synthetic Route of TROE
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and TROE molecules. Such interactions are weaker for folded
conformations. Nevertheless, there is a difference in the
potential energy of ∼5 kcal·mol−1 between the extended and
folded conformations of TROE in the presence of the solvent.
This again favors the folded conformation.
3.2. Interfacial and Bulk Properties of TYOE, TYDE,

and TROE. Measurement of interfacial tension is a reliable and
popular tool, which provides direct insight into the molecular

behavior of a moiety through careful study of its bulk property.
To explore the nature of the amino acid esters, viz. TYOE,
TYDE, and TROE, in solution, tensiometric study was
undertaken. Figure 2a−c shows that the surface tension of
water decreases steadily with increasing concentrations of
TYOE, TYDE, and TROE and reaches a constant value at a
critical concentration in each case, like a conventional
surfactant. At room temperature, viz. 303 K, sharp break points
at 1.81, 1.31, and 0.046 mM concentrations of TYOE, TYDE,
and TROE are observed, respectively. The equilibrium surface
tension of the solutions at the critical points, γcac, is 45.0 mN·
m−1 for TYOE, 38 mN·m−1 for TYDE, and 52.5 mN·m−1 for
TROE. These surface tension values are indeed much lower
than that of pure water, that is, 70.8 mN·m−1 at 303 K. This
result indicates that the amino acid esters are surface active in
nature. The absence of a minimum around the break point
confirms the purity of the synthesized ester.34 Generally, the
nature of the head group and the alkyl chain length of the
nonionic surfactant govern critical micelle concentration
(cmc)/cac values [ the term, in general, is used in this work
because of the occasional presence of different types of
aggregates together (see section 3.4)].35 In the present study, it
is observed that the cac values for the two tyrosine esters (1.81
mM for octyl and 1.31 mM for dodecyl esters) are not only
close to cmc values normally found for many conventional
single-tailed surfactants but also follow the well-understood
trend of synergism as a function of the chain length.36

However, tryptophan ester (TROE) exhibits a surprisingly
strong self-assembling tendency in water displaying a cac value
of 0.046 mM. The γcac values for the three aromatic amino acid
esters indicate that none of these amphiphiles pack the air−
water interface much densely, most probably because of their
obliquely bent head group geometry (see also section
3.3).37Among the three, TYDE molecules are packed most
densely, whereas TROE molecules are packed least densely.
The pC20 values have been determined from the surface tension
plots.38 The pC20 is defined as pC20 = −log C20, where C20

Figure 1. Optimized geometries of (a) TYOE, (b) TYDE, and (c)
TROE using DFT B3LYP methodology and 6-31G basis set. Color
code: blue = nitrogen, red = oxygen, green = carbon, and gray =
hydrogen.

Figure 2. Surface tension profile as a function of temperature for (a) TYOE, (b) TYDE, and (c) TROE. (d) Variation of cac with temperature for
different amino acid esters.
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stands for the concentration required to reduce the surface
tension of water by 20 mN·m−1. C20 is the minimum
concentration needed to lead to a saturation of the surface
adsorption and thus can be used as the signature for the
efficiency of the amphiphile adsorption at the air−water
interface. Higher value of pC20 implies greater surface active
nature. The pC20 values for the present aromatic amino acid
amphiphile systems are found to be 0.05, 0.50, and 1.30 for
TYOE, TYDE, and TROE, respectively. It implies that TROE
demonstrates much higher surface activity compared with the
tyrosine analogues. The cac of the present systems is a typical
weak function of temperature like the cmc of the conventional
surfactants (Figure 2d).39 In the present case, it decreases with
temperature initially and then increases, passing through a
shallow minimum. The observed decrease in the surface tension
is probably caused by the orientation of amino acid esters at the
air−water interface. The rapture of hydrogen bonds between
the amphiphiles and the water molecules, caused by the initial
rise in temperature, increases the effective hydrophobicity of
amino acid ester molecules, thus favoring their aggregation. The
increase in cac at higher temperatures is due to the breakdown
of the structured “ice-bergs” of water, thus increasing the
entropy of aggregation.40−42 The noted decrease in the
equilibrium surface tension values corresponds to higher
surface energy with increase in temperature. Other surface
parameters underlining the surface behavior of the surface
active amino acid esters in the aqueous medium are calculated
via Gibbs adsorption equation43,44 (theoretical background
provided under section S1.2) and presented in Table 1. The
maximum surface excess (Γmax) denotes the number of surface
active molecules present at the air−water interface in excess of
the bulk. Γmax shows a significant increase of nearly 2.5 times,
from 1.96 × 10−6 to 4.87 × 10−6 mol m−2 in the case of TYOE
and 2.21 × 10−6 to 5.59 × 10−6 mol·m−2 for TYDE in the
temperature range of 323−328 K, but in the case of TROE, it
decreases from 6.8 × 10−6 to 2.6 × 10−6 mol·m−2 within the
temperature range of 293−333 K (Table 1). Amin, which is the
minimum surface area occupied by a molecule at the interface,
decreases from 0.85 to 0.46 nm2·molecule−1 for TYOE and 0.75
to 0.46 nm2·molecule−1 for TYDE, whereas it increases from

0.24 to 0.66 nm2·molecule−1 for TROE (Table 1). The increase
in the Amin value, in the case of TROE, suggests that the
molecules are oriented more obliquely at the interface and
explains the decrease in the number of excess TROE molecules
with temperature. The TYOE and TYDE molecules, on the
other hand, assume perpendicular orientations, and conse-
quently, their Γmax is higher.

37 The observation indicates that
the head group of the amino acid ester moieties plays a
significant role in determining the orientation of the molecules
at the interface.
The morphology/phase-transitions of self-assembled aggre-

gates of amphiphilic compounds are dependent on the packing
parameter (p)45

= ·p v l a/ 0 (1)

where v and l are the volume and length of the hydrophobic
alkyl chain, respectively, and a0 is the area of the hydrophilic
head group of the surfactant molecule. The numerical value of p
determines the degree and extent of morphological transition of
the aggregates formed in the surfactant solution; for example, to
form global micelles, p ≤ 1/3; for wormlike micelles, 1/3 < p ≤
1/2; for bilayers, 1/2 < p ≤ 1; and for reverse micelle
structures, p > 1.46 The effective head group area, a0, of the
surfactant molecules, is generally obtained from the variation of
surface tension as a function of concentration47 and is given by
Amin (Table 1). The volume of the hydrophobic chains, v, can
be determined empirically from Tanford’s equation as follows48

= +v n27.4 26.9 (2)

where n is the number of carbon atoms in the chain.
For, n = 8 and 12 (for octyl esters of tyrosine and tryptophan

and dodecyl ester of tyrosine), v assumes the values of 242.6
and 350.2 Å3, respectively. Using these values and the value of
Amin from Table 1, assuming perpendicular orientation only, p
is found to be 0.38 for TYOE, 0.53 for TYDE, and 0.43 for
TROE. The values indicate that in the case of TYOE, p is
slightly above the limit of 0.33 (for micelles) and is therefore
expected to aggregate as nearly spherical micelles and
ellipsoidal clusters, whereas both TYDE and TROE would
have strong inclination to pack as bilayers or vesicles.49

Table 1. Temperature Dependence of cac and Surface Parameters, viz. Surface Pressure at cac (Πcac), Surface Excess, (Γmax),
Area Minimum (Amin) of TYOE, TYDE, and TROE in Aqueous Medium

temperature (K) cac (mM) 103 × Πcac (mN·m−1) 106 × Γmax (mol m−2) Amin (nm
2·molecule−1)

TYOE
293 2.75 33.2 1.96 0.85
303 1.81 26.1 2.55 0.65
313 1.41 26.9 3.45 0.48
323 1.38 36.7 4.87 0.30
328 1.66 25.9 2.55 0.46

TYDE
293 2.63 39.6 2.21 0.75
303 1.31 33.4 3.79 0.44
313 0.83 36.9 5.80 0.29
323 0.93 31.8 5.59 0.30
328 1.54 33.1 3.65 0.46

TROE
293 0.059 12.6 6.81 0.24
303 0.046 18.3 2.93 0.57
313 0.038 17.8 3.42 0.48
323 0.042 12.8 2.15 0.79
333 0.045 17.7 2.58 0.66
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3.2.1. Thermodynamics. The energetics of aggregation and
interfacial adsorption have been studied as a function of
temperature (Table 2) using Gibbs adsorption isotherm50 and
mass action model51 of surfactant aggregation, respectively. The
mathematical details and equations are provided under section
S1.2.1. The standard free energy of aggregate formation per
mole of monomer unit52 for TYOE, TYDE, and TROE in the
aqueous medium is evaluated based on the mass action model
and summarized in Table 2. The high negative ΔGagg

0 value for
TROE aggregation, compared with that for tyrosine analogues,
shows that the aggregation process is much favored in the
former. The self-assembly of amphiphilic molecules in polar
solvents such as water generally involves interesting thermody-
namic maneuver. On the one hand, the endothermic melting of
the ordered solvent cluster due to hydrophobic effect of the
amphiphile dominates over the exothermic association of
hydrophilic parts leading to positive entropy change. The
hydrophilic part, on the other hand, preferentially hydrates in
solvent water via hydrogen bond formation with water
molecules. Thus, a greater enthalpic compensation is brought
about compared with that if the hydrophilic parts are interacted
among each other leading to electrostatic repulsion between
adjacent hydrophobic blocks. The balance between all such
forces drives the formation of aggregates of different sizes,

shapes, and orders. Thus, during aggregation, compared with
tyrosine analogues, the endothermic melting of ordered water
molecules around the nonpolar tail of TROE is much greater
than the subsequent exothermic assembly of the molecules
(Table 2). Although hydrophobic and electrostatic interactions
dominate ΔHagg

0 , ΔSagg0 is contributed by the transfer of the
hydrocarbon chains of the monomers into the aggregate core.53

Thus, the temperature favors the decrease of the exothermic
repulsion between the tryptophan head groups in TROE.
Further, the association of monomers, readjustment of the
hydration sphere of the head groups within the aggregates, and
reorganization of the hydrocarbon chains at the aggregate core
increases the overall degree of freedom of the system causing a
net rise in the entropy.54 The linear enthalpy−entropy
compensation relationship was observed with compensation
temperature, Tc, as 308, 313, and 246 K for TYOE, TYDE, and
TROE, respectively (Figure S1). Further, the negative values of
ΔGads

0 indicate that the phenomenon of interfacial adsorption is
also spontaneous in nature. In the case of TYOE and TYDE,
ΔGads

0 shows a nonregular trend with temperature, whereas in
the case of TROE, the value increases as a function of
temperature. This shows that temperature favors the process of
adsorption in TROE. Furthermore, the more negative values of
ΔGads

0 compared with ΔGagg
0 for TYOE, TYDE, and TROE at

Table 2. Thermodynamic Parameters, viz. Standard Gibbs Free Energy Change of Aggregation (ΔGagg
0 ), Standard Enthalpy

Change of Aggregation (ΔHagg
0 ), Standard Entropy Change of Aggregation (ΔSagg0 ), and Standard Free Energy Change of

Adsorption (ΔGads
0 ) of TYOE, TYDE, and TROE in Aqueous Medium

temperature (K) ΔGagg
0 (kJ·mol−1) ΔHagg

0 (kJ·mol−1) ΔSagg0 (J·mol−1 K−1) ΔGads
0 (kJ·mol−1)

TYOE
293 −10.33 +56.56 +228.31 −27.24
303 −12.29 +38.41 +167.31 −22.51
313 −14.48 +16.73 +99.17 −22.27
323 −13.27 −8.56 +14.59 −20.81
328 −13.22 −22.77 −29.11 −23.40

TYDE
293 −11.42 +36.19 +162.50 −29.34
303 −12.88 +17.74 +101.08 −21.69
313 −13.55 +0.78 +45.78 −19.91
323 −13.48 −15.65 −6.71 −19.17
328 −14.17 −30.63 −50.17 −23.23

TROE
293 −33.51 −9.32 +82.55 −35.36
303 −35.89 −9.05 +88.58 −42.21
313 −36.94 −7.71 +93.38 −42.18
323 −37.85 −6.12 +98.23 −43.94
333 −38.89 −4.31 +103.84 −45.97

Figure 3. (a) Variation of emission intensity of 2 μM aqueous pyrene as a function of the TYOE concentration at 303 K (representative plot) and
(b) relative intensities of the vibronic band (I1/I3) of pyrene fluorescence in aqueous solutions of TYOE, TYDE, and TROE at 303 K. The solid
circles indicate the experimental curve, and the dashed line indicates Boltzmann sigmoidal fit.
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all temperatures indicate that the adsorption process in all
amino acid esters is more spontaneous in comparison to their
corresponding aggregation.44

3.2.2. Steady-State Fluorescence Emission. Steady-state
fluorescence emission study was performed to verify the cac
values of the amino acid aggregates and to ascertain the
microenvironment of the molecular aggregates in solution.
Figure 3a depicts the variation in the fluorescence emission
intensity of 2 μM aqueous pyrene solution upon increasing the
concentration of TYOE (representative plot). Plots for TYDE
and TROE are provided in Figure S2. The lowering of emission
intensity signifies considerable binding of pyrene to the TYOE
molecules. The relative intensities of the vibronic bands, I1/I3,
of pyrene emission are plotted as a function of the
concentrations of amino acid esters (Figure 3b).
A sigmoidal variation is observed in all three cases (Figure

3b). The values were fitted according to Boltzmann distribution
to obtain the inflexion point, which has been considered as the
cac.55 The cac values obtained by this method are 2.66 mM for
TYOE, 2.21 mM for TYDE, and 0.051 mM for TROE. These
values differ to a considerable extent from those obtained from
the surface tension measurement (Table 1). However, such
difference of results between the two methods is not
uncommon.6 The I1/I3 value, which is shown to be a measure
of the polarity of the fluorophore location, ranges from 0.91 to
1.02 in TYOE, 1.04 to 1.14 in TYDE, and 1.12 to 1.18 in
TROE (Figure 3b). The values are consistent with those
observed for pyrene in the nonpolar solvent, toluene (1.11) and
in the nonpolar micellar core of traditional anionic surfactant,
sodium dodecyl sulfate (1.14).55 The vibronic bands of the
fluorescence emission spectrum of pyrene are highly sensitive
to the local polarity; the I1/I3 values in the micelle-solubilized
pyrene increases with the solvent polarity.56 Therefore, it is
evident that the pyrene molecules partition into a preferably
nonpolar location at the core of the aggregates. This also
corroborates the fact that the lowering of the emission intensity
upon increased amphiphile concentration, as observed in Figure
3a, is a sign of partitioning more and more fluorophore into the
aggregate core. Further, I1/I3 varies in the order TYOE >
TYDE > TROE, implying that the aggregate core is more polar
in TROE followed by TYDE and least polar in TYOE.
3.2.3. Aggregation Number. The steady-state fluorescence

quenching technique was used to determine the aggregation
number (Nagg.) of the aggregates of amino acid esters. The
equilibrium of the amino acid esters between the aqueous and
the self-assembled pseudophases follows the Poisson distribu-
tion. The following equation is applied to analyze the
fluorescence quenching data57

= −I I
C

C
ln ln 0

Q

a (3)

or,

=
−

−
I

I N C

C
ln

ln

cac
0 agg. Q

T (4)

where CQ, Ca, and CT are the concentrations of the quencher,
aggregate, and total amino acid esters, respectively, whereas I
and I0 are the fluorescence intensities in the presence and
absence of the quencher. Figure 4 shows the emission spectra
of pyrene in aqueous solutions of amino acid esters in the
presence of varying quencher concentrations (cetylpyridinium
chloride, CPC). The emission intensity of pyrene decreases
with the increase in the quencher concentration in all three
amino acid esters. From the slope of the plots of ln(I/I0) versus
the quencher concentration (insets of Figure 4a−c) and the cac
values, Nagg. is determined using eq 4. To avoid the possibility
of microstructure transition, the concentration of amphiphile is
kept 4.5 times of cac, whereas higher concentration is usually
desirable. However, the results of the quenching experiment
suggest that both pyrene and the quencher, CPC, are
partitioned well within the aggregate core under the above
concentration condition. The shape of the emission spectra of
pyrene is modified in the presence of CPC; the vibronic
structure becomes ill-defined, and the spectra are red-shifted
due to the interaction of pyrene molecules with the pyridinium
head groups of CPC within the aggregates. The aggregation
numbers obtained by this method are 35 and 18, respectively,
for TYOE and TYDE, whereas for TROE, Nagg. could not be
determined because of the nonlinear nature of the ln(I/I0)
versus the quencher concentration plot (inset of Figure 4c). It
seems apparent that the experimental plots (insets of Figure
4a,b) for TYOE and TYDE are consistent and yield the values
of Nagg. Nevertheless, the aggregation numbers are unusually
small, especially for TYDE aggregates. Moreover, the deviation,
of plots of ln(I/I0) versus the quencher concentration (for
TROE) from linearity is undoubtedly indicative of the
morphology transition of the aggregates at the experimental
concentration. It is therefore tempting to examine the
molecular interaction (by 2D NMR) and the detail morphology
(by HR-TEM) at similar and higher concentration regimes of
the amino acid analogues.

3.3. Molecular Interactions: 2D NMR (Concentration >
5 Times cac). NMR spectroscopy is a powerful and reliable
tool for the investigation of molecular aggregates.58 NMR
techniques have been successfully utilized in determining
parameters such as the size, shape, degree of association,

Figure 4. Variation of fluorescence emission spectra of 2 μM pyrene in aqueous solutions of the amino acid esters: (a) 8.09 mM TYOE, (b) 4.24
mM TYDE, and (c) 0.21 mM TROE at 303 K. The insets display linear plots of ln(I/I0) for 2 μM pyrene in aqueous solutions of the respective
amino acid esters as a function of CPC (Q) concentrations.
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structure, and so forth of various self-assemblies.59−62 ROESY
is one of the 2D NMR techniques that correlates signals arising
via dipolar interaction from protons that are close in space (<5
Å). The intensity of the cross-peaks of ROESY spectra reflects
the extent of magnetization transfer between the nuclei and is
proportional to the internuclei distance.63 Herein, the 2D
ROESY spectroscopic analysis is utilized to study the
microstructure of the amino acid esters, viz. TYOE and
TROE, in solution (D2O). The chemical representation and
proton numbering of TYOE and TROE are shown in Scheme
3.
The presence of key cross-peaks in the ROESY spectra of

TYOE and TROE (Figure 5) suggests that strong interaction
occurs between various protons of the respective molecules. In
Figure 5a, the intense cross peaks 3/4−15 and 1/2−15
correlate the aromatic protons of the indole ring of the
tryptophan moiety with the terminal alkyl protons.
Cross-peaks, viz. 1/2−13/14, 3/4−10, and 1/2−9 are

observed between the aromatic protons and the intermediate
aliphatic protons of the octyl chain of TROE. These
correlations suggest that the aromatic face of the TROE
molecule containing the benzene ring of the indole moiety lies
in close proximity to the aliphatic protons of the alkyl chain of

TROE, including the terminal methyl protons. The optimized
geometries of amino acid esters (section 3.1) in vacuum
especially that of TROE also showed that the aromatic ring
remains folded. Previously, theoretical studies using molecular
mechanics calculations28 have shown that an extended
conformation of TROE molecule is energetically unfavorable
and that the TROE molecule exists as a folded conformer in
vacuum and in water box, with the amino and carboxylate
groups located at one end creating a polar extremity. Similar
conformation of TROE is observed herein from the ROESY
spectrum. The interaction of aromatic protons with the
terminal methyl group further suggests that the aliphatic
chain tends to bend toward the aromatic ring exhibiting a
folded structure. Strong hydrophobic interactions between the
aromatic ring and the aliphatic chain might be the driving force
behind the “bending inwards” of the terminal alkyl protons and
the observed cross-peaks in the ROESY spectrum. This
conformation of TROE may be stabilized by the favorable
van der Waal interaction and possible hydrogen bonding
between the solvent water molecules and the polar amino and
carboxyl groups of TROE, which lie at the micellar interface.
Furthermore, the two H6 protons exist in two magnetically
nonequivalent environments. One is closer to the polar amino

Scheme 3. Chemical Representation and Proton Numbering of TROE and TYOE

Figure 5. Two-dimensional 1H−1H ROESY spectra of (a) 0.5 mM TROE and (b) 7.2 mM TYOE in D2O at 303 K.
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group and appears downfield at δ 4.2 ppm, whereas the other is
oriented away from the amino group and appears relatively
upfield at δ 3.9 ppm (Figure S3a). In the ROESY spectrum, a
correlation between the more downfield H6 protons is
observed with H8 and H11/H12 protons of the alkyl chain.
Moreover, several other weak cross−peaks, viz. 1/2−6, 1/2−7,
and 5−10, are also observed correlating the aromatic protons

with the protons at the polar end of the head group. These
interactions suggest that molecular interactions may also occur
between two adjacent TROE molecules.
In the case of TYOE, two fascinating aspects were observed.

First, in spite of consisting of two types of magnetically
nonequivalent aromatic protons, viz. H1 and H2 (Figure 5b),
the 1H NMR spectra displayed low intensity resonance signals

Scheme 4. Key 1H−1H Intramolecular ROESY ( ) Correlations in (a) TROE and (b) TYOEa

aColor code: blue = nitrogen, red = oxygen, green = carbon, and gray = hydrogen.

Figure 6. HR-TEM micrographs of (a−c) 7.2 mM TYOE in the aqueous medium in different fields of view: (a) clusters of vesicular aggregates, (b)
dispersed micellar aggregates of size <10 nm indicated by boxes and presence of large vesicles of diameter >50 nm indicated by arrows, and (c)
presence of giant spherical vesicles of diameter ∼200 nm; (d−f) 9.0 mM TYDE in different fields of view: (d) presence of aggregates of micellar
dimension (arrows and boxes), (e) mesosize aggregates with regular hollow internal structures (trigonal dodecahedron/icosahedron?), and (h) giant
vesicle of diameter ∼200 nm; and (g−i) 0.5 mM TROE in different fields of view: (g) uniformly distributed micellar aggregates, (h) vesicles with a
distinct bilayer membrane of thickness ≈ 5−7 nm of predominantly square geometry, with hollow concentric circles indicating bilayer thickness, and
(i) large spherical vesicle of diameter ∼150 nm.
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for a third type aromatic proton at δ 7.00 ppm (Figure S3b).
This indicates that some of the H2 protons may be hydrogen-
bonded to the amino group in its vicinity. The 2D ROESY
spectrum reveals that this hydrogen-bonded proton interacts
with H10 of the aliphatic chain giving rise to cross-peaks at
6.99−2.75. A very weak correlation peak is observed between
the aromatic H1 proton and the terminal methyl protons, viz.
H12. This shows that the aliphatic chain terminal is located
away from the proximity of the aromatic ring contrary to that
observed in TROE. Second, unlike commonly observed for
aliphatic proton resonances and as observed in the spectra of
TYOE in the nonpolar solvent CDCl3 where it appears at δ
1.33 ppm (Figure S1a), the chain protons H5−H9 appear
highly downfield in D2O and merge into a single peak observed
at 3.16 ppm (Figure S3b). No intense peak at the nonpolar end
suggesting otherwise is evident. The observation indicates that
the chain protons of TYOE experience unusually high polar
environment in the aqueous medium compared with that of
TROE. Intense cross-peaks correlating these protons, viz. H5−
H9, with the aromatic nonbonded H2 proton is observed. It
seems likely that in TYOE, the aromatic moiety bends the
carbonyl group inward along with the ester−oxygen facing the
interface.64 Because of the incorporation of rigidity in the
structure owing to the hydrogen bonding, the aromatic group
remains less closely packed compared with that of TROE. The
highly polar environment experienced by H5−H9 in TYOE
may be explained by the close proximity of the −NH2 group in
the vicinity and the presence of larger number of polar solvent
molecules compared with that of TROE.
On the basis of the 2D NMR observation, a probable

structure of TROE and TYOE as present within the aggregates
and the intramolecular interaction between different protons is
shown in Scheme 4.
3.4. Morphology of Aggregates: HR-TEM and DLS

(Concentration > 5 Times cac). The aggregate morphology
of the amino acid esters was visualized using HR-TEM6 (Figure
6). To ensure complete aggregation and microstructure
transformation, aqueous solutions of the amino acid esters
were prepared with concentrations 5−10 times of their
respective cac values. The TEM micrographs show the presence
of aggregates of different sizes having diverse microstructural
features. In TYOE, spherical micelles of size 5−10 nm
(representative indication by red square) and small spherical
vesicles of size 20−30 nm (representative indication by red
arrow) are observed to pack together in the form of ellipsoidal
domains (Figure 6a). Furthermore, the vesicles form stacked-up
structures, as evident from their overlapped contour (indicated
by red arrow).65,66 The absence of a well-defined membrane
around the periphery of the large ellipsoidal assembly suggests
that the formation of this cluster is driven by solvophobic
repulsive interactions between the micelles or vesicles and the
solvent molecules. It may also be seen that large spherical
vesicles, of average diameter of ∼100 nm, are present alongside
the smaller micellar aggregates, which are dispersed throughout
the field of view (Figure 6b). Larger vesicles of diameter >200
nm are also present (Figure 6c). Similar coexistence of small
micelles (size <8 nm) and vesicles (diameter 20−25 nm) is
evident in TYDE (Figure 6d) as well. A closer inspection of the
HR-TEM picture of TYDE aggregates reveals the presence of
mesosize aggregates with regular hollow internal structures that
look like trigonal dodecahedron/icosahedron geometry (Figure
6e). The aggregates in TYDE are spheroidal and have a
diameter of ≈10−20 nm. These are comparatively more

homogeneously distributed (Figure 6d) than TYOE. Besides,
there are large number of smaller aggregates of micellar
dimension (black dots) evenly distributed within the field of
view (Figure 6). However, giant spherical vesicles (diameter ≈
200 nm) similar to those in TYOE are also observed in TYDE
(Figure 6f). In TROE, micellar aggregates of size <10 nm are
found dispersed in the medium (Figure 6g indicated by the red
square), whereas larger vesicles of average dimension of ∼60−
80 nm, having cubic geometry (indicated by the red arrow), are
found to coexist (Figure 6h). Giant vesicles similar to those in
TYOE and TYDE are also observed in another field of view
(Figure 6i). The membrane bilayer thickness observed in the
larger vesicles of TYOE, which are relatively less abundant than
the smaller ones, is about ∼4−6 nm. TROE consists of large
vesicles with well-defined bilayer boundaries. The bilayer
membrane thickness of TROE is ∼8−10 nm. The vesicles of
TROE are sparsely distributed compared with those of TYOE
and TYDE, and this may be due to the much lower
concentration of TROE (0.5 mM) compared with TYOE
(7.2 mM) and TYDE (9 mM) of the experimental samples.
The presence of large vesicular aggregates in TYOE, TYDE,

and TROE was also examined using DLS at 303 K (Figure 7).

For better understanding, the sample concentrations were kept
identical to that used during the HR-TEM measurement. It is
evident that giant aggregates of size 200−600 nm are present in
all three amino acid esters. The average hydrodynamic
diameters (dh) of TYOE, TYDE, and TROE are obtained as
451, 353, and 540 nm, respectively. The results confirm the
aggregation of the amino acid esters into giant vesicles.
Unlike conventional single-tailed surfactant systems, TYOE,

TYDE, and TROE aggregates display rich morphologies as
observed from the HR-TEM study in the absence of any
promoter/additive. The key difference of aromatic amino acid
esters from the conventional surfactants is that, unlike the
latter, amino acid esters contain blocks of hydrophobic and
hydrophilic moieties in their molecular structures. This
molecular picture is similar to that witnessed in block
copolymer amphiphiles, the self-assembled aggregates of
which have attracted wide interests because of the creation of
a plethora of morphologies.17,66,67 For these systems that
contain a multiple number of hydrophobic and hydrophilic
blocks, the morphologies are determined by the curvature
created in the assembly via relative volume of such water-
insoluble and water-soluble domains. The balance between the
hydrophobic and hydrophilic interactions gives rise to an
optimum surface area (a0) of the hydrophobic block at the
interface between the hydrophobic and hydrophilic domains.

Figure 7. Size distribution of aggregates in aqueous solutions of 7.2
mM TYOE, 9.0 mM TYDE, and 0.5 mM TROE as obtained from
DLS measurements at 303 K.
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This area together with the length and volume of the
hydrophobic block contributes to the packing parameter. In
the present amphiphilic systems, viz. TYOE, TYDE, and
TROE, containing hydrophobic and hydrophilic blocks in the
molecule, the geometries and the degree of order of the
aggregate nanostructures depend on the amphiphile concen-
tration and the volume ratio of the water-insoluble and water-
soluble blocks“the insoluble soluble ratio (ISR)”.67 As a
result, at a low concentration, because of the soluble domain
compatibility with the solvent, the system may be soluble. On
the other hand, at the cac or higher concentrations, the
molecules containing multiple number of blocks self-assemble
to form either a dispersed isotropic globular phase or larger
aggregates with higher order morphology. From the length of
hydrophobic and hydrophilic domains for TYOE, TYDE, and
TROE, as determined by DFT calculations (Figure 1), the
corresponding ISR values for these amphiphiles are found to be
4.12, 5.42, and 3.93, respectively (assuming identical cross-
sectional area). It may, therefore, be presumed that the surface
activity of the above systems would be in the order TYDE >
TYOE > TROE, unless major structural discrimination is
encountered by them in the presence of a polar solvent.
However, because of the segregated structure in the presence of
the solvent, the present system deviates from the above trend.
Therefore, instead of kinetically trapped nonequilibrium
structures of small vesicles formed by conventional double-
tailed surfactants with inverted cone/truncated conelike
molecular form, thermodynamically stable vesicles and bilayers
are formed in present amphiphile systems because of their
intrinsic polydispersity. Such polydispersity leads to selective
segregation of hydrophobic blocks in the inside of vesicles,
whereas hydrophilic blocks segregates on the outside. The
preferred curvature of the bilayer is stabilized in this way. The
effect is enhanced in smaller vesicles because the tendency to
segregate would be greater as the interfacial curvature is
increased. The various morphologies that are observed in the
present systems are primarily a result of the inherent molecular
curvature and how this influences the packing of the
amphiphiles in the assemblies. A schematic representation of
the possible morphology and orientation of the molecules in
the bilayer and in the micelles is shown in Scheme 5. The

vesicles that are formed in the present amino acid ester-based
amphiphile systems are found to be stable (examined up to 10
days and found stable in terms of size). The conformation of
individual amino acid ester molecule as observed by DFT
computation is modified in aqueous aggregates. As revealed
from the 2D NMR study, these molecules are further folded in
the aggregates because of the interplay between the hydro-
phobic and hydrophilic forces, including H-bonding between
the polar groups present in the hydrophilic blocks and the
water molecules at the interface. Therefore, the driving force of
the self-assembly formation is the hydrophobic and hydrophilic
interactions along with the noncovalent interactions, including
H-bonding. The thermodynamic maneuver (enthalpy and
entropy) plays a vital role just like the aggregation process as
involved in block copolymers and common surfactants in polar
solvents. Hydrogen bond formation in aqueous amphiphilic
systems have attracted much attention recently, both
experimentally and theoretically, because it has been proved
of crucial importance on the structural and dynamic properties
of self-assembled nanostructural motifs.68 The array of
intramolecular and intermolecular interactions among the
blocks within TYOE, TYDE, and TROE assemblies in water
generates the sophisticated structures. These interactions for
the formation and stability of rich morphologies also
undoubtedly include the H-bonding network that is formed
among interfacially located hydrophilic blocks as well. The
difference between the molecular packing predicted from
Israelachvili’s approach46 (section 3.1) and that observed in the
solvent is, therefore, due to the molecular folding induced by
the solvent. In the presence of a solvent, the amino acid esters
with the folded aromatic ring behave as the pseudo-double-
tailed surfactants with truncated cone geometries, and the
hydrophilic blocks oriented toward the interface act as the
“head groups”. Such orientation is favored because of the strong
hydrogen bonding of the polar head groups with the solvent
water molecules.68 Therefore, due to molecular folding in the
presence of water, vis-a-̀vis segregation of hydrophobic and
hydrophilic blocks, the conventional approach of the calculation
of the packing parameter and the prediction of aggregation
morphology in terms of individual molecular geometry is not
valid, and hence does not follow in the present study.69

Scheme 5. Schematic Representation of Possible Morphology and Orientation of TROE Molecules in the Bilayer and Micelles
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4. CONCLUSIONS

Molecular geometries of the models for membrane proteins,
viz. TYOE, TYDE, and TROE, as determined via energy
minimization by DFT calculations, exhibit partial bending of
the aromatic ring (phenol or indole) toward the hydrocarbon
chain of the molecules. Occurrence of a hydrophilic block
(consisting of ethereal oxygen, carbonyl, and amine groups)
between two strongly hydrophobic blocks (consisting of the
phenol/indole ring and the hydrocarbon chain) in the
molecular architectures and the obliquely bent molecular
geometry lead to the formation of a distinctive amphiphilic
system that unveils strong surface active properties in aqueous
solutions. The 2D NMR spectroscopy in D2O reveals that the
unique molecular geometry of these tyrosine and tryptophan
analogues facilitates strong segregation domain of the two
hydrophobic blocks to form within the same molecule, and this
leads to further folding of the molecules via noncovalent
interactions, including hydrogen bonding. The display of the
rich morphology of the exclusive aggregates, as has been
witnessed in the present systems, is not only rare for single-
chain amphiphiles but the biocompatibility of the aromatic
amino acid esters makes them highly potential contenders for
drug delivery vehicles and drug vectors as well. The
demonstration of chemically segregated domains with excep-
tional chemistries and topographies leading to the formation of
bilayer and membrane motifs commands fundamental features
of cell membranes and may have important relevance in
biotechnology. Further, it points out to the fact that membrane
proteins are not just integral dopants in the membrane system
but very much set their role as the building blocks of the cell
membrane and may act as the stabilizer of the membrane
structure as well.
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