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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 

300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

(b)

In
te

n
s
it

y
 (

a
.u

)

Wavelength,  (nm)

 

 

 0.49

 0.59

 0.69

 0.79

 0.88

 0.97

 1.06

 1.16

 1.25

 1.34

 1.51

 1.68

 CTAB (mM)

Intensity

300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Intensity

 CTAB (mM)

Wavelength,  (nm)

In
te

n
s
it

y
 (

a
.u

)  0.0

 0.10

 0.20

 0.30

 0.39

(a)



 

144 

 

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-
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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 

0.1 1 10

1

10

100
(a) 30

0
C

 G'

 G''

G
',
 G

''
 (

P
a
)

Shear stress,  (Pa)
0.1 1 10

1

10

100

G
',
 G

''
 (

P
a
)

Shear stress,  (Pa)

(b) 45
0
C

 G'

 G''



 

149 

 

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: 
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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) 

 

 

 

  


