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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 



 

60 

 

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 
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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.  
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