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Chapter 4: Micellization of Various Surfactants in Deep 
Eutectic Solvents 

 

This chapter includes the micellization of various surfactants in a reline-water mixture and 

aquolines. The effect of potassium and sodium salt on the micellization of DTAB was also 

studied in this chapter. The fluorescence technique was used to compute CMC of surfactants. 

 

4.1 Introduction 

The unique characteristics of surfactants continue to captivate the attention of scientists 

and technologists, motivating them to develop novel surfactant systems that exhibit exciting 

solution behaviour  [1–3]. Surfactants, which are a class of molecules, exhibit self-assembly 

behavior due to their unique composition consisting of both hydrophilic (polar) and 

hydrophobic (non-polar) regions  [4,5]. This property is responsible for their tendency to 

accumulate at interfaces and form different self-assembled structures, including spherical and 

rod-like micelles and vesicles, in solvent media  [6,7]. The characteristics of surfactants, 

including their ability to form aggregates and their behaviour at interfaces, are influenced by 

the properties of the solvent environment  [8]. Surfactant molecules can aggregate into micelles 

when subjected to various solvents  [9,10]. To achieve this objective, it is crucial to comprehend 

the self-aggregation of surfactants in new solvents, such as deep eutectic solvents (DESs). This 

understanding could potentially allow for modifying these unique aggregation systems for 

different uses. In infancy time, the general belief was that DES should be strictly anhydrous 

for an application point of view. However, the full potential of reline could not be realized due 

to its higher viscosity which poses a processing problem during its transfer. The problem has 

been resolved by heating  [11] or by adding water  [12]. An upper boundary of hydration was 

demarcated (up to which it behaves as water in DES) over that system behaves molecular 

solution of DES components (DES in water). Water has unique characteristics owing to strong 
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H-bonding interaction  [13]. When water is deliberately mixed with DESs, the resulting system 

can act as a functional fluid with improved properties and higher fluidity. This may be due to 

the alteration of the hydrogen bond network of reline  [14]. Recently, it has been proposed that 

water can act as an additional HBD which results in a newer DES with additional properties 

over its precursor DES  [15]. 

The formation of aggregates is a consequence of the interplay between the interactions 

among the amphiphilic molecules themselves and their interactions with the surrounding 

dispersing medium  [9]. Water is frequently used as a medium to investigate the self-assembly 

behavior of surfactants. The self-assembly process is driven by the hydrophobic effect, which 

plays a crucial role in forming organized structures  [4,16,17]. At ambient temperature, the 

formation of micelles is predominantly governed by entropy, where a notable negative 

contribution to the free energy arises from the transfer of hydrocarbon chains into the micellar 

interior. The investigation of surfactant aggregation behavior using DES as a medium is of 

great interest due to the environmentally friendly nature of DES as a solubilizing medium. The 

fundamental report of self-aggregation of ionic surfactant class within various DESs has been 

reported in the last decade  [8,18]. In contrast to water, DESs exhibit a distinct morphology of 

micellar aggregates, which are spherical in water but adopt an ellipsoidal to rod-shaped 

structure in DESs. Arnold et al.  [19], in their investigations on sodium dodecyl sulfate (SDS) 

in ChCl: urea, were the first to report that surfactant self-association could be controlled by the 

nature of the DESs itself. In another report, Atri et al.  [20] showed that the composition of 

DES influences the length of rod-like micelles. The presence of water in the DES facilitated 

the formation of smaller aggregates  [21].   

The solvation mechanism of the head group and counter ion has an impact on critical 

micelle concentration (CMC) values in DES media. This is evident from the contrasting trends 

observed for anionic and cationic surfactants in both ChCl: urea and ChCl: glycerol  [22]. The 

amphoteric class includes compounds with charged groups in their head group and is widely 

employed in biological systems for interacting with various materials such as proteins and 

phospholipid membranes. However, the solvation of amphoteric moieties in DESs is a complex 

phenomenon. Studies utilizing X-ray reflectance, surface tension, and SANS have revealed that 

positively charged choline ions tend to associate with sulphate or phosphate moieties, primarily 

driven by Coulombic interactions and hydrogen bonding  [23].   
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Salt addition in an aqueous surfactant solution is a successful tool for tuning 

micellization or CMC and micellar morphologies  [24–26]. The presence of basic inorganic 

electrolytes in aqueous solutions of ionic surfactants has a known impact on micellization due 

to the bonding between the counter ion with charged micelles. Typically, this leads to a 

reduction in the CMC along with an increase in the size of the aggregates. This results in a 

reduction in surface tension and an increase in the viscosity of the solution  [27,28]. With an 

increase in ionic strength, the CMC of ionic surfactants reduces due to the decrease in 

electrostatic repulsion among charged head groups. This indicates that the presence of salt 

promotes the aggregation of surfactants. Additionally, several studies indicate that co-ions may 

affect the process of micellization, with their influence being dependent upon the 

characteristics of the co-ions and the structure of the surfactants  [29–31]. Surfactants often do 

not form clusters in solutions with high ionic strength. Therefore, it may be expected that the 

micellization of surfactants might not take place in DESs due to coagulation, as predicted by 

the DLVO hypothesis  [32]. Consequently, in systems with high ionic strength as DESs, the 

micellization behaviour will be more complex compared to an aqueous system. 

This chapter includes a study on the micellization behaviour of SDS in reline or the 

reline-water mixture in both ranges of composition  [33,34] i.e., water in reline or reline in 

water. The micellization of a range of conventional and some gemini surfactants has been 

investigated in aquoline (water-based DES) and compared with micellization in water media. 

The chapter explains about micellization of surfactants in DESs, variation of CMC and 

aggregation structures in DESs as compared to water. Additionally, micellization of a cationic 

surfactant, dodecyl trimethyl ammonium bromide (DTAB), in aquolines (ChCl: water, 1:2 

(DES I),1:3 (DES II), 1:4 (DES III) or ChCl: water, 1:5 (DES IV)) with the addition of a few 

potassium and sodium salts (K-salt (potassium bromide, KBr; potassium chloride, 

KCl; potassium nitrate, KNO3); (Na-salt (sodium bromide, NaBr; sodium chloride, NaCl; 

sodium nitrate, NaNO3)) were also investigated in the present work. Furthermore, 

salt-induced micellar morphologies were also investigated with the help of polarizing 

optical microscopy. CMC has been obtained by fluorescence measurements. 

Fluorescence data were used to compute aggregation parameters, micropolarity, and 

Stern-Volmer binding constant (Ksv). Such studies may contribute to getting insight into the 

natural eutectic mixture (water + natural metabolites) that protects animals under extreme 

conditions.    
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4.2 Experimental section 

The materials and methods used are discussed in chapter 2. 

4.3 Result and Discussion 

4.3.1 Micellization of SDS in water in reline and reline in water  

Micellization results from the breaking and reformation of hydrogen bonds as the alkyl 

tail of the surfactant comes in contact with water. These reformed H-bonds are again broken 

when the monomeric surfactant alkyl tail reaches the micellar phase. This happens due to 

hydrophobic interactions and is driven entropically  [9]. Reline can be considered a hybrid 

system containing a molecular/ionic network with distorted H-bond architecture  [35]. 

Micellization of SDS in pure reline has already been reported using tensiometry  [19]. On 

continuous addition of water to the reline, the complex structures (of reline) are separated due 

to the presence of water molecules (water in reline). Later, reline structural motifs are gradually 

destroyed, and molecular solutions of reline components are formed, resulting in reline in 

water  [12]. Therefore, CMC measurements have been performed both in water in reline and 

reline in water regions. In reline-water systems, one can expect hydrogen bond modifications 

due to the presence of surfactant and therefore, forces responsible for micellization will remain 

similar as mentioned above for water. Viscosity decreases with the addition of water and hence 

facilitates CMC measurement in water in reline region.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Emission spectra of pyrene (intensity vs wavelength) in various concentrations of 

surfactants in DES (with and without water). 
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Fluorescence measurement has been reported as an ideal technique to observe 

micellization in the reline-water mixture  [36]. Fluorescence signals of pyrene are well suited 

to study the phenomenon of micellization because the emission band of pyrene changes with 

the polarity of the surrounding environment  [37]. Fluorescence data from a probe can provide 

insights into the association of micelles and their interior surroundings. Pyrene has been 

frequently utilized to collect such data by fluorescence methodology. Figure 4.1 displays 

several common intensities versus wavelength graphs. The polarity dependence can be 

expressed in terms of I1/I3, where I1 is the intensity of the reline-water fluid-dependent peak, 

and I3 corresponds to the peak resulting from the reline-water fluid insensitive transition. 

Figure 4.2 shows the plot of I1/I3 vs [SDS] for water in reline and reline in the water region. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Variation of I1/I3 (for pyrene) against [SDS] at 303 ± 0.1 K. 

The resulting CMC values are compiled in Table 4.1 and compared with literature 

values and plotted against wt.% of water (Figure 4.3). Literature data nearly fall on the same 

curve as depicted in Figure 4.3 and demonstrate the concurrence of CMC data of earlier 

studies  [36]. CMC decreases (region I), increases (region II), and then decreases again with 

the continuous addition of water in the reline-water mixture (region III). This is probably due 

to approaching the transition from water in reline to reline in water via transformation region 

(region II). CMC data in the region I can be understood in the light of H-bonded structures of 

water in reline, which is modified due to the presence of surfactant monomers. This 

modification in the H-bonded network is responsible for micellization in region I. However, 

when the loose motif of reline-urea-water is formed (region II) and releases some urea /choline 

chloride (ChCl) from the above motifs  [12].  
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Table 4.1: CMC data of SDS in reline-water mixture. 

 

 

 

 

 

 

 

 

 

 
a values are taken from reference  [36].  

It has been reported that urea is known for CMC increase as well as for protein 

denaturation  [38,39].  This release of urea and ChCl may affect micellization in opposite ways 

as ChCl, being a quaternary salt, may reduce CMC. In other studies, on the micellization of 

SDS, it has been reported that the addition of quaternary ammonium salt decreases the 

CMC  [40,41]. Probably, urea effect on micellization dominates and is responsible for a CMC 

increase as observed in region II of Figure 4.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Variation of CMC of SDS against wt.% of water in the reline-water mixture 

(water in reline or reline in water): ■, present study and □, taken from reference  [36]. 

As mentioned above, region III (reline in water) belongs to a molecular solution of 

reline components (ChCl and urea) and cholinium ion (Ch+) may interact with an anionic SDS 

Wt.% of 
water 

CMC of 
SDS 

(mM.L-1) 
5  13.9 a 
15  9.2 a 
15 8 
25 4.69 

33.3 2.74 
40 3.96 
50  3.8 a 
70 1.63 
95 0.9 
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micelle electrostatically as well as hydrophobically (due to the presence of alkyl part) and 

responsible for facilitating the process of micellization with a concomitant decrease in CMC 

as observed in region III of Figure 4.3. It has been reported that counter-ion binding follows a 

similar trend in DES as reported in water  [42]. However, DES provides strengthened binding 

of counter ions which assists in the micellization process. It may be mentioned here that reline 

(or reline-water mixture) provides a favorable environment for counter-ion association and 

responsible here for cholinium dodecyl sulphate formation with a concomitant decrease in 

CMC  [20]. The replacement process of sodium ion by cholinium ion should increase with the 

increase in water content of the reline-water mixture and is responsible for a continuous 

decrease in the CMC of the SDS  [21]. 

4.3.2 Micellization of SDS in a molecular solution of ChCl 

Micellization of SDS was studied in an aqueous solution of ChCl with different molar 

concentrations of ChCl by using fluorescence spectroscopy. Pyrene is commonly utilized as a 

probe to study micellization in surfactant solutions. Pyrene typically exhibits four vibrational 

peaks (I, II, III, and IV) in aqueous solution when exposed to photoluminescence 

(fluorescence), as seen in Figure 4.1. Fluorescence measurements at a specific surfactant 

concentration show significant alterations in the third vibration peak of pyrene) both above and 

below the CMC as a result of its solubilization site, polarity, and microenvironment. 

Micellization can be determined by analyzing the intensity ratio of I to III vibration peaks 

(I1/I3). Figure 4.4 represents a plot of I1/I3 vs [surfactant] which gives the CMC value after 

sigmoidal fitting in the plot. The CMC data are compiled in Table 4.2.  

 

 

 

 

 

 

 

Figure 4.4: Variation of I1/I3 (for pyrene) against [SDS] in a molecular solution of ChCl at 

303 ± 0.1 K. 
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Table 4.2: CMC data of SDS in a molecular solution of ChCl. 

 

 

 

 

 

 

4.3.3 Micellization of conventional and some gemini surfactants in aquolines  

Association behaviour of conventional (SDS, sodium dodecyl benzene sulfonates 

(SDBS), sodium 1-dodecane sulfonate (SDSo), cetyltrimethylammonium bromide (CTAB), 

tetradecyl trimethyl ammonium bromide (TTAB), dodecyl trimethyl ammonium bromide 

(DTAB)) and gemini (P, P'-1,4-butanedieyl, P, P'-didodecylester, disodium salt (12-4-12A)) 

surfactants in different aquoline systems (DES I-DES IV) has been studied by fluorescence 

measurements by using pyrene as a probe and representative plot is given in Figure 4.1. These 

plots are used to obtain the ratio of intensities of Ist vibronic peak to IIIrd vibronic peak (I1/I3). 

Later, I1/I3 vs [surfactant] curves are plotted (some of them are shown in Figure 4.5 (a-c)) to 

obtain CMC of particular surfactant-aquoline combinations. CMC data for various 

conventional and gemini anionic surfactants are compiled in Table 4.3. As the surfactants 

SDSo, 12-4-12A, and CTAB do not dissolve in DES I, the CMC values were not investigated 

for that particular system. 

The CMC of SDS varies non-linearly with a continuous increase in the molar ratio of 

water in the aquoline mixture. However, all other surfactants show a clear decrease in CMC 

with an increasing number of moles of water in a particular aquoline. Data do not allow any 

further generalization on CMC variation. Micellization depends on two counter effects, one 

promotes association and the other retard it. Hydrophobic interactions promote micellization 

which is driven by the polarity of the solvent (e.g., water) which compels the hydrocarbon 

chain to go into the micellar interior, thereby free energy decrease of the system  [43]. All DESs 

are more polar solvents in comparison to water (polarity data are given in chapter 3). However, 

micellization was observed in almost each DES though the formation of micelle is DES 

selective  [20,44–46]. In the present study, micellization is observed for both anionic and 

cationic surfactants and CMC values as compiled in Table 4.3.  

[ChCl] 
(M) 

Molar ratio 
ChCl: water 

Mole % 
of water 

Wt. % 
of water 

CMC of 
SDS 

(mM.L-1) 
0.25 1:220 99.5 96.6 1.10 
0.5 1:111 99.1 93.5 1.35 
0.75 1:74 98.6 90.5 1.33 

1 1:55 98.2 87.7 1.95 
1.5 1:37 97.3 82.6 1.28 
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Figure 4.5: Variation of I1/I3 (for pyrene) against surfactant concentration: a) SDS; b) SDBS; 

c) SDSo; d) TTAB; and e) DTAB. 

It may be mentioned here that all aquoline mixtures are highly polar materials (like 

other DESs) but initiate micellization behaviour as observed in pure water. Not much is known 

about the micellization of different surfactants in highly polar DESs. Probably, high polarity 
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may facilitate the removal of the hydrophobic portion of surfactant from the bulk medium to 

the micelle through electrostatic interactions between the head groups may facilitate a reverse 

process (de-micellization). However, 12-4-12A shows higher CMC in DES III in comparison 

with pure water. The molecular architecture of 12-4-12A may contribute (two polar heads) with 

a concomitant effect on the association process.  

Table 4.3: CMC data of various conventional and gemini surfactants in different aquolines 

(DES I to DES IV). 

Surfactants 
CMCs (mM.L-1) 

Water DES I DES II DES III DES IV 
SDS 7.90a 3.08 4.69 3.75 2.98 

SDBS 2.30 a 3.31 2.73 2.48 - 
SDSo 10.65 a - 6.72 5.0 - 

12-4-12 A 0.55 b - - 1.40 - 
CTAB 0.87 c - 1.42 0.82 - 
TTAB 3.62 c 4.45 2.70 2.56 - 
DTAB 14.7 c 8.38 6.07 5.26 - 

Values are taken from a ref  [47]; b ref  [16]; and c ref  [48].  

Among anionic surfactants (except 12-4-12A) CMC shows an order: 

SDSo>SDS>SDBS (Table 4.3) in DES II and DES III. With the same dodecyl chain in these 

surfactants, the head group contributes differently towards micellization, which may depend 

on the head group – counter ion interaction  [49]. A similar type of order was observed in earlier 

studies  [47,50].  CTAB, TTAB, and DTAB show lower values of CMCs in aquolines than in 

water (except TTAB in DES I). This behaviour is similar to that observed for most anionic 

surfactants and can be interpreted similarly as discussed above. Moreover, an increase in the 

chain length of the hydrocarbon chain in cationic surfactants (DTAB to CTAB) causes a 

decrease in CMC which is again a similar behaviour as observed with pure water as a 

solvent  [9]. These observations suggest that the phenomenon of micellization follows a similar 

mechanism of association in both water and aquoline though the degree of H-bonding in two 

types of solvents can be different. Even for contrast charge surfactants of the same alkyl chain 

length (SDS and DTAB) CMC value trend is similar as observed in pure water and corroborates 

the above proposed interpretation of micellization in aquoline (and water).  

4.3.4 Influence of salts on solution behaviour of DTAB in aquolines 

Micellization of DTAB in aquolines (DES I to DES III), with salt, is investigated using 

a spectrofluorometer at 303±0.1 K and representative plots (with aquoline-salt media) of 

intensity vs. wavelength (Figure 4.1), is used to acquire an intensity ratio of the first vibronic 
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peak to the third vibronic peak (I1/I3).  The variation of I1/I3 with [DTAB], with K-salt and Na-

salt, (sigmoidal plot, Figure 4.6 (a-b)) has been used to compute CMC. The acquired CMC 

data of DTAB in pure aquolines and aquolines + salt mixture is compiled in Table 4.4. CMC 

of DTAB decreases with the presence of several molecules of water in a typical aquoline. It 

has been further observed that CMC in aquoline(s) are lower than the CMC of DTAB observed 

in pure water  [51,52]. However, a comparison of Gordon parameter (G values; given in chapter 

3) for water and aquolines suggests that CMC should be higher in aquoline than in water. 

Probably, the presence of chloride of ChCl plays a role and modifying electrostatic interactions 

and hence the micellization process/CMC. 

 

 

 

 

 

 

 

Figure 4.6: Variation of I1/I3 against [DTAB] in a) K-salt + aquolines, and b) Na-salt + 

aquolines at 303±0.1 K. 

It has been reported that the solubilities of NaBr in DESs are lower in comparison to 

those in water  [53]. Similarly, ionic surfactants show a choice of DES for dissolution and other 

related phenomena  [36]. In this direction, aquoline holds a special place as it dissolves both 

cationic and anionic surfactants judiciously. Therefore, aquolines could be a better medium for 

the study of the association behaviour of surfactants with and without salt. DTAB + aquoline 

system has a Br- or Cl- as counter ions while Ch+ can be considered as a co-ion. It may be 

mentioned here that the dissociation process of DTAB would also be changed in aquoline as 

compared to water. Therefore, the addition of salt effect cannot be as direct as has been reported 

in aqueous medium  [54,55]. The salt effect can be studied in terms of (i) salt concentration, 

(ii) nature of co-ion, and (iii) nature of counter ion. Recently, the solubility of the alkali halides 

in aquolines follows the order: NaF < NaI < NaBr < NaCl and KCl < NaCl < LiCl  [56]. In 

another study, it has been reported that the solubility of NaBr increases in reline by partial 
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substitution of urea with glycerol  [53]. In the same study, it is also observed that NaBr 

solubility shows an order: reline < reline + glycerol < glycerol < water. This means the presence 

of glycerol or water may increase salt solubility in a typical DES (reline + glycerol in 

comparison to pure reline). This analogy can be further extended to aquolines having different 

water molecules. This is indeed observed in our case where the salt solubility order was: DES 

I < DES II < DES III (dissolution of salt has been found easier in DES III than DES II or DES 

I). Based on the solubility data it was concluded that the solubilities of the alkali halides 

decrease considerably in the aquolines than in water. The ion pair repulsion between ChCl and 

the alkali halides governs the overall solubility.  

Table 4.4: Co-ion effect on CMC of DTAB in aquolines. 

 

 

 

 

An increase in [salt] seems responsible for decreasing the CMC value followed by a 

level off (Table 4.4). This behaviour was similar as observed with the aqueous surfactant–salt 

system  [57]. In a previous study, it was reported that specific DES-cationic head group 

interactions are absent and, therefore, have little interfering chance with the salt  [58]. The 

decreasing effect of CMC is more pronounced with KCl than NaCl. K+ is less hydrated than 

Na+  [59] and hence would respond aquoline network differently. Since aquolines are water-

based DESs, co-ions (Na+ or K+) may interact with water present in the network. At higher salt 

concentrations, Cl- can also contribute to the overall network effect. Moles of water in a typical 

aquoline have specific effects on the aquoline network (H-bonding) which also contribute to 

the resultant CMC. Additionally, G values (given in chapter 3) are lower in aquolines which 

may work against micellization. CMC will be decided by the dominance of one factor over 

another and responsible for the absence of any regular trend. This is indeed observed from the 

data in Table 4.4.  

The nature of the counter ion has been reported to influence the micellization 

process  [60]. This is because counter ions can interact with micellar surfaces via electrostatic 

attractive forces and cause depletion of micellar surface charge with consequent lowering of 

CMC in aqueous solution. Figure 4.7 shows the variation of CMC of DTAB with the nature of 

[Salt] 
NaCl KCl 

DES I DES II  DES III  DES I  DES II DES III  
0 8.4 6.0 5.3 8.4 6.0 5.2 
10 4.9 4.1 3.7 4.7 3.9 4.5 
20 5.2 5.5 4.4 5.1 3.9 3.3 
30 5.3 4.3 4.0 5.0 3.7 3.4 
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counter ion. CMC data follows the trend: Cl- < Br - < NO3-. This trend is opposite to the one 

observed in aqueous solution (Cl- > Br- > NO3-). The key lies in the hydrophilicity of counter 

ions and in this context, NO3- is the least hydrophilic and expected to disturb less the aquoline 

network than the other two counter ions. 

 

 

 

 

 

 

Figure 4.7: Variation of CMC of DTAB with the nature of counter ion in aquolines. 

Counter ion binding seems less effective in influencing the micellar surface and only 

modification of aquoline network plays a role in decreasing the CMC. Further, Cl- may occupy 

a favorable position in the aquoline network and assist the micellization phenomenon. If this 

is correct, CMC with Cl- should be lower than the other ones. This is indeed observed in Figure 

4.7. Not a single study on salt-induced micellization in DESs is available for comparison to the 

present data. However, in one of the studies on micellization, it has been shown that changing 

the counter ion of an anionic surfactant from Li+ to Cs+ facilitates the micellization process in 

reline as well as glyceline (ChCl + glycerol, 1:2)  [42]. The present data on K-salt, in a way, 

corroborates the above observation. These aspects are further explored in terms of aggregation 

number (Nagg) and micellar morphology in the following sections.  

4.3.5 Aggregation number and micellar environment 

The aggregation number (Nagg) of micelles was determined by reducing the 

fluorescence intensity of pyrene while changing the concentration of the quencher (CPC) at 

constant concentrations of pyrene and surfactant. A quenching experiment was performed to 

calculate Nagg, Stern-Volmer constant (Ksv), micro polarity (I1/I3), and apparent dielectric 

constant (ε) for various surfactants in aquolines (DES I- DES III) and for 10 mM DTAB with 

K-salt in aquolines. Representative fluorescence emission spectra (Figure 4.8 (a-b), shown 

only for SDS and for 10mM DTAB + 30mM K-salt) of pyrene, in the presence of CPC as a 

quencher, can be applied to acquire plots of ln I0/Iq vs. [CPC].  
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Figure 4.8: Emission spectra of pyrene with different CPC concentrations in: a) SDS + DES 

III; b) 10mM DTAB in DES I + KCl. 

Figure 4.9 (a-b) represents plots of ln I0/Iq vs. [CPC] for some of the systems. These plots are 

used to obtain data regarding Nagg and the micellar environment experienced by the probe  [61]. 

The Stern-Volmer constant (Ksv) can be obtained by the following equation  [62].  

𝐼𝐼0
𝐼𝐼𝑞𝑞

= 1 + 𝐾𝐾𝑠𝑠𝑠𝑠 [𝐶𝐶𝐶𝐶𝐶𝐶]  (Equation 1) 

where, Iq and I0 are intensities (for Ist vibronic peak of the plot of intensity vs wavelength, 

(Figure 4.8) of pyrene in the presence and absence of CPC. A linear plot was the result of the 

variation of I0/Iq with [CPC]. Nagg of micelle has been calculated using a well-known 

mathematical relation (Eq.2)  [63],  

𝑙𝑙𝑙𝑙 �𝐼𝐼0
𝐼𝐼𝑞𝑞
� = 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 × [𝐶𝐶𝐶𝐶𝐶𝐶]

𝐶𝐶𝑚𝑚
         (Equation 2) 

where Cm is [surfactant] in micellar form. Equation 2 represents a straight line (Figure 4.9 (a-

b)) passing through the origin and its slope used to compute Nagg.  

The micellar environment mapping has been performed in terms of micropolarity which has 

been obtained from an average of I1/I3 (Figure 4.8). The micropolarity (I1/I3) and apparent 

dielectric constant (ε) can be correlated by employing the equation (Eq. 3) as follows: 

𝐼𝐼1
𝐼𝐼3

= 1.000461 + 0.01253 × 𝜀𝜀           (Equation 3) 
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Figure 4.9: Plots of ln I0/Iq vs [CPC] for a) CTAB, DTAB and SDS + DES III; b)10mM 

DTAB in K-salt + DES I. 

All the data, Nagg, Ksv, micro polarity (I1/I3), and ε for various surfactants in aquolines 

(DES I- DES III) and for 10 mM DTAB with K-salt in aquolines are compiled in Table 4.5. 

Ksv and the quenching process can be correlated and the Ksv value dictates the rate of 

fluorescence quenching by the presence of CPC. Depending on the micellar environment 

produced by different surfactants, probe and quencher may be at the same or dissimilar sites. 

However, the micellar environment experienced by the probe has been found more polar than 

expected in pure water  [61,64]. Further, Nagg has been found lower than observed in an aqueous 

medium  [65] which can be explained on the basis of the micellar environment (which is more 

polar in an aquoline-based micellar system). However, the presence of salt usually causes an 

increase (with a few exceptions) in Nagg which also shows counterion nature dependence as 

reported for micelles in aqueous media  [66,67]. 

Salt-induced micellar environment governs the presence of pyrene and CPC at the same 

site or at different sites. It may be mentioned based on the data compiled in Table 4.5, that the 

micellar environment is more polar with aquolines (with and without K-salt) than in aqueous 

micelle  [64,68]. The ε value of salt-induced DTAB micelles suggests a less polar environment 

as one moves higher moles of water (DES I to DES III) in a typical aquoline. However, salt 

counter ion has a marginal bearing on the micellar environment. Aquoline polarity can be 

exploited to produce reverse micelle  [69,70] which are generally used as nano reactors for the 

synthesis of organic compounds/ nanomaterial  [71,72]. 

 

(a) (b) 
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Table 4.5: Aggregation number (Nagg), Stern-Volmer constant (Ksv), micro polarity (I1/I3), 

and apparent dielectric constant (ε) for various surfactants and for 10 mM DTAB with K-salt 

in aquolines. 

 

 

System Aquoline 
Aggregation 

Number 
(Nagg) 

Ksv 
104 

Micro 
polarity 
(I1/I3) 

Apparent 
dielectric 

constant (ε) 

SDS 

DES I 31 3.50 1.80 64.17 

DES II 16 2.67 1.63 50.34 

DES III 34 0.67 1.53 41.97 

SDSo 
DES II 19 2.66 1.57 45.78 

DES III 57 2.14 1.80 63.75 

SDBS 

DES I 58 8.90 1.85 68.46 

DES II 54 8.01 1.80 63.95 

DES III 168 7.15 1.69 55 

12-4-12 A DES III 4 1.72 1.98 78.01 

CTAB 
DES II 53 23.86 1.73 58.48 

DES III 37 10.07 2.26 100.54 

TTAB 

DES I 56 6.71 2.31 89.29 

DES II 91 7.07 1.78 62.41 

DES III 118 20.12 1.52 42.18 
DTAB DES I 10 0.64 1.72 58.20 

DES II 25 1.04 1.56 45.36 

DES III 27 1.55 1.54 43.33 
DTAB + KCl DES I 37 0.81 1.63 50.26 

DES II 22 0.96 1.57 45.24 

DES III 54 0.86 1.52 41.76 
DTAB + KBr DES I 13 0.98 2.03 82.38 

DES II 46 0.87 1.55 43.37 

DES III 21 0.55 1.53 42.71 
DTAB + KNO3 DES I 41 1.02 1.66 52.87 

DES II 68 1.52 1.57 45.82 

DES III 52 1.88 1.56 45.02 
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4.3.6 Salt-induced micellar morphologies in aquolines 

DTAB is known to form nearly spherical micelles in pure water  [73]. The magnified 

POM images (Figure 4.10) have been acquired for 10mM DTAB + 30mM K-salt in water and 

aquolines (DES I and DES III). No structures were seen with DTAB + K-salt in water or DTAB 

in pure aquolines. However, DTAB aggregates are seen when DTAB micelles form in aquoline 

– salt medium. Such surfactant structures (probably vesicles) have been seen for the first time 

microscopically in DESs. In a separate study, it has been reported that micellar elongation takes 

place in reline in comparison to aqueous media  [42,74]. This suggests that the presence of 

counter ion together with aquoline provides ideal conditions for the formation of higher-order 

surfactant aggregates (diameter ranges from 1.3 µM- 3.3 µM, as depicted in Table 4.6).  

 

 

 

 

 

 

 

 

Figure 4.10: Magnified POM image of 10mM DTAB - aquoline (DES I, a-c and DES III, d-

f) – K-salt. 

Table 4.6: Vesicle diameter of 10 mM DTAB in aquoline - K-salt system. 

 

 

 

 

Such types of giant unilamellar vesicles (GUVs) have been reported in aqueous lipid 

mixtures with and without cholesterol  [75]. However, more surfactant systems should be 

Salt 
Diameter ± 0.1 µM 
DES I DES III 

KCl 2.95 2.20 
KBr 1.30 2.10 

KNO3 2.90 3.30 
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studied in order to make a generalization. At present, counterion binding seems a predominant 

reason in aquoline and rationalizes micellar structural transition into higher-order 

aggregates  [76]. The above giant amphiphile aggregates have already been reported by 

POM  [77,78] and validate the present data.       

4.4 Conclusion 

The micellization behavior of various surfactants in DESs, reline-water mixtures, and 

aquolines, has been extensively investigated. From the data presented here, it can be concluded 

that micellization can be observed in the reline-water mixtures as in an aqueous solution. The 

CMC values show that water in reline converts to reline in water through the medium region 

(region II). CMC decrease in water in reline region via formation/breaking of H-bonded 

structures in ChCl-urea-water motifs. However, CMC decreased in region III (in reline in 

water) due to the molecular solution of ChCl, which furnished a Ch+ counter ion. This Ch+ ion 

can interact with the head groups of the micelle and is responsible for lowering CMC in region 

III. Data obtained from the fluorescence study allow concluding that the micellization process, 

of a variety of surfactants, can be observed in aquoline (DES I to DES IV) as seen in pure 

water. CMC decreases with an increasing number of water molecules per mole of ChCl in a 

typical aquoline. Further, CMC values are lower in most of the cases when compared with 

water. Micelles show a lower aggregation number (Nagg) and higher polar environment 

experienced by the probe (pyrene). However, gemini (12-4-12A) surfactant shows higher CMC 

and lower aggregation number than in water. This can be understood in light of architectural 

differences between gemini and conventional surfactants. The study demonstrates that 

micellization phenomenon can occur with both types of ionic surfactants (anionic and cationic) 

in aquoline which is rare for other DESs (e.g. reline, ethaline or glyceline) as observed in pure 

water. Aquolines were also used to study the association behaviour of a cationic surfactant, 

DTAB, with and without salt. Salt addition facilitates the micellization phenomenon with a 

concomitant lowering of CMC. CMCs were varied with the nature of counter ions (Cl-, Br- or 

NO3-) and co-ions (Na+ or K+). POM data suggest the formation of giant aggregates in salt + 

aquoline media. However, they were absent in pure water or pure aquolines at the same solution 

composition. Being a biocompatible medium (aquoline) together with the presence of giant 

aggregates, the reported systems can be used as good biotechnological models for synthetic 

biology and pharmaceuticals. This approach of getting higher-order aggregates (e.g., giant 

vesicles), in such novel media (aquolines), may find applications in various fields of research 
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(e.g., ultrafiltration  [79], drug delivery vehicle  [80], microreactor  [81], biochemistry  [82] 

among others  [83].  
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