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Abstract
The purpose of this study is to investigate the influence of a morpholinium-based ionic 
liquid, N-pentadecyl-N-methylmorpholinium bromide [Mor1,15]Br on the aggregation 
behavior of a conventional cationic surfactant, tetradecyltrimethylammonium bromide, and 
imidazolium-based surface-active ionic liquid, 1-tetradecyl-3-methylimidazolium bromide 
[C14mim]Br in the aqueous medium. The aggregation behavior has been investigated in 
(0.00, 0.03, 0.06, and 0.10) wt% of [Mor1,15]Br by employing conductometry, refractive 
index and surface-tension measurements. The obtained data leads to the determination of 
the critical micelle concentration values, which have been further used to find various ther-
modynamic and surface-active parameters of micellization for the investigated system. The 
modulations observed in the aggregation behavior and the values of obtained parameters 
are indicative of various interactions prevailing among different constituents of the solu-
tion. The knowledge of these interactions is important for the utilization of such systems in 
various industrial applications such as foams, froths, emulsions, suspensions, and surface 
coatings to enhance their quality and performance.
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1  Introduction

The vast applications of surface-active ionic liquids (SAILs) in different sectors, such as 
nanomaterials synthesis and separation processing, organic synthesis, micellar catalysis, 
enhanced oil recovery, water treatment technologies, etc., have piqued researchers’ inter-
est [1–6]. Ionic liquids (ILs) have several beneficial and intriguing properties, such as low 
volatility, exceptional thermal stability, high electric conductivity and wide liquid range 
[7–10]. The existence of a long hydrophobic chain in ILs makes them surface-active, hence 
termed SAILs [11–13]. Because SAILs generally contain long hydrophobic alkyl chains, 
they can self-aggregate into micelles. Micellar aggregation characteristics of SAILs and 
surfactants have recently gotten a lot of interest from academia and practice [14–17]. Due 
to the higher stability of SAILs, at high temperatures, than conventional surfactants, the 
long-chain ILs are able to widen their application regions by mixing the surfactants and 
ILs. As a result, the self-assembly and aggregation behavior of surfactants or SAILs aided 
by the ILs addition has a broader use in a variety of domains, including extraction, absorp-
tion, separation, and many other practical applications [18–21].

The aggregation of surface-active molecules takes place over a narrow range of concen-
trations, recognized as the critical micelle concentration (CMC), below which these amphi-
philic molecules are primarily distributed as monomers. The value of CMC is very much 
important in examining the aggregation behavior of surfactants and SAILs, as it provides a 
great deal of information concerning surface activities and their technological implications. 
The surface activity of surfactants and SAILs may be altered by the addition of ILs in the 
solution, which will result in the formation of micelles with interesting features [22–24]. 
From a practical standpoint, research into such micellar systems incorporating different 
surfactants and SAILs would overcome various limitations of traditionally used surfactant 
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systems. This will lead us to broaden the scope of our IL research to include relevant 
micelle features.

Also, an organic cation and a suitable inorganic or organic anion were usually found in 
SAILs. Their physicochemical properties may usually be altered for specific applications 
by introducing appropriate cations and anions into their structure. The diverse organic cat-
ion rings, such as alkylmethylimidazolium ([Cnmim]+), alkylpyridinium ([CnPy]+), alkyl-
methylpiperidinium ([Cnmpip]+), alkylmethylpyrrolidinium ([CnmPyrr]+) and morpholin-
ium ([CnMorph]+) can be present in SAILs as reported in the literature, which incorporates 
unique properties depending upon their cation [25–27]. Our research team has studied 
the aggregation behavior of several surfactants and SAILs with various additives such as 
drugs, carbohydrates, vitamins, salts, amino acids, alkylmethylimidazolium-based ILs, etc.
[28–31] This, established that the nature of additives and the type of their interactions with 
the concerned surfactant and SAILs play a significant role in their aggregation. There is no 
existing report available in the literature that investigates the aggregation behavior of sur-
factants and SAILs with morpholinium-based SAILs as additives.

Variations in the aggregation behavior of TTAB and [C14mim]Br with (0.00, 0.03, 0.06, 
and 0.10) wt% [Mor1,15]Br at temperatures i.e., 293.15–308.15 K with temperature inter-
vals of 5  K, have been observed. The evaluation of CMC, thermodynamic and surface-
active parameters revealed the nature of interactions occurring in the micellar systems. 
The morpholinium-based SAILs i.e., [Mor1,15]Br can drastically modify the aggregation of 
TTAB and [C14mim]Br, resulting in their improved performance and application in diverse 
areas.

2 � Experimental

2.1 � Materials

Chemical names with CAS numbers, structures, sources, and purities of all the compounds 
used in the study have been enlisted in Table 1.

2.1.1 � Synthesis of [C14mim][Br]

For the synthesis of [C14mim][Br], the drop-by-drop addition of 1-bromotetradecane to 
1-methylimidazole taken in an RB flask was carried out. To facilitate the reaction, ace-
tonitrile was added as a solvent. The reaction mixture was then kept on constant stirring 
with heating and refluxing at 80 °C for around 48 h. Thin-layer chromatography (TLC) was 
used to track the reaction’s progression to completion. The excess acetonitrile and vola-
tile impurities were removed by using a rotary evaporator. To remove unreacted reactants, 
the obtained reaction mixture was rinsed with hexane. The obtained product was kept in 
vacuum desiccators for a few days before use [32–34]. The 1H-NMR technique has been 
utilized for its characterization. Figure S1 (SI) shows the obtained 1H-NMR spectra of syn-
thesized [C14mim][Br].

2.1.2 � Synthesis of [Mor1,15]Br

For the synthesis of [Mor1,15][Br], 1-bromopentadecane and N-methylmorpholine in a 
1:1.2 ratio have been taken in the round bottom flask. The toluene was added to the reaction 
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mixture as solvent. Then the reaction mixture was kept on continuous stirring and reflux-
ing at approximately 80–90 °C for 48 h under a nitrogen atmosphere. The reaction progress 
has been monitored by TLC. After the reaction completion, the rotary evaporator was used 
to evaporate the excess solvent present in the reaction mixture. The resulting product was 
washed with ethyl acetate. Then the product was placed in desiccators for a few days before 
use [35, 36]. 1H-NMR spectra obtained for the [Mor1,15][Br], are shown in Fig. S2 (SI). 
The synthetic pathways for the [C14mim][Br] and [Mor1,15][Br] synthesis have been indi-
cated in Fig. 1.

2.2 � Sample Preparation

The stock solutions of TTAB, [C14mim][Br], and [Mor1,15][Br] have been prepared in the 
double-distilled water. Double distilled water with the conductivity value ≤ 5 µS·cm−1 was 
obtained using a specialized water purification system i.e., Millipore Milli-Q Academic 
water purification system. The stock solutions with concentrations (0.00, 0.03, 0.06, and 
0.10) wt% of [Mor1,15]Br have been prepared. These concentrations of [Mor1,15]Br mol-
ecules were chosen so that there may not be the self-assembly of [Mor1,15]Br molecules 
in the solution. The accurate weighing of compounds has been carried out using Sartorius 
CPA 225 D electronic balance (precision ±0.00001 g). The analysis of obtained data has 
been conducted using Origin 2018 and MS Excel.

2.3 � Methods used

2.3.1 � Conductivity Measurements

The specific conductivity of several samples has been measured with a digital con-
ductivity meter (Systronics 306) by using a platinum electrode dipping cell (cell con-
stant = 1.0 cm−1). Aqueous potassium chloride (KCl) solutions in the concentration range 
(0.01–1.0  mol·kg−1) were used for the instrument’s calibration. By multiplying the cell 
constant by the measured conductivity values, the specific conductivity (κ) values were 
obtained. Since the cell constant = 1.0  cm−1, the calculated and measured values of spe-
cific conductivity (κ) coincide perfectly. The refrigerated circulated water thermostat (accu-
racy ± 0.1 °C) from Macro Scientific Works Pvt. Ltd. Delhi has been used to sustain the 
solution temperature. To do this, double walled jacketed cells containing sample solutions 
are used through which water kept at a certain temperature was circulated. This allows 
measuring the electrical conductivity of solutions at that particular temperature. To ensure 
accuracy, all the measurements were carried out in triplicate.

Fig. 1   Synthetic route for the synthesis of a [C14mim][Br] and b [Mor1,15]Br
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2.3.2 � Refractive Index Measurements

Anton Paar’s Abbemat 300 refractometer (resolution 0.00001 nD) is used to measure the 
refractive index values. Before performing actual measurements, the equipment is cali-
brated by measuring the refractive index value of water which is 1.3325 nD at 298.15 K. 
Internally maintaining the temperature with a temperature probe precision of ± 0.05 °C, the 
measurements were made at four distinct temperatures (293.15, 298.15, 303.15, 308.15) K. 
Each measurement is repeated at least three times, with the mean result treated as the final 
reading (accuracy ± 0.0001 nD).

2.3.3 � Surface Tension Measurements

DCAT 15 tensiometer from DataPhysics Instruments, Germany, was used to measure the 
values of surface tension at 298.15 K. The DCAT 33 software, combined with the LDU 25 
dosing equipment and Wilhelmy plate PT 11, is specifically intended for automatic CMC 
determination. The temperature is sustained at 298.15 K using a liquid temperature control 
device TV 70 and a refrigerated circulating water thermostat. The cleaning of plate PT 11 
was done by red-burning it with butane gas. Before taking actual measurements, the instru-
ment is calibrated with water, which has a surface tension of 71.99 mN·m−1 at 298.15 K. 
Each measurement is made in triplicate, with the average value being used (accuracy ± 0.01 
mN·m−1).

3 � Results and Discussion

3.1 � Conductivity Measurements

The conductivity data obtained has been utilized to obtain the CMC values and thermody-
namic parameters for the aggregation of TTAB and [C14mim]Br with (0.00, 0.03, 0.06, and 
0.10) wt% [Mor1,15]Br at various temperatures. The data has been analyzed to understand 
the influence of [Mor1,15]Br at various concentrations and temperatures on the aggregation 
of TTAB and [C14mim]Br.

3.1.1 � Critical Micelle Concentration (CMC)

The obtained specific conductivity values for the aqueous solutions of TTAB and [C14mim]
Br with (0.00, 0.03, 0.06, and 0.10) wt% [Mor1,15]Br at various temperatures are utilized to 
determine the CMC values. The obtained values of specific conductivity for various solu-
tions at (293.15, 298.15 303.15, and 308.15) K have been reported in Table S1–3 shown in 
supporting information. The CMC values have been obtained by plotting the specific con-
ductivity versus the concentration for various solutions, which have been shown in Figs. 2 
and 3. It can be detected from the obtained plots, that specific conductivity values increase 
with the concentration of TTAB and [C14mim]Br in the solution. When the concentration 
approaches the specific concentration i.e., CMC, the micelle formation takes place. Then, 
the rate of change in conductivity decreases with the increasing concentration of TTAB 
and [C14mim]Br with (0.00, 0.03, 0.06, and 0.10) wt% [Mor1,15]Br, resulting in a lower 
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slope for the line in the post-micellar region than in the pre-micellar region. The slope of 
the pre-micellar region ( S

1
 ) and the post-micellar region ( S

2
 ) have been employed to deter-

mine the degree of counterion dissociation (α) by using Eq. 1.

The variation in the slopes is due to the fact that the charge carriers become fewer on 
micelle formation [22, 37]. The loss of charge carriers after micelle formation is because 
the counterions get attached to the micellar surface. Also, the formed micelles exhibit 
lower mobility as compared to free surfactant monomers, further slowing the charge trans-
port. Thus, a breakpoint is observed in conductivity versus concentration plots [38, 39].

The concentrations of surface-active molecules corresponding to the breakpoint at dif-
ferent temperatures give the values of CMC for TTAB and [C14mim]Br with (0.00, 0.03, 
0.06, and 0.10) wt% [Mor1,15]Br, as indicated in Table 2. The addition of [Mor1,15]Br at 
various concentrations and temperatures has been shown to significantly modulate the 
micellization behavior of TTAB and [C14mim]Br in aqueous media.

3.1.1.1  Effect of Adding [Mor1,15]Br at Different Concentrations  The micelle formation ten-
dency of TTAB and [C14mim]Br enhances with the concentration of [Mor1,15]Br in solution 
at all investigated temperatures. This is due to the existence of favorable interactions among 
the monomers of TTAB and [C14mim]Br when [Mor1,15]Br is added to the solution. The 
strong hydrophobic interactions occur between the hydrophobic chains of TTAB, which 

(1)α = S
2
∕S

1

Fig. 2   Plot of specific conductance versus varying concentrations of TTAB in a  0.00 wt% b  0.03 wt% 
c 0.06 wt% and d 0.10 wt% of [Mor1,15]Br at different temperatures in aqueous media
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lead to the formation of micellar aggregates in the solution. The existence of strong electro-
static attraction among the trimethylammonium (–N+(CH3)3) head groups of TTAB and Br− 
counterions facilitates micelle formation by masking the electrostatic repulsive interactions 
among the similarly charged cationic head groups of TTAB [40]. The addition of [Mor1,15]
Br in the solution of TTAB facilitates micelle formation as the long alkyl chains of [Mor1,15]

Table 2   Thermodynamic parameters of micellization for TTAB and [C14mim][Br] in (0.00, 0.03, 0.06 and 
0.10) wt% of [Mor1,15]Br at different temperatures in aqueous media

Standard uncertainties s are s(T) = ± 0.1 K, s(CMC) = ± 0.01 mmol·L−1, s(ΔG0

m
) = ± 0.03 kJ⋅mol−1, s(ΔH0

m
) 

= ± 0.02 kJ⋅mol−1, s(ΔS0
m
) = ± 0.02 J⋅mol−1⋅K−1

[Mor1,15]Br/wt% Temperature/K CMC 
(mmol·L−1)

α ΔG0

m

(kJ·mol−1)
ΔH0

m

(kJ·mol−1)
ΔS0

m
(kJ·mol−1)

TTAB
 0.00 293.15 3.77 0.385 − 37.79 − 2.39 120.76

298.15 3.73 0.392 − 38.31 − 2.46 120.24
303.15 3.68 0.398 − 38.85 − 2.53 119.79
308.15 3.92 0.404 − 39.09 − 2.61 118.37

 0.03 293.15 3.28 0.395 − 38.09 − 2.52 121.36
298.15 3.21 0.403 − 38.63 − 2.59 120.88
303.15 3.16 0.409 − 39.20 − 2.67 120.51
308.15 3.42 0.414 − 39.40 − 2.75 118.94

 0.06 293.15 2.78 0.409 − 38.41 − 2.61 122.14
298.15 2.71 0.417 − 38.96 − 2.68 121.66
303.15 2.64 0.423 − 39.55 − 2.76 121.34
308.15 2.91 0.427 − 39.73 − 2.85 119.68

 0.10 293.15 2.38 0.421 − 38.71 − 2.70 122.83
298.15 2.31 0.428 − 39.33 − 2.78 122.57
303.15 2.22 0.436 − 39.93 − 2.86 122.26
308.15 2.51 0.441 − 39.96 − 2.95 120.10

[C 14 mim][Br]
 0.00 293.15 2.47 0.281 − 41.98 − 9.21 111.77

298.15 2.56 0.301 − 42.06 − 9.42 109.47
303.15 2.67 0.320 − 42.10 − 9.63 107.12
308.15 2.76 0.339 − 42.17 − 9.84 104.93

 0.03 293.15 1.89 0.289 − 42.91 − 10.23 111.49
298.15 1.95 0.309 − 43.01 − 10.46 109.18
303.15 2.07 0.325 − 43.05 − 10.71 106.72
308.15 2.13 0.345 − 43.11 − 10.93 104.46

 0.06 293.15 1.49 0.299 − 43.63 − 11.53 109.55
298.15 1.57 0.314 − 43.77 − 11.82 107.19
303.15 1.64 0.331 − 43.87 − 12.09 104.84
308.15 1.72 0.349 − 43.93 − 12.37 102.45

 0.10 293.15 1.18 0.306 − 44.44 − 12.65 108.45
298.15 1.27 0.319 − 44.53 − 12.98 105.85
303.15 1.31 0.337 − 44.66 − 13.28 103.56
308.15 1.39 0.352 − 44.73 − 13.59 101.07
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Br starts interacting with the alkyl chains of TTAB, thereby reducing the CMC values of 
TTAB with the increase in concentrations of [Mor1,15]Br in solution at all temperatures 
[41]. Similarly, the CMC values of [C14mim]Br in aqueous media also decrease with the 
addition of [Mor1,15]Br in the solution. The existence of electrostatic repulsive interactions 
among similarly charged imidazolium cation-based head groups of [C14mim]Br gets com-
pensated with the existence of counterions. The hydrophobic interactions occurring among 
the alkyl chains of [C14mim]Br and [Mor1,15]Br and hydrogen bonding interactions prevail-
ing between the head groups of [C14mim]Br and [Mor1,15]Br over the micellar surface con-
tribute to enhancing the micellization tendency of [C14mim]Br with [Mor1,15]Br as an addi-
tive at various concentrations in solution [42]. The increase in concentrations of [Mor1,15]Br 
leads to enhance the micellization tendency of TTAB and [C14mim]Br in aqueous media as 
evident from the obtained CMC values at all investigated temperatures.

3.1.1.2  Effect of Varying Temperature on  Micellization  The temperature has been shown 
to influence the micellization tendency of TTAB and [C14mim]Br in a significant way. As 
observed in Table 2, the CMC values of TTAB decrease with an increase in temperature 
as the temperature is raised from 293.15 to 303.15 K. After 303.15 K, the CMC value for 
TTAB starts increasing as the temperature is increased to 308.15 K. Similar trend in the 
CMC variation of TTAB in (0.00, 0.03, 0.06 and 0.10) wt% of [Mor1,15]Br in solution with 
the temperature change has been observed. Thus, the CMC values of TTAB represent a 

Fig. 3   Plot of specific conductance versus varying concentrations of [C14mim][Br] in a  0.00 wt% b  0.03 
wt% c 0.06 wt% and d 0.10 wt% of [Mor1,15]Br at different temperatures in aqueous media
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U-type behavior in the range of 293.15 to 308.15 K. On the other side, the values of CMC 
for [C14mim]Br increases with temperature increase in the range of 293.15 to 308.15 K as 
observed in the presence of (0.00, 0.03, 0.06, and 0.10) wt% of [Mor1,15]Br in solution. 
The observed behavior in the micelle forming tendency of investigated systems with the 
temperature variation can be explained based on two opposing effects. (i) As the tempera-
ture rises, there may be a decrease in the hydration of hydrophilic head groups present in 
surface-active monomers. This results in the enhancement of micellization tendency, which 
results in the CMC value decrease. (ii) However, as the temperature rises, the structured 
water surrounding the hydrophobic group is also disrupted, making micellization more dif-
ficult. This is due to the solubilization of surface-active molecules in water and the value of 
CMC increases. Thus, in the case of a particular surface-active agent, the CMC variation 
with temperature depends upon the dominance of any one of the effects over the other [43, 
44]. In the case of TTAB, the first effect dominates in the range 293.15–303.15 K, whereas 
the second effect dominates above 303.15 K. Thus, the CMC values of TTAB with [Mor1,15]
Br in solution initially decrease from 293.15 to 303.15 K, and then start increasing as the 
temperature rises above 303.15 K as indicated in Fig. 4a. In the case of [C14mim]Br with 
[Mor1,15]Br in solution, the second effect dominates in the entire investigated temperature 
range i.e., from 293.15 to 308.15 K, leading to retard the micelle formation of [C14mim]Br 
with temperature elevation in (0.00, 0.03, 0.06 and 0.10) wt% [Mor1,15]Br in solution. Thus, 
the CMC values of [C14mim]Br with [Mor1,15]Br in solution increase with the increase in 
temperature as indicated in Fig. 4b.

3.1.2 � Thermodynamic Parameters of Micellization: Standard Free Energy 
of Micellization ( 1G0

m
  ), Standard Enthalpy of Micellization ( 1H0

m
  ), Standard 

Entropy of Micellization ( 1S0
m

  )

The obtained values of CMC and α have been further employed to calculate different ther-
modynamic parameters of micellization i.e., standard free energy of micellization ( ΔG0

m
 ), 

standard enthalpy of micellization ( ΔH0

m
 ), and standard entropy of micellization ( ΔS0

m
 ) [45, 

46].
The standard free energy of micellization ( ΔG0

m
 ) can be calculated as 

Fig. 4   Variation in CMC values of a TTAB b [C14mim][Br] with temperature in (0.00, 0.03, 0.06 and 0.10) 
wt% of [Mor1,15]Br in aqueous media
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The standard enthalpy of micellization ( ΔH0

m
 ) can be calculated as 

The standard entropy of micellization ( ΔS0
m
 ) can be calculated as 

 where R is the universal gas constant, T represents temperature, X
CMC

 denotes the CMC 
in the mole fraction units. The determined values for ΔG0

m
 , ΔH0

m
 and ΔS0

m
 at different tem-

perature for the micellization of TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 0.10) wt% 
[Mor1,15] are reported in Table 2. Figures S3–5 given in supporting information indicate 
the change in the values of these parameters with the variation in temperature and con-
centrations of [Mor1,15]Br in solution. The negative ΔG0

m
 values obtained for the micel-

lization of TTAB and [C14mim]Br at all investigated temperatures and concentrations of 
[Mor1,15]Br indicate the spontaneous micelle formation. The more negative values of ΔG0

m
 

at higher concentrations of [Mor1,15]Br have been obtained indicating greater spontaneity 
and feasibility in the micellization of TTAB and [C14mim]Br with the addition of [Mor1,15]
Br in solution. The monomers of [Mor1,15]Br interacts with the monomers of TTAB and 
[C14mim]Br in such a way that leads to enhance their micellization tendency. An anal-
ogous trend has been obtained for the ΔH0

m
 values, where the obtained negative values 

ΔH0

m
 specify the exothermic nature for the micellization of TTAB and [C14mim]Br with 

and without [Mor1,15]Br in solution. TheΔS0
m
 values have been obtained positive in all the 

cases, whose values decrease with the rise in temperature for both TTAB and [C14mim]Br 
at various [Mor1,15]Br concentrations. The values of ΔS0

m
 have been observed to increase 

for TTAB, whereas these values decrease for [C14mim]Br with the increase in [Mor1,15]Br 
concentration. The obtained negative values of ΔH0

m
 and positive values of ΔS0

m
 contribute 

to the negative values obtained for ΔG0

m
 in case of TTAB and [C14mim]Br in the absence 

and presence of [Mor1,15]Br in solution. The higher contribution of ΔS0
m
 as compared to 

ΔH0

m
 towards the obtained negative values of ΔG0

m
 has been observed in all the cases. This 

is because − TΔS0
m
 has been obtained higher as compared to ΔH0

m
 , which signifies the 

entropy-driven process of micellization. It means that the structured water clusters around 
the hydrophobic tails of TTAB and [C14mim]Br monomers in solution get distorted upon 
micelle formation, due to the “hiding” of non-polar hydrocarbon alkyl chains inside the 
micellar core. This leads to the release of water molecules which results in more positive 
ΔS0

m
 values for the micellization of TTAB and [C14mim]Br with and without [Mor1,15]Br in 

solution.

3.2 � Refractive Index Measurements

The refractive index is the quantity that measures how a light beam bends as it goes through 
one medium to the other. The measurement of refractive index at different concentrations 
of surface-active molecules can also be used to calculate their CMC values. This is owing 
to the fact that the refractive index of monomers is lower than that of produced micelles. 
Thus, the refractive index values for TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 0.10) 

(2)ΔG0

m
= (2 − α)RT

(

lnX
CMC

)

(3)ΔH0

m
= −RT2(2 − α)

[

d
(

lnX
CMC

)

dT

]

(4)ΔS0
m
= (ΔH0

m
− ΔG0

m
)∕T
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wt% [Mor1,15]Br have been measured at different temperatures as reported in Tables S4–6 
given in supporting information.

To obtain the CMC values, the refractive index values have been used, which were plot-
ted against the concentration of TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 0.10) wt% 
[Mor1,15]Br as indicated in Figs. 5 and 6, respectively.

Figures show that the refractive index values increase rapidly with the concentration 
of TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 0.10) wt% [Mor1,15]Br, when the con-
centration is below CMC value. But as the concentration approaches CMC, the rate of 
increase of refractive index with the increase in concentration decreases [47–49]. As a 
result, the breakpoint appears in the refractive index versus concentration plots of TTAB 
and [C14mim]Br with and without [Mor1,15]Br. The values of CMC for the investigated sys-
tems have been obtained at concentration consistent with the breakpoint. Table 3 displays 
the comparison between the CMC values acquired using this method and those obtained by 
conductivity measurements. The measurements of CMC values using the refractive index 
measurement technique correlate well with conductivity-based estimates.

3.3 � Surface Tension Measurements

The surface tension measurement technique is another convenient approach that aids in 
examining the aggregation behavior of surface-active molecules and also provides crucial 
details regarding the adsorption process occurring at the interface. Thus, the self-assem-
bly, aggregation and interfacial behavior along with the probable interactions which occur 

Fig. 5   Plots of refractive index versus varying concentrations of TTAB in (0.00, 0.03, 0.06 and 0.10) wt% 
of [Mor1,15]Br at a 293.15 K b 298.15 K c 303.15 K and d 308.15 K in aqueous media
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Fig. 6   Plots of refractive index versus varying concentrations of [C14mim][Br] in (0.00, 0.03, 0.06 and 
0.10) wt% of [Mor1,15]Br at a 293.15 K b 298.15 K c 303.15 K and d 308.15 K in aqueous media

Table 3   Comparison of CMC values obtained for TTAB and [C14mim][Br] in (0.00, 0.03, 0.06 and 0.10) 
wt% of [Mor1,15]Br at different temperatures using different techniques

Standard uncertainties s are s(T) = ± 0.1 K, s(CMC) = ± 0.01 mmol·L−1

[Mor1,15]Br/wt% Temperature /K CMC (mmol·L−1) for TTAB CMC (mmol·L−1) for [C14mim]
[Br]

Conductivity Refractive index Conductivity Refractive index

0.00 293.15 3.77 3.75 2.47 2.45
298.15 3.73 3.72 2.56 2.52
303.15 3.68 3.65 2.67 2.63
308.15 3.92 3.91 2.76 2.74

0.03 293.15 3.28 3.26 1.89 1.86
298.15 3.21 3.20 1.95 1.93
303.15 3.16 3.15 2.07 2.04
308.15 3.42 3.41 2.13 2.12

0.06 293.15 2.78 2.77 1.49 1.46
298.15 2.71 2.69 1.57 1.55
303.15 2.64 2.63 1.64 1.63
308.15 2.91 2.90 1.72 1.71

0.10 293.15 2.38 2.36 1.18 1.16
298.15 2.31 2.29 1.27 1.24
303.15 2.22 2.20 1.31 1.29
308.15 2.51 2.49 1.39 1.37
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among various components of the solution have been investigated using the surface tension 
method [14, 50]. The surface tension (γ) values of the aqueous TTAB and [C14mim]Br 
in the [Mor1,15]Br solutions were measured to determine their surface activity and CMC 
values. The surface tension (γ) values for TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 
0.10) wt% [Mor1,15]Br have been reported in Tables S7 and S8, respectively, given in sup-
porting information. Figure 7 represents the surface tension versus the logarithm of TTAB 
and [C14mim]Br concentration plots with and without the addition of various concentra-
tions of [Mor1,15]Br in solution. It is evident from the figure that, at higher concentrations 
of surface-active molecules, the surface tension gradually decreases as the concentration 
rises; this suggests that surface-active molecules are adsorbed at the air/solution interface. 

Table 4   Surface active parameters of TTAB and [C14mim][Br] in (0.00, 0.03, 0.06 and 0.10) wt% of 
[Mor1,15]Br in aqueous solution at 298.15 K

Standard uncertainties s are s(T) = ± 0.1 °C, s(CMC) = ± 0.01 mmol·L−1, s(γ
cmc

) = ± 0.1 mN·m−1, s(Π
cmc

) 
= ± 0.1 mN·m−1, s(Γ

max
) = ± 0.01 µmol·m−2, s(A

min
) = ± 0.02 nm2, s(ΔG0

ad
) = ± 0.02  kJ⋅mol−1, s(Gs

min
) 

= ± 0.02 kJ⋅mol−1

[Mor1,15]
Br (wt%)

CMC 
(mmol·L−1) 
by surface 
tension

�
CMC

(mN·m−1)
Π

CMC
   106 

(mol·m−2)
A
min

(nm2) �G
0

ad

(kJ·mol−1)
G

s

min
  

(kJ·mol−1)
Packing 
parameter 
(p)

TTAB
 0.00 3.70 35.28 36.71 2.41 0.69 − 53.52 14.61 0.31
 0.03 3.20 30.72 35.01 1.89 0.88 − 57.18 16.28 0.24
 0.06 2.70 29.24 32.01 1.71 0.97 − 57.64 17.06 0.22
 0.10 2.28 28.28 28.46 1.52 1.09 − 58.06 18.61 0.19

[C14 mim][Br]
 0.00 2.53 31.41 40.58 2.28 0.73 − 59.89 13.80 0.29
 0.03 1.93 26.28 39.45 1.81 0.92 − 64.79 14.51 0.23
 0.06 1.56 25.27 35.98 1.62 1.02 − 65.93 15.56 0.21
 0.10 1.25 24.88 31.86 1.45 1.14 − 66.48 17.13 0.18

Fig. 7   Plots of surface tension versus logarithm of concentrations a TTAB b [C14mim] [Br] in (0.00, 0.03, 
0.06 and 0.10) wt% of [Mor1,15]Br at 298.15 K in aqueous media
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As the concentration of surface-active molecules approaches the CMC value, the γ values 
become approximately constant yielding a breakpoint in the plot. Thus, the CMC value is 
obtained at the concentration coinciding with the breakpoint [51, 52]. The obtained data 
for surface tension has been further employed to determine various surface-active param-
eters for the concerned systems as indicated in Table 4.

The surface pressure at CMC 
(

Π
CMC

)

 has been calculated as follows.

 where �
0
 represents surface tension of solvent in pure state and �

CMC
 represents the surface 

tension of solution at CMC. The maximum surface excess concentration ( Γ
max

 ) and mini-
mum area of surfactant monomer at the air/solution interface ( A

min
 ) have been evaluated by 

applying the following equations.

 

 where T  is the temperature, R is the universal gas constant, C is the concentration of the 
solution, N

A
 represents the Avogadro’s Number i.e., 6.022 × 1023 mol−1.

The standard Gibbs free energy of adsorption ( ΔG0

ad
 ) and the free energy of a surface at 

equilibrium ( Gs
min

 ), proposed by Sugihara et al. have been calculated as follows.

 

 where ΔG0

m
 is the standard Gibbs free energy of micellization as determined by using 

Eq. 2.
The value of the packing parameter (p) has also been evaluated as follows.

 where V
0
 indicates the volume occupied by the hydrophobic group in the micellar core, lc 

represents the length of the hydrophobic core. The values of V
0
 and lc can be determined by 

using Tanford’s formulae. 

 

Here, nc represents the total number of carbons in the hydrocarbon chain of the surface 
active agent.

(5)Π
CMC

= �
0
− �

CMC

(6)Γ
max

= −
1

RT

(

��

�(lnC)

)

(7)A
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=
1

N
A
Γ
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(8)ΔG0
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= ΔG0
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−

Π
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Γ
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= A
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∕lcAmin

(11)V
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[
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− 1

)](
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The careful analysis of Table 4 indicates the proximity in the CMC values obtained by 
different techniques. The addition of [Mor1,15]Br at various concentrations in the solutions 
of TTAB and [C14mim]Br results in a decrease in values of γ

CMC
 , indicating a rise in sur-

face activity of the solution. The greater surface-activity of [C14mim]Br has been detected 
than TTAB as specified by the obtained lesser values of γ

CMC
  in case of [C14mim]Br as 

compared to TTAB in (0.00, 0.03, 0.06 and 0.10) wt% [Mor1,15]Br. The values of Γ
max

 
and A

min
 provides the knowledge of orientation and packing of surface-active monomers 

at the air/solution interface [53, 54]. The addition of [Mor1,15]Br at higher concentrations 
in the solution of TTAB and [C14mim]Br results in the decrease in values of Γ

max
 and the 

increase in the values of A
min

 . This trend in the values of Γ
max

 and A
min

 indicate loose pack-
ing of TTAB and [C14mim]Br monomers at air/solution interface with the rise in [Mor1,15]
Br concentration. Also, the lesser value of Γ

max
 for [C14mim]Br as compared to TTAB with 

and without [Mor1,15]Br indicates loose packing of [C14mim]Br monomers at the interface 
as compared to that of TTAB. The values of Γ

max
 and A

min
 primarily depend on (a) the 

attractive or van der Waals interactions that exist between the hydrophobic parts of the 
[Mor1,15]Br with TTAB and [C14mim]Br in TTAB/[Mor1,15]Br and [C14mim]Br/[Mor1,15]
Br system, respectively and (b) the steric hindrance brought on by the bulky groups pre-
sent in various interacting species. The hydrophobic part of [Mor1,15]Br monomers can be 
used to explain the observed decrease in Γ

max
 as the concentration of [Mor1,15]Br increases 

in the solution. The hydrophobic alkyl chains of [Mor1,15]Br avoid making contact with 
polar water molecules, thus, tend to concentrate in substantial amounts at the interface, and 
obstruct the adsorption in TTAB/[Mor1,15]Br and [C14mim]Br/[Mor1,15]Br system, respec-
tively. Thus, the loose packing of TTAB and [C14mim]Br in respective TTAB/[Mor1,15]Br 
and [C14mim]Br/[Mor1,15]Br systems has been observed at the interface as evident from 
the obtained values of Γ

max
 and A

min
 . The negative values of ΔG0

ad
 have been obtained for 

pure TTAB, pure [C14mim]Br, TTAB/[Mor1,15]Br mixtures and [C14mim]Br/[Mor1,15]
Br mixtures. On comparing ΔG0

ad
 and ΔG0

m
 , it is observed that the former has a higher 

negative value than the latter, indicating that the adsorption process is preferable to the 
micellization process [51]. Thus, adsorption is the primary process, whereas micellization 
is the secondary process as some work required the transportation of surfactant monomers 
from their monomeric form at the surface to their micellar form in the aqueous solution. 
The ΔG

ad
 values have been observed to attain more negative values in the case of TTAB/

[Mor1,15]Br mixtures and [C14mim]Br/[Mor1,15]Br mixtures as compared to pure TTAB 
and pure [C14mim]Br solutions. This indicates the greater spontaneity of monomer adsorp-
tion for TTAB and [C14mim]Br monomers in TTAB/[Mor1,15]Br and [C14mim]Br/[Mor1,15]
Br mixtures, respectively. The obtained positive values of Gs

min
 in the investigated systems 

indicates the formation of thermodynamically stable surfaces and micelles in solutions of 
TTAB/[Mor1,15]Br and [C14mim]Br/[Mor1,15]Br. The values of the packing parameter (p) 
indicate the formed micelles in the concerned systems to be spherically shaped as the value 
of p lies between 0 and 0.33 [55].

4 � Conclusion

The aggregation behavior of TTAB and [C14mim]Br in (0.00, 0.03, 0.06, and 0.10) wt% 
[Mor1,15]Br has been analyzed to get insight into the interactions prevailing in TTAB/
[Mor1,15]Br and [C14mim]Br/[Mor1,15]Br mixtures. Conductivity, refractive index, and sur-
face tension measurement techniques have been used to evaluate various parameters such 
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as critical micelle concentration (CMC), the standard free energy of micellization ( ΔG0

m
 ), 

standard enthalpy of micellization ( ΔH0

m
 ), and standard entropy of micellization ( ΔS0

m
 ), 

surface pressure at cmc 
(

Π
CMC

)

 , maximum surface excess concentration ( Γ
max

 ), the mini-
mum area of surfactant monomer at the air/solution interface ( A

min
 ), standard Gibbs free 

energy of adsorption ( ΔG0

ad
 ), the free energy of a surface at equilibrium ( Gs

min
 ) and pack-

ing parameter (p). The values of CMC and other evaluated parameters for the investigated 
systems get altered with the temperature and the concentration of [Mor1,15]Br in the solu-
tion. The values of all the parameters obtained for TTAB/[Mor1,15]Br and [C14mim]Br/
[Mor1,15]Br mixtures have been compared to analyze the aggregation behavior of TTAB 
and [C14mim]Br with [Mor1,15]Br at various concentrations in aqueous media. The supe-
rior surface activity has been observed for [C14mim]Br as compared to TTAB with and 
without [Mor1,15]Br in solution at various concentrations and temperatures.
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