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Abstract 

Zwitterionic surfactants based on (3-(1-alkyl-3-imidazolio) propane-sulfonate [(ImS3-R) 

where R is octyl or dodecyl] are an emerging and important class of amphiphile due to their 

relevance as nano reactors for the synthesis of metallic nanoparticles and accelerated acid 

hydrolysis. The physicochemical properties of such synthesized imidazolium ring-containing 

zwitterionic surfactants have been characterized by surface tension and small-angle neutron 

scattering (SANS) techniques. Surface tension measurements were used to calculate several 

thermodynamic parameters over a range of concentrations and temperatures (298-313K). The 

results obtained showed a weak signature representing the critical micelle concentration (CMC) 

for ImS3-8, however, by increasing the alkyl length of the hydrophobic group to dodecyl i.e., 

ImS3-8 to ImS3-12, the signature of the CMC was much more evident. As expected, the CMC 

for ImS3-12 shifted to a lower concentration. An increase in temperature increased the surface 

activity and decreased the CMC of both zwitterionic surfactants, although the changes were 

small. Compared to classical surfactants i.e., sodium dodecyl sulphate (SDS) and dodecyl 

trimethylammonium bromide (DTAB), the CMC of ImS3-12 is much lower. Modelling of 

small-angle neutron scattering data demonstrated that the morphology of the micelles formed 

by these amphiphiles may be described by the “classical” model, a central hydrophobic core, 

with a shell of hydrated headgroups. Due to their widespread applications in colloidal and 

interfacial science, the present study adds new insight to the fundamental understanding of 

these interesting imidazolium based surface active ionic liquids (SAILs) (ImS3-R).   

  

Keywords: Zwitterionic Surfactant, Imidazolium, Physicochemical, Surface-activity, Small-

angle neutron scattering  
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Introduction 

Surfactants are a well-known class of amphipathic molecule consisting of two structural units 

known as the lyophobic group and the lyophilic group, which impart useful interfacial and bulk 

properties (Moulik, 1996). Properties of surfactants are structure dependent (Kjellin et al., 

2003; Kjellin et al., 2003; Stjerndahl et al., 2007; Zhu et al., 1990). Surfactants are often 

classified as neutral, ionic or zwitterionic based on the presence character of any charged group. 

Zwitterionic surfactants have no net charge, but their micelles still have binding affinity for 

anions, and if suitable conditions are provided, they can also interact with cations (Iso & Okada, 

2000; Marte et al., 2007; Priebe et al., 2008; Tondo et al., 2010; Tondo et al., 2007).  

Early investigations on the molecular structure of ionic liquids disclosed inherent 

amphiphilicity viz. 1-methyl-3-alkylimidazlium salts with smaller counterions showed 

surfactant behavior comparable to cationic surfactant of short-chain. The amphiphilic nature of 

ionic liquids (ILs) was also confirmed from the study of N‐methyl‐N‐alkyl pyrrolidines (Baker 

et al., 2004; Bowers et al., 2004). Recently, surface active ionic liquids (SAILs) have emerged 

as a new class of surfactant (Anouti et al., 2009; Bowers et al., 2004; Brown et al., 2011; 

Chabba et al., 2016; Inoue et al., 2007; Kamboj et al., 2014; Kamboj et al., 2014; Seth et al.,  

2008; Shi et al., 2011; Singh & Kumar, 2007; Srinivasa Rao et al., 2011; Trivedi et al., 2011; 

Wang et al., 2007). It is obvious that low concentration aqueous solutions of SAILs lose many 

of the properties of ionic liquids (ILs). However, surface activity and the structure of self-

assembled SAILs can be controlled by appropriate choice of cation or anion, analogous to ionic 

surfactants (Kamboj et al., 2014). 

Different classes of SAILs have been developed and their self-assembling behavior has 

been investigated. Effect of molecular structure viz. changing the head-group (Blesic et al., 

2008; Cornellas et al., 2011; Tariq et al., 2011; Wang et al., 2008), changing the hydrophobicity 

(Dong et al., 2010; Liu et al., 2011; Shi et al., 2011) and the effect of counter-ion (Wang et al., 

2008), have all been investigated (Singh & Kumar, 2007). Among the different classes of 

SAILs, cationic SAILs have shown better surface‐activity compared to the conventional 

surfactants having similar alkyl chain length. Substituents have specific effect on the 

aggregation properties and surface activity i.e., aggregation properties of imidazolium based 

cationic SAILs have been enhanced by hydroxyl substituent while better surface activity has 

been shown by larger hydrophobic substituent (Liu et al., 2011; Shi et al., 2011). 
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 Amongst the different classes, zwitterionic surfactants have been less well-investigated, 

although they are skin friendly, generally mild and ideal for in personal care products (Souza 

et al., 2015). A common materials is the ionic liquid based, zwitterionic surfactant (3-(1-alkyl-

imidazolio) propanesulfonate (ImS3-R) which differs from sulfobetaines as the former contain 

imidazolium group instead of ammonium ion (Tondo et al., 2010).  Imidazolium based 

zwitterionic surfactants (ImS3-R) represent a versatile class of compounds, which form normal 

and reverse micelles without use of a co-surfactant, allows preparation of nanoparticles of 

palladium and gold in chloroform with small quantity of water, greener alternative to 

conventional surfactants in many applications etc., (Souza et al., 2015; Sun et al., 2020)). It is 

therefore important to investigate the surface active, micellar and physicochemical properties 

of the emerging class of zwitterionic surfactants (3-(1-alkyl-imidazolio) propanesulfonate 

(ImS3-R).  

 

Experimental 

Synthesis and Spectral Summary of Surfactants 

The 3-(1-alkyl-3-imidazolio) propane-sulfonate [(ImS3-R) surfactants employed in this study 

were prepared by the approach described in (Tondo et al, 2010), with the following 

modifications. To a solution of propane sultone (3.00 mmol) in acetone (10 mL) the 

corresponding alkyl imidazole (2.00 mmol) was added and the reaction solution was left 

stirring overnight. As the product forms, it separates from the acetone solution either as a solid 

(ImS3-12) or viscous liquid (ImS3-8). The product was isolated by separation from the 

supernatant acetone and twice purified by entrainment in acetone (10 mL). ImS3-12 was 

isolated by filtration and air drying. ImS3-8 was isolated by decanting the supernatant acetone 

and finally drying under vacuum (0.1 mmHg) at 60°C using a Büchi Kugelrohr apparatus for 

8 hours. The spectroscopic data for both compounds agree with the previously reported 

literature values (see supporting information). The typical structure of the zwitterionic alkyl-

imidazolyl propane sulfonate is shown in Fig. 1. Furthermore, the yield and purity were 91% 

and 100% respectively for ImS3-8 (C14H27N2O3S
+) while the estimated values for these 

parameters were 89% and 100% for ImS3-12 (C18H35N2O3S
+). These surfactants are quite 

insoluble in the solvents they are prepared in and hence are quite pure after recrystallisation. In 

addition, our surface tension data show no evidence of a surface-active impurity, as no dip in 
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the surface tension (in surface tension versus concentration profile) around the CMC was 

observed. 

Sample Preparation for Surface Activity and Micellar Studies 

Aqueous stock solutions of all surfactants, 3-(1-alkyl-3-imidazolio) propanesulfonate [ImS3-

R where, R is octyl or dodecyl (ImS3-8, ImS3-12)], were prepared by dissolving the required 

amount of the sample in the desired volume of de-ionized water.  For the effect of salt, a 25mM 

of NaCl salt solution was also used. The concentration of stock solutions of both the surfactants 

was kept higher than the corresponding/expected values of their CMCs. All other solutions of 

lower concentrations were prepared by serial dilution of the stock solutions. 

Surface Tension 

Determination of the surface tension of aqueous solutions of ImS3-R was carried out using a 

maximum bubble pressure tensiometer (SITA online t60) with bubble lifetime 10s. Results 

presented here are an average of twenty discrete measurements per sample. The tensiometer 

was calibrated using the in-built software on ultrapure water and checked for linearity with 

water and ethanol mixtures. Temperature stability of  0.5 oC was maintained through the use 

of a re-circulating water bath using the jacketed sample cell. All solutions were equilibrated 

for at least 30mins before measurement. 

Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) experiments were performed on the fixed-geometry, 

time-of flight LOQ diffractometer at the ISIS Spallation Neutron Source, Rutherford Appleton 

Laboratory, Didcot, UK. This instrument spans a Q range ( )2/sin()/4( =Q ) 0.008 < Q < 

0.25 Å-1 by using neutron wavelengths (λ) spanning 2.2 to 10 Å with a fixed sample-detector 

of 4.1m.Samples were contained in 2mm path length, UV-spectrophotometer grade, quartz 

cuvettes (Hellma, GmBh), mounted in aluminium holders on top of an enclosed, computer-

controlled sample chamber. Sample volumes were kept around 0.6 cm3. Temperature control 

was achieved by using a thermo-stated re-circulating bath pumping fluid through the base of 

the sample chamber, achieving a temperature stability of ± 0.2oC. Experimental measuring 

times were approximately 40 minutes per sample. All the scattering data were (a) normalized 

for the sample transmission, (b) background corrected using a quartz cell filled with D2O, and 

(c) corrected for the linearity and efficiency of the detector response by using the instrument 

specific software package. 
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Results and Discussion 

The newly synthesized zwitterionic surfactants e.g., 3-(1-alkyl-imidazolio) propanesulfonate 

(ImS3-R) are proposed to have physicochemical properties and micellization behavior 

compared to classical surfactants and simple sulfobetaines due to the presence of the rigid 

unsymmetrical imidzolium ring attached with propylsulfonate in its structure. To reiterate, the 

difference between ImS3-R with sulfobetaines is that the former contains the imidazolium ion 

rather than an ammonium ion in its structure while alkyl sulfonate group make it different from 

simple alkyl imidazolium SAIL. To evaluate the physicochemical properties and micellar 

behavior of these newer surfactants, surface tensiometry was extensively used. The measured 

values of several interfacial parameters, the CMC and a number of thermodynamic derivatives 

are compared with others common surfactants.  

Surface tension derived interfacial properties 

Interfacial parameters viz. pC20, ΠCMC, Γmax, Amin, ΔGads are calculated from equations 1, 2, 3, 

4 and 5 respectively (Dong et al., 2008; Souza et al., 2015; Sun et al., 2020), while CMC/C20 

is calculated from the values of CMC and C20 obtained from Fig. 2, are listed in Table 1. 

pC20 = - log C20        (1) 

ΠCMC = o - CMC        (2) 

Γmax= -1/RT [∂γ/ ∂ lnC]T       (3) 

Amin = 1x1018/NAΓmax        (4) 

ΔGads = (ΔGmic - ΠCMC)/Γmax       (5) 

where C20 is the concentration of the surfactant required to reduce the surface tension of the 

solvent by 20mNm-1, surface pressure (ΠCMC), o is the surface tension of the pure solvent and 

CMC is the surface tension of the solution at the corresponding value of CMC, Γmax is the 

maximum surface access concentration, T is the absolute temperature, R is gas constant, 

∂γ/∂lnC is the slope of the linear line of surface tension curve just before CMC, Amin is the 

minimum area per molecule, ΔGads is the change in free energy of the interfacial adsorption and 

ΔGmic is the change in free energy of micellization at CMC in the above equations. 

  The calculated data clearly indicates higher surface activity of ImS3-12 compared to 

ImS3-8, due to the greater hydrophobicity of the former amphiphile. The values of interfacial 
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parameters viz. Γmax and Amin of ImS3-12 are lower while ΠCMC and ϒCMC are comparable to 

conventional surfactants of the same alkyl chain length i.e., sodium dodecyl sulphate (SDS) 

and dodecyl trimethylammonium bromide (DTAB) (Ananda et al., 1991; Elarbi et al., 2009; 

Penfold et al., 2009). Similarly, the surface activity of ImS3-12 is also greater than the newly 

synthesized N,N,N-tributyldodecane ammonium bromide (R12N4) and 1-dodecyl-1-methyl-

imidazolium bromide (R12Im) (Dossoki et al., 2020). 

Effect of temperature on the interfacial properties  

The bulk of the available literature on the effect of temperature on interfacial properties of 

surfactants shows that an increase in temperature results in two competing phenomenon i.e., 

reducing water of hydration of the head-group which results in decreasing surface activity or 

the breaking of structured water surrounding the hydrophobic part of the surfactant thereby 

decreasing bulk concentration and increasing the interfacial adsorption respectively (Ananda 

et al., 1991; Penfold et al., 2009). 

The effect of temperature on the interfacial parameters of ImS3-8 and ImS3-12, 

deduced from Figs. 3 and 4 are listed in Table 1. These data show that an increase in 

temperature leads to a small increase in pC20, Amin and a minor decrease in Γmax and CMC for 

both surfactants. 

Thermodynamic of Interfacial Adsorption and Effect of Temperature  

Changes in the Gibbs free energy of adsorption (ΔGads) determined by Eq. 5, are listed in Table 

1. The lower negative value of ΔGads of ImS3-8 shows reduced surface activity compared to 

ImS3-12. The values of ΔGads of ImS3-12 are more than two-fold smaller of the conventional 

surfactants such as SDS and DTAB (Ananda et al., 1991). The negative values of ΔGads of both 

selected SAILs increase as the temperature increases from 298 to 313K, indicating enhanced 

spontaneity of the process. 

Critical Micelle Concentration (CMC) 

The concentration beyond which no obvious change in the surface tension occurs is 

assigned the CMC of the surfactants (Penfold et al., 2009), e.g. Fig. 2, and the CMCs therein 

obtained are listed in Table 1. The values of CMC of ImS3-8 and ImS3-12 at room temperature 

are 11.2mM and 2.2mM respectively, confirming the established fact that an increase in 

hydrophobicity reduces the CMC. The CMC of ImS3-12 is lower than conventional surfactants 

with the same alkyl chain length i.e., SDS and DTAB (Ananda et al., 1991; Elarbi et al.), 
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consistent with the greater hydrophobicity of the head group in imidazolium propylsulfonate 

structure.   

 The CMC of ImS3-12 determined here (CMC = 2.2 mM) is consistent with that of 

(Souza et al., 2015) who found CMC = 0.9 mM for the analogous material, but recorded in the 

presence of 80 mM salt. The limiting surface tension observed by Souza was 38.8 mNm-1 again, 

consistent with the value reported here. The CMC of ImS3-12 determined here is lower than 

the measured CMC of 1-dodecyl-1-methyl-1H-imidazol-1-ium bromide (R12Im), and N,N,N-

tributyldodecan-1-aminium bromide (R12N4) (Ali et al., 2015; El-Dossoki et al., 2020).  

Temperature dependence of the Critical Micelle Concentration 

The available literature on the effect of temperature on the CMC of aqueous solutions 

of surfactant does not always follow a linear dependence; often an increase in temperature 

decreases the CMC of the surfactant to a minimum value and then subsequently increases. 

However, this broad trend is often surfactant specific. Interestingly, the effect of temperature 

in the range 6-60 ºC over CMC of aqueous solution of zwitterionic alkyl betaine has found a 

steady decrease in CMC (Marte et al., 2007).  

The effect of temperature on the CMC over the range of 298 to 313K for ImS3-8 and 

ImS3-12, is shown in Figs. 3-5. Table 1 shows the variation of CMC with an increase in 

temperature. Clearly, both surfactants show a decrease in the CMC with an increase in 

temperature. The effect of an increase in temperature from 298 to 313K over CMC of ImS3-

12 compared to SDS follows the same decreasing trend in CMC while DTAB follow an 

opposite behavior compared to the former. These results suggest that increase in temperature 

decreases the hydrated radius of the hydrophilic groups of ImS3-R and SDS, while water of  

hydration of the hydrophobic part is reduced in case of DTAB (Ananda et al., 1991; Elarbi et 

al.). 

Thermodynamic Parameters of Micellization 

Changes in free energy (ΔGmic), enthalpy (ΔHmic) and entropy (ΔSmic) of micellization have 

been determined for ImS3-R via equations 6, 7 and 8, respectively (Tondo et al., 2007) and the 

calculated values are listed in Table 1. 

 

   ΔGmic= RT lnXcmc                   (6) 

ΔHmic = -2RT2 (dlnXcmc/ dT)                  (7) 

   ΔSmic = (ΔHmic - ΔGmic)/ T        (8) 
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where R is gas constant, T is absolute temperature and Xcmc is the CMC in terms of mole 

fraction of the surfactant.  

The listed data show negative values of ΔGmic, ΔHmic and very small positive values of 

ΔSmic for both ImS3-8 and ImS3-12, indicating that the process of micellization is enthalpically 

driven. It can be assumed that there is a low level of disruption of the water structure 

surrounding the hydrophobic group during the course of micellization making ΔSmic > 0, 

however, the overall process is spontaneous at room temperature. ImS3-12 has higher negative 

value of ΔGmic than ImS3-8 indicating the greater spontaneity of micellization of the former. 

On inspection the thermodynamics data of ImS3-12 and the data in literature of sodium dodecyl 

benzene sulfonate (SDBS), DTAB, we found that negative ΔGmic value of ImS3-12 is greater 

while negative value of ΔHmic and value of ΔSmic of ImS3-12 is lower compared to SDBS, 

DTAB (Ananda et al., 1991).  

Effect of Temperature over Thermodynamic Parameters of Micellization 

Effect of temperature on the thermodynamic parameters of the micellization has been studied 

and the results so obtained are presented in Fig. 6 and are also summarized in Table 1. The data 

show that the values of ΔGmic are negative, ΔSmic are positive and with a constant negative 

value of ΔHmic of both ImS3-R throughout the temperature range (298-313K). Increase in 

temperature minutely increase ΔSmic which is compensated by increase in negative values of 

ΔGmic indicating that overall, the process of micellization has been favored by temperature. 

ImS3-R, when compare to classical surfactants such as SDBS and DTAB, the trend of increase 

in thermodynamic parameters of micellization with increase in temperature are the same 

though, negative values of ΔGmic of the former is greater while negative values of ΔHmic and 

ΔSmic of the later is greater at investigated temperature. This comparison suggests the process 

of micellization is enthalpically driven in both classes of surfactants, however, higher values 

of ΔSmic of SDBS and DTAB compare to ImS3-12 indicate greater disruption occur due water 

structure surrounding the hydrophobic chain with transferring of the hydrophobic group to the 

interior of the micelle of the former (Ananda et al., 1991). Furthermore, in the present case the 

spontaneity of the micellization process (negative ΔGmic) is achieved by the mutual 

contribution from the negative values of ΔHmic as well as a positive TΔSmic value; therefore, it 

is concluded that the micellization of present compounds is governed by entropic as well as 

enthalpic driven process. However, the contribution of the entropically driven process is more 

as ΔHmic has smaller value. 
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Characterization the morphology of the micelle of ImS3-R surfactants by SANS 

Data analysis 

The model adopted to analyse the SANS data describes the micelle structure as that of a charged 

particle, defined by the structure factor S(Q), with an elliptical core-shell morphology, defined 

by the shape related form factor P(Q). Models describing morphologies based on solid spheres 

or solid ellipsoids did not give satisfactory fits in that features in the data were not reproduced 

in the fit.  

Therefore, a core-shell morphology has been adopted in which the intensity of scattered 

radiation, I(Q), as a function of the wave-vector, Q, is given by (Griffiths et al., 2005). 

  I(Q) = nm [S(Q){F(Q)}2 + {|F(Q)|2 } – {F(Q)}2] + Binc              (9) 

where nm is the number of micelles per unit volume, S(Q) is the structure factor and Binc is the 

incoherent background. For an elliptical micelle, both F(Q) and F(Q)2 require numerical 

integration over an angle  between Q and the axis of the ellipsoid to account for the random 

distribution of orientations of the ellipse. For clarity, we omit this. 

  F(Q) = V1 (ρ1 – ρ2)Fₒ (QR1) + V2 (ρ2 – ρsolvent) Fₒ (QR2)             (10) 

The first term in Eq. (10) represents the scattering from the core with radius R (subscript 1) 

and the second, the polar shell (subscript 2). 
3

3

4
ii RV =

 
and 

i

ii
i

QR

QRj
QRF

)(3
)(0 =  (ji is the first-

order spherical Bessel function of the first kind). The S(Q) represents the spatial arrangement 

of the micelles in solution and “n” the micelle number density.  is the neutron scattering length 

density of the micellar core (subscript 1), the polar shell (subscript 2) and the solvent (subscript 

0). It is expedient here to limit the number of adjustable parameters within the core-shell fit 

and this is most conveniently undertaken by first delineating the head-group and tail regions, 

most simply by setting the alkyl group as the tail. The volume of the head-group and tail were 

calculated according to a molecular volume fragment summation approach and this ratio 

constrained in the fitting routine to define the micelle curvature (Zhao et al., 2003). For the 

dodecyl surfactant, this ratio is 0.77 whereas for the octyl 1.13. With this delineation, the 

scattering length densities () for the alkyl region and of the anhydrous surfactant head-groups 

may then be calculated,  = -0.38 (octyl), -0.27 (dodecyl) and 1.33 Å-2. The scattering length 
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density for the D2O solvent was fixed at 6.33. The best fit for the amount of water associated 

with the head-group region was found through trial-and-error to be approximately 50%.  Hence, 

the initial guess for the fit is constrained by the volumes of the molecular fragments and their 

molecular composition. 

It is somewhat harder to constrain the parameters defining the structure factor, S(Q), as 

the ionic nature of these surfactants is not known. The electrostatic component is treated in 

terms of the Hayter-Penfold model (Hansen & Hayter, 1982; Hayter & Penfold, 1981), which 

requires knowledge (estimate) of the (effective) hard sphere radius, volume fraction of the 

scattering centres (which may be calculated from the mass concentration), the effective charge 

on the micelle and the screening length. Clearly, the last two parameters are coupled via the 

distribution of the various ions. Practically, an estimate (25%) of the counter ion dissociation 

is used to calculate the screening length, and the charge per micelle allowed to float. Once a fit 

is achieved, the screening length was systematically varied and the charge refitted. The “best” 

fit was taken as whichever combination of the values of charge and screening length led to the 

lowest residuals. Post-fitting, the absolute scattering intensity is compared with the known 

concentration of surfactant and its calculated composition, to validate the fit. The calculated 

and observed intensities should lie within ~20%. 

Micelle morphology of ImS3-8 and ImS3-12 

Representative SANS data are presented in Figure 7. The parameters quantifying the 

morphology of the micelle for ImS3-12 deduced from fitting such data using an ellipsoid core-

shell model are listed in Table 2. The data show that ImS3-12 forms oblate micelles with 

ellipticity x= 0.8 ± 0.1. The radius of core of ImS3-12 is 15.9 ± 0.1 Å which indicates minimal 

involvement of the carbon alkyl chain to the shell, of thickness 9.4 ± 0.8 Å. The water 

percentage to the micelle shell was calculated to be around 60% based on absolute intensities.  

The scattering from ImS3-8 with 50mM NaCl (data not shown) was much weaker given its 

higher CMC and smaller micelle size. The modelling showed that ImS3-8 micelles could be 

described by spherical micelles (ellipticity x = 1.0 ± 0.05) and shell thickness of 4.5 ± 0.5 Å, 

though the weaker scattering does lead to greater error in these estimates. Like its ImS3-12 

analogue, the radius of the core of 11.0 ± 0.5 Å indicates no appreciable involvement of the 

carbon alkyl chain in the shell.  
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Table 2 shows the parameters describing the fit to the core-shell model used to describe the 

SANS data. The volume of the micelle extracted from the ImS12 micelle morphology is 

entirely consistent with Souza’s measured aggregation number (Souza et al., 2015). 

Conclusions 

It is concluded that both the zwitterionic surfactants i.e., ImS3-8 and ImS3-12 show clear 

amphiphilic behavior, consistent with conventional surfactants. ImS3-8 showed weak 

indication of CMC while ImS3-12 is much more surface active and had an appreciably lower 

value for the CMC. The surface activities increase and CMC decrease of both the zwitterions 

with increase in temperature. The energetic changes of micellization i.e., ΔGmic, ΔHmic, 

interfacial adsorption (ΔGads) have negative values while ΔSmic has small positive values of 

ImS3-8 and ImS3-12. It has also been observed that ΔHmic remains constant while ΔGmic, ΔSmic 

and ΔGads increase when temperature is increased from 298 to 313K. The micellization process 

of ImS-R is entropically driven over the studied temperature range. It is also concluded from 

the comparative study of ImS3-R and conventional surfactants such as SDS and DTAB (of 

same hydrophobic groups) that the former show greater surface activity and lower CMC than 

the later. SANS data interpretation showed spherical micelle of ImS3-8 while ImS3-12 form 

oblate micelle with ellipticity of 0.8. This change in shape of micelle from spherical to elliptical 

is attributed to the change in the hydrophobic block length. From the SANS results it can be 

further concluded that hydrophobic chain has not been involve in shell thickness of the micelle. 

The present results are interesting from academic as well as applied point of views. 
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Figures Captions 

 

Fig. 1: Structure of zwitterionic n-octyl propane sulfonate surfactant. An n-dodecyl homologue 

was also prepared and investigated (the octyl version is shown). 

Fig. 2: Surface tension versus concentration behavior, expressed as a semi-log plot, for the two 

surfactants studied here, ImS3-8 and ImS3-12 at 298K. The breakpoint corresponds to the 

critical micelle concentration/CMC, in mM units. 

Fig. 3: Surface tension vs ln (concentration) of ImS3-8aq at different temperatures. 

Fig. 4: Surface tension vs ln(concentration) of ImS3-12aq at different temperatures. 

Fig. 5: Variation in CMC of ImS3-8 and ImS3-12 as a function of solution temperature. 

Fig. 6: Thermodynamic parameters of ImS3-8 and ImS3-12 micellization as a 

function of temperature.  

Fig. 7: Representative small angle neutron scattering from 25mM aqueous solution of ImS3-

12 containing 100mM NaCl. The solid line corresponds to the modelling in terms of a core-

shell globular micelle, using the parameters given is Table 2. 
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Tables and Figures with Captions 

 

Table 1 Effect of temperature over the interfacial, bulk and thermodynamic properties of the 

alkyl-imidazolium propylsulfonate surfactants 

 T1 CMC2 ϒCM
3 ΠCM

3 pC20
2 CMC/20

4 Γmax
5 Amin

6 ΔGmic
7 ΔHmic

7 TΔSmic
7 ΔGads

7 

Im
S

3
-8

 

298 11.0 56.5 16.1 ----- ----- 0.68 1.46 -41.5 -9.75 31.8 -55.6 

303 10.7 55.6 15.8 ----- ----- 0.67 1.48 -42.4 ------ 32.6 -56.5 

308 10.5 55.0 15.7 ----- ----- 0.65 1.51 -43.2 ------ 33.4 -57.4 

313 10.0 54.5 15.5 ----- ----- 0.64 1.54 -44.2 ------ 34.4 -58.6 

Im
S

3
-1

2
 

298 2.22 38.1 34.4 3.35 4.94 0.98 1.01 -49.3 -5.90 43.4 -70.4 

303 2.12 37.2 34.3 3.37 4.92 1.00 0.99 -50.4 ------ 44.5 -71.0 

308 2.09 36.2 34.5 3.40 5.23 1.01 0.98 -51.3 ------ 45.4 -71.7 

313 2.09 35.6 34.4 3.43 5.66 1.01 0.98 -52.2 ------ 46.3 -72.5 

Units.1K, 2mM, 3mNm-1, 4no unit, 5molecules/nm2, 6nm2, 7kJmol-1 

Estimated error in CMC, ϒCMC, Πcmc, pC20, CMC/20, Γmax, Amin, ΔGmic, ΔHmic, TΔSmic, ΔGads 

are ± 0.2, ± 0.3, ± 0.2, ± 0.05, ± 0.05, ± 0.1, ± 0.04, ± 0.1, ± 0.3, ± 0.32 ± 0.5 respectively. 

 

 

 

 

Table 2. Parameters obtained from the analysis of SANS data.  

Surfactant Radius (Ǻ) Ellipticity (Ǻ) Shell thickness (Ǻ) Charge 
Hard sphere 

radius (Ǻ) 

ImS8+Salt 11.0 ± 0.5 1.0 ± 0.05 4.5 ± 0.5 3.1 16.8 

ImS12+Salt 15.9 ± 0.1 0.8 ± 0.1 9.4 ± 0.8 10.0 26.0 
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Fig. 1: Structure of zwitterionic n-octyl propane sulfonate surfactant. An n-dodecyl homologue 

was also prepared and investigated (the octyl version is shown). 
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Fig. 2: Surface tension versus concentration behavior, expressed as a semi-log plot, for the two 

surfactants studied here, ImS3-8 and ImS3-12 at 298K. The breakpoint corresponds to the 

critical micelle concentration/CMC, in mM units. 
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Fig. 3: Surface tension vs ln (concentration) of ImS3-8aq at different temperatures. 
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Fig. 4: Surface tension vs ln(concentration) of ImS3-12aq at different temperatures. 
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Fig. 5: Variation in CMC of ImS3-8 and ImS3-12 as a function of solution temperature. 
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Fig. 6: Thermodynamic parameters of ImS3-8 and ImS3-12 micellization as a 

function of temperature.  
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Fig. 7: Representative small angle neutron scattering from 25mM aqueous solution of ImS3-

12 containing 100mM NaCl. The solid line corresponds to the modelling in terms of a core-

shell globular micelle, using the parameters given is Table 2. 
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SUPPORTING INFORMATION 

 

Spectroscopic Data for ImS3-88 and ImS3-12 

ImS3-88 

 

Yield: 91%; 1H NMR (400 MHz, CDCl3): d  0.87 (t, J = 8, 

3H), 1.24 – 1.38 (br, 10H), 1.86 (m, J = 8, 2H), 2.38 (m, J 

= 4, 8, 2H),  2.84 (t, J = 4, 8, 2H), 4.27 (t, 3J = 4, 8, 2H), 

4.55 (t, 3J = 8, 2H), 7.32 (s, 1H), 7.69 (s, 1H), 9.52 (s, 1H). 

13C NMR (400 MHz, CDCl3): d 14.09 (CH3), 22.60 (CH2), 26.30 (CH2), 26.57 (CH2), 28.99 

(CH2), 29.05 (CH2), 30.22 (CH2), 31.71 (CH2), 47.49 (CH2), 48.46 (CH2), 50.02 (CH2), 121.71 

(CH), 122.99 (CH), 137.09 (NCHN). HRMS (ESI+) m/z: Found 303.1736 [(M+H+)+, 

(C14H27N2O3S
+), 100%], expected 303.1737.  

                               

ImS3-12 

 

Yield: 89%; 1H NMR (400 MHz, CDCl3): d  0.89 (t, J = 8, 

3H), 1.24 – 1.38 (br, 18H), 1.89 (m, J = 8, 2H), 2.42 (m, J 

= 4, 8, 2H),  2.87 (t, J = 4, 8, 2H), 4.27 (t, J = 4, 8, 2H), 4.60 

(t, J = 8, 2H), 7.22 (s, 1H), 7.57 (s, 1H), 9.72 (s, 1H). 13C 

NMR (400 MHz, CDCl3): d 14.15 (CH3), 22.70 (CH2), 26.31 (CH2), 26.64 (CH2), 29.03 (CH2), 

29.35 (CH2), 29.39 (CH2), 29.53 (CH2), 29.61 (2C, CH2), 30.26 (CH2), 31.92 (CH2), 

47.35(CH2), 48.62 (CH2), 50.14 (CH2), 121.35 (CH), 122.64 (CH), 137.72 (NCHN). HRMS 

(ESI+) m/z: Found 359.2376 [(M+H)+, (C18H35N2O3S
+), 100%], expected 359.2363.    

 

 

 

 

 


