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List of abbreviations and symbols 

IL(s) – ionic liquid(s) 

RTIL(s) – room temperature ionic liquid(s) 

CMC(s) – critical micelle concentration(s)  

[BF4]
-
 – tetrafluoroborate anion  

[PF6]
-
 – hexafluorophosphate anion 

[OTf]
-
 – trifluoromethanesulfonate anion  

[NTf2]
-
 – bis(trifluoromethylsulfonyl)imide anion  

[EMIM]
+
 – 1-ethyl-3-methylimidazolium cation 

[PrMIM]
+
 – 1-propyl-3-methylimidazolium cation 

[BMIM]
+
 – 1-butyl-3-methylimidazolium cation  

[PMIM]
+
 – 1-pentyl-3-methylimidazolium cation 

[HMIM]
+
 – 1-hexyl-3-methylimidazolium cation  

[OMIM]
+
 – 1-octyl-3-methylimidazolium cation  

TX-100 – Triton X-100, polyoxyethylene octyl phenyl ether, 9.5 oxyethylene groups 

TX-114 – Triton X-114, polyoxyethylene octyl phenyl ether, 7.5 oxyethylene groups 

TX-45 - Triton X-45, polyoxyethylene octyl phenyl ether, 4.5 oxyethylene groups 

TX-15 – Triton X-15, polyoxyethylene octyl phenyl ether, 1.5 oxyethylene groups 

OE – oxyethylene 

nac – number of associated cations per surfactant molecule 

m – number of carbon atoms in ionic liquid cations alkyl chain 

DLS – Dynamic Light Scattering 

ρdensity coefficient                    [g/cm
3
]

ηdynamic viscosity coefficient                  [mPa·s] 

M – molar mass                     [g/mol] 

G – Gordon value                       [J/m
3
] 

Vm – molar volume                        [nm
3
] 

γ – surface tension                                [mN/m] 

γ0 – surface tension of pure substance                [mN/m] 

γCMC – surface tension at CMC                  [mN/m] 

conductivity                              [mS] 

∆Gm – free energy of micellization                 [kJ/mol] 

∆Gad – free energy of adsorption                 [kJ/mol] 

Hm – enthalpy                   [kJ/mol] 

Sm – entropy                   [kJ/mol] 
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Γmax – surface excess                 [mol/m
2
] 

Amin – minimum area occupied by one molecule        [nm
2
] 

Πcmc – surface pressure                   [mN/m] 

Dh – hydrodynamic diameter           [nm] 
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1. Introduction 

Ionic liquids (ILs) are salts composed entirely from ions, a spacious organic cation, 

and a less or more complex anion of organic or inorganic nature. ILs are characterized by 

liquid state over wide range of temperatures, especially at room temperatures (RTILs – room-

temperature ILs) [1-4], or more generally - below 100°C. Within the family of ILs one may 

distinguish protic and aprotic species, where the aprotic ones, being the subject of this 

investigation, are unable to be proton donors, and on the contrary, the protic ones - donate 

protons. ILs are often described as “green solvents”. Due to their negligible volatility, 

nonflammability, chemical and thermal stability, their migration to the atmosphere is 

vestigial. Amongst other useful properties such as tunability or electrical conductivity, ILs 

were also proven to support aggregation of amphiphilic compounds [5-8]. The number of 

solvents capable of supporting micellization of amphiphiles is still limited [9], therefore 

surface chemistry of ionic liquids has been widely investigated. 

The subject of amphiphiles self-aggregation in various media covers especially 

systems containing water and volatile organic compounds (VOCs) as solvents, which, from 

ecological reasons, are inadvisable nowadays [10, 11]. The presence of water, which is 

a perfect aggregation-supporting medium, is not always a desired reaction environment. 

Nevertheless, despite the fact that many ILs were proven to support self-aggregation of 

amphiphiles, much more studies describe their application in micellar systems in the role of 

amphiphiles or additives, rather than solvents. Thus, the main goal of the dissertation presents 

the application of ILs as perfect solvents to support aggregation of nonionic surfactants. 

The current state of knowledge about the mechanism of micelle formation of surface 

active agents in ionic liquids is meager, whereas literature descriptions concern mainly 

specific examples. Therefore, to better understand the phenomenon, complex characteristic, 

including the role of ILs anions and cations, is needed. Broad analysis of parameters affecting 

micellar aggregation, such as the structure of ILs, surfactants, temperature and other, will help 

in the future design of IL solvents for certain purposes and processes conditions. Obtained 

results and drawn conclusions are expected to contribute to the field of the surface chemistry. 
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2. Literature review 

2.1. Ionic liquids as new generation solvents 

Since ionic liquids gained major attention in the last 20-30 years, their applicability as 

solvents became massive [9, 12, 13]. Their unique solvents properties endeared a big, and still 

growing, group of enthusiasts in various science areas. The branches of their application are 

catalysis and bio catalysis [14-17], separation processes [18-21], carbon dioxide capture [22, 

23], organic and inorganic synthesis [24-26], biodiesel production [16, 27, 28], 

pharmaceuticals [29-31], cellulose processing [32-34], metal processing [35, 36], just to name 

a few.  

Applicability of ILs as solvents may take place due to their intrinsic character, so 

called segregated solvent liquid structure, composed of polar and nonpolar domains [9, 37]. 

The presence of domain nanostructure gives an information weather the IL may be a solvent 

for amphiphilic compounds, or not. Accordingly, the structure of the IL, this is the type of 

anions and cations side chains and their lengths, determine whether a surface active agent will 

solubilize or aggregate [7, 38]. The mechanism responsible for ILs ability to support self-

organization of surfactants is the solvophobic effect, which is the analogue of hydrophobic 

effect in aqueous solutions [9, 39, 40].  

 

2.2. Structure, interactions and physicochemical parameters of imidazolium ionic 

liquids 

Imidazolium ionic liquids are aprotic salts composed of simple (Cl
-
, Br

-
), more 

complex (PF6
-
, BF4

-
), or very complex (NTf2

-
, ammonium) anionic moiety, and cationic part 

with imidazolium ring with alkyl chain(s) attached. Figure 1 depicts ILs cation with numbered 

carbon atoms, present in all ionic liquids employed in this study.  

  

Figure 1. Structure of 1-methyl-3-alkylimidazolium cation. 
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The unusual character of ionic liquids is a consequence of all the inter- 

and intramolecular interactions, present in a single molecule, amongst a group of molecules, 

and between ILs and other species. There is much work being done to understand them, 

and a number of methods are being employed, however, studying ILs cation – anion 

interactions is still a challenge [41-43].  

Tools and methods for analyzing ILs bonds and interactions are divided into 

instrumental and theoretical ones (see table 1). In most cases the studies require both types 

of methods, due to very complex character of the issue, and a huge diversity amongst ionic 

liquid species. Fundamentals of understanding ILs structures were established by Jastorff 

et al. by means of T-SAR approach, which is thinking in structure-activity relationship [44]. 

Given approach depends on a systematic analysis of a chemical species based on the 

structural formulas, therefore, is a theoretical method. 

Table 1. Instrumental and theoretical methods for studying ILs bonds and interactions 

Instrumental 

- FT (fourier transform) [37] 

- FT – Raman [45] 

- FT IR/ATR (Fourier transform infrared/attenuated total reflection) [46] 

- H NMR (nuclear magnetic resonance spectroscopy) [47] 

- TGA (thermogravimetry) [48] 

- SFVS (sum-frequency vibrational spectroscopy) [49] 

- SAXS (small angle x-ray spectroscopy) 

- RIKES (Raman-induced Kerr-effect spectroscopy) [50] 

- THz-TDS (teraherz time domain spectroscopy) [51] 

- NOESY (nuclear Overhauser effect spectroscopy) [52] 

Theoretical 

- Molecular dynamics (MD) [53] 

- Car-Parrinello MD [54] 

- Monte Carlo (MC) simulations [55] 

- Density functional theory (DFT) [56] 

- Ab initio – quantum chemistry based computational methods [57] 

- Quantum theory of atoms in molecules (QTAM) [58] 

- Qualitative molecular orbital theory (QMOT) [58] 

- Natural bond orbital (NBO) analysis [58] 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Anna Selwent                        Studies on micellar aggregation of nonionic surfactants in imidazolium ionic liquids 

 

10 

 

 

Within ionic liquids structures we may determine covalent and non-covalent 

interactions (see figures 2 and 3). The covalent ones are bonds between carbon and other 

atoms, whereas the non-covalent interactions are all the remaining forces, which mostly 

constitute the unique character of ILs, and include hydrogen bonds, ionic (anion-anion, 

cation-cation, and anion-cation), coulombic and dispersion/van der Waals forces. Despite the 

fact that covalent bonds are much stronger than the non-covalent interactions, the 

accumulation and cooperation of the weak interactions leads to a strong effect. Ionic 

(electrostatic) interactions are said to constitute even up to 70% of all the forces within ILs 

molecules, however, H-bonds, which are characterized by a bond lifetime on only 

nanoseconds, take the greatest contribution [58-60].  

The strengths of the interactions are not fixed values, but ranges of possible energies 

and distances, and depend on the number of factors. In imidazolium ionic liquids the typical 

H-bonds are said to contribute with ionic, dispersive and covalent bonds, however, mid-range 

H-bonds are more dominant than the ionic ones. On the contrary, the weakest H-bonds are 

dominated by van der Waals interactions.  

 

Figure 2. Types of interactions within ILs structures 

Amongst H-bonds we may distinguish many specific ones, such as ionic, resonance, 

inverse, charge assisted and others, however, in ILs the neutral, ionic, and mostly doubly-

ionic H-bonds are dominant and determine their properties [61-63]. Relatively strong 
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hydrogen bonds are provided by the presence of fluorine atom, (e.g. tetrafluoroborate and 

hexafluorophosphate anions), however, not as strong as it could be expected, which is due to 

constant rotational motion of the molecule. The strength of hydrogen bonds was proven to 

increase (paralelly with van der Waals forces) with elongation of cations alkyl chains, which 

results in greater viscosity of the salts. Another factor enhancing the strength of H-bonds is 

the decrease of anions size, and presents the following order: [Cl]
- 
> [OTf]

- 
≈ [BF4]

- 
> [NTf2]

- 

> [PF6]
- 

[58]. The anions size decrease results also in decreased strength of van der Waals 

interactions, and as a consequence – strengthening of the electrostatic ones.  

Hydrogen bonds are also responsible for formation of aggregates and the mesoscopic 

structures in the bulk ILs. High density of H-bonds facilitates networking of ILs structure, 

while perfect matching of hydrogen donor-acceptor sites provides network rigidity [63]. ILs 

surface tension is said to depend on the anion cation interactions - as the increase of ILs 

molecular size leads to enhanced interactions between ILs ion pairs, but results in decreased 

surface tension values [64]. Anion cation interactions, and especially the anion moiety, 

together with molecular packing, are said to strongly influence the density of ILs in the 

following order: [PF6]
-
 > [BF4]

-
. It is visible, that more dense molecular packing, and 

,therefore, higher density, results from the presence of bulkier anions, such as the 

hexafluorophosphate one [65]. 

 

                    

 

 

Figure 3. Interactions of n-alkyl-3-methylimidazolium ionic liquids 
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2.2.1. Nanostructure organization in imidazolium ionic liquids 

There were many attempts to describe the organization of nanostructures within bulk 

imidazolium ILs, at first by means of theoretical molecular dynamics methods [37, 66], and 

afterwards confirmed experimentally [67, 68]. The alkyl chains segregate themselves into 

non-polar, nano-sized domains, whereas the imidazolium rings together with the anions form 

polar domains, also called an ionic network. Such mechanism was observed for ILs with alkyl 

chains longer than 4-6 carbon atoms, with an increase of the polar regions when the chains 

were elongated [37, 69]. Within bulk ILs the cations organize themselves parallel to each 

other, into sandwich-like arrangements, with or without a shift of imidazolium rings in the 

vertical plane, or perpendicularly to each other, in a T-shape arrangement (figure 4). Further 

overlying of the planes cations provokes formation of channels between the ions (figure 5). 

a)      b) 

 
 

c)      d) 

 
 

Figure 4. Spatial organization of ILs cations, a) sandwich (parallel), b) sandwich (anti-parallel) c) shifted 

sandwich (rotated), d) T-shape, d) sandwich 

Considering ILs anions and cations as a one plane structure, due to the presence of 

multiple H-bonds, the ions organize themselves into a mesh-like structure (figure 6). The 

complexity of the mesh depends on the anion type, and the number of H-bond acceptor sites. 

Figure 6 depicts possible spatial arrangement of [EMIM][BF4]. In fact, the nanostructure is 

three-dimensional, so the mesh structure is more complex and intricate [70]. Molecular 

simulation studies also provided information that their stability depends on the number of H-

NN

NN NN
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bond donor-acceptor sites, which, when uneven, result in the presence of network defects and 

poorer mesh stability [58]. In general each cation is surrounded by anions, and each anion is 

surrounded by cations, but some of the conformations are more stable than others. It was 

computed that the most stable positions for both tetrafluoroborate and hexafluorophosphate 

anions together with the range of n-alkyl-3-methylimidazolium cations, was beneath the C2-H 

region (for the numbering of ILs atoms see figure 1 and 3), which is an acidic, positively 

charged area of the imidazolium ring [43]. 

 

 

Figure 5. Schematic depiction of channels between imidazolium cations, where X denotes anions 

 

Figure 6. Mesh-like organization of [EMIM][BF4] ions [43], [58] 

X
X

X

X
X

X
X

X
X

X
X

X

N
N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N
N

H

H
H

H

H

H

H

H

H

H H

N
N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N
N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

N N

H

H
H

H

H

H

H

H

H

H H

B

F

F F

F

B

F

F F

F

B

F

F F

F

B

F

F F

F

B

F

F F

F B

F

F F

F

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Anna Selwent                        Studies on micellar aggregation of nonionic surfactants in imidazolium ionic liquids 

 

14 

 

 

2.2.2. Gordon parameter 

Gordon parameter (G) is a measure of cohesive energy density of a solvent, and was 

described for the first time in year 1975 [71]. This parameter is often used as a measure of 

solvents ability (including ionic liquids [10, 72]) to provide self-ordering of amphiphiles, this 

may be employed as a predictive factor of this feature, and is calculated from surface tension 

value divided by molar volume, which is the molar mass divided by density (equation 19). 

The higher is the Gordon value of a solvent, the higher is its solvophobic effect, therefore the 

better are its self-assembly promoting properties [10, 73]. For better presentation of the 

micellization, Gordon parameter Gis usually plotted against Gibbs free energy Gm. 

Due to the literature, in order to support aggregation, the Gordon value of a solvent 

must exceed 1.2 J m
-3 

[74], however, it was already reported that in many cases, e.g. for N-

tert-butylformaldehyde, much lower value (G = 0.53 J m
-3

), still enables aggregation [9]. In 

contrary, e.g. 3-methylsyndone, has very high Gordon value (G = 15 J m
-3

), but shows no 

evidences for supporting amphiphilic self-ordering, what is explained with a lack of three-

dimensional hydrogen-bond structure [75]. The highest known Gordon values for solvents 

supporting self-assembly of surfactants, were reported for water (G = 2.74 J m
-3

) and 

hydrazine (G = 2.12 J m
-3

) [76].  

 

2.3. Nonionic surface active agents in ionic liquids 

2.3.1. Micellar aggregation of surface active agents 

The phenomenon of self-aggregation of surface active agents is not a new topic, thus 

self-ordering in ionic liquids was reported for the first time by Evans in 1983 [77], for 

cationic tetradecyl pyridinium bromide and hexadecyl pyridinium bromide in a simple IL, 

ethylammonium nitrate (EAN). His research involved determination of the micelles, their 

sizes and aggregation numbers. Since then both ionic and nonionic surfactants were examined 

for micellization in many protic and aprotic ionic liquids of more or less complex structures. 

Micellar aggregation phenomenon of amphiphilic compounds is an entropy-driven, 

spontaneous process, in which surfactant monomers arrange themselves into spheres, in order 

to minimize their contact with the surrounding solvent [78]. Micellar aggregation is best 
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understood and characterized in aqueous systems, nevertheless numerous researches were 

dedicated to characterize this process in a variety of non-aqueous solvents, such as glycols, 

amides, some acids and other organic compounds, as reported by Greaves [9].  

Micelle formation phenomenon of surface active agents in water takes place by means 

of hydrophobic effect, which leads to organization of the amphiphilic structures with their 

hydrophilic heads towards surrounding water molecules, and hydrophobic tails towards 

micelle core (figure 7). Micellization in ionic liquids is said to be driven by the solvophobic 

effect, which is also elucidated by the aggregation of alkyl groups in a solvent [9, 72]. There 

are claims, that the solvophobic effect causes change of Gibbs energy of micellization, and is 

connected with cohesive energy density, and thereby with the Gordon value [79]. 

Nevertheless, when talking about the solvophobic effect, the issue of its quantification is 

rarely mentioned. Therefore, the depiction of its magnitude is given by Gibbs energies 

and enthalpies of solvation, which enable to understand it both qualitatively and 

quantitatively [80, 81].  

 

Figure 7. Formation of a) normal and c) reverse micelles from b) surfactant monomers  

 

2.3.2. Micellar aggregation of nonionic surface active agents in imidazolium 

ionic liquids 

Development of micellar systems consisting of amphiphiles in ionic liquids was firstly 

based on ionic surface active agents. The first publication on ionic surfactant micelles in ILs 

was released in year 1983 [77], the research on nonionic surfactant micelles in ILs was 

published until 20 years later, in year 2003, by Anderson and Pino [82]. They analyzed 

aggregation behavior of polyoxyethylene-type (POE-type) surfactants, Brij-35 and Brij-700, 

in two ionic liquids, 1-butyl-3-methylimidazolium chloride and more complex 1-butyl-3-

a)     b)            c) 
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methylimidazolium hexafluorophosphate. It was observed that analogously to aqueous 

solutions, the surface tension plot in the function of surfactant concentration undergoes firstly 

sudden decrease and then stabilization. They called the observed mechanism a solvophobic 

effect, as it proceeded similarly to the hydrophobic effect in aqueous solutions. However, 

obtained values of critical micelle concentrations (CMCs) were significantly higher than in 

water. It was concluded, that surfactants organize themselves in normal micelles and deplete 

surface tension of the ionic liquids, just in other solvents.  

 Fletcher and Pandey [8] performed a research on the aggregation of a number of 

surfactants, including nonionic Tween-20, Triton X-100, Brij-35, Brij-700, in 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide. The measurements included 

solvatochromic probes response, as an alternative to commonly used methods. According to 

the authors, all of the analyzed nonionic surfactants were proven to self-aggregate within 

[EMIM][NTf2] ionic liquid. However, presented results were focused on the interactions of 

systems’ components with the dye, rather than solvent-solute relations.  

Formation of micelles in Brij 76/[BMIM][BF4] system was confirmed by Tang and 

group [83]. The measurements were performed under elevated temperatures employing FT-

IR, DSC, NMR methods and polarized optical microscopy to conform formation of surfactant 

aggregates.  

 Tran and Yu [84] presented a different method for CMC determination, which was 

near-infrared spectroscopic technique used for analysis of nonionic Triton X-100, Brij-35, 

Brij-700, in [BMIM][PF6] and [EMIM][NTf2] ionic liquids. CMC values obtained by the 

authors agreed with literature CMC determined with other methods.  

In the study on solvent dynamics and rotational relaxation of Coumarin 153, 

Chakrabarty and coworkers [85] examined micellar system of nonionic Brij-35 surfactant in 

[BMIM][PF6]. The analysis involved observation of the dynamics in pure IL and in the 

presence of micelles, at which, due to increased viscosity, the dynamics was slower, and so 

was the rotational relaxation.  

Patrascu and coauthors [86] reported aggregation behavior of a series of PEG 

surfactants, CnEm, with varying structures (C16E8, C14E8, C12E8, C12E6, C12E4), in 1-butyl-3-

methylimidazolium ILs with three different counterions, tetrafluoroborate [BF4], 
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hexafluorophosphate, [PF6] and bis(trifluoromethylsulfonyl)amide [NTf2]. The measurements 

involved tensometric technique (surface tension) and DLS, to confirm the presence and 

provide the hydrodynamic diameters of the micelles. Due to the authors, obtained aggregates 

had similar size to the ones found in formamide, and smaller than in water, whereas the 

CMCs were higher comparing to aqueous solutions. 

Seth and group [87] continued the study on the solvation time in micellar systems of 

C14E8 and C12E8 in [BMIM][BF4]. The measurements revealed, that in comparison to neat IL 

the solvation time in micellar systems is increased, however, in much smaller manner than in 

water-based systems. Determined micellar diameters of C12E8 were smaller than of C14E8, 

what is explained by the alkyl chain length.  

Wu and group [6] performed surface tension measurements of binary solutions of 

olyoxyethylene (20) sorbitan monolaurate (Tween 20) in [BMIM][BF4] and [BMIM][PF6] 

ionic liquids. Critical micelle concentrations in different temperatures enabled calculation of 

thermodynamic parameters. Obtained CMC values showed, that lower surfactant 

concentration was required to form micelles in tetrafluoroborate ionic liquid than in 

hexafluorophosphate one. Moreover, the he freeze-fracture transmission electron microscopy 

provided size and shape of formed surfactant aggregates. Obtained results together with 
1
H 

NMR analysis confirmed that Tween 20 aggregates are indeed micelles similar to the ones 

found in aqueous solutions. 

Gao et al [88] performed a study on another PEG surfactant, commercially known as 

Triton X-100, in two 1-butyl-3-methylimidazolium ILs with [BF4] and [PF6] counterions. 

Again the tensometric technique was used to determine the formation of micelles from the 

surface tension plots, obtaining CMCs higher than in water. Additionally the 
1
H NMR 

analysis showed that ILs ion pair became separated due to presence of surfactant molecules 

Misono and Inoue [89] presented a research on clouding of POE-type surfactants 

(C12E5,C12E6,C12E7,C10E6, and C14E6) in [BMIM][BF4], regarded as a model ionic liquid. 

They observed that the same as in aqueous systems, the hydrodynamic diameters of micelles 

increase with increasing temperature. Performed analysis provided useful data on the 

character of the systems, giving good background for aggregation studies. 
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Later on the same researchers [90] performed an analysis of C12E5 clouding behavior 

in [BMIM][PF6], revealing that hydrodynamic diameters of the micelles grow with the 

temperature increase. It was concluded, that solvophobicity of used IL is weaker than of the 

previously used [BMIM] [BF4], therefore micelle formation promoting properties are weaker, 

resulting in higher CMC values. 

 Inoue group [39] analyzed aggregation behavior of a series of PEG-type surfactants 

with varying chain length (C10E6, C12E6, C14E6, C12E5) in 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4]). The values of CMCs were determined by 
1
H NMR 

analysis. The measurements were performed in different temperatures, to determine the 

thermodynamic parameters of micellization, and afterwards it was stated that in room 

temperatures micellization is entropy-driven. Further on the same group [91] extended the 

research with [BMIM][PF6] ionic liquid, what enabled to determine the influence of ILs 

counterion on the CMC values. It was observed, that given surfactants aggregate in lower 

concentrations in ILs with hexafluorophosphate rather than with tetrafluoroborate anions.  

Li and coworkers [92] conducted a research on the interactions of 1-decyl-3-

methylimidazoulium bromide and 1-decyl-3-methylimidazolium tetrafluoroborate with added 

POE surfactant, C8E4. They stated that the surfactant is more miscible with IL containing [Br] 

anion due to higher attracting interactions, whereas [BF4] anion forms more bonds with ILs 

cation rather than with the oxyethylene chain of the surfactant. The final conclusion was that 

besides size and polar nature of ILs anion, also the interactions are to be included when 

considering interactions with surfactants. 

 

2.3.3. Micellar aggregation of nonionic surface active agents in imidazolium 

ionic liquids mixtures 

Application of mixtures of ILs as self-ordering supporting media for surface active 

agents was already confirmed to broaden their aggregation-supporting properties, enable 

modification of both critical micelle concentration values and sizes of micellar aggregates. 

Inoue et al [93] performed a broad study on PEG surfactants (C10E5, C12E5, C14E5, 

C14E6, and C14E8) clouding and aggregation in 1-ethyl-3-methylimidazolium tetrafluoroborate 

and 1-hexyl-3-methylimidazolium tetrafluoroborate, and in their mixtures with varying 
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weight factions, in a broad range of temperatures. The 
1
H NMR analysis enabled to observe, 

that in the mixture of used ILs, [HMIM][BF4] was predominant to interact with the 

surfactants. The group concluded that self-assembly supporting properties of ILs (which have 

different affinities towards given surfactants) can be tuned by mixing two of them. The same 

group [94] analyzed the ability of some other PEG surfactants (C10E6, C12E6, C14E6, C12E5) to 

aggregate in [EMIM][BF4] and [HMIM][BF4], and in their mixtures. As a result, surfactants 

initially unable to dissolve in [EMIM][BF4] and to form micelles in [HMIM][BF4], 

aggregated in the 1:1 weight mixture of both ILs in 30°C. The results were confirmed with 
1
H 

NMR and DLS analysis. What is more, an increase of [EMIM][BF4] weight ratio in the 

solution caused decrease of CMCs and increase of micellar hydrodynamic diameters. 

Rao and coworkers [95] characterized micellization of Triton X-100 in the mixtures of 

EAN and [BMIM][PF6], considering two cases in which one or another IL constituted the 

dominant mass fraction. Prepared system were analyzed by means of 
1
H NMR, pulsed-field 

gradient spin−echo NMR (PFGSE NMR), and methyl orange (MO) and coumarin 153 (C-

153) as absorption and emission probes, respectively. The group observed micellar 

aggregation of TX-100 and penetration of the added ILs into the surfactant micelles. The 

group observed an increase of solvation dynamics when adding EAN to TX-

100/[BMIM][PF6], whereas change was reported when adding [BMIM][PF6] to TX-

100/EAN. 

Thomaier and Kunz [96] performed a study on two surfactant-like ILs aggregation in 

EAN, another ionic liquid.  CMC values were determined from surface tension isotherms, 

whereas micellar diameters were provided with DLS method. Temperature analysis was 

performed using NMR and DSC techniques. The study confirmed that the mixture of two ILs 

forms colloidal systems in the manner surfactants form in aqueous solutions. It was 

underlined, that presented systems were stable up to 250ºC, what may broaden the application 

of such aggregates in high temperature nanoscale applications. 
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2.4.  Literature review summary 

Numbers of methods have been proposed in the literature throughout the years to 

study the ability of imidazolium ionic liquids to support micellar aggregation of nonionic 

surface active agents. Those methods represent the simplest physicochemical measurements 

(surface tension, density, viscosity) but also indirect experiments such as solvatochromic 

probes, DLS or FF-TEM, often complemented with theoretical approaches like molecular 

dynamics. Withdrawn conclusions provide new insight into the phenomenon of self-ordering 

of surfactants in imidazolium ILs, and show the variety of methods to examine such systems 

from different perspectives. 

Although known data provide a lot of information on selected surfactant/IL micellar 

systems, a dependence of ILs and surfactants structures on micellization and micellar 

parameters has not been yet determined. What is more, a comprehensive characteristic of 

micellar systems of nonionic surfactants in imidazolium ionic liquids is missing.  
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3. Aims and scope 

The scientific aim of this work is to elucidate and characterize micellar aggregation of 

nonionic surface active agents in imidazolium ionic liquids with selected anions and cations. 

The relationship between the structures of the constituents of surfactant/IL systems was 

considered including the structure of nonionic surface active agents, the number of chains, 

their branching and length (the number of oxyethylene units), and the structure of ILs, i.e. the 

anion type, and length of cations alkyl chain. Ionic liquids, which are organic salts, may be 

referred to typical solvents – water and ethylene glycol. 

The main hypothesis is: nonionic surface active agents undergo self-ordering in ionic 

liquids. However, the knowledge on this behavior is scarce and requires better understanding, 

further research and systematization, as listed below 

 imidazolium ionic liquids support self-organization (micellization) of nonionic surface 

active agents, 

 mixtures of imidazolium ionic liquids support self-organization (micellization) of 

nonionic surface active agents, 

 self-organization of nonionic surface active agents in imidazolium ionic liquids takes 

place in a manner similar to aqueous and ethylene glycol solutions 

 micelle formation depends on the structures of both ILs and surfactants 

 critical micelle concentration (CMC) values  may be controlled by the type of ILs 

ions, type of surfactant and temperature 

 Gordon parameter allows prediction of the ability of ionic liquids to support micellar 

aggregation of nonionic surfactants 

 determination of aggregation numbers of nonionic surfactants in imidazolium ionic 

liquids micellar systems may be based on conductometric measurements 

The scope of the work includes examination of surfactant/IL systems for the presence 

of micellar aggregates, characteristics of the systems, determination of the CMC values from 

surface tension and additionally from apparent molar volume plots, surface and 

thermodynamic parameters, and elucidation of the interfacial interactions.  

The investigation based mainly on experimental surface tension determination, and 

presentation of obtained data in the form of surface tension isotherms for different surfactant 

concentrations. 
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 Determined parameters included:  

- critical micelle concentration (CMC) 

- surface excess value (Γmax) 

- minimum area occupied by surfactant molecule (Amin) 

- surface tension value at CMC (γCMC) 

The presence of micellar aggregates was investigated by means of DLS analysis 

and conductometric measurements, while characteristics of analyzed systems included 

determination of micelle size distribution, water content, density and viscosity data. 

Thermodynamic measurements were carried out at 15.0, 25.0, 35.0 and 45.0ºC, and 

Gibbs free energy of micellization (Gm), Gibbs free energy of adsorption (Gad), surface 

pressure (ΠCMC), enthalpy (Hm), entropy (Sm) were calculated. 

Series of IL mixtures with different volumetric proportions were analyzed at 25.0ºC as 

media capable of supporting micelle formation of nonionic surfactants. 

For better description and characteristics, obtained results for nonionic surfactants in 

imidazolium ionic liquids were compared with corresponding water and ethylene glycol-

based systems. 
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4. Experimental 

4.1. Reagents and materials 

4.1.1. Ionic liquids 

Alkyl-3-methylimidazolium ionic liquids containing 2, 3, 4, 5, 6 and 8 carbon atoms 

in the cation alkyl chain (table 2), and four types of anions, namely tetrafluoroborate, [BF4], 

hexafluorophosphate, [PF6], bis(trifluoromethylsulfonyl)imide, [NTf2] and 

trifluoromethanesulfonate, [OTf] (table 3) were used in the research. 1-butyl-3-

methylimidazolium hexafluorophosphate IL was obtained from Merck, Germany. The 

remaining ILs were obtained from IoLiTec, Germany. 

Table 2. Structures of ILs cations 

Cations Structures 

1-ethyl-3-methylimidazolium, [EMIM] 

 

1-propyl-3-methylimidazolium, [PrMIM] 

 

1-butyl-3-methylimidazolium, [BMIM] 

 

1-pentyl-3-methylimidazolium, [PMIM] 

 

1-hexyl-3-methylimidazolium, [HMIM] 

 

1-octyl-3-methylimidazolium, [OMIM] 

 

The purity of solvents, declared by producers, exceeds 99 percent. The water content 

determined by means of Karl-Fisher coulometric titration, remained as above, in table 4. 

Before use ILs were maintained in 70.0ºC in vacuum for 24h, to remove any volatile 

impurities. All the ionic liquids used in the study remained liquid at 15.0 – 45.0°C. 

NN
+

NN
+

NN
+

NN
+

NN
+

NN
+
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Table 3. Structures of ILs anions 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Water content in ionic liquids used in the study 

Ionic liquids Water content [ppm] 

1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] 511 

3-methyl-1-propylimidazolium tetrafluoroborate [PrMIM][BF4] 690 

1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] 320 

3-methyl-1-pentylimidazolium tetrafluoroborate [PMIM][BF4] 185 

1-hexyl-3-methylimidazolium tetrafluoroborate [HMIM][BF4] 199 

1-octyl-3-methylimidazolium tetrafluoroborate [OMIM][BF4] 290 

1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] 256 

3-methyl-1-pentylimidazolium hexafluorophosphate [PMIM][PF6] 254 

1-hexyl-3-methylimidazolium hexafluorophosphate [HMIM][PF6] 245 

1-octyl-3-methylimidazolium hexafluorophosphate [OMIM][PF6] 190 

1-ethyl-3-methylimidazolium trimethylosulfonate [EMIM][OTf] 220 

1-butyl-3-methylimidazolium trimethylosulfonate [BMIM][OTf] 270 

1-hexyl-3-methylimidazolium trimethylosulfonate  [HMIM][OTf] 119 

1-octyl-3-methylimidazolium trimethylosulfonate [OMIM][OTf] 230 

1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EMIM][NTf2] 191 

1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [BMIM][NTf2] 110 

1-hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [HMIM][NTf2] 173 

1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [OMIM][NTf2] 162 

 

Anions Structures 

tetrafluoroborate, [BF4] 

 

hexafluorophosphate, [PF6] 

 

trifluoromethanesulfonate, [OTf] 

 

bis(trifluoromethylsulfonyl)imide, [NTf2] 
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Analogue analyses were done for surfactants in deionized water and ethylene glycol. 

Water was demineralized using HLP 5 by Hydrolap, and used without further preparation. 

Ethylene glycol was obtained from Sigma Aldrich, with purity grade over 99.9 percent, 

provided by the producer, and used as received. 

 

4.1.2. Surfactants 

The surface active compounds were commercial Triton X and Tween nonionic 

surfactants. Triton X is a polyoxyethylene octyl phenyl ether surfactant with polyoxyethylene 

groups within the structure (a hydrophobic part), and an aromatic hydrocarbon (hydrophobic) 

group. In the investigation four Triton X types were used, which were Triton X-100, Triton 

X-114, Triton X-45 and Triton X-15, having 9.5, 7.5, 4.5 and 1.5 oxyethylene groups (n), 

respectively (figure 8). Tween compounds are polysorbate-type nonionic surfactants, obtained 

from sorbitol derivatives and fatty acids estrification.  

The research involved application of Tween 20 (polyoxyethylene (20) sorbitan 

monolaurate), Tween 40 (polyoxyethylene (20) sorbitan monopalmitate), Tween 60 

(polyoxyethylene (20) sorbitan monostearate), and Tween 80 (polyoxyethylene (20) sorbitan 

monooleate) (figure 9). Both Triton X and Tween types of surfactants are mixtures of species 

of varying numbers of oxyethylene groups, therefore, the given numbers are the mean values 

of OE units. Triton X-100 surfactant was obtained from Roth, Germany, Triton X-114, Triton 

X-45 and Triton X-15 from Sigma Aldrich, Germany. Tween surfactants were obtained from 

Croda, Poland. All the surfactants were used without additional preparation. 

 

 

Figure 8. Structure of Triton X surfactants, where n = 9.5, 7.5, 4.5 and 1.5 for TX-100, TX-114, TX-45 and TX-

15, respectively 
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a) 

 
 

b) 

  
 

c) 

 
 

d) 

 
 
Figure 9. Structures of Tween surfactants: a) Tween 20, b) Tween 40, c) Tween 60, c) Tween 80 
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4.2. Apparatus, methodology and analytical methods 

4.2.1. Sample preparation 

The samples of nonionic surfactants in preconditioned ILs and in model solvents were 

prepared in 5 to 25 cm
3 

volumetric flasks. Before use, the glassware was rinsed with acetone 

and distilled water and dried. Surfactants were weighted using laboratory analytical balance 

at 25.0ºC. For each system a series of 10-20 surfactant concentrations was prepared and left 

for 24h at 25.0ºC to reach equilibrium. Afterwards the samples were subjected to the series of 

analyses, described below. 

4.2.2. Density determination 

The density was measurement using digital density meter with oscillating U-tube, 

model DM40, Mettler Toledo, USA. The principle of the device bases on the law of harmonic 

oscillation (the Mass-Spring Model). The U-tube is filled with the sample by a peristaltic 

pump, and subjected to the electromagnetic force. Frequency measurement and vibration 

duration allows determination of the density value of the analyzed sample. The oscillation 

period τ, and density ρ, are expressed by equations 1 and 2, respectively: 

     
    

 
      (1) 

  
 

     
   

  

  
     (2) 

Where ρ is density of the sample in the measuring cell [g/cm
3
], Vc is sample volume ergo 

capacity of the tube [cm
3
], mc is the mass of the measuring cell [g], K is the measuring cell 

constant [g s
2
]. Before each measurement series the device calibration was controlled with a 

measurement of distilled water and dried air densities. The results were given with the 

accuracy to four decimal places. 

   
 

 
 

         

    
      (3) 

Density coefficients were used to calculate the values of apparent molar volumes, Vϕ, 

(equation 3), where M is the molar mass, ρ and ρ0 are densities of the solution and the solvent, 

respectively, and m is the molality [97]. The values of Vϕ plotted against surfactant 

concentration are also used for determination of CMC regions. 
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4.2.3. Dynamic viscosity determination 

The dynamic viscosity values were measured using DV-III Ultra, Brookfield, 

Germany, with cone-plate method, equipped with CPE-40 spindle (sample volume 0.5 cm
3
). 

The measurements were performed at 15, 25, 35 and 45ºC (±0.1 ºC), adjusted with water bath. 

Dynamic viscosity indices were calculated with software provided by the producer, from the 

measured values of shear stress against shear rate, given by formula 4. 

  
 

 
 

            

          
       (4) 

Dynamic viscosity values were determined for pure solvents and series of solutions with 

increasing surfactant concentrations in the range of temperatures. 

 

4.2.4. Surface tension determination 

Surface tension values were measured using OCA15 DataPhysics goniometer, 

Germany. The measurements were performed in pendant-drop mode in a thermostated 

chamber supported by water bath, at 15, 25, 35, 45ºC (±0.1 ºC). The apparatus was equipped 

with DataPhysics stainless steel or Teflon-coated needle, with 1.65 mm outer diameter. The 

Teflon-coated needle was used for liquids perfectly wetting the stainless steel needle, which 

took place in case of trifluoromethanesulfonate- bis(trifluoromethylsulfonyl)imide-based ILs, 

and in systems with elevated surfactant content. The surface tension values were calculated by 

SCA22 software, provided by the producer, basing on the Young-Laplace equation 

(formula 5) where γ = surface tension [mN/m], ∆P = pressure difference across the interface, 

and R1 and R2 = principal droplet radii (see figure 10). A number of five comparable values 

were collected within measurement series of each sample.  

                 
 

  
 

 

  
        (5) 
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Figure 10. Derivation of the Young-Laplace fit on a pendant drop, where R1 and R2 are principal droplet radii 

 

4.2.5. Conductivity - determination of associated cations number 

Conductivity was measured with standard conductometric sensors, model EPEST-

2ZAM (Eurosensor, Poland; measurement range 1 µS/cm – 100mS/cm, k = 0.9 - 1 cm
-1

, with 

epoxy resin body with 0.8 cm diameter), together with the Multifunction meter, model CX-

710 (Elmetron, Poland). The measurements were performed in stable, controlled temperature 

conditions adjusted with water bath, coupled with a measurement glass vessel (10 cm
3
). 

Before each measurement series the electrodes were calibrated with KCl buffer. The 

measurements were taken for each sample from the sample series, including pure solvents.  

To calculate the number of ILs molecules which associate with the surfactant, an 

effective-medium approximation theories for suspensions of spherical particles were used, 

which assume that the properties of suspended particles are the same as the properties of the 

whole system [98], as it was showed by Lian et al., with the use of theories, such as 

Looyenga, Bruggeman, or Maxwell-Wagner [99]. Basing on them, micellar solution of TX-

100/IL may be treated as a system of scattered particles (dispersion of micelles), of a 

conductivity p, dispersed in a conducting medium (ionic liquid), of conductivity IL, at a 

volume fraction ϕ. According to Bruggeman’s approximation, for systems consisting of 

spherical micelles, the conductivity meets the criteria of equation 6. When the system fallows 
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conditions of s>>ILsurf, where s is the conductivity of the solution, the formula may be 

simplified to formula 7. 
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1

s

IL

surfIL

surfs

      

(6) 
















1

3

2

IL

s      (7) 

As ILs possess hydrophilic character, the hydrophobic surfactant POE chains arrange 

themselves towards the micellar core. Consequently, [AMIM]
+
 interact with surfactant OE 

groups on the micelle surface, and permeate into the aggregates, enlarging their effective 

volume from  to  where  is an effective volume of pure surfactant micelle. Then the 

formula may be rewritten to formula 8, and consequently the volume ration (1 - ) is 

described by formula 9. 
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c
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v
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(9) 

Having partial specific volumes, v , of the system components (equation 10) we may calculate 

nac, the number of [AMIM]
+
 cations associated per surfactant molecule (equation 11), where 

c is the concentration, subscripts c and ac denote cations and associated cations. 
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4.2.6. Hydrodynamic diameters - Dynamic Light Scattering 

Micellar diameters were determined by means of Dynamic Light Scattering (DLS), 

using Zetasizer Nano, Malvern, UK. The device was equipped with He-Ne 4mW laser 

with 633nm wavelength, and an avalanche photodiode detector (Q.E 50% in 633nm). DLS 

method bases on Brownian motion, and is represented by Stokes-Einstein equation describing 

the relation of particle size and their velocity (formula 12), where D = diffusion constant, 

kB = Boltzmann constant, T = absolute temperature, ƞ = solvent viscosity, R = particle 

hydrodynamic diameter. 

  
   

    
       (12) 

The measurements were performed in 15, 25, 35 and 45ºC (±0.1 ºC), provided by 

Peltier temperature controller, in a standard quartz cuvette with square aperture. The results 

were calculated by the Malvern Zetasizer software, provided by the producer, using CONTIN 

analysis. The hydrodynamic diameters of the micelles are presented in plots as scattered light 

intensity (in %) vs. aggregates size (in nm). 

 

4.2.7. Critical micelle concentration 

Critical micelle concentration (CMC) is a concentration at which the association 

of surfactant molecules occurs, however the value may vary depending on the applied method 

of detyermination, therefore, CMC is rather a range of values, than a single concentration, as 

shown in figure 11. In aqueous solutions the CMCs of surfactants may be determined with a 

number of methods (e.g. surface tension, viscosity, density, and conductivity), however the 

micellization of nonionic surfactants in ionic liquids is best determined basing on surface 

tension vs. surfactant concentration plots, whereas the remaining methods give too blurred 

results or no proof for aggregation. Thus, besides surface tension measurements, the 

investigated systems may be analyzed for the presence of micelles by means of DLS and from 

density (or apparent molar volume) vs. surfactant concentration plots, as presented in the 

dissertation. 
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Figure 11. Inflection of solution parameters in the 

CMC region (from ref. [100])  

Figure 12. Determination of critical micelle 

concentration from a surface tension isotherm 

 

In the investigation the critical micelle concentration values were determined from surface 

tension vs. surfactant concentration isotherms (figure 11). The critical micelle concentration 

values were calculated from the formulas describing the intersecting lines. Additional 

confirmation of the CMCs was performed by means of Dynamic Light Scattering (DLS) 

method as hydrodynamic diameters of the micelles, and with apparent molar volumes, 

which are derivatives of density values. 

 

 

4.2.8. Physicochemical and thermodynamic parameters 

Physicochemical and thermodynamic measurements give detailed information on the 

micellization process of binary solutions, its character, spontaneity, depending on the 

conditions. The parameters were calculated basing on the experimental results, using 

equations given in this section. Surface excess value, max, and minimum surface area, Amin, 

occupied by a single surfactant molecule on the air/solution interface were calculated using 

surface tension values by means of equations 13 and 14, where R = gas constant, T = absolute 

temperature, NA = Avogadro’s number,  = surface tension. Surface pressure, cmc, was 

calculated with equation 15. 
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         (13) 

      
    

       
     (14) 

                    (15) 

Free energy of micellization, Gm, connected with the critical micelle concentration, 

was calculated using formula 16, where xm denotes molar ratio at CMC. Enthalpy 

and entropy, Hm, Sm, were calculated using equations 17 and 18. 

               (16) 

     
  

   
 

 

  
 

 
 

     (17) 

    
         

 
      (18) 

Gordon parameter G, is a measure of cohesive energy density of a solvent, and is calculated 

from surface tension γ, divided by molar volume Vm to the power of 1/3. Molar volume is 

molar mass divided by density (equation 19).  

       
    

       (19) 
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5. Results 

The main goal of the investigation was to determine and describe micellar aggregation 

capability of selected Triton and Tween nonionic surfactants in 1-alkyl-3-methylimidazolium 

ionic liquids with tetrafluoroborate, hexafluorophosphate, trifluoromethanesulfonate and 

bis(trifluoromethanesulfonyl)imide anions. The investigation included analysis of 94 

surfactant-in-IL systems composed of 7 types of nonionic surfactants and 18 imidazolium 

ionic liquids composed of a variation of four types of anions and a homologue series of 6 

types of cations (see table 4).  

 

5.1. Gordon parameter 

The accuracy of calculated Gordon parameter strongly depends on the accuracy of 

determined density values. Due to the fact, that for the purpose of this investigation, 

the density values were measured using digital density meter providing an accuracy of four 

decimal places, therefore, further calculations based on this parameter (G values and apparent 

molar volumes) depend on this level of accuracy. Nevertheless, for the goal of evaluating 

micellization promoting abilities, such level of convenience is satisfactory. 

Selected ionic liquids and model solvents, capable of supporting aggregation, together 

with density and Gordon values at 15.0, 25.0, 35.0 and 45.0ºC, were listed in table 5 (for 

density and Gordon values of all investigated ILs at 25.0ºC see table S. 1 in Supplementary 

Material). The temperature dependence of G parameter of investigated pure 1-alkyl-3-

methylimidazolium ILs was also calculated (figure S. 1, Supplementary Material). The values 

of Gordon parameters at 25.0ºC were plotted in figure 13, vs. the number of carbon atoms in 

ILs cation alkyl chains. The values strongly depend on ILs anion moiety, and decreases in the 

following order of anions present in ILs molecules [BF4]>[PF6]>[OTf2]>[NTf2]. The 

correlation results from increasing size of the anions, which limit micellization due to 

presence of more H-bonds and more intense solvent-solute interactions. What is more, 

increased length of alkyl chain in cations moiety provokes decrease of Gordon parameter. The 

presence of additional methyl groups in the chain provide more H-bond and van der Waals 

interactions, increasing solvation of amphiphile molecules, and thus, worse micellization 

supporting behavior.  
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Table 5. Gordon and density values of [AMIM][BF4], water and ethylene glycol at 15, 25, 35 and 45°C 

solvent temperature [°C] d0 [g/cm
3
] G [J/m

3
] 

[EMIM][BF4]    

 
15.0 1.2869 ±0.0002 1.0191 

 
25.0 1.2752 ±0.0001 0.9805 

 
35.0 1.2714 ±0.0003 0.9479 

 
45.0 1.2651 ±0.0001 0.9092 

[PrMIM][BF4]    

 
15.0 1.2450 ±0.0001 0.9166 

 
25.0 1.2377 ±0.0002 0.8643 

 
35.0 1.2296 ±0.0002 0.8513 

 
45.0 1.2223 ±0.0001 0.8275 

[BMIM][BF4]    

 
15.0 1.2073 ±0.0001 0.8041 

 
25.0 1.1994 ±0.0001 0.7831 

 
35.0 1.1925 ±0.0001 0.7619 

 
45.0 1.1853 ±0.0001 0.7522 

[PMIM][BF4]    

 
15.0 1.1792 ±0.0003 0.7480 

 
25.0 1.1712 ±0.0001 0.6699 

 
35.0 1.1647 ±0.0001 0.6763 

 
45.0 1.2577 ±0.0002 0.6765 

[HMIM][BF4]    

 
15.0 1.1530 ±0.0001 0.6787 

 
25.0 1.1454 ±0.0002 0.6442 

 
35.0 1.1387 ±0.0003 0.5956 

 
45.0 1.1316 ±0.0001 0.5692 

water 
    

 
15.0 0.9991 ±0.0001 2.8023 

 
25.0 0.9970 ±0.0001 2.7425 

 
35.0 0.9940 ±0.0001 2.6790 

 
45.0 0.9902 ±0.0002 2.6134 

ethylene glycol 
   

 
15.0 1.1170 ±0.0001 1.2350 

 
25.0 1.1097 ±0.0002 1.2185 

 
35.0 1.1028 ±0.0001 1.1857 

 
45.0 1.0955 ±0.0001 1.1586 
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The value of Gordon parameter for a solvent to support micellization, which is 

considered the lower limit for a solvent to support micellar aggregation, is 0.53 J m-3 [9], and 

is marked with a red line in figure 13. Therefore, is assumed that all the ionic liquids above 

the red line should be capable of promoting micellization.  

 
Figure 13. Gordon parameter (G) and the number of carbon atoms in ILs cation alkyl chain (m) regarding anion 

type: ([BF4] (♦), [PF6] (♦), [OTf] (♦), and [NTf2] (♦), at 25ºC 

 

5.2. Isotherms of nonionic surfactants in imidazolium ionic liquids 

5.2.1. Cation type influence 

In order to discuss the role of ILs structure, which includes both alkyl chain length in 

the imidazolium ring, and the anion moiety, on their capability to support micellar 

aggregation of the nonionic surfactants (Triton X-100, Triton X-114, Triton X-45, Triton X-

15, Tween 20, Tween 60, Tween 80), the investigation included IL species having two to 

eight carbon atoms in the alkyl chains, [EMIM], [PrMIM] [BMIM], [PMIM], [HMIM], 

[OMIM], and four possible anions, [BF4], [PF6], [OTf] and [NTf2]. Obtained surface tension 

values (), plotted against surfactant concentrations in selected ILs were used to depict 

adsorption of the amphiphiles at the air/IL interface, and micellization, given by the critical 

micelle concentration values, and surface parameters (max, min ,cmc , Gm, Gad).  

Having the solutions of surfactants in ionic liquids with one type of anion moiety but 

different imidazolium cations, one may observe how the alkyl chain length affects the surface 

properties of obtained systems. Aggregation behaviour, visible as a discontinuity of the 

surface tension plot, may be divided into three stages. Firstly, at very low amphiphile 
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concentrations, the surfactant solubilizes in the IL, what is accompanied with adsorption of 

surfactant molecules at air/IL interface, replacing some of ILs molecules. At this stage the 

surface tension values are similar to the ones of pure solvent. In the second stage, surface 

tension values decrease, which is a result of continuing surfactant adsorption at air/liquid 

interface, until the saturation is reached. The molecules aggregate due to  interactions between 

nonpolar fragments of the surfactant molecules. Finally, in the third stage, formation of 

micellar aggregates takes place, which is visible in the plot as horizontal line of the isotherm. 

The absence of a minimum in the area of the discontinuity in the plots confirms surfactants 

purity. 

In figures 14-17 the isotherms of Triton X-100 in ionic liquids with different lengths 

of cations alkyl chains are presented (analogue isotherms of Triton X-114 and Tween 20 are 

presented in Supplementary Material). Surface tension decrease was observed in systems 

cointaining ionic liquids ranging from two to six carbon atoms in cations alkyl chains. None 

of ILs with 1-octyl-3-methylimidazolium cation, this is with eight carbon atoms in the chain, 

underwent significant reduction of surface tension with the characteristic plot bending, typical 

for micellization. The lack of micellization-supporting ability results from relatively high 

molar masses of 1-octyl-3-methylimidazolium ILs, and consequently stronger interactions 

amongst their ions, which provides solvation of surfactant molecules, instead of supporting 

aggregate formation. 

 

Figure 14. Surface tension of Triton X-100 in [EMIM][BF4] (♦), [PrMIM][BF4] (♦), [BMIM][BF4] (♦), [PMIM][BF4] (♦), 

[HMIM][BF4] (♦), [OMIM][BF4] (♦), at 25.0ºC 
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Figure 15. Surface tension of Triton X-100 in [BMIM][PF6] (♦), [PMIM][PF6] (♦), [HMIM][PF6] (♦), 

[OMIM][PF6] (♦) at 25.0ºC 

 

 
Figure 16. Surface tension of Triton X-100 in [EMIM][OTf] (♦), [BMIM][OTf] (♦), [HMIM][OTf] (♦), 

[OMIM][OTf] (♦), at 25.0ºC 

 

 
 
 

Figure 17. Surface tension of Triton X-100 in [EMIM][NTf2] (♦), [BMIM][NTf2] (♦), [HMIM][NTf2] (♦), 

[OMIM][NTf2] (♦), at 25.0ºC 
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5.2.2. Anion type influence 

To show the influence of ILs anions type on the surface behavior of obtained systems, 

each plot depicts systems containing ionic liquids with one type of cation each (one length of 

alkyl chain), and one of anion substituents – tetrafluoroborate [BF4], hexafluoroborate [PF6], 

trifluoromethanesulfonate [OTf] and bis(trifluoromethylsulfonyl)imide [NTf2] (for Triton X-

100 surfactants see figures 18-21, for the remaining surfactants see Supplementary Material). 

In 1-ethyl-3-methylimidazolium ionic liquids the discontinuity of surface tension isotherms 

was observed only in the presence of tetrafluoroborate anion, whereas in ILs with longer alkyl 

chains - [PrMIM], [BMIM], [PMIM] and [HMIM] cation, also the hexafluorophosphate anion 

was assisted with surface tension reduction, and therefore micellization.  

The presence of the tetrafluoroborate anions provide in the evaluated systems provided 

more effective reduction of the surface tension values than corresponding systems with the 

hexafluorophosphate one. What is more, the discontinuities of the isotherms, characteristic for 

the CMC region, were observed for systems with [BF4] anion at lower surfactant 

concentrations, than the analogue [PF6] ones. 

It was already written, that the size of anions strongly influence the character of given 

ionic liquid. Hexafluorophosphate anion, which is bigger than the tetrafluoroborate one, 

contains more fluorine atoms, and, therefore, is more prone to form stronger interactions with 

ILs cations and surfactant molecules. Consequently, more ordered structure of the ILs 

provides better conditions for surfactant molecules to dissolve, rather than to form aggregates.  

Moreover, due to the fact, that the ability of ILs to support micellar aggregation 

depends on the strength of their hydrogen bonds, which are short-range interactions, their 

effectiveness in ILs with smaller anions is higher, because of better packing of the molecules, 

and at the same time – smaller distances between them. In systems containing 

trifluoromethanesulfonate [OTf] and bis(trifluoromethylsulfonyl)imide [NTf2] anions no 

surface tension decrease (and no micellization) was observed. The only exception was 

reserved for Tween 20/[EMIM][OTf] system (figure 22) being the only example of 

micellization to be observed in a system containing trifluoromethanesulfonate anion.  
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Figure 18. Surface tension of TX-100 in [EMIM][BF4] 

(♦), [EMIM][NTf2] (♦), [EMIM][OTf] (♦), at 25.0ºC 

Figure 19. Surface tension of TX-100 in [BMIM][BF4] 

(♦), [BMIM][PF6] (♦), [BMIM][NTf2] (♦), 

[BMIM][OTf] (♦), at 25.0ºC. 

 

 

Figure 20. Surface tension of TX-100 in 

[PrMIM][BF4] (♦), [PMIM][BF4] (♦), [PMIM][PF6] 

(♦), at 25.0ºC 

 

Figure 21. Surface tension of TX-100 in 

[HMIM][BF4] (♦), [HMIM][PF6] (♦), 

[HMIM][NTf2] (♦), [HMIM][OTf] (♦), at 25.0ºC 

 

 

Figure 22. Surface tension of Tween 20 in [EMIM][OTf], at 25.0ºC 
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5.2.3. Surfactant type influence 

Nonionic surface active agents used in this investigation were Triton X-100, Triton X-

114, Triton X-45 and Triton X-15, which differ by the number of OE units, and Tween 20, 

Tween 40 and Tween 80, which have the same number of OE groups, but differ by the length of 

side alkyl chains, as they are derivatives of different fatty acids. Surface tension isotherms of all 

the surfactants in [BMIM][BF4] are shown in figure 23. Depending on the number of 

oxyethylene units, Triton surfactants decrease surface tension of the ionic liquids more 

efficiently, the shorter is the OE chain. Also the discontinuity of the isotherms, thereby the 

CMCs, are found in systems with Triton X-15 surfactant at lower concentrations than remaining 

ones. So the effectiveness of decreasing surface tension presents as follows: TX-100 > TX-114 > 

TX-45 > TX-15, which corresponds to following numbers of OE units: 9.5, 7.5, 4.5, and 1.5. 

Amongst the Tween surfactants the effectiveness of decreasing ILs surface tension was 

comparable, which results from the same number of OE groups. However the CMC values were 

different, thus it may be concluded that the presence of alkyl chains, as a source of van der 

Waals and hydrogen bonds, increase interactions and, therefore, solubilization in the IL. 

Nevertheless the CMC values do not depend on Tweens alkyl chains lengths in a consistent 

manner therefore no conclusion can be withdrawn basing on surface tension measurements 

performed in given experimental conditions.  

 

Figure 23. Surface tension of Tritons (solid lines): Triton X-100 (♦), Triton X-114 (♦), Triton X-45 (♦), Triton X-15 

(♦), and Tweens (dashed lines): Tween 20 (♦), Tween 60 (♦), Tween 80 (♦), in [BMIM][BF4], at 25.0ºC 
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Tween surfactants were observed to possess better surface activity, what was expressed 

by more efficient decrease of surface tension of selected imidazolium ionic liquids than Triton 

surfactants (excepting Triton X-15). What is more, the concentration of Tween surfactants 

required to reach critical micelle concentrations is significantly lower than in case of Triton 

surfactants. Tween surfactants, due to possession of more exyethylene units than Triton X ones, 

are observed to form micelles at lower concentrations, due to higher solvophobic character. In 

On the contrary, surfactants with fewer oxyethylene groups, such as Trtiton X-100,  the 

solvophobic effect is weaker, due to formation of doubly ionic hydrogen bonds and van der 

Waals interactions between ILs ions and the surfactant [58, 70]. 

 

6. Comparison to model solvents 

Surface tension isotherms of the nonionic surfactants in water and ethylene glycol are 

shown in plots 24, 25 and 26 (for the remaining plots see Supplementary Material). Because of 

better aggregation supporting properties than ILs, surface tension plots of systems based on the 

model solvents are more “detailed”, and the characteristic sections which depict micellization 

stages are clearly visible. The surface tension plots are the most detailed in the aqueous systems, 

due to the fact that surface tension of pure water is relatively high (72 mN/M), thus the addition 

of a surfactant provides a significant surface tension decrease.  

Amongst the nonionic surfactants used in the investigation, the lowest CMC in water was 

obtained for Tween 20 (0.0002 mmol/dm
3
). Critical micelle concentrations for Triton X aqueous 

solutions in 25.0ºC increased in the following order: TX-45<TX-114<TX-100 (0.1, 0.23, 0,25, 

respectively), whereas Triton X-15 was immiscible in water, therefore, no micellization took 

place. 

Ethylene glycol was observed to undergo similar surface tension decrease by Tween 20 

and Triton X-100, whereas other Triton X surfactants provided more effective reduction of the 

parameter. Such observation is valid for all the analyzed systems. What is more, CMC values of 

Tween 20-based systems were almost an order of magnitude smaller than the corresponding 

Triton X-based ones. The explanation of this behavior was already presented on the example of 

surface tension reduction by the surfactants (see section 5.2.3. Surfactant type influence). 
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Figure 24. Surface tension of TX-100 (♦), TX-114 (♦) 

and TX-45 (♦) in water at 25.0ºC 

 

 

Figure 25. Surface tension of Triton X-100 (♦), 

Triton X-114 (♦), Triton X-45 (♦), Triton X-15 (♦) in 

ethylene glycol, at 25.0ºC 

 

 

Figure 26. Surface tension of TX-100 in [BMIM][BF4] (♦), water (♦) and ethylene glycol (♦) at 25.0ºC 

 

 

5.3.Temperature dependence and thermodynamics 

Surface tension method was used to investigate the influence of temperature change 

on the micellar aggregation of selected surfactants in tetrafluoroborate-based ionic liquids 

and in the model solvent (water and ethylene glycol). Afterwards, thermodynamic parameters 

were calculated. The measurements were performed at 15.0, 25.0, 35.0 and 45.0ºC. Obtained 

results were plotted against surfactant concentrations  
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Increased temperature resulted in the change of molecular interactions, i.e. weakening H-

bonds, and, therefore, diminished surface tension [101]. This is why the change of surface 

tension isotherms is visible in the diagrams mostly as a vertical shift. However, after a closer 

look at the plots in the CMC region, a horizontal shift is also visible, as the critical micelle 

concentration values do not change linearly (figure 27).  

To determine the most favorable temperatures for micellization, the CMC values were 

plotted against the temperature to detect the plot minima (figures 28-31), the way it is usually 

presented in the literature [39, 103]. Based on the critical micelle concentrations obtained from 

surface tension plots at 15.0-45.0°C, surface, micellar and thermodynamic parameters were 

determined and presented in tables 6-11.  

 

Figure 27. Surface tension isotherms of TX-100/[BMIM][BF4] at 15.0°C (♦), 25.0°C (♦), 35.0°C (♦), 45.0°C (♦) 

 

Figure 28. CMC vs. temperature of Triton X-100 in 

[EMIM][BF4] 

Figure 29. CMC vs. temperature of Triton X-100 in 

[BMIM][BF4]
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Figure 30. CMC vs. temperature of Triton X-100 in 

water 

Figure 31. CMC vs. temperature of Triton X-100 in 

ethylene glycol 

The plots show a U-shaped form, with the minimum CMC value located in the region 

of 25.0 to 35.0ºC. In comparison to the analogue water- and ethylene glycol-based systems, 

the temperatures at which the minima are found are comparable in all investigated systems 

(also for Triton X-114, Triton X-45, Triton X-15 and Tween 20 – see Supplementary 

Material). Similar results were presented by Inoue et al. in a broad study on POE nonionic 

surfactants in ionic liquids, in which both shape of the plots and the temperature ranges of 

CMC minima were comparable with the investigated ones [39, 91, 102, 103]. 

It was observed, that systems containing Triton X-100 were the most sensitive to 

temperature changes amongst all Triton X-based systems (figure 32). The values of critical 

micelle concentration underwent the biggest change along the range of 15.0-45.0°C, 

independently from the solvents used.  

 

 

Figure 32. CMC vs. temperature of Triton X-100 (♦), Triton X-114 (♦) and Triton X-45 (♦) in [BMIM][BF4] 

0.20 

0.25 

0.30 

0.35 

5 25 45 

C
M

C
 [

m
m

o
l/

d
m

3
] 

temperature [ºC] 

30 

50 

70 

90 

110 

130 

150 

5 15 25 35 45 

C
M

C
 [

m
m

o
l/

d
m

3
] 

temperature [°C] 

40 

80 

120 

160 

200 

5 15 25 35 45 55 

C
M

C
 [

m
m

o
l/

d
m

3
] 

temperature [°C] 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Anna Selwent                        Studies on micellar aggregation of nonionic surfactants in imidazolium ionic liquids 

 

46 

 

 

Accordingly, the critical micelle concentration temperature dependence of Tween 20 

in ILs systems show the U-shape relation (figures 33, S.22- S.26, Supplementary Material) 

similarly to Triton X-100, other surfactants, and to solutions of surfactant-type ionic liquids in 

other media [104], [105], [106]. According to the data on the aqueous systems, such behavior 

may indicate that below 20ºC micellization is endothermic, and consequently, the temperature 

increase makes the process exothermic.  

Given conclusion is supported with thermodynamic parameters, ΔGm, ΔHm, -TΔSm 

calculated from the CMC temperature dependence, using equations 16-18 [39, 107]. 

Thermodynamic parameters calculated for Triton X-100 in [EMIM][BF4], [BMIM][BF4] and 

[PMIM][BF4] are shown in table 6, whereas for Tween 20 in 1-ethyl-3-methylimidazolium 

trifluoromethanesulfonate, are shown in figure 34. To indicate the contribution of entropy 

change to free energy of micellization, ΔGm, it was given as –TΔSm. 

Table 6. Thermodynamic micellization parameters, Gm, Hm, -TSm, of Triton X-100 in [EMIM][BF4], 

[BMIM][BF4] and [PMIM][BF4] 

 
Gm [kJ/mol] H [kJ/mol] S [kJ/mol]

15.0°C 
   

[EMIM][BF4] -8.96 -24.38 -15.80 

[BMIM][BF4] -6.19 -39.97 -33.81 

[PMIM][BF4] -6.55 4.99 -5.23 

25.0°C 
   

[EMIM][BF4] -10.60 -28.04 -17.46 

[BMIM][BF4] -7.07 -46.08 -39.52 

[PMIM][BF4] -6.50 5.77 -4.69 

35.0°C 
   

[EMIM][BF4] -11.20 -32.10 -20.33 

[BMIM][BF4] -7.56 -52.86 -46.38 

[PMIM][BF4] -6.18 6.64 -4.65 

45.0°C    

[EMIM][BF4] -17.74 -36.58 -26.99 

[BMIM][BF4] -5.82 -60.37 -58.64 

[PMIM][BF4] -5.82 7.61 -4.56 
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Figure 33. CMC of Tween 20 in [EMIM][TfO] vs. 

temperature 

 
Figure 34. Thermodynamic parameters of micelle 

formation for Tween 20 in [EMIM][TfO]: Gm (♦), 

Hm(♦) and -TSm (♦) 

 

Ionic liquid cation-anion interactions are responsible for the formation of highly 

organized, nanoscale structures [108, 109]. Therefore, as a network of ions, ILs are said to 

interact not only electrostatically, but also with extended hydrogen bond networks [110, 111]. 

Presence of surfactant molecule within ILs supramolecular structure results in solute-solvent 

interactions. The counterions of ILs and surfactants oxyethylene units compete with each 

other by means of H-bonds to interact with C(2)-H atoms in the imidazolium rings (see 

figure 1) [112].  

An increase of temperature affects energy of interactions taking place in surfactant/IL 

systems, therefore, the strength of relatively weak hydrogen and van der Waals bonds 

decrease. As a result, solvophobicity of the surfactants in ILs increases and favors 

micellization at lower surfactant concentrations. Nevertheless, elevated temperature affects 

the three-dimensional structure of the ionic liquids by changing the energy of interactions 

between its counterions. It was already confirmed, that due to temperature increase, van der 

Waals interactions between imidazolium cation alkyl chains become reduced, and ILs become 

dominated with electrostatic forces of the polar groups [113]. What is more, the change of the 

interactions results in the size reduction of the supramolecular aggregates, reordering of ILs 

internal structure, and consequently – an increase of solvents entropy. Since low entropy is a 

driving force for micellization, an increase of Sm is unfavorable for micelle formation. 

Moreover, weaker interactions amongst ionic liquid molecules are accompanied with their 

stronger interactions with surfactant molecules, and poorer self-aggregation. Concluding, at 

decreased temperatures the first effect described above is predominant, whereas when 

increased - the second one becomes more prevailing. 
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As already mentioned, at low temperatures (below 20
°
C) micellization of surfactants is 

endothermic (Hm > 0) and becomes exothermic at increased temperatures (Hm < 0). 

Positive contribution to Hm comes from the energy required to release the structural ionic 

liquid from solvation layer around the amphiphilic molecule, which is necessary for 

hydrocarbons to self-assembly into micellar aggregates. A negative contribution to the 

micellization enthalpy, which is an opposite effect, is related with the transfer of surfactant 

molecule for ionic liquids solution to the micelle, and, therefore, rearrangement of the H-

bonds between surfactant and solvent. 

Due to the fact, that free energy of micellization is negative over the whole range of 

investigation temperatures, we can see that micellization is spontaneous. The shift of CMC 

values result from the change of free energy, which depends on the relative changes of 

enthalpy and entropy of the system. At low temperatures negative Gibbs free energy is 

controlled by highly negative –TΔSm, which exceeds positive contribution of Hm. At 

elevated temperatures a conversion of the two parameters takes place. At low temperatures 

the driving force of micellization is Sm, whereas at elevated temperatures it is Hm. 

Similar dependence between micellization thermodynamic parameters of 

polyoxyethylene monoalkyl ether surfactants in ionic liquids was already observed - in a 

study of Inoue group on C12E6 solution in a mixture of 1-ethyl-3-methylimidazolium 

tetrafluoroborate and 1-hexyl-3-methylimidazolium tetrafluoroborate [94], as well as for CnEm 

in 1-butyl-3-methylimidazolium tetrafluoroborate [39, 103], and 1-butyl-3-

methylimidazolium hexafluorophosphate [91]. The dependence was also showed by Wu and 

coworkers in a thermodynamic study on Tween 20 in 1-butyl-3-methylimidazolium 

tetrafluoroborate and 1-butyl-3-methylimidazolium hexafluorophosphate ionic liquids [6]. 

All the surface and micellar parameters, determined experimentally or calculated, are 

collected in tables 7 – 11, included below. 
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Table 7. Surface parameters of Triton X-100 (nOE = 9.5) in [AMIM][BF4] ILs, ethylene glycol and water, vs. temperature. 

 

CMC [mmol/dm
3
] 

0 [mN/m]
CMC 

[mN/m]

cmc 

[mN/m]

max x 10
6 

[mol/m
2
]

min [nm
2
]

Gm 

[kJ/mol]

Gad 

[kJ/mol]from γ from ρ 

15.0°C 
          

[EMIM][BF4] 180.00 - 54.60 ± 0.02 33.32 20.07 1.98 0.82 -8.96 -19.11 

[PrMIM][BF4] 290.00 - 48.80 ± 0.03 34.68 13.69 1.67 0.96 -7.82 -16.01 

[BMIM][BF4] 440.00 - 45.10 ± 0.01 37.85 7.25 1.16 1.39 -6.19 -12.44 

[PMIM][BF4] 350.00 - 40.08 ± 0.04 36.37 3.71 0.85 1.9 -6.55 -10.92 

[HMIM][BF4] 1000.00 - 38.75 ± 0.02 34.40 3.60 0.76 2.11 -8.46 -3.34 

ethylene glycol 90.00 - 47.14 ± 0.01 33.85 13.28 1.78 0.91 -13.13 -20.59 

water 0.31 - 73.50 ± 0.02 31.95 41.55 3.59 0.45 -12.85 -24.44 

25.0°C 
          

[EMIM][BF4] 90.00 90 53.96 ± 0.01 34.90 17.50 2.12 0.76 -10.60 -18.84 

[PrMIM][BF4] 220.00 200 48.00 ± 0.02 34.40 12.90 2.14 0.75 -8.30 -14.42 

[BMIM][BF4] 310.00 300 44.90 ± 0.02 37.09 7.85 0.97 1.67 -7.07 -15.20 

[PMIM][BF4] 350.00 350 39.50 ± 0.04 36.10 2.60 0.77 2.08 -6.50 -9.89 

[HMIM][BF4] 400.00 600 39.20 ± 0.01 35.60 1.80 0.69 2.33 -6.00 -8.65 

[BMIM][PF6] 95.00 - 43.35 ± 0.04 41.03 2.32 3.98 0.41 -9.72 -10.31 

[PMIM][PF6] 105.00 - 39.50 ± 0.04 38.30 1.20 10.06 0.16 -9.28 -9.40 

[HMIM][PF6] 200.00 - 37.63 ± 0.02 32.48 5.16 7.90 0.20 -7.51 -8.16 

ethylene glycol 50.00 - 46.30 ± 0.02 33.66 11.66 2.12 0.76 -13.25 -11.76 

water 0.25 - 72.06 ± 0.02 32.00 40.06 4.16 0.39 -36.30 -45.92 
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Table 7(continuation). Surface parameters of Triton X-100 (nOE = 9.5) in [AMIM][BF4] ILs, ethylene glycol and water, vs. temperature  

35.0°C 
          

[EMIM][BF4] 70.00 - 51.68  ± 0.03 34.80 19.16 2.13 0.76 -11.20 -20.19 

[PrMIM][BF4] 200.00 - 46.90 ± 0.01 32.70 13.30 1.80 0.89 -8.34 -15.71 

[BMIM][BF4] 250.00 - 43.77 ± 0.02 37.00 6.77 1.19 1.35 -7.56 -13.24 

[PMIM][BF4] 400.00 - 38.97 ± 0.03 35.3 3.68 1.13 1.43 -6.18 -9.44 

[HMIM][BF4] - - 37.70 ± 0.01       

ethylene glycol 75.00 - 45.45 ± 0.02 33.10 12.04 1.87 0.86 -13.55 -20.00 

water 0.26 - 69.50 ± 0.02 31.06 38.44 2.60 0.62 -13.28 -28.09 

45.0°C 
          

[EMIM][BF4] 155.00 - 50.30 ± 0.02 32.21 19.47 2.28 0.71 -17.74 -9.21 

[PrMIM][BF4] 260.00 - 46.30 ± 0.02 32.70 13.60 1.53 1.05 -7.68 -16.55 

[BMIM][BF4] 500.00 - 43.51 ± 0.01 36.70 6.80 0.89 1.82 -5.82 -13.49 

[PMIM][BF4] 480.00 - 37.15 ± 0.03 34.6 2.57 0.86 1.87 -5.82 -8.81 

[HMIM][BF4] - - 37.09 ± 0.02       

ethylene glycol 100.00 - 44.79 ± 0.01 32.48 12.31 1.66 0.97 -12.82 -20.23 

water 0.30 - 68.75 ± 0.02 30.17 38.58 1.10 1.47 -12.91 -48.03 
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Table 8. Surface parameters of Triton X-114 (nOE =7,5) in [AMIM][BF4] ILs, ethylene glycol and water, vs. temperature 

solvent CMC
 
[mmol/ dm

3
] 0 [mN/m] CMC [mN/m] cmc [mN/m]

max x 10
6 

[mol/m
2
]

min [nm
2
] Gm [kJ/mol] Gad [kJ/mol]

15°C 
        

[EMIM][BF4] 140.00 54.61 ± 0,02 32.00 22.61 3.22 0.50 -7.09 -14.11 

[BMIM][BF4] 500.00 45.10 ± 0,01 36.10  9.00 1.29 1.25 -5.87 -12.83 

[HMIM][BF4] immicible 38.75 ± 0,02 - - - - - - 

ethylene glycol 600.00 49.50 ± 0,01 35.81 11.33 0.96 1.68 -8.43 -20.25 

water 0.30 73.50 ± 0,02 29.10 44.40 9.82 0.24 -4.67 -11.18 

25°C 
         

[EMIM][BF4] 130.00 52.70 ± 0,01 32.10 20.60 2.21 0.73 -7.19 -16.52 

[BMIM][BF4] 800.00 44.90 ± 0,02 33.30 11.60 0.97 1.66 -4.69 -16.64 

[HMIM][BF4] immicible 38.21 ± 0,01 - - - - - - 

ethylene glycol 100.00 48.00 ± 0,02 32.20 11.45 1.81 0.89 -12.85 -19.17 

water 0.23 71.90 ± 0,02 28.20 43.76 4.97 0.32 -5.31 -14.11 

35°C 
         

[EMIM][BF4] 129.00 51.00 ± 0,03 30.90 20.10 2.58 0.63 -7.21 -15.01 

[BMIM][BF4] 430.00 43.77 ± 0,02 35.94  7.83 1.41 1.15 -6.21 -11.77 

[HMIM][BF4] immicible 37.70 ± 0,01 - - - - - - 

ethylene glycol 450.00 46.66 ± 0,02 33.83 11.62 0.75 2.18 -14.81 -30.49 

water 0.02 69.70 ± 0,02 28.50 41.80 3.31 0.49 -5.63 -18.27 

45°C 
         

[EMIM][BF4] 140.00 49.00 ± 0,02 30.99 18.01 2.00 0.81 -7.28 -16.08 

[BMIM][BF4] 230.00 43.51 ± 0,01 34.70   8.81 1.02 1.58 -7.75 -16.38 

[HMIM][BF4] immicible 37.09 ± 0,02 - - - - - - 

ethylene glycol 600.00 44.79 ± 0,01 33.54 11.25 0.33 4.88 -14.08 -48.16 

water 0.02 68.75 ± 0,02 27.37 41.38 3.94 0.41 -5.59 -16.09 
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Table 9. Surface parameters of Triton X-45 (nOE = 4,5) in [AMIM][BF4] ILs, ethylene glycol and water, vs. temperature 

solvent CMC·[mmol/ dm
3
] 0 [mN/m] CMC [mN/m] cmc [mN/m]

max x 10
6 

[mol/m
2
]

min [nm
2
] Gm [kJ/mol] Gad [kJ/mol]

15°C 
         

[EMIM][BF4] 120.00 54.60 ± 0.02 31.33 23.27 10.08 0.16 -11.58 -9.27 

[BMIM][BF4] 350.00 45.10 ± 0.01 34.52 10.58 1.80 0.90 -6.75 -12.63 

[HMIM][BF4] immicible 38.75 ± 0.02 - - - - - - 

ethylene glycol 80.00 49.50 ± 0.01 30.61 18.89 2.60 0.62 -13.42 -20.69 

water 0.20 73.50 ± 0.02 27.59 45.91 1.37 1.18 -13.94 -47.46 

25°C 
         

[EMIM][BF4] 100.00 52.14 ± 0.01 31.70 12.71 2.78 0.58 -12.02 -16.59 

[BMIM][BF4] 320.00 44.90 ± 0.02 34.60 10.30 1.95 0.83 -6.96 -12.25 

[HMIM][BF4] immicible 38.21 ± 0.01 - - - - - - 

ethylene glycol 77.00 46.60 ± 0.02 29.90 16.70 2.44 0.66 -13.50 -20.33 

water 0.10 72.00 ± 0.02 28.00 44.00 3.08 0.52 -15.33 -29.59 

35°C 
         

[EMIM][BF4] 121.00 51.00 ± 0.03 30.50 20.50 1.54 0.10 -11.53 -12.78 

[BMIM][BF4] 300.00 43.82 ± 0.02 34.28 9.22 2.14 0.75 -7.10 -11.40 

[HMIM][BF4] immicible 37.70 ± 0.01 - - - - - - 

ethylene glycol 80.00 46.66 ± 0.02 30.60 16.06 2.33 0.69 -13.39 -20.27 

water 0.09 69.55 ± 0.02 27.00 43.30 2.46 0.66 -15.90 -33.54 

45°C 
         

[EMIM][BF4] 150 49.00 ± 0.02 29.90 19.10 8.51 0.19 -10.99 -13.23 

[BMIM][BF4] 350 43.51 ± 0.01 33.87 9.64 1.97 0.82 -6.71 -11.60 

[HMIM][BF4] immicible 37.09 ± 0.02 - - - - - - 

ethylene glycol 85 44.79 ± 0.01 29.80 14.99 2.51 0.64 -13.22 -19.19 

water 0.14 68.75 ± 0.02 26.40 42.35 2.77 0.58 -14.80 -30.08 
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Table 10. Surface parameters of Triton X-15 (nOE = 1.5) in [AMIM][BF4] and [AMIM][PF6] ILs, ethylene glycol and water, at 25.0°C 

 

solvent 

CMC [mmol/ dm
3
] 

0 [mN/m]
CMC 

[mN/m]

cmc 

[mN/m]

max x 10
6 

[mol/m
2
]

min  [nm
2
]

Gm 

[kJ/mol]

Gad 

[kJ/mol]from γ from ρ 

[EMIM][BF4] 50.00 30.00 52.47 ± 0.01 34.64 22.07 1.29 1.25 -15.01 -32.14 

[BMIM][BF4] 350.00 350.00 44.90 ± 0.02 29.50 15.40 1.53 1.05 -6.74 -16.77 

[HMIM][BF4] immicible - 38.21 ± 0.01 - - - - - - 

[BMIM][PF6] 1.02 - 43.00 ± 0.01 37.38 5.62 0.72 2.25 -20.99 -28.84 

ethylene glycol 80.00 - 47.47 ± 0.02 30.00 17.47 2.41 0.67 3.71 -3.53 

water immicible - 71.90 ± 0.02 - - - - - - 
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Table 11. Surface parameters of Tween 20 in selected ILs, ethylene glycol and water, vs. temperature 

 
CMC  

[mmol/ dm
3
] 

0 [mN/m] CMC [mN/m] cmc [mN/m] max x 10
6 
[mol/m

2
] min [nm

2
] Gm [kJ/mol] Gad [kJ/mol]

15°C 
         

[EMIM][BF4] 1.55 54.60 ± 0.02 39.00 15.60 3.76 0.43 -19.97 -24.13 

[BMIM][BF4] 15.00 45.10 ± 0.01 32.55 12.55 1.18 1.36 -13.26 -23.88 

[HMIM][BF4] 150.00 38.75 ± 0.02 34.78 4.13 0.50 3.26 -8.16 -16.50 

ethylene glycol 2.80 47.14 ± 0,01 33.50 13.65 1.97 0.82 -21.00 -27.91 

water - 73.50 ± 0.02 - - - - - - 

25°C 
         

[EMIM][BF4] 2.00 52.14 ± 0.01 32.60 17.00 1.70 1.00 -20.60 -31.10 

[BMIM][BF4] 9.00 44.90 ± 0.02 33.40 11.50 1.40 1.10 -12.80 -20.90 

[HMIM][BF4] 125.00 39.20 ± 0.01 34.26 4.95 0.37 4.40 -8.88 -22.35 

[EMIM][OTf] 3.00 40.51 ± 0.02 32.50 8.01 0.27 5.95 -18.53 -48.07 

[PMIM][PF6] 30.00 39.50 ± 0.01 34.90 4.60 2.75 0.59 -12.39 -14.06 

[HMIM][PF6] 40.00 37.63 ± 0.02 36.65 1.07 0.09 17.59 -11.50 -23.17 

ethylene glycol 1.25 44.55 ± 0.02 33.40 11.15 1.95 0.83 -23.71 -29.46 

water 0.0002 72.00 ± 0.01 38.18 33.82 1.81 0.89 -48.16 -66.87 

35°C 
         

[EMIM][BF4] 1.00 51.00 ± 0.03 32.20 18.80 4.46 0.36 -22.45 -26.67 

[BMIM][BF4] 14.00 43.82 ± 0.02 31.60 12.22 1.70 0.95 -15.19 -22.37 

[HMIM][BF4] 150.00 37.70 ± 0.01 33.55 4.15 0.50 3.23 -8.70 -17.01 

ethylene glycol 2.00 45.45 ± 0.02 32.70 12.75 1.59 1.02 -23.28 -31.32 

water 0.0015 69.55 ± 0.02 - - - - - - 
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Table 11 (continuation). Surface parameters of Tween 20 in selected ILs, ethylene glycol and water, vs. temperature  

 
CMC  

[mmol/ dm
3
] 

0 [mN/m] CMC [mN/m] cmc [mN/m]
max x 10

6 

[mol/m
2
]

min [nm
2
] Gm [kJ/mol] Gad [kJ/mol]

45°C 
         

[EMIM][BF4] 1.22 49.00 ± 0.02 34.00 15.00 1.83 0.88 -22.64 -30.86 

[BMIM][BF4] 20.00 43.51 ± 0.01 31.00 12.50 1.10 1.47 -14.72 -26.10 

[HMIM][BF4] 210.00 37.09 ± 0.02 32.63 4.46 0.87 1.86 -8.08 -13.21 

ethylene glycol 2.50 44.79 ± 0.01 32.44 12.35 1.08 1.49 -23.43 -34.84 

water 0.0016 68.75 ± 0.02 - - - - - - 
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5.4.Isotherms, temperature dependence and thermodynamics of nonionic surfactants in 

mixed IL solutions 

Ionic liquids used in this section were 1-methyl-3-butylimidazolium tetrafluoroborate 

and 1-methyl-3-butylimidazolium trifluoromethanesulfonate, together with Tween 20 

nonionic surfactant. The decision on choosing [BMIM][BF4] was its capability of supporting 

aggregation of nonionic surfactants, while [BMIM][OTf], which is unable to support 

micellization, presents more favorable handling properties, which are lower density and 

higher viscosity, but also better electrical conductivity, which may also be an advantage. 

Therefore in order to obtain a solvent with good handling properties but capable of supporting 

micellization, the two of them were mixed in different mass fractions.  

The solutions were prepared in three different mass fractions of [BMIM][BF4], 0.1, 0.3 

and 0.5. The aggregation behavior of Tween 20 was analyzed in each of the binary solutions, 

and CMC values in 25.0ºC were determined. The diagrams of surface tension values also 

include isotherms for Tween 20/[BMIM][OTf] and Tween20/[BMIM][BF4] systems (figure 

35). Viscosity values were the resultants of individual viscosities of the ILs according to their 

mass fractions in the binary solutions, whereas density coefficients did not show a linear 

dependence (see Supplementary Material). Surface parameter computed from surface tension 

isotherms are presented in table 14. 

 

Figure 35. Surface tension isotherms of Tween 20 in pure and mixed 1-butyl-3-methylimidazolium ILs, 

[BMIM][OTf]/[BMIM][BF4] with corresponding mass ratios: [BMIM][BF4] (♦), [BMIM][OTf]/[BMIM][BF4] 

1:1 (♦), 7:3 (♦), 9:1 (♦), [BMIM][OTf] (♦) 
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As shown in the plot, addition of [BMIM][BF4] to [BMIM][OTf] results in a change 

of the isotherms form the flat to the curved one. An addition of only 0.1 mass fraction of 

[BMIM][BF4] facilitates micellization by changing mixtures surface properties, what is 

reflected by discontinuity of the plot. Increased tetrafluoroborate salt concentration enhances 

solvophobic properties, providing decrease of critical micelle concentration values. The initial 

surface tension values of IL mixtures rises with the addition of [BMIM][BF4], due to its 

higher surface tension value.  

The presence of only 0.1 mass fraction of 1-butyl-3-methylimidazolium 

tetrafluoroborate  ionic liquid in the mixture facilitates formation of surfactant micelles in the 

ILs mixture. Further increase of [BMIM][BF4] mass fraction enhances systems solvophobic 

properties providing lower CMC values of Tween 20. The dependence of critical micelle 

concentration of the surfactant on the mass fraction of [BMIM][BF4] was observed to be 

linear (figure 36). Critical micelle concentration of Tween 20 in [BMIM][OTf]/[BMIM][BF4] 

1:1 mixture is similar to CMC value for pure [BMIM][BF4] salt. However, due to the 

presence of [BMIM][OTf], the decrease of surface tension provided by the surfactant is less 

effective than in pure [BMIM][BF4].  

Increased mass fraction of 1-butyl-3-methylimidazolium tetrafluoroborate in the 

binary solution of the ionic liquids resulted in increased max, and decreased Amin (table 12), 

reflecting enhanced solvophobic interactions to take place and, therefore, an increase of 

surfactant concentration at the air-ILs interface.  

At the same time, cmc values increased too, reflecting more efficient reduction of 

surface tension, as well as a tendency of the ILs mixture to undergo a better surface tension 

lowering with an increased amount of the solvophobic compound. Free energy of 

micellization against mass fraction of the more solvophobic component in the mixture, 

[BMIM][BF4], was plotted in figure 37. The value of Gm was the most negative 

(micellization process was most spontaneous) at the highest content of [BMIM][BF4].  
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Figure 36. Dependence of the critical micelle 

concentration on [BMIM][BF4] mass fraction 

in [BMIM][OTf]/[BMIM][BF4] mixtures 

Figure 37. Dependence of Gibbs free energy of 

Tween 20 micelle formation on [BMIM][BF4] mass 

fraction in [BMIM][OTf]/[BMIM][BF4] mixtures 

 

Table 12. Surface properties of Tween 20 in [BMIM][OTf]/[BMIM][BF4] mixtures with different mass fractions 

System 
mass 

fraction 

CMC  

[mmol/dm
3
] 

CMC 

[mN/m] 

max x 10
6
 

[mol/m
2
] 

Amin 

[nm
2
] 

cmc 

[mN/m] 

Gm 

[kJ/mol] 

[BMIM][OTf] 0 148.0 31.8 0.8 2.2 2.6 -10.1 

[BMIM][OTf]/ 

[BMIM][BF4] 
0.1 110.0 30.1 0.5 3.7 4.3 -9.2 

[BMIM][OTf]/ 

[BMIM][BF4] 
0.3 70.0 28.1 1.0 1.5 8.0 -10.1 

[BMIM][OTf]/ 

[BMIM][BF4] 
0.5 15.0 28.6 1.1 1.5 8.1 -14.2 

[BMIM][BF4] 1 9.0 33.4 1.4 1.1 11.5 -12.8 

 

 

5.5. Critical micelle concentration 

The values of critical micelle concentration were determined from surface tension 

isotherms of the analyzed systems, and listed together with other surface parameters, in the 

range of temperatures, in tables 7-10. To verify obtained values, CMCs were also determined 

from apparent molar volumes, which, when plotted against surfactant concentration, allow 

determination of CMC values. The data for TX-100 in selected ionic liquids are listed in table 

13. Obtained values were in agreement with the ones determined from surface tension 

measurements data.  
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Determined density data enabled calculation of corresponding apparent molar volumes 

of pure ionic liquids, as well as TX-100/IL binary solutions. For pure ionic liquids, elongation 

of the alkyl chain provokes a linear increase of VΦ values, what is a consequence of 

occupying more space by ILs molecules. It was observed, that the values for 

tetrafluoroborate-based ILs are lower than corresponding [AMIM][PF6] ones. An increase of 

the apparent molar volume by an addition of a methylene group to the alkyl chain was 

calculated to be close to 17, as shown previously by Tariq [114]. Moreover, apparent molar 

volumes of two ionic liquids belonging to each family and having the same cation and 

different anion differed by around 19.5 cm
3
/mol (figure 38).  

 

Figure 38. Apparent molar volume values, V, of TX-100 in 1-alkyl-3-methylimidazolium tetrafluoroborate 

ionic liquids, where [EMIM] (♦), [PrMIM] (♦), [BMIM] (♦), [PMIM] (♦), [HMIM] (♦), at 25°C 

 

Triton X-100, when added to ILs, provokes significant increase of the apparent molar 

volumes, due to relatively high V of the surfactant in comparison to ILs. Within the analyzed 

systems, the apparent molar volumes ranged 545 – 576 cm
3
/mol for 1-alkyl-3-

methylimidazolium tetrafluoroborate and 480 – 570 cm
3
/mol for 1-alkyl-3-

methylimidazolium hexafluorophosphate salts. It was observed, that in the pre-micellar region 

the increase of V is linear and after obtaining the maximum – in the CMC area – a linear 

decrease. Critical micelle concentration was determined from the intersection of the 

extensions of plot lines. Due to the fact, that solvation of micelles takes place differently than 
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solvation of the surfactant monomers, therefore, their contribution to the apparent molar 

volumes differs too. Here it was observed the linear decrease of Vin the micellar region, 

which is different than in case of aqueous micellar systems, where after the CMC the 

Vremains stable. Such a behavior was observed for aqueous sodium dodecylsulphate [115], 

dodecyldimetylamine oxide and dodecyltrimethylammonium bromide [116]. The profile of 

apparent molar volume strictly depends on the composition of the micellar system, which 

gathers a number of features – particularly surfactants hydrophilicity and hydrophobicity, 

Vof the surfactant in micellar and monomeric form, micellization equilibrium constant, 

aggregation number and solvents structure [106].  

ILs-based systems undergo more intensive surfactant/solvent interactions than water-

based systems, what may clarify observed trends. It was already described by Atkin and Warr, 

who revealed that effective interaction area for each oxyethylene unit in nonionic surfactant is 

much higher in ethylammonium nitrate ionic liquids than in water [117]. Also Behera et al. 

used conductivity studies supported with absorption and fluorescence spectra, to determine 

partitioning of 1-butyl-3-methylimidazolium hexafluorophosphate ionic liquid into TX-100 

micelles [118]. Consequently, effective interaction area of ILs with Triton X-100 is stronger 

than in aqueous systems, and provides incorporation of ILs into micellar palisade layer. Also 

the range of the apparent molar volume for the hexafluorophosphate-based systems is smaller 

than for the tetrafluoroborate-based. The tendency may be the effect of weaker cation-anion 

interactions due to steric hindrance, this is the anion size. As a result, stronger electrostatic 

interactions between IL ions result in weaker association of imidazolium cation with TX-100 

oxyethylene groups, thus the breakdown of ion pairs is more difficult [119, 120]. 

The general tendency observed is that CMC values increase with increased length of 

ILs cations alkyl chains of tetrafluoroborate and hexafluorophosphate ionic liquids 

(figure 39). What is more, this tendency is achieved independently from the anion present, 

and from the type of surfactant used. All the trend lines are linear, whereas for systems 

containing Tween 20 the increase rate is more rapid than for Triton X-100, due to more 

complex structure of Tween 20 surfactant - presence of a long alkyl chains and more 

oxyethylene chains, thus more hydrogen and van der Waals bond donors. However, due to the 

literature, in systems where imidazolium ionic liquids are used as surfactants, in IL-in-water 

systems, the dependence is just the opposite [102, 121, 122]. 
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Table 13. CMCs of Triton X-100 in [AMIM][BF4] and [AMIM][PF6] determined from surface tension γ, and 

apparent molar volumes Vϕ, at 25.0ºC 

 
CMC [mmol/dm

3
] 

ILs from γ from Vϕ 

[EMIM][BF4]     90.00   90 

[PrMIM][BF4]   220.00 200 

[BMIM][BF4]   310.00 300 

[PMIM][BF4]   330.00 350 

[HMIM][BF4] 1000.0 600 

[BMIM][PF6]     90.00   90 

[PMIM][PF6]     95.00   95 

[HMIM][PF6]   150.00 110 

 

It was observed that elongation of the oxyethylene chains of Triton X-100, Triton X-

114, Triton X-45 and Triton X-15 (9.5, 7.5, 4.5 and 1.5 OE units, respectively), results firstly 

in the increase, and then in the decrease of critical micelle concentration values (figure 40). 

Such behavior was observed for selected ionic liquids, [EMIM][BF4] and [BMIM][BF4], and 

analogically for ethylene glycol.  

 

 

Figure 39. CMC values vs. IL structure: TX-

100/[AMIM][BF4] (♦), TX-100/[AMIM][PF6] (♦), 

Tween 20/[AMIM][BF4] (♦), Tween 20/[AMIM][PF6]) 

(♦), at 25.0°C 

Figure 40. Number of OE units (m) of Triton X 

surfactants, vs. CMCs in [EMIM][BF4] (♦), 

[BMIM][BF4] (♦) and ethylene glycol (♦), at 25.0°C 
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5.6.Micellar diameter 

The presence of micellar aggregates was confirmed by means of dynamic light 

scattering measurements of the solutions at 25.0°C in the wide range of surfactant 

concentrations, below and above the CMC values, which were determined by means of 

surface tension measurements. For each of the analyzed samples viscosity coefficients were 

determined and used for analyzes (see Supplementary Material). For pure solvents and below 

the CMCs, determined diameters were below 1 nm, indicating presence of surfactant 

monomers, however close to CMC an increase of scattered light intensity was observed. As 

shown in figures 41, 42 and 43, an increase of TX-100 concentration in the systems is 

accompanied with a preliminary growth of micelles, and size stabilization afterwards.  

However, the type of ILs cation determines the size of micelles, therefore at CMCs 

larger diameters were detected for ionic liquids with shorter alkyl chains - 3.5, 1.6 and 0.9 nm 

for [EMIM][BF4], [BMIM][BF4] and [HMIM][BF4], respectively. These results, together with 

data described above, confirm that [EMIM][BF4] has the highest ability to support self-

assembly due to higher solvophobicity, among given solvents. Also an increase of TX-100 

concentration above the CMCs provides an enlargement of the micelles, even up to 8.5 nm for 

TX-100/[EMIM][BF4] at 4xCMC, 2.5 nm for TX-100/[BMIM][BF4] at 2xCMC, and 1.4 nm 

for TX-100/[HMIM][BF4] at 1.35xCMC).  

The average of hydrodynamic diameter of Tween 20 micelles in water was determined 

to be 8 nm in CMC, and fits with literature data [123]. Figures 44, 45 and 46 present DLS 

data for Tween 20 surfactant in selected ILs. For Tween20/[EMIM][BF4] at CMC surfactant 

concentration (1.6 mmol/dm
3
) particles of 8 nm were detected, and with further increase to 6 

x CMC (9.6 mmol/dm
3
) diameters of 25-27 nm were obtained. An average size of micelles 

detected in Tween20/[EMIM][OTf] at CMC (5 mmol/dm
3
) was smaller – 2 nm, and around 7 

nm at 1.8 x CMC (9 mmol/dm
3
). Such difference in micellar sizes may result from relatively 

stronger interactions between Tween 20 and IL, and therefore higher solubility due to weaker 

interactions amongst ILs ions.  Further increase of Tween 20 concentration to 2 x CMC 

provides significant increase of the average Dh to 100 nm, and to 200 nm at the concentration 

of 3 x CMC. The mean micellar diameters at CMCs in Tween20/[BMIM][BF4] and 

Tween20/[BMIM][PF6] were found to be 80 and 50 nm, respectively. In case of 

Tween20/[BMIM][OTf] system only structures of 1-1.3 nm at a concentration of 4 x CMC 

were determined. This may indicate formation of micelles, however so small diameters 
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require confirmation with other techniques. Micelles in Tween20/[HMIM][BF4] detected at 

CMC had diameters of 10 nm in, and 100 nm above CMC.  

 
Figure 41. Size distribution curves determined for Triton X-100 in [EMIM][BF4] (left), and mean hydrodynamic 

diameter as a function of surfactant concentration (right), at 25°C 

 

 
Figure 42. Size distribution curves determined for Triton X-100 in [BMIM][BF4] (left), and mean hydrodynamic 

diameter as a function of surfactant concentration (right), at 25°C 

 

 

 
Figure 43. Size distribution curves determined for Triton X-100 in [HMIM][BF4] (left), and mean hydrodynamic 

diameter as a function of surfactant concentration (right), at 25°C 
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Figure 44. Tween 20/[EMIM][BF4] size distribution (left), and mean hydrodynamic diameter vs. surfactant 

concentration (right), at 25°C 

 

 
Figure 45. Size distribution curves determined for Tween 20 in [EMIM][OTf] (left), and mean hydrodynamic 

diameter as a function of surfactant concentration (right), at 25°C 

 

 

 

Figure 46. Size distribution curves determined for Tween 20 in [BMIM][PF6] (left), and mean hydrodynamic 

diameter as a function of surfactant concentration (right), at 25°C 
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When comparing micellar diameters of Triton X-100 and Tween 20 in selected ionic 

liquids, we may see that Tween 20 micelles are significantly bigger what is a result of the 

differences between surfactants structures. Tween 20 molecule is bigger due to possession of 

three OE chains and long alkyl side chain, whereas Triton X-100 is much more complex and 

contains only one chain with fewer OE units and short alkyl side chain, therefore has smaller 

volume. Determined micellar diameters of Tween 20 in ethylene glycol were around 8 nm, 

whereas in water - 8.5 nm. On the contrary, Triton X-100 micelles in water were reported to 

be around 7 nm [124], which is more than the diameter detected in ILs, with exception of 

[EMIM][BF4]. 

 

Figure 47. Micellar diameters of Triton X-100 vs. number of cation alkyl chain carbon atoms in 

[AMIM][BF4], at 25ºC 

Basing on the DLS data the dependence of micellar sizes on the alkyl chain lengths of ILs 

cations was established (figure 47). Hydrodynamic diameters determined in TX-100 systems 

decrease with the increase of ILs sizes. In Tween 20 systems it was observed, that the size of 

Dh was the biggest in IL with tetrafluoroborate anions, and the smallest in the presence of 

trifluoromethanesulfonate anion (order of growth: BF4>PF6>OTf). Both relationships confirm 

the decrease of systems solvophobicity, resulting from the increase of intermolecular 

interactions amongst ILs and the amphiphiles. The sizes of determined micellar diameters of 

nonionic surfactants in ILs are much smaller than in aqueous systems. The observations 

presented here fit well with the conclusions presented by other authors, e.g. Patrascu et al., 

who analyzed the series of POE surfactants (CnEm) in imidazolium ILs [86], and Inoue group, 

who performed a number of studies on the nonionic CmEn surfactants micellization in 

imidazolium ionic liquids [39, 91, 94], Also analogue observations were reported in the ‘80s 

by Evans, in the study on cationic cetyl trimethylammonium bromide in EAN [77]. 
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5.7.Conductivity 

Conductivity measurements were performed in order to determine the number of 

imidazolium cations associated with one OE unit of the surfactants. Conductivity values 

obtained in this investigation and the ones given in the literature present certain discrepancies, 

which result from varying qualities of the ILs (producers, lots), mainly depending on the 

contamination with water and other impurities (see section 4.1.1). Conductivity values 

determined in this study, together with the literature values are given in table 14. The 

conductivity dependence determined for different volume fractions of Triton X-100 and 

Tween 20 surfactants in 1-alkyl-3-methylimidazolium ionic liquid solutions are shown and 

compared in figures 48 and 49. 

Table 14. Ionic liquids experimental and literature conductivity values 

Compound 
κ [mS] 

experimental literature 

[EMIM][BF4] 14.00 ± 0.21 15.46 [125] 

[EMIM][OTf]   8.25 ± 0.05 9.13 [126] 

[EMIM][NTf2]   9.10 ± 0.09 9.47 [127] 

[BMIM][BF4]   2.80 ± 0.03   3.52 [125] 

[BMIM][PF6]   1.31 ± 0.05 1.37 [128] 

[BMIM][OTf]   1.90 ± 0.06   2.9 [129] 

[BMIM][NTf2]   1.91 ± 0.09 3.94 [128] 

[HMIM][BF4]   1.29 ± 0.08   1.23 [125]  

[OMIM][BF4]   0.55 ± 0.05 0.57 [130] 

[OMIM][PF6]   0.25 ± 0.03 0.25 [131]  

[OMIM][OTf]   0.56 ± 0.01                         - 

[OMIM][NTf2]   1.15 ± 0.02 1.31 [132] 

Molecular parameters of the ionic liquids and surfactants, such as molar masses and 

molar volumes, required for calculation of nac, are collected tables S.3-S.7 (see Supplementary 

Material). Obtained conductivity κ, and normalized conductivity κ/κIL, were plotted against 

surfactant concentration shown in weight ratio, ϕ, and compared with Bruggeman fit. 

According to the literature, OE groups of POE-type surfactants interact with ILs by means of 

van der Waals, hydrogen bonds and electrostatic interactions [58]. With a use of techniques 

such as conductivity, dielectric relaxation spectroscopy, infrared spectroscopy and NMR, 
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it was demonstrated that 2-3 water molecules associate with one OE group of TX-100 

surfactant [133], and such assumption was already employed for Tween 20 surfactant [102]. 

Electrical conductivity of the systems, normalized to pure ionic liquid conductivities, 

as a function of surfactant volume fraction, , are given in figures 50, 51 and 52. Along the 

whole concentration range, Triton X-100 plots of normalized conductivity fit well with 

Looyenga approximation, whereas Tween 20 with Bruggeman approximation.  

I case of mixed solvents, the higher was the solution content of Triton X-100, the 

normalized conductivity was shifted more towards Looyenga approximation line. It was 

observed that κ/κIL, depends on the structure of ILs and with changing e.g. viscosity 

coefficient, which is known to relate with the energy of hydrogen bonds or van der Waals 

interactions between surfactant and the solvent, the normalized conductivity changes too. 

Consequently, [EMIM][BF4], having the shortest alkyl chain, is characterized by stronger 

interactions with surfactant molecules than [BMIM][BF4] and [HMIM][BF4], and therefore 

normalized conductivity of [EMIM][BF4]-based solutions is lower than [BMIM][BF4]- and 

[HMIM][BF4]-based ones. 

It was determined, that with elongation of ILs alkyl chains in cations substituents, the 

number of OE units associated with ILs molecule decreases, independently from the 

surfactant used, however in case of Tween 20 the decrease is more rapid (figure 53). Such 

behavior is related with the size of both components of the systems, e.g. in the same IL more 

bulky Tween 20 surfactant needs more space than TX-100, therefore limitation of the space 

with elongated ILs chains results with more rapid decrease of nac. 

 

Figure 48. Conductivity vs. weight ration of TX-

100 in [BMIM][BF4] (♦) and [BMIM][PF6] (♦)  

Figure 49. Conductivity vs. weight ration of Tween 

20 in [BMIM][BF4] (♦) and [BMIM][PF6] (♦) 
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Figure 50. Dependence of normalized conductivity 

values of (/IL) on the volume fractions (ϕ) of the 

surfactant in TX-100/IL solutions: [EMIM][BF4] (♦), 

[BMIM][BF4] (♦), [HMIM][BF4] (♦). 

 

Figure 51. Dependence of normalized conductivity 

values (/IL) on the volume fractions (ϕ) of the 

surfactant in Tween 20/IL binary solutions: 

[BMIM][BF4] (♦), [BMIM][PF6] (♦), [BMIM][NTf2] 

(♦), [BMIM][OTf] (♦) 

 

 

Figure 52. Dependence of normalized conductivity 

values of (/IL) on the volume fractions (ϕ) of 

Tween 20 in [BMIM][OTf]/[BMIM][BF4] of 0.1 (♦), 

0.3 (♦), and 0.5 (♦) mass fractions of [BMIM][BF4] 

Figure 53. Dependence of the number of 

[AMIM][BF4] cations carbon atoms on surfactant 

aggregation numbers, nac, of TX-100 (♦) and Tween 

20 (♦), at 25.0ºC 

 

Aggregation numbers of Triton X-100 and Tween 20 determined in the homologue 

series of 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids show a decreasing trend 

when elongating ILs alkyl chains, as depicted in plot 53. Systems based on Tween 20 

surfactant undergo more rapid decrease than Triton X-100 based ones, what is presented by 

the angle of the trend lines toward x-axis. The explanation of the behavior is increased 

solubility of surfactant molecules in the ionic liquids (stronger solvent-solute interaction due 

to elongation of ILs alkyl chains), which is more intense in case of Tween 20 due to higher 

number of oxyethylene groups, which interact with the alkyl chains by means of hydrogen 

bonds.  
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5.8.Statistical evaluation of results 

Dixon’s Q-Test 

Dixon Q-Test is a statistical test used to detect and reject the outliers (gross values). Obtained 

values are arranged in an increasing sequence, and then QA and QB parameters are determined 

using formula 20: 

   
     

     
    

       

     
     (20) 

Calculated QA and QB values were compared with proper critical value Qcr, taken from 

table 15. If QA/QB ratio was higher than Qcr, then the value was rejected. 

Table 15. Critical values for Dixon’s Q-Test for 95% confidence level. 

n 3 4 5 6 7 8 9 10 

Qcr 0.970 0.829 0.710 0.628 0.569 0.608 0.504 0.530 

 

 

Arithmetic mean 

After rejecting the gross values from Dixon Q-Test, from the remaining (at least 3) values   

mean value was calculated, according to formula (equation 21), where n = number of 

measurements, Xi = following value: 

    
  

 
 
  

               

 
    (21) 

 

Standard deviation of single measurement 

Standard deviation of single measurement, which is a measure of dispersion of obtained 

values around the mean values, and is measured from equation 22. 

   
         
 
   

   
  

                            

   
   (22) 

 

Standard deviation of the mean 

  
 

  
       (23) 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Anna Selwent                       Studies on micellar aggregation of nonionic surfactants in imidazolium ionic liquids. 

70 

 

Confidence interval 

A confidence interval gives an estimated range of values being likely to include an unknown 

value of an estimated parameter. The confidence level chosen here is 95%. 

       S      (24) 

Parameter t, according to the number of measurements, was taken from the table below. 

Table 16. Parameter t related with the number of measurements n 

n 2 3 4 5 6 7 8 9 10 

t 12.4 4.3 3.18 2.78 2.57 2.45 2.36 2.31 2.26 

 

Example 

Dixon’s Q-Test of exemplary surface tension values measured for TX-114/[BMIM][BF4],      

c = 21.55 mmol/dm
3
, at 25.0ºC are shown below.  

Table 17. Statistical evaluation of surface tension values 

γ [mN/m] QA QB Qcr    s S        

42.24 

0.375 0.125 0.710 42.33 0.064 0,028 42.33 ± 0,08 

42.30 

42.33 

42.38 

42.40 
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6. Discussion of the results 

The most significant surface tension decrease, which is surface pressure and surface 

tension at CMC, was observed in 1-ethyl-3-methylimidazolium tetrafluoroborate, which is the 

ionic liquid of the shortest cations alkyl chain and the smallest, least diffusive anion, and 

Triton X-100 surfactant, so the amphiphile with the highest number of oxyethylene units and 

the simplest structure amongst surface active agents used in the investigation. Remaining 

Triton X surfactants, along with the decrease of the number of OE groups, presented worse 

ability to decrease ILs surface tension. Nevertheless, Triton X-100 underwent micellization in 

the broadest number of ILs. On the contrary, Tween 20, Tween 60 and Tween 80 have the 

same number of OE units, but they differ by the length of alkyl chains, therefore their ability 

to decrease surface tension of ILs was comparable, whereas their amount required to obtain 

maximum decrease of surface tension was different. No surface tension decrease was detected 

in 1-octyl-3-methylimidazolim ILs, what was elucidated with too weak solvophobic 

interactions between the species. Proposed interactions of selected ionic liquids and Triton X 

surfactants are shown in figures 54-56. 

Despite similarities between structures and interactions amongst ionic liquids, only the 

ones containing tetrafluoroborate [BF4] and hexafluorophosphate [PF6] anions were able to 

support micellar aggregation. An exception was [EMIM][OTf] ionic liquid, which supported 

aggregation of only one surface active agent - Tween 20. None of the systems containing 

[NTf2] anion underwent characteristic decrease of surface tension values with increasing 

concentration of the surfactants in the samples.  

In the case of Triton X surfactants, also none of the systems containing [OTf] anion 

was observed to form micelles. There is clear evidence that a proper balance between ILs 

cationic and anionic groups is crucial for the amphiphilic compounds to decrease surface 

tension of a system, leading to self-ordering of its molecules. Certain groups of the surfactants 

are responsible for their limited solubility which provide spontaneous adsorption on the 

surface of the solvent phase, enable interactions amongst surfactant, solvent and gas 

molecules, and support aggregation. Since ionic liquids with bigger anions (OTf, NTf2) and 

longer cation hydrocarbon substituents generally do not undergo surface tension reduction in 

the presence of a surfactant, it may be assumed that some of surfactants functions are 

insufficient. On the other hand, a distortion of ILs supramolecular structure may be predicted 

due to the presence of amphiphilic molecules.  
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Figure 54. Proposed interactions between Triton X surfactants and [BMIM][BF4] ionic liquids’ ions 

 

 
 

Figure 55. Proposed interactions between Triton X surfactants [BMIM][OTf] ionic liquids’ ions 

 

 

 

Figure 56. Proposed interactions between Tween 20 surfactant and [BMIM][BF4] ionic liquids’ ions 
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Micellization behavior was most effective in the system composed of Triton X-100 

surfactant, which has the longest oxyethylene chain from surfactants used in the investigation, 

and 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid, [EMIM][BF4], which has the 

shortest cation alkyl chain from ILs used here, and the smallest and simplest anion. The 

surface pressure, cmc, which is the ability of the surfactant to decrease ILs surface tension, is 

the highest from the systems investigated, which results also form the fact, that initial surface 

tension of [EMIM][BF4] is the highest from ILs investigated here. Critical micelle 

concentration of TX-100/[EMIM][BF4] system (90 mmol/dm
3
) was the lowest from TX-

100/[AMIM][BF4] system, but still higher than in the remaining [EMIM][BF4]-based system. 

The ability of 1-methyl-3-alkylimidazolium ionic liquids to support micellization of 

nonionic surfactants was compared with model solvents – ethylene glycol and formamide, 

and depicted as a dependence of Gibbs free energy of micellization of Triton X-100 surfactant 

in mentioned solvents, towards Gordon values (figure 57). Water was not included in the 

graph, because due to perfect properties for supporting micellization, the value was too far 

from the data given here, to present the relationship. The lower is the value of ∆Gm, the more 

spontaneous is aggregation, and at the same time, the higher is the Gordon value, the more 

spontanously micellization takes place. Thus solvents possessing the best ability to support 

TX-100 micellization are located at the bottom right corner of the graph.  

 

 

Figure 57. Gordon parameter (G) and the number of carbon atoms in ILs cation alkyl chain (m) regarding anion 

type: ([BF4] (♦), [PF6] (♦), [OTf] (♦), and [NTf2] (♦), at 25ºC. Salts promoting micellar aggregates formation are 

in the shaded area 
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The bulk phase energy density, described through its Gordon parameter, shows clear 

linear relation (correlation coefficient, r ≈ 0.94) regarding ΔGm of Triton X-100 in 1-alkyl-3-

methylimidazolium tetrafluoroborate ILs. Thermodynamic parameters indicate that elongation 

of ILs alkyl chain makes micellization less favorable in each of the three surfactants. The 

decreasing ability of ILs to promote self-assembly of the surfactant is with agreement with 

values obtained from surface tension measurements and CMCs. 

 

Similar analysis is presented in figure 59, where systems of Triton X-100, Triton X-

114 and Triton X-45 in 1-alkyll-3-methylimidazolium tetrafluoroborate are shown. Again, the 

micellization supporting behavior of the ionic liquids decreases with their alkyl chain 

elongation, independently from the surfactant used. What is more, the shorter is the 

oxyethylene chain in a surfactant – the higher are Gordon and Gibbs free energy values. 

Fewer oxyethylene units in a surfactant result in fewer bonds with the solvent.  

 

Consequently, surfactants with short OE chains form aggregates instead of 

incorporating into IL mesh. The values for systems with [PrMIM][BF4] and [PMIM][BF4] are 

shifted towards lower G and ΔGm values due to worse quality of those ionic liquids, therefore, 

impurities present there affect aggregation supporting behavior. 

 

 

 

Figure 58. Triton X-100 in [AMIM][BF4] ILs, ethylene 

glycol (EG) and formamide (FA) ∆Gm vs. Gordon 

parameter (G), at 25.0°C 

 

 

 

Figure 59. Variation of ∆Gm of Triton X-100 (♦), Triton 

X-114 (♦), Triton X-45 (♦) surfactants as a function of 

Gordon parameter (G) in [EMIM][BF4] (2), 

[PrMIM][BF4] (3), [BMIM][BF4] (4), [PMIM][BF4] 

(5), [HMIM][BF4] (6),  at 25°C 
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Table 18. List of ILs systems analyzed within the dissertation 

    TX-100 TX-114 TX-45 TX-15 Tween 20 Tween 60 Tween 80 

[EMIM]   
       

 
[BF4]        

 
[OTf]        

  [NTf2]        

[PrMIM]          

  [BF4]        

[BMIM]          

 
[BF4]        

 
[PF6]        

 
[OTf]        

  [NTf2]        

[PMIM]          

 
[BF4]        

  [PF6]        

[HMIM]          

 
[BF4]        

 
[PF6]        

 
[OTf]        

  [NTf2]        

[OMIM]          

 
[BF4]        

 
[PF6]        

 
[OTf]        

  [NTf2]        

 

  micellization   no micellization   immicible   unexamined 
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7. Conclusions 

The dissertation includes investigation of 94 systems based on four Triton X and three 

Tween surfactants, in eighteen 1-alkyl-3-methylimidazolium ionic liquids, composed of two-

to-eight carbon atoms in cations alkyl chain, and one of four anions – [BF4], [PF6], [OTf] and 

[NTf2], (for graphical summary of analysed systems see table 18). The systems were analysed 

for their surface tension, density, viscosity, conductivity, particle size distribution and 

aggregation numbers. Critical micelle concentration values were determined from surface 

tension isotherms, whereas presence of micelles was confirmed is selected systems by means 

of Dynamic Light Scattering technique. Surface and thermodynamic parameters were 

calculated based on CMC and surface tension data. Performed investigation allowed to 

confirm dissertation theses. 

Analysis of surface tension and density parameters provided information on the ability of 

the surfactants to undergo micellization in selected ionic liquids. Out of 93 analyzed systems, 

36 were determined to form micellar aggregates. In selected systems the presence of micelles 

was confirmed by means of dynamic light scattering method and density-derived parameter – 

apparent molar volume diagrams. 

The investigation included determination of broadening solvents phase properties by 

mixing two ionic liquids of different properties, [BMIM][BF4] and [BMIM][OTf], where only 

the tetrafluoroborate-based one provided self-assembly of amphiphiles. The 

trifluoromethanesulfonate-based IL was selected based on lower density, higher viscosity, 

higher conductivity. The presence of only 0.1 mass fraction of [BMIM][BF4] in the solvent 

mixture enabled aggregation thus the most favorable properties of [BMIM][OTf] were 

maintained. A linear relationship between CMC values as well as the Gibbs enthalpy versus 

[BMIM][BF4] mass fraction was observed, however, the total decrease of surface tension due 

to Tween 20 addition was less effective in all the mixtures, than in pure [BMIM][BF4].  

Surface tension isotherms of the analyzed surfactant-in-IL systems were compared with 

aqueous and ethylene glycol systems containing corresponding surfactants. All the IL-based 

systems were characterized by worse surface activity of the surfactants expressed by poorer 

surface tension reduction due to weaker solvophobic effect that ethylene glycol, and 

significantly poorer than water. 
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It was observed that formation of micelles strongly depends on the structures of both 

system components. Surface tension decrease, resulting from micellization, was determined 

only in systems based on ionic liquids having 2-6 carbon atoms in cations alkyl substituent, 

but no micellization was observed in 1-octyl-3-methylimidazolim ILs, what was elucidated by 

the presence of too weak solvophobic effect. Micellization was determined only in ILs 

containing tetrafuoroborate [BF4], and hexafluorophosphate [PF6] ions, but not with 

trifluoromethanesulfonate [OTf] and bis(trifluoromethylsulfonyl)imide [NTf2] anions. The  

[EMIM][OTf] ionic liquid was an exception, which was observed to support micellization of 

Tween 20 surfactant. The influence of the nonionic surfactants on micellization is also 

significant. It was determined, that due to decrease of the number of oxyethylene groups in a 

surfactant, the micellization takes place more easily, what is expressed by lower CMCs and 

more negative Gibbs free energy values. 

Critical micelle concentration values also depend on the structures of ionic liquids and 

surfactants. CMC values were observed to decrease linearly with increased length of ILs 

cations alkyl chains, while, the higher CMCs were observed for ILs with tetrafluoroborate 

anions. Presence of amphiphiles possessing long oxyethylene chains resulted in high CMC 

values (Triton X surfactants), whereas, their exchange with the bulkier and more branched 

surfactants (Tweens) resulted in CMC decrease, therefore better solvophobic interactions. 

Solvents properties of the ILs were described by means of Gordon value, calculated from 

density coefficients. Obtained data fit with the assumption that the value of Gordon parameter 

of a solvent should exceed 0.54 J/m
3
 to support micelle formation. Determined plots of ∆Gm 

vs. Gordon values showed decreasing linear relationship with the elongation of ILs cations 

alkyl chains, independently from anions present and surfactants used, what only confirms 

former conclusions based on surface tension measurements. 

The presence of micellar aggregates was confirmed by means of dynamic light scattering 

method. The investigation revealed the influence of ILs structure on the size of micellar 

hydrodynamic diameters. The decrease of ILs cations alkyl chains was followed with the 

increase of micelles, whereas the anionic moiety provided the increase of the aggregates as 

follows: [BF4], [TFO], [PF6]. Micelles formed by Triton X-100 were smaller that Tween 20. 

Increasing surfactant content in the solutions, also above CMC, provides growth of micelles.  
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Thermodynamic evaluation revealed that formation of micelles is most favorable at 25-

35ºC, what was depicted with the U-shaped plots of CMC on temperature dependences. Free 

energy of micellization is negative over the whole concentration range of the analyzed 

systems, indicating the process to be spontaneous.  

Conductometric measurements of micellar solutions revealed, that depending on the 

surfactant used, the systems fitted with Looyenga (Triton X-100) or Bruggeman 

approximations (Tween 20), following the assumptions of the model. The number of IL 

cations associating with each OE unit of the surfactant was reported to depend on both anion 

and cation ILs moieties. Also the smaller is the cation and the weaker are cation-anion 

interactions, the better is ILs ability to interact with surfactants OE groups. 

 

8. Final comments 

The scientific novelty of performed investigation is description of solvent-solute 

synergy, and system conditions, which enable and affect micellar aggregation and its 

parameters. Gathered data may serve as a powerful tool in designing new micellar systems 

based on nonionic surfactants with oxyethylene groups and ionic liquids of similar structured 

to the imidazolium ones, such as pyridinium, pyrrolidinium, and piperidinium. Presented 

issues were published in “Micellar aggregation of Triton X-100 surfactant in imidazolium 

ionic liquids” in Journal of Molecular Liquids, and in “Micelle formation of Tween 20 

nonionic surfactant in imidazolium ionic liquids” in Colloids and Surfaces A: 

Physicochemical and Engineering Aspects. Performed investigation is a chemical concept, 

being a part of a chemical technology project. 

The capability of selected imidazolium ionic liquids to support micellar aggregation of 

selected nonionic surfactants, the mechanism and conditions supporting the aggregation are 

provided in the dissertation. Surface active agents represent two types of structures amongst 

the vast family of nonionic surfactants, therefore, for better characterization of imidazolium 

ILs in terms of micellization, further research is needed regarding amphiphiles of different 

structures, such as simple-chained polyoxyethylene alkyl ethers (CmEn) or a variety of 

branched sorbitan esters, to determine broader characteristics of interactions of ionic liquid 

ions and surfactants structures. For better understanding of micellization thermodynamics, the 
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temperature range for conducted measurements requires broadening. The overall 

characteristics should be also supported with some type of Fourier transform analyzes, to 

obtain better outlook on the molecular interactions, especially hydrogen bonds, which play 

dominant role in the interactions of ILs with other species. Another important feature is 

replacement of ILs imidazolium cation with other, already well characterized ones, such as 

pyridinium, pyrrolidinium, and piperidinium, which are often described in the literature 

concerning their character, behavior and a broad range of applications.  

Surfactants-in-ILs micelles were already reported to be a tool for synthesis 

of nanostructured materials, such as “highly organized hybrid nanostructures with 

unparalleled quality” [134]. Systems similar to the ones described in dissertation may be used 

for pharmaceutical purposes like drug delivery and medical synthesis [9]. Aggregation of 

surface active pharmaceutical ingredients in ionic liquids may be controlled by tuning ILs 

structure, like type of anions and cations, and cations chains lengths [135]. Another example 

of drug delivery, including ionic liquids as media for encapsulation and controlled release, 

was presented by Greaves [136]. Other possible applications which utilize amphiphiles self-

assembly are dispersions, wetting, detergency/dry cleaning, and lubrication. Binary micellar 

systems of amphiphiles in ionic liquids are used as basis for formulation of microemulsions, 

which help to extend the solvating properties of neat ionic liquids, by e.g. improving 

solubility of apolar substances, initially insoluble in pure ILs, e.g. micro-reactors for organic 

and inorganic synthesis [136-138].  
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Summary 

A number of imidazolium ionic liquids, with 2 - 8 carbon atoms in cation alkyl chains, 

and tetrafluoroborate, hexafluorophosphate, bis(trifluoromethylsulfonyl)imide and 

trifluoromethanesulfonate anions, were characterized for their ability to support micellar 

aggregation of nonionic surfactants in binary solutions. Performed measurements included 

determination of surface tension, viscosity, density, conductivity and surfactant micellar 

diameters. Goniometric measurements carried out in the range of 15.0 – 45.0°C allowed 

thermodynamic characterization of the investigated systems. Calculated Gordon parameter 

was confirmed to provide information on the ability of ionic liquids to support micellization. 

It was observed, that structures of both, surfactant (number of oxyethylene groups) and ionic 

liquid (anion and cation type and alkyl chain length), strongly influence micellization process, 

critical micelle concentration values, size of micellar hydrodynamic diameters and 

aggregation numbers. Formulated binary solutions were compared to well described aqueous 

and ethylene glycol surfactant micellar systems. Modification of micellar parameters was 

performed by mixing different mass ratios of two ionic liquids of unlike characters. The 

research gives broader outlook on the possible applications, potentials and limitations of 

imidazolium ionic liquids in the field of surface chemistry, as solvents supporting 

micellization. 
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Streszczenie 

 

Scharakteryzowano grupę imidazoliowych cieczy jonowych, zawierających 2-8 

atomów węgla w podstawniku alkilowym kationu, oraz aniony: tetrafluoroboranowy, 

heksafluorofosforanowy, bis(trifluorometylosulfonylo)imidkowy oraz trifluorosulfonylowy, 

pod kątem zdolności do wspierania micelizacji surfaktantów niejonowych w układach 

dwuskładnikowych. W ramach przeprowadzonych badań wyznaczono napięcie 

powierzchniowe, lepkość, gęstość, przewodnictwo oraz średnice hydrodynamiczne micel. 

Charakterystykę termodynamiczną układów wykonano na podstawie wyników pomiarów 

napięcia powierzchniowego, przeprowadzonych w przedziale 15,0 – 45,0°C. Wykazano 

przydatność parametru Gordona w predykcji zdolności rozpuszczalnika, do wspierania 

agregacji micelarnej. Zaobserwowano, że zarówno struktura surfaktantu (ilość grup 

oksyetylenowych) jak i cieczy jonowej (długość łańcucha alkilowego w kationie oraz rodzaj 

anionu) ma znaczący wpływ na zdolność cieczy jonowej do wspierania micelizacji, wartości 

krytycznego stężenia micelizacji, wielkość micel oraz liczby agregacji. Analizowane układy 

zostały porównane z układami micelarnymi opartymi na wodzie i glikolu etylenowym, które 

zostały szczegółowo opisane w literaturze. Możliwość modyfikowania właściwości fazy 

rozpuszczalnikowej zbadano poprzez zmieszanie serii ułamków masowych dwóch cieczy 

jonowych o odmiennych właściwościach. Przedstawione w dysertacji wyniki badań mogą być 

istotnym narzędziem do projektowania nowych układów micelarnych zawierających 

imidazoliowe ciecze jonowe, jako fazę rozpuszczalnikową. 
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