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ABSTRACT 

AGGREGATION AND INTERFACIAL BEHAVIOR OF CHARGED 

SURFACTANTS IN IONIC LIQUIDS 

FEBRUARY 2015 

LANG CHEN 

B.S., UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Harry Bermudez 

 

Room-temperature ionic liquids (ILs) exhibit a unique set of properties, leading 

to opportunities for numerous applications such as green solvents, batteries and 

lubricants. Their properties can be greatly tuned and controlled by addition of 

surfactants. It is therefore critical to obtain a better understanding of the aggregation 

and interfacial behavior of surfactants within ILs.  

Firstly, the phase diagram and aggregation isotherms of surfactants in several 

distinct ILs were investigated by solubility and tensiometry. A connection between 

solubility of the surfactant and the physical properties of the underlying ionic liquid 

was established. We found that the interfacial energy was crucial in determining 



ix 

 

aggregation behavior while electrostatic interactions could be largely ignored. This 

finding could provide the general prediction of solubility and the first indication of how 

to choose ILs with desired properties. Secondly, this study was extended to include 

mixtures of cationic and anionic surfactants where our data further demonstrated near-

complete charge screening. The critical micelle concentration (CMC) and mixed 

micelle composition were found to be close to ideal behavior. This so-called charge 

screening in IL is in sharp contrast to that of aqueous solution and can be explained by 

Debye theory. Moreover, our pulsed-field gradient spin-echo (PGSE)-NMR data 

confirmed the existence of micelle formation and showed evidence that the IL anion 

partially incorporates into surfactant micelles, resulting in slower diffusion when the 

surfactant concentration is above the CMC. Lastly, through use of X-ray photoelectron 

spectroscopy (XPS), the roles of surfactant alkyl chain length, concentration, and 

probing depth on interfacial properties were investigated. Depending on the chain 

length and concentration, surfactants can alter the IL interface to varying extents, 

highlighting a simple route to manipulate interfacial properties. XPS is further 

demonstrated to be a direct measurement of the surface activity and ion-exchange 

behavior in surfactant-ionic liquid system. 

The results here give insight into the interaction between solutes and IL solvents 

and the nature of self-assembly of surfactants in ILs. This study could significantly 

broaden the potential application of ionic liquids such as novel solvents for protein 

storage and electrolytes for Li-ion batteries. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Ionic liquids (ILs), or molten salts, are a class of organic fused salts with melting 

point below 100 °C. Many of them are liquids at room temperature and have a wide 

liquid range. ILs often comprise large organic cations paired with organic or inorganic 

anions. In the last few years, the physical and chemical properties of ionic liquids have 

attracted interest among chemists, biologists, physicists, and nanotechnologists for 

extremely diverse applications. Ionic liquids are considered to be the next generation 

of “green” solvent mainly due to their negligible vapor pressure. A better understanding 

about this class of “green” solvents would not only provide us a new window to 

reexamine our past experience and knowledge on material science, but also could 

broaden the range of future industrial applications. In this project, charged surfactants 

were introduced into ILs resulting in a neither aqueous nor molecular organic solvent 

system. In this “sea of ions” system, the aggregation and interfacial self-assembly of 

surfactants will take place and be characterized. In this introduction, the history and 

basic physiochemical properties of neat ILs will be firstly discussed. More complicated 

surfactant/IL systems will be reviewed with respect to their self-assembly and 

aggregation behavior. The techniques used here and other general techniques in this 
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research area will also be summarized. At the end of the introduction, the organization 

of this thesis will be addressed. 

1.2 Room Temperature Ionic Liquids 

1.2.1 History 

The term "ionic liquid" in the general sense was used as early as 1943.1 But one 

of the earliest truly room temperature ionic liquid, ethylammonium nitrate, with melting 

point of 12°C, was synthesized and described by Walden in 1914.2 Since then, ILs are 

continuing to receive intense attention as a result of their unusual and diverse properties 

due to the charged character. In the 1970s and 1980s, ionic liquids were developed for 

electrochemical applications such as electrolytes in battery applications.3-4 And from 

the mid-1980s, ILs were proposed and widely studied as new unique green solvents for 

organic reactions.5 In recent years, the number of ILs synthesized has been expanding 

rapidly and the potential ILs could be vast because of huge numbers of combination of 

different cations and anions (Figure 1.1). The possible combinations places chemists in 

the position to design and fine-tune physical and chemical properties by introducing or 

combining structural motifs and thereby, making tailor-made materials and solutions. 

Moreover, the huge numbers of ILs lead to the question of how to design optimal ILs 

by useful guidance. 
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Figure 1.1 Chemical structures of common IL cations (red) and anions (blue) reprinted 

from Castner et al.6. 

1.2.2 Characteristics and Applications 

As bulk solvents, ILs generally demonstrate negligible vapor pressure, high 

thermal stability, outstanding catalytic properties, and a wide range of solubility for 

various compounds.7-8 As mentioned, their properties can be readily adjusted by 

variation of cation and anion species.9 The bulk properties of ILs have been exploited 

to achieve self-assembly of micelles and vesicles which can be applied in separations, 

formulations, drug delivery, etc..10-12 The interfacial properties of ILs are of central 

importance in applications such as lubrication, (heterogeneous) catalysis, 

chromatography, and even fuel cells.13-17 Therefore, ILs are considered as the next 

generation of “designer” solvents comparing to traditional molecular volatile organic 

solvents (VOCs).8, 18-19 
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1.3 Self-assembly of Surfactants in ILs 

Although ILs are referred to as "designer" solvents due to their seemingly 

endless diversity, achieving desired properties remains largely empirical. This state of 

affairs motivates the synthesis and characterization of many new IL compounds to build 

and validate structure-property relationships. However, simple mixing is a traditional 

route to bypassing the iterative procedure of synthesis and characterization. One form 

of such mixing (and tuning of properties) is the introduction of surfactants to ILs. The 

self-assembly of surfactants will take place at both bulk and interface and eventually 

the two will reach equilibrium. 

The self-assembly of surfactants in ILs is of fundamental interest in the field of 

colloid and interface science.20-24 The ability of surfactants to self-aggregate depends 

on many factors.20 In an aqueous solution, as surfactant molecules are added, 

surfactants form a layer at the liquid-air interface. When the surface becomes saturated 

with surfactant monomers, molecules begin to aggregate in the bulk phase.25 This 

process happens in IL systems as well.21 The transition concentration during the process 

is referred to as the critical micelle concentration (CMC). Due to the reconstruction of 

the species in the solution, many properties such as surface tension, conductivity, NMR 

chemical shift, have a sharp transition at this concentration. 

The driving force of micellization in aqueous solution is the hydrophobic 

effect.22 The electrostatic interactions between the head groups determine their relative 
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positions and separations in aggregates.26 From a physical point of view, ionic liquids 

are more complex than aqueous solution because they combine properties from two 

vastly different types of materials: molten salts and organic liquids.27 Therefore, the 

micellization of surfactant in ionic liquids is expected to differ from that in aqueous 

solutions. 

It is well-established that the CMC for charged surfactants in aqueous solutions 

is reduced as the ionic strength increases.28 Intuitively, the presence of salt in water 

screens the electrostatic repulsion between charged headgroups, facilitating 

aggregation between surfactants and thereby lowering the CMC. The corresponding 

situation in ILs is not readily apparent, and from the argument above it might be 

anticipated that CMCs in ILs are much lower than in aqueous solutions. However, many 

experiments have shown that CMCs in ILs tend to be higher than in water,20, 24, 29-31 a 

result attributed to "solvatophobicity" or "solvophobicity". To gain further insight on 

solubility and aggregation behavior, in this project we will examine two series of 

common ionic surfactants (alkyl trimethylammonium bromides (CnTAB) and sodium 

alkylsulfate (SCnS)) and their mixtures in five distinct ionic liquids. The resulting 

CMCs not only vary substantially, but can have values either higher or lower than water. 

These results suggest an ability to rationally tune the CMC for any given surfactant by 

the appropriate choice of ionic liquid. 
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Besides the aggregation of surfactants in bulk solution, the introduction of 

surfactants can also extend the versatility of interfacial properties, with the possibility 

of greater control. The neat IL-vapor32 and IL-solid33 interfaces have been probed with 

both experimental34-40 and modeling approaches41-45, revealing unique features, such as 

(i) the preferential orientation of cations34-36, 42, 45 and (ii) the existence of surface 

layers37, 40, 42-44. The above two properties suggested an interesting context to explore 

the behavior of surface-active molecules. In particular, by pairing charged surfactants 

with ILs, a wide variety of interfacial behavior should become possible due to the 

interplay of electrostatic and surface forces. 

1.4 Techniques* 

* This section was partially published in [Chen, L. G.; Strassburg S. H.; Bermudez, H., 

"Characterization of Self-assembled Amphiphiles in Ionic Liquids", Invited Book Chapter]46 

1.4.1 Tensiometry 

The balance of forces at the free boundary of liquids reveals a net inward force 

towards the bulk, known as surface tension  𝛾 . Thus, surface tension is a property 

intimately related to both the bulk and the interface. Surface tension, also referred to as 

surface free energy, which represents the solvophobic interaction, is the main property 

of any liquid–gas interface. To modify the surface tension of a given liquid, surfactants 

are often used as additives, primarily because the bulk properties of the liquid remain 
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relatively unchanged. Other approaches to changing surface tension (e.g., temperature, 

solvent mixing) have the undesired effect that they alter both interfacial and bulk 

properties simultaneously. 

With respect to neat ionic liquids, their surface tensions span the range of 

organic solvents and in some cases approach the value of water.27, 47 Such a wide range 

is expected, given the organic character of IL ions and potential for hydrogen-bonding 

interactions.  

Several methods are available to measure surface tension, differing in 

sensitivity and ease of use. The most basic (and crude) is the capillary rise method, 

where a capillary of known radius, r, is partially immersed into the liquid. The height, 

h, of the liquid column inside the capillary is related to the surface tension 𝛾 

by:  
2𝛾(𝑐𝑜𝑠𝜃)

𝑟
= 𝑔ℎ(∆𝜌), where 𝜃 is the contact angle between the liquid and capillary, 

g is the gravitational constant and ∆𝜌 is the density difference between the inner and 

the surrounding fluid. In the case of ideal wetting and with air as the surrounding fluid, 

the above equation can be approximated as: 𝛾 = 𝜌𝑔ℎ𝑟/2. Other approaches include the 

bubble pressure, pendant-drop and Wilhelmy plate methods. The Wilhelmy plate 

method is perhaps the most sensitive and relies on the downward force applied to a 

probe by surface tension γ and the force due to buoyancy:  

𝐹 = 𝑚𝑝𝑔 − 𝑚𝑙𝑔 + 𝛾𝐿𝑐𝑜𝑠𝜃    (1.1) 
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where F is the force on the plate, mpg and mlg are the weight of plate and the buoyancy 

force on the plate. L is the wetted perimeter (NOT the height of the plate), 𝜃 is the 

contact angle. 

 

Figure 1.2 (a) Langmuir-Blodgett Trough setup as tensiometry and (b) surfactant 

aggregation process. 

In our study, Langmuir-Blodgett Trough is used as tensiometry by the Wilhelmy 

method (Figure 1.2 (a)). Monitoring the surface tension as a function of surfactant 

concentration at constant temperature yields a so-called "isotherm" and can be used to 

calculate interfacial properties as well as the onset of aggregation (Figure 1.2 (b)). From 

isotherm curve, a decrease of surface tension indicates that the surfactant is absorbed at 

the air/solution interface.21 After the break point of an abrupt change in the slope, the 

surface tension of the solutions remains unchanged with further addition of surfactant, 

indicating the saturation of surfactant monomers and the formation of aggregates. The 

CMC is identified by the sharp transition between a window of gradual decrease and a 
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plateau in the surface tension. During the decrease of surface tension, the Gibbs 

equation and thermodynamic analysis yield characteristics such as maximum surface 

excess concentration Γ, molecular area A, and free energies of micellization and 

adsorption.28  

  

Figure 1.3 Phase diagrams for binary mixtures, reprinted from Inoue et al.48. 

The CMC is an important characteristic of a surfactant in solution. But not all 

CMCs can be determined at room temperature, especially in IL. The Krafft point, or 

Krafft Temperature (Tk), is a minimum temperature above which surfactants form 

micelles.49 Micellization only takes place above the Tk, which itself depends on the 

nature of surfactant and the solvent. Tk can be determined by visual observation based 

on its phase diagram (Figure 1.3).48, 50 

1.4.2 X-ray Photoelectron Spectroscopy (XPS) 

Among all the surface-sensitive techniques, X-ray photoelectron spectroscopy 

(XPS) is arguably the most common and prominent UHV-based tool to provide unique 
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information on chemical composition, chemical state identification and even 

composition depth profiles of the near-surface region. The negligible vapor pressure of 

ILs enables the use of low-pressure techniques, including XPS, to directly probe the 

surface composition of the resulting interfaces.9, 51-56 Recently, Lovelock et al. 

published a comprehensive review article on photoelectron spectroscopy applied to IL 

interfaces.57 The first experimental investigation of the air-IL interface using XPS was 

reported by Smith et al. in 2005.51 This technique is based on the kinetic energy and 

number of photoelectrons that are irradiated by a beam of X-rays at the emission angle 

of 𝜃 (Figure 1.4).58 The electron binding energy of each of the emitted electrons is 

given by  

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑥𝑟𝑎𝑦 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐           (1.2) 

where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is the binding energy of the electron, 𝐸𝑥𝑟𝑎𝑦 is the energy of X-ray 

being used, 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of the electron measured. Different elements 

or the same element with different chemical environments will have different 

characteristic binding energy. The XPS signal originates from the top 1 to 10 nm of the 

sample depending on the emission angle 𝜃.  
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Figure 1.4 Schematic of X-ray photoelectron spectroscopy. Adapted from Chen et al.58. 

Atomic compositions were obtained by using known sensitivity factors for the 

instrument and setup. Molecular compositions are also determined by performing 

atomic mass balances using chemical formulas of each species (see Chapter 5 for 

details).59 Besides of elemental composition of the surface, XPS can also be used to 

measure the elements that contaminate a surface. For example, Figure 1.5 (a) is the XPS 

survey spectrum for the IL [EMIM][EtSO4].
59 The presence of C, N, O, S atoms 

confirms the formula and absence of other impurity at the air-IL interface. A series of 

XPS studies on the influence of anions and substituents for neat ILs have been reported 

by Lovelock et al..54-56 

As expected, most XPS studies have focused exclusively on neat ILs. However, 

the interfacial self-assembly of surfactants in IL have also been investigated by using 

XPS. For example, our group examined the influence of positively-charged surfactants 

alkyltrimethylammonium bromide (CnTAB) on the 1-ethyl-3-methyl imidazolium 
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ethylsulfate ([EMIM][EtSO4]) interface by XPS.60 Figure 1.5 (b) shows the C1s 

regional XPS scan of C8TAB on [EMIM][EtSO4]. 

 

Figure 1.5 (a) XPS spectra of [EMIM][EtSO4], recorded at θ = 45° emission angle. (b) 

XPS C1s regional spectra of (C8TAB) on [EMIM][EtSO4]. Adapted from reference 59. 

1.4.3 Pulsed-field Gradient Spin-Echo (PGSE) NMR 

Molecules can move in liquid or solution, known as Brownian molecular motion 

and is simply called diffusion or self-diffusion. Diffusion NMR experiments can 

resolve different compounds in a mixture based on their diffusion coefficients, 

depending on physical parameters such as: size and shape of the molecules, temperature, 

and viscosity. Assuming a spherical size of the molecule, the hydrodynamic radius Rh 

can be obtained from the Stokes-Einstein equation: 

𝑅ℎ =  
𝑘𝑇

6𝜋𝜂𝐷
           (1.3) 

where k is the Boltzmann constant, T is the temperature and η is the viscosity. 
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The diffusion NMR technique is often referred to as Diffusion Ordered 

Spectroscopy (DOSY) or Pulsed-field Gradient Spin-Echo (PGSE) NMR. By use of a 

gradient, molecules can be spatially labeled depending on their position in the sample 

tube. If they move after diffusion time Δ, their new position can be decoded by a second 

gradient. The NMR signal intensity is attenuated depending on the diffusion time Δ and 

the gradient parameters by 𝐼 = 𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−𝛿
3⁄ ) ,where I is the observed intensity, 

I0 the reference intensity (unattenuated signal intensity), D the diffusion coefficient, γ 

the gyromagnetic ratio of the observed nucleus, g the gradient strength, δ the length of 

the gradient, and Δ the diffusion time. To simplify the equation by combing some 

parameters, we have:  

𝐼 = 𝐼0𝑒−𝐷𝑄 or 𝑙𝑛 (
𝐼

𝐼0
) = −𝐷𝑄   (1.4) 

In other words, a series of NMR diffusion spectra are acquired as a function of 

the gradient strength g (Figure 1.6) and the slope of the peak linear decay (ln(I/I0) vs. 

Q) is used to obtain the diffusion coefficient D.  

 

Figure 1.6 Schematic of diffusion NMR spectroscopy. Reprinted from reference 61. 
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Diffusion NMR can indicate the formation of aggregates (e.g., micelles, 

emulsions). Moreover, the CMC values can be obtained from the transition of D vs. 

surfactant concentration plot. Because of the dynamic equilibrium between monomer 

and micelle, the observed diffusion coefficient is the mean value of the two states.62  

Diffusion NMR studies have also been performed on the self-aggregation of 

neat IL with or without the presence of salt.63-64 To our knowledge, surfactant 

aggregation in IL has not been studied yet by using PGSE-NMR although the analysis 

in aqueous solution can be also applied in surfactant-IL systems. Chapter 4 of this thesis 

will discuss our investigation on the diffusion and size of surfactant aggregates in 

[EMIM][EtSO4] by PGSE-NMR.  

1.4.4 Other Techniques 

Even though we are mainly using the above three techniques, many other 

surface or bulk liquid techniques have been conducted in different types of ILs or their 

complex systems such as Neutron Reflectivity (NR), Sum Frequency Generation (SFG), 

Atomic Force Microscopy (AFM), Fluorescence Spectroscopy, Polarized Optical 

Microscopy (POM), Scatterings (dynamic light scattering, SAXS, SANS), NMR, TEM, 

etc. To the best of our knowledge, a comprehensive review focusing on these techniques 

applied to the surfactant-IL systems has not been published yet. For the information of 

readers, we have reviewed these techniques with examples applied to both interface and 

the bulk as seen in reference46. 



15 

 

1.5 Thesis Outline 

Ionic liquids provide us a new window to reexamine our past understanding 

about solubility, micelle aggregation and interfacial self-assembly. In this thesis, I will 

describe some interesting phenomenon and the unusual behavior of surfactant in ionic 

liquid systems, in contrast to the aqueous solution. Chapter 2-4 will focus on the bulk 

aggregation, while Chapter 5 will discuss the interfacial behavior. This study could 

potentially broaden the future application of ILs in the areas of formulation, separation, 

drug delivery, and Li-ion batteries. 

In Chapter 2, charged surfactants with different hydrocarbon chain length were 

introduced into several different ionic liquids. A connection between the solubility of 

the surfactant and the physical properties of the underlying ionic liquid was established. 

Interfacial energy was found to be the major factor affecting the surfactant aggregation 

process. The results here give insight into explaining the nature of self-assembly of 

surfactants at IL interfaces and the interaction between solutes and IL solvents. 

In Chapter 3, the study was extended to include the mixtures of anionic and 

cationic surfactants in the same IL. Our experiments showed nearly ideal mixing of the 

two surfactant components over the entire composition range and suggested that charge 

screening is prominent in ILs. This behavior is in sharp contrast to the strong 

electrostatic attraction and a multiphase composition gap in water. Two models by Clint 
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and Rubingh, which describe ideal and nonideal micellar behavior, respectively, will 

also be discussed on the basis of our results.  

In Chapter 4, the behavior of the surfactant in IL was investigated by 

tensiometry and pulsed-field gradient spin-echo (PGSE)-NMR. Both techniques were 

independently used to determine the critical micelle concentration (CMC) and agreed 

well with each other. The latter technique also demonstrated that the anion of the IL is 

partially incorporated into the SDS micelles, revealing a more complex aggregation 

behavior than in aqueous solutions.  Our results, and the wide variety of available ILs, 

suggest new opportunities to control micellization behavior. 

In Chapter 5, our study moved to the interface. The influence of charged 

surfactant on IL interfaces will be discussed based on the results of X-ray photoelectron 

spectroscopy (XPS). The roles of surfactant alkyl chain length, concentration, and 

information depth on interfacial properties are investigated. Depending on the chain 

length and concentration, the surfactants can alter the IL interface to varying extents, 

highlighting a simple route to manipulate interfacial properties.  

In Chapter 6, conclusions of this thesis study will be presented. 
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CHAPTER 2 

SOLUBILITY AND AGGREGATION OF 

CHARGED SURFACTANTS IN IONIC 

LIQUIDS* 

* This chapter was published in [Chen, L. G.; Bermudez, H., "Solubility and aggregation of 

charged surfactants in ionic liquids." Langmuir, 28, 1157-1162, (2012)].65 

2.1 Introduction  

Room-temperature ionic liquids (ILs), organic salts with a melting point below 

100°C, continue to receive intense attention as a result of their unusual and diverse 

properties. ILs are extremely versatile; their properties can be readily adjusted by 

variation of the cation and anion species.9 As bulk solvents, ILs generally demonstrate 

negligible vapor pressure, high thermal stability, and a wide range of solubility for 

various compounds.7-8 For example, the bulk properties of ILs have also been exploited 

to achieve self-assembly of micelles and vesicles.11-12 The interfacial properties of ILs 

are also of central importance in applications such as lubrication, (heterogeneous) 

catalysis, and chromatography.13-16  

Although they are as sometimes referred to as "designer" solvents due to their 

seemingly endless diversity, achieving desired properties remains largely empirical.  

This state of affairs motivates the synthesis and characterization of many new IL 

http://pubs.acs.org/doi/abs/10.1021/la2040399
http://pubs.acs.org/doi/abs/10.1021/la2040399
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compounds to build and validate structure-property relationships. However, simple 

mixing is a traditional route to bypassing the iterative procedure of synthesis and 

characterization. One form of such mixing (and tuning of properties) is the introduction 

of surfactants to an interface. Because surfactants preferentially partition to the 

interface, they can extend the versatility of interfacial properties, with the possibility of 

greater control.  

It is well-established that the critical micelle concentration (CMC) for charged 

surfactants in aqueous solutions is reduced as the ionic strength increases.28 Intuitively, 

the presence of salt in water screens the electrostatic repulsion between charged 

headgroups, facilitating aggregation between surfactants and thereby lowering the 

CMC. The corresponding situation in ILs is not readily apparent, and from the argument 

above it might be anticipated that CMCs in ILs are much lower than in aqueous 

solutions. In contrast to this expectation, many experiments have shown that CMCs of 

neutral surfactants in ILs tend to be higher than in water,20, 24, 29-31 a result attributed to 

"solvatophobicity" or "solvophobicity". We note that surveys of the literature to date 

are complicated by many studies where the solvent is actually a water-IL mixture. To 

gain further insight into solubility and aggregation behavior in ILs, here we examine a 

series of common charged amphiphiles (alkyl trimethylammonium bromides) in four 

distinct neat ionic liquids. We did not restrict ourselves to a single class of ILs (e.g., 

imidazolium) because our intent was to obtain information on the general behavior of 

surfactant-IL systems. The main factor in selecting the ILs chosen here was their 
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relatively high bare interfacial tensions. Our results indicate that the CMC values not 

only vary substantially, but also can be either higher or lower than that of water. These 

results suggest an ability to rationally tune the CMC for any given surfactant by the 

appropriate choice of ionic liquid. 

2.2 Experimental Section 

Ionic Liquids (ILs). 1-ethyl-3-methyl imidazolium ethylsulfate 

[EMIM][EtSO4], I, and 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], 

III, were obtained from Sigma (>95% and >98%, respectively) and bis(2-hydroxyethyl) 

dimethylammonium methylsulfonate [BHEDMA][MeSO3], II, was a gift from 

Professor T. J. McCarthy. 1-butyl-1-methylpyrrolidinium dicyanamide [BMPyr][DCA], 

IV, was acquired from IoLiTec with mass fraction purities >98%. Their molecular 

weights and viscosities at room temperature are shown in Table 2.1. The structures of 

ILs are shown in Figure 2.1. All of the ionic liquids were dried by being heated at 70 °C 

under vacuum for 2 days. IV was purified following the procedure described in Lockett, 

et al.54 The purity of the neat ionic liquids and selected surfactants was assessed by 1H-

NMR or 13C-NMR and did not reveal any impurities. These findings were also 

confirmed by X-ray photoelectron spectroscopy (XPS) control experiments (see Table 

2.2). 
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Table 2.1 Physical Properties of Ionic Liquids and Water at Room Temperature 

 I II III IV V H2O 

MW (g/mol) 236.29 229.29 226.02 208.31 108.1 18.02 

Viscosity (Pa·s) 0.107 2.34 0.28 0.05 0.028 0.001 

surface tension 

(mN/m) 

48.7±0.5 

(N=37) 

64.5±0.5 

(N=28) 

44.7±0.5 

(N=15) 

53.3±0.3 

(N=7) 

47.566 72.8 

 

Figure 2.1 Structures of ionic liquids considered in this study. 

Table 2.2 Elemental Ratio of Neat Ionic Liquids from XPS, Recorded at Takeoff Angle 

of 45° (Following the procedures in Chapter 5) 

 C% O% N% S% F% B% 

I theory 53.3 26.7 13.3 6.7 / / 

expt. 52.1 28.5 13.1 6.4 / / 

II theory 50.0 35.7 7.1 7.1 / / 

expt. 49.5 37.0 6.9 6.6 / / 

III theory 53.3 / 13.3 / 26.7 6.7 

expt. 51.9 / 12.3 / 28.5 7.4 

IV theory 73.3 / 26.7 / / / 

expt. 75.2 / 24.8 / / / 
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Surfactants. Dodecyltrimethylammonium bromide (C12TAB) (99%) and 

hexadecyltrimethylammonium bromide (C16TAB) (>99%) were purchased from Fisher. 

Hexyltrimethylammonium bromide (C6TAB) (>98%), octyltrimethylammonium 

bromide (C8TAB) (>98%), decyltrimethylammonium bromide (C10TAB) (>98%), and 

tetradecyltrimethylammonium bromide (C14TAB) (>99%) were purchased from Sigma. 

All surfactants were used as received. 

Surface Characterization. Krafft temperatures were determined by visual 

observation of clear glass vials containing 1mL of IL and varying amounts of 

surfactant.50 The IL-surfactant mixtures were slowly heated with vigorous shaking. The 

temperature at which surfactant was completely dissolved was recorded. This method, 

while not particularly accurate, has the advantage of being simple and easy to perform. 

Surface tension was measured by the Wilhelmy method using a Micro Trough 

XS (Kibron, Inc.) and is especially suited for high-temperature experiments as 

compared to pendant-drop or bubble methods. At room temperature, all four ionic 

liquids have relatively high interfacial tensions relative to those of traditional organic 

solvents but much lower than that of water (Table 2.1). Our experimental values are in 

good agreement with those of literature, when available.17, 67-69 

For room temperature isotherms, in-house reverse osmosis (RO) water was 

passed through a 0.22μm filter and then used to dissolve the surfactants. After 

dissolution, solutions were heated to 50 °C to make stock solutions, which were 
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subsequently diluted to appropriate concentrations as needed. Approximately 300-

500μL of RO water, I, or II was examined as subphase in a metal alloy plate containing 

Teflon-lined wells with a fixed area of 2.9 cm2. To determine the effect of added 

surfactant, ~5-40 μL of surfactant solutions were applied dropwise to the surface of IL. 

Surface tensions were measured after an equilibration time of 15 min. We note that 

although water is introduced into the system, it is always less than 12% by volume and 

does not significantly alter the bare interfacial tension.18, 70  

For high temperature isotherms, surfactants were dissolved directly in ILs at 

elevated temperature. Surfactant-IL solutions (300μL) with different concentrations 

were applied on an aluminum plate with glass wells. The temperature was controlled 

and monitored by using a hotplate placed underneath the multi-well plate and an Omega 

HH506RA multilogger thermometer probe in the well of interest.  

2.3 Results and Discussion 

The Krafft temperature Tk is a point of phase change below that a charged 

surfactant remains in solidlike form, while above which its solubility rises sharply. 71 

At the Krafft point there is an equilibrium among this ordered (but solvated) phase, 

dispersed monomers, and micellar structrues. To obtain the CMC of the surfactants in 

the ionic liquids, measurements must be made above the Krafft temperature. Plots of 

surfactant solubility versus temperature (Figure 2.2, Figure 2.3 and Figure 2.4) yield 

the Krafft temperature Tk.
49 In the case of gradual changes in solubility, Tk is identified 
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from the transition between linear regimes. For example, Figure 2.2 shows the solubility 

behavior for C8TAB, C12TAB, C14TAB, and C16TAB in III.  

 

Figure 2.2 Krafft temperature measurements by solubility for octyl, dodecyl, tetradecyl, 

and hexadecyltrimethylammonium bromides in [BMIM][BF4], III. 

 

Figure 2.3 Krafft temperature measurements by solubility for octyl, dodecyl, tetradecyl, 

and hexadecyltrimethylammonium bromides in [EMIM][EtSO4], I. 
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Figure 2.4 Krafft temperature for hexyl, dodecyl, tetradecyl, and 

hexadecyltrimethylammonium bromides in [BMPyr][DCA], IV. 

Table 2.3 summarizes the Krafft temperature chain length dependence of 

CnTAB in the ILs and water. The Krafft temperatures for CnTAB in II are below room 

temperature for all surfactant chain lengths. I and III were found to have higher Krafft 

temperatures with increasing chain length of surfactant, which is the same trend as 

reported in the literature for V66 and H2O
72. Interestingly, IV does not seem to obey this 

chain length trend. 

Table 2.3 Krafft Temperature (°C) of CnTAB in I, III, IV, V and Water 

chain 

length 

I III IV V66 H2O
72 

6 / / 80±2.5 / / 

8 60±2.5 60±2.5 / / <0 

10 65±5 65±2.5 70±2.5 / <0 

12 70±2.5 70±1 65±2 20 <0 

14 75±2.5 80±2 65±2 34 ~0 

16 85±2.5 85±2 70±2 48 24 
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Generally speaking, by increasing the length of the surfactant alkyl chain, van 

der Waals interactions are also increased. As a result, the Krafft temperature is shifted 

higher. Besides van der Waals interactions between alkyl chains, solution conditions 

can also affect the Krafft temperature. With increasing counterion concentration, Krafft 

temperatures are generally increased, irrespective of whether the counterions are 

introduced from the surfactant itself73 or by addition of corresponding salt71, 74. In other 

words, the increased ionic strength of the solvent phase will screen repulsive 

electrostatic interactions between the charged surfactants, thereby favoring an ordered 

(solidlike) phase and increasing Tk. The result is an inhibitory “counterion effect” on 

solubility/micellization73 because as the surfactant concentration increases, so does the 

counterion concentration. If we assume that the solubility of surfactants will be 

intrinsically lower for longer chains, then as the chain length increases there is a 

competition between the decreased counterion concentration (lowering Tk) and the 

increasing van der Waals interactions (raising Tk). It is possible that for 

trimethylammonium surfactants in IV, the counterion effect dominates and would give 

the observed trend in Table 2.3.  

Another relevant example is the case of added alcohol, which has been shown 

to depress the Krafft temperature.75 It is therefore not surprising that II, with its two 

hydroxyl-terminated chains, displays the lowest Krafft temperatures out of the four ILs 

studied here. It becomes apparent that the interplay of the above effects makes it a 

nontrivial matter to anticipate Krafft temperatures for surfactants in ILs. However, the 
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chemical diversity of ILs should facilitate greater control over this important interfacial 

property.  

 

Figure 2.5 Isotherms of C14TAB in different subphase at 20°C (a, in H2O, I, and II) 

and at 90°C (b, in I, III, and IV). 

When a surface becomes saturated with surfactant monomers, it becomes 

favorable for micelles to form in the bulk solution. This process occurs in both water 

and IL systems. Plots of surface tension as a function of concentration for C14TAB at 

20°C and 90°C in different subphases are given in parts a and b, respectively, of Figure 

2.5. As can be seen, the surface tension decreases upon addition of surfactant from the 

value of pure solvent to a final value which remains more or less constant. This 

transition is identified as the CMC of the surfactant. Note that C14TAB in I at 20°C 

does not show a CMC (the red open triangle in Figure 2.5a) because its Krafft 

temperature is much higher than room temperature. At room temperature, the viscosity 

of the neat IL is roughly 100 times larger than that of water (Table 2.1). Moreover, at 

high surfactant concentration, this particular surfactant-IL solution appeared to become 
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somewhat crystalline and was too viscous for its surface tension to be reliably measured. 

However, when the same experiment was performed for C14TAB in I at 90°C, a CMC 

can be clearly identified (the red open triangle in Figure 2.5b). The above effects are 

presented as an example of what is characteristic surfactant behavior above and below 

the Krafft temperature.  

 

Figure 2.6 Isotherms of CnTAB in [BMIM][BF4], III, at 90°C. 

 

Figure 2.7 Isotherms of CnTAB in [EMIM][EtSO4], I at 90°C. 
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Figure 2.8 Isotherms of CnTAB in [BMPyr][DCA], IV at 90°C. 

By maintaining a fixed isotherm temperature of 90 °C, comparisons of 

interfacial properties are facilitated. Figure 2.6, Figures 2.7 and Figure 2.8 summarize 

high temperature (i.e., 90 °C) isotherms of alkyltrimethylammonium bromides in III, I 

and IV, respectively. As the alkyl chain length of surfactants increases, there is a clear 

shift to the left while the surface tension is lowered (Figure 2.6). It is apparent that with 

increasing chain length, the solution will have lower CMC and corresponding surface 

tension γCMC, which is similar to that of aqueous systems. From these isotherms, a series 

of valuable surface properties can be elucidated, such as, effectiveness of surface 

tension reduction ΠCMC, surface excess concentration at saturation Γ1 and surface 

area/molecule A1 at the air-liquid interface (Table 2.4, Table 2.5 and Table 2.6). 
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Table 2.4 Surface Properties of CnTAB in [BMIM][BF4], III at 90°C 

chain 

length 

CMCa 

(mM) 

CMCb 

(mM) 

γCMC(mN/m) ΠCMC 

(mN/m) 

Γ1(umol/m2) A1(A
2) 

8 4000 4450 33.5 7.1 0.65 256.5 

10 2500 1990 31.3 9.7 0.78 211.7 

12 1000 1060 30.5 9.8 0.76 218.9 

14 800 800 29.5 10.5 0.81 204.1 

16 150 90 34.9 4.7 0.64 260.0 

a Estimated from Figure 2.2. b Calculated from Figure 2.6. 

Table 2.5 Surface Properties of CnTAB in [EMIM][EtSO4], I at 90°C 

chain 

length 

CMC(mM) 

estimate 

CMC(mM) γCMC(mN/m) ΠCMC 

(mN/m) 

Γ1(umol/m2) A1(A
2) 

6 / 5110 34.8 9.8 0.61 270.6 

8 3500 3310 32.0 11.5 0.81 203.8 

10 2000 1960 29.7 14.3 0.96 172.8 

12 1000 590 30.6 13.2 0.80 206.6 

14 500 190 27.4 17.9 1.49 111.3 

16 100 106 31.4 15.0 1.02 163.0 

Table 2.6 Surface Properties of CnTAB in [BMPyr][DCA], IV at 90°C 

chain 

length 

CMC(mM) 

estimate 

CMC(mM) γCMC(mN/m) ΠCMC 

(mN/m) 

Γ1(umol/m2) A1(A
2) 

6 6000 6450 41.2 7.8 0.6 260.5 

10 3000 2820 34.5 14.4 1.2 134.5 

12 2000 1670 32.2 16.8 1.4 115.6 

14 1000 720 32.1 17.3 1.3 128.1 

16 500 340 32.0 16.6 1.3 131.1 

The CMC can be estimated from solubility phase diagrams (e.g., Figure 2.2), 

by identifying the first sudden and rapid rise in solubility as a function of the 

temperature. The CMC can also be calculated from the intersection of two linear 
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regimes of the isotherms in Figure 2.6. From Table 2.4, it is evident that the CMCs 

obtained from either method are in good agreement with each other. 

ΠCMC is defined by ΠCMC = γ0 - γCMC, where γ0 is the surface tension of the pure 

solvent and γCMC is the surface tension of the solution at the CMC. This parameter 

indicates the maximum reduction of surface tension for pure solvent caused by the 

addition of surfactant, and hence reflects the effectiveness of the surfactant. Because γ0 

values of the neat ILs are somewhat lower than that for water, and their γCMC are 

comparable, the calculated ΠCMC is found to be smaller than that of water, showing the 

reduced effectiveness of the same surfactant in lowering the surface tension in ionic 

liquids.  

A typical trend is that, as chain length increases, the saturated surface tension 

γCMC is lowered and therefore the corresponding surface pressure at the CMC, ΠCMC, is 

higher. However, the surfactant with the longest chain length, C16TAB, appears to 

disobey the trend because it has the largest γCMC and lowest ΠCMC. One possible reason 

is that the plateau in surface tension has not yet been reached (Figure 2.6) or that the 

Krafft temperature for C16TAB in III is very near the temperature of the isotherm, 

resulting in a relatively unstable solution. This latter notion is supported by the good 

consistency with the trend for IV (Table 2.6, Supporting Information), where C16TAB 

has much lower Krafft temperature (Table 2.3) than that for I and III.  
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The surface excess concentration Γ1 and the interfacial area per surfactant 

molecule A1 were calculated by use of the appropriate Gibbs equation.76 Γ1 is a useful 

measure of the effectiveness of adsorption of the surfactant, and A1 provides 

information on the degree of packing and the orientation of the adsorbed surfactant 

molecule.  

For solutions of singly charged ionic surfactant (m=2)76-77 in the absence of any 

other solutes, G
1
= -

1

mRT
(

¶g

¶lnC
)
T , and A

1
=

1

G
1

. From Table 2.4, we can see Γ1 

generally increases from C8TAB to C14TAB in III and A1 decreases. This trend means 

that, with increasing chain length, more surfactant molecules are adsorbed when the 

surface is saturated, resulting a higher packing density and a lower γCMC. For the same 

reason discussed above, C16TAB displays an atypical surface excess concentration and 

surface density. 

 

Figure 2.9 Dependence of chain length of surfactant on CMC in different solvents at 

temperatures higher than their Krafft temperatures. 
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Figure 2.9 shows the linear relationship of log(CMC) versus chain length in all 

ILs and water. The data for ethylammonium nitrate V were obtained from previously 

published report.66 While many studies of aqueous solution have already pointed out 

the relationship between log(CMC) and chain length,22-23, 66 in IL solvents such an 

analysis must be reconsidered. In addition, we aimed to understand why the CMCs of 

charged surfactants in ILs can be both larger (e.g. I) or smaller (e.g. II) than in water, 

especially when it is observed that ILs generally give higher CMCs.24, 29, 78 It would be 

of great importance to understand the CMC and solubility behavior of the same 

surfactant in different solvents. 

Part of the answers to the above questions can be found by a mean-field 

consideration of solubility.28 Considering a two-phase system where the molecular 

interaction energy of a particular type of molecule or particle has different values, 1

i

and 2

i , if one phase (i = 1) is a pure liquid (log X1 = 0), from the well-known Boltzmann 

distribution, we have 

2 1 2 1 1exp[ ( ) / ) exp( / )i i iX X kT X kT      
                 (2.1) 

where X1 and X2 are the equilibrium concentrations of the molecules in the two phases. 

In general, 
i can be any type of interaction that contributes to the chemical potential. 

We assume the simplest intermolecular interaction to be 

i

iA  
                                                (2.2) 
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where i  is the interfacial energy of the surfactant-solvent interface and A is the 

interfacial area per surfactant. Extending this analysis to account for other 

intermolecular interactions (e.g., dispersion, induction, etc.) is limited to crude 

estimates due to a lack of detailed IL characterization data and was therefore not 

pursued further. Combining the above two equations gives 

             (2.3) 

where, Xs, the quotient of X2 and X1, is the solubility of the surfactant. Given the 

structure of the surfactants, we assume the area A is proportional to the chain length 

and therefore log Xs is also proportional to the chain length n. 

Because the CMC is more or less independent of temperature above Tk, the 

CMC can be considered to be equal to the solubility under these conditions. Therefore, 

Equation 2.3 can be used to explain the linear relationship between log(CMC) and chain 

length in Figure 2.9:  

   log(𝐶𝑀𝐶) ≈ log𝑋𝑠 ≈ −
𝛾12

𝑘𝑇
𝑛                              (2.4) 

Here, the interfacial energy γ12 can be expressed79 as: 

12 1 2 12 1 22       
                                   (2.5) 

12log /i

sX kT A
kT


   
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where γ1 and γ2 are the surface tensions of pure solvent and pure surfactant, respectively. 

The quantity Φ12 is a factor accounting for different types of interactions (dispersion, 

induction, etc.) across the interface. Because the pure surfactants used here are solids, 

γ2 is estimated from the surface tension of liquid hydrocarbons with the similar chain 

lengths. 

For the interface of water with hydrocarbons, it is well known that γ12 and γ2 for 

octane-water system are 50.8mN/m and 21.8mN/m, respectively.80 We assume γ2 for 

CnTAB series used here are close to the surface tension of pure octane. Therefore, the 

proportionality constant can be determined from Equation 2.4 and the Φ12 for octane-

water system can be calculated from Equation 2.2. By using the calculated constant and 

the slopes in Figure 2.9, γ12 and Φ12 for all five ILs can be calculated (Table 2.7).  

Table 2.7 Summary of CMC Analysis of Data from Figure 2.9 

 I II III IV V H2O 

γ12(mN/m) 30.6 62.2 31.9 21.4 40.5 50.879-81 

Φ12 0.57 0.32 0.51 0.76 0.41 0.55 

Overall, it seems that the larger the interfacial tension γ12, the lower the CMC. 

This correlation supports the notion that interfacial energy is the major factor affecting 

the aggregation process for both aqueous and ionic liquid solutions. We note that such 

a conclusion would not be apparent from inspection of the bare interfacial tensions 

(Table 2.1). This view is also consistent with the observation that the CMC for CnTAB 

surfactants in II is lower than that in water. The two hydroxyl groups in II result in a 
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much larger interfacial tension with the CnTAB surfactants and hence show saturation 

at a relatively lower concentration. At first glance, the validity of our results may seem 

counterintuitive, since we did not include electrostatic interactions in our mean-field 

model. However, increasing experimental evidence82-83 suggests that the extremely 

high ionic concentration of ILs in an exceptionally effective screen of electrostatic 

interactions. We note that such behavior bears a resemblance to the “ideal” behavior of 

polymer melts, where excluded volume effects cancel. 

The Φ12 values reflect the types of interactions within each phase and across the 

interface,81 with higher values reflecting greater similarity (and hence increased mutual 

solubility). Thus the lowest Φ12 value for trimethylammonium surfactants in II is 

consistent with the lowest observed CMC. Similarly, the largest Φ12 value for IV is 

consistent with the largest observed CMC. It is obvious from Equation 2.5 that Φ12 is 

intimately related to the interfacial tension, and equivalent arguments can be made from 

that perspective. We note while the general trend can be qualitatively described, there 

is no obvious reason why the CMC for CnTAB in I is lower than the CMC for CnTAB 

in III. Separate experiments by our group to determine IL polarity using Reichardt's 

dye84 did not indicate substantial differences between I and III (data not shown). Given 

the small differences between I and III and the uncertainty in each CMC determination, 

it is simply possible that these CMC values are not statistically distinct. Another reason 

for the unusual behavior of I may be related to the extent of ion paring between the 

specific cation and anion of the IL.85  
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Equation 2.4 also suggests that directly measuring the interfacial energy 

between ILs and other materials (e.g., contact angle27) would be very useful not only in 

confirming our results, but also in predicting the aggregation and solubility of 

surfactants in both existing and newly available ILs. As more detailed characterization 

of ILs becomes available, the effects of additional intermolecular interactions may also 

be considered. 

2.4 Conclusions  

In summary, the aggregation and solubility behavior of charged surfactants in 

ILs have been investigated and compared to those in water. Temperature is of great 

importance in both bulk aggregation and surface assembly of surfactants in ILs, as 

dictated by the solubility phase diagram. Isotherms at room temperature or high 

temperature are measured to give a series of useful surface properties including the 

chain length dependence of the CMC. These properties give us a better understanding 

of the surface activity of surfactants in ILs. By using a mean-field approach, we 

conclude that the interfacial energy is crucial in both solubility and aggregation 

behaviors. The role of IL chemistry is reflected in the net attractive interactions across 

the interface. Because interfacial energy appears to be the essential factor, our results 

suggest that there may be a simple method for choosing ionic liquids with desirable 

solvation capability and aggregation properties. Finally, we note that there is still a 

room for even further manipulation of interfacial properties: the combination of ILs and 
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water has already been shown to modify the aggregation behavior of particles and 

surfactants.83, 86-87 
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CHAPTER 3 

CHARGE SCREENING BETWEEN 

ANIONIC AND CATIONIC 

SURFACTANTS IN IONIC LIQUIDS* 

* This chapter was published in [Chen, L. G.; Bermudez, H., Charge Screening between 

Anionic and Cationic Surfactants in Ionic Liquids. Langmuir 2013, 29 (9), 2805-2808.]88 

3.1 Introduction 

Mixed surfactant systems, including their mixed micelles, exhibit striking 

changes in their physical properties as compared to single component surfactants 

and hence are of great theoretical and practical interests. These systems are 

encountered in numerous applications for the purpose of separation, foam-

generation, dispersion, and detergency.89-90 Based on the type of head groups in 

surfactants, various combinations of nonionic/cationic/anionic surfactants have 

been studied by a number of workers,89, 91-92 and several models have been proposed 

to rationalize their behavior.93-97 Among them, two widely used models are those 

of Clint93 and Rubingh94. The former describes ideal surfactant mixtures, while the 

latter uses regular solution theory to describe non-ideal surfactant mixtures. Among 

all the possibilities, binary mixtures of oppositely charged surfactants (i.e., cationic 
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and anionic) are of special interest because of their strong electrostatic interaction 

in water and thus enhanced surface activity.  

It is known that aqueous solutions of surfactant mixtures can have critical 

micelle concentrations (CMC) either lower94 or higher98 than that of each individual 

surfactant due to specific interactions (synergistic or antagonistic) between 

surfactants within micelles. These interactions as well as the surfactant composition 

strongly affect the phase behavior of anionic/cationic surfactant mixtures. Therefore, 

a better understanding of the specific interactions and the resulting micellar 

composition and interfacial behavior is of central importance.  

Most of the previous work on mixed surfactant systems has been concerned 

with the aqueous solution. However, over the last few years, amphiphiles in ionic 

liquids (ILs) have received increasing attention.7, 20, 29 Ionic liquids are 

extraordinary solvents with potential opportunities for numerous applications, for 

example, ionic liquids could be useful for contact angle probe fluids or catalysis.67, 

99 To our knowledge, excluding one study on nonionic surfactant mixtures in ILs,100 

the aggregation and phase behavior of ionic surfactant mixtures in ionic liquids has 

not been reported. Our previous work from Chapter 265 as well as other reports82 

has suggested that in ionic liquids, the electrostatic interactions between single 

component charged surfactants are negligible due to strong charge screening. Here 

we use the ionic liquid 1-ethyl-3-methyl imidazolium ethylsulfate [EMIM][EtSO4] 
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to explore its influence on anionic/cationic surfactant mixtures. [EMIM][EtSO4] 

was chosen as a model ionic liquid because it has been extensively studied. A direct 

comparison between aqueous and ionic liquid solutions would not only help us 

better understand the specific interactions between surfactants, but also could 

broaden the application range for both mixed surfactants and ionic liquids.  

3.2 Experimental Section 

Materials and Methods. 1-ethyl-3-methyl imidazolium ethylsulfate 

[EMIM][EtSO4] was obtained from Sigma (>95%). This ionic liquid was dried by 

heating at 70oC under vacuum for 2 days. The purity of the neat ionic liquid and 

selected surfactants was assessed by 1H-NMR or 13C-NMR and did not reveal any 

impurities. These findings were also confirmed by XPS control experiments.59 

Dodecyltrimethylammonium bromide (DTAB) (99%), and sodium dodecylsulfate 

(SDS) (98+%) were purchased from Fisher. DTAB was purified by recrystallization 

from an acetone/ethanol mixture101 and SDS was used as received. The structures 

of the ionic liquid and two surfactants are shown in Figure 3.1. 3,3′-

Dioctadecyloxacarbocyanine Perchlorate (DiO) was obtained from Invitrogen. 

deuterium oxide, (99.98 atom%) was obtained from sigma. All reagents and 

solvents were used as received. Fluorescence spectra were recorded using a JASCO 

FP-6500 spectrofluorimeter. 1H NMR spectra were recorded on a 400 MHz Bruker 

NMR spectrometer. 
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Figure 3.1 Structures of SDS, DTAB and [EMIM][EtSO4]. 

Surface Characterization. Surface tension was measured by means of the 

Wilhelmy method using a Micro Trough XS (Kibron, Inc.). For room temperature 

isotherms in water, in-house reverse osmosis (RO) water was passed through a 

0.22μm filter and then used to dissolve the surfactants. For surfactant mixtures, 

stock solutions of cationic and anionic surfactants were mixed at certain molar 

ratios and kept at room temperature for over 48h until the solution became 

completely clear. For high temperature isotherms in [EMIM][EtSO4], surfactants or 

surfactant mixtures were dissolved directly in [EMIM][EtSO4] at elevated 

temperature. After dissolution, solutions were subsequently diluted to appropriate 

concentrations as needed. Surfactant solutions (300μL) with different 

concentrations were applied on an aluminum plate with glass wells. Surface 

tensions were measured after an equilibration time of 30 min. Temperature was 

controlled and monitored by using a hotplate placed underneath the multi-well plate 

and an Omega HH506RA multilogger thermometer probe in the well of interest. 

All concentrations here are presented as millimoles of surfactant per liter of solvent 
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(mmol/L). In the case of surfactant mixtures, the concentration is based on moles 

of the total surfactant alkyl chain to facilitate comparison. 

CMC Measurement by Fluorescence Spectroscopy. 0.1 mg DiO was 

dissolved 1 mL acetone and then 50 μL of DiO solution was added into a glass vial 

and the solvent was evaporated by using a heat gun. 1 mL of surfactant mixture-

[EMIM][EtSO4] stock solution was predissolved and added into the glass vial. Dio 

was partially dissolved in the solution with vigorous shaking. Then the solution was 

filtered with a 1 μm syringe filter to remove residual DiO. The Fluorescence 

Spectroscopy was recorded at 90oC. For CMC measurement, solutions with 

encapsulated DiO were successively diluted by neat [EMIM][EtSO4]. The 

maximum intensity of the peak was plotted against the surfactant total concentration 

and the transition point was reported as the CMC. 

CMC Measurement by 1H NMR. For ionic liquid solution, No-D 1H NMR 

was measured at 90oC with D2O as a shimming reference solvent. And the peak 

position was adjusted and compared by the spectrum of a neat [EMIM][EtSO4]. 

3.3 Results and Discussion 

To obtain the CMC of the surfactants in solutions, measurements must be 

above the Krafft temperature Tk.
50, 73 Tk values were determined by visual 

observation as describe in Chapter 2,65 and the summary of Tk are listed in the Table 
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3.1. In general, the Tk for surfactant-water solutions are below room temperature. 

However, all the Tk of our surfactant-IL solutions determined by solubility 

measurements are above room temperature but below 90°C. Therefore, isotherms 

were measured at 20°C in water and at 90°C in [EMIM][EtSO4]. Because Shinoda73 

and Schick102 have pointed out that CMC is a weak function to the change of 

temperature, a comparison of the two systems at different temperatures is 

reasonable. All the isotherms are shown in Figures 3.2 and 3.3 and these were used 

to determine CMC values from the intersection of linear fits.  For each isotherm, 

we constructed several pairs of linear fits (generally 3) by using varying numbers 

of isotherm data points. This approach allowed us to calculate the mean value for 

the CMC and its standard error, and these are shown in Figure 3.3. We emphasize 

that the gradual nature of the transition in ILs (Figure 3.4) does not reflect surface 

activity behavior that is different from that of water. Probe fluorescence (Figure 3.5) 

and 1H-NMR (Figure 3.6 and 3.7) were used as independent CMC measures of 

selected samples, and all of the data are in good agreement. 

Table 3.1 Krafft Temperatures of SDS/DTAB Mixtures in [EMIM][EtSO4] 

SDS mole fraction Tk (
oC) 

0.0 65 ± 5 

0.25 70 ± 5 

0.5 70 ± 5 

0.75 65 ± 5 

1.0 40 ± 5 
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Figure 3.2 Isotherms of SDS/DTAB Mixtures with different mole fraction 

of a component in the mixture, α1, in water at 20oC.  
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Figure 3.3 Isotherms of SDS/DTAB Mixtures with different mole fraction 

of a component in the mixture, α1, in [EMIM][EtSO4] at 90oC. 

 

Figure 3.4 Critical micelle concentrations (CMC12) for SDS/DTAB mixtures in (a) 

water (solid circles) at 20°C and (b) [EMIM][EtSO4] (solid squares) at 90°C. The 

dashed lines represent 12

idcmc  from Equation (3.1). 
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Figure 3.5 CMC calculation of SDS/DTAB mixtures (α1 = 0.75) in [EMIM][EtSO4] 

by fluorescence spectroscopy. Inset is fluorescence of DiO in the surfactant-IL 

solutions with different concentrations (the arrow indicates increasing 

concentrations). The CMC was determined to be 208mM. 

 

Figure 3.6 1H NMR spectrum at 90oC obtained for (a) [EMIM][EtSO4] and (b) 

SDS/DTAB mixtures (α1 = 0.75) in [EMIM][EtSO4]. The total surfactant 

concentration is 800mM. 
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Figure 3.7 Plots of δ for surfactants protons as a function of SDS/DTAB mixtures 

(α1 = 0.75) concentration in [EMIM][EtSO4]. 

Clint93 has shown that for an ideal binary surfactant mixture, the critical 

micelle concentration 12

idcmc  can be calculated from the single component values, 

CMC1 and CMC2, and the mole fraction of a component in the mixture, α1, as 

described by Equation 3.1. Herein we denote SDS as component 1 and DTAB as 

component 2. 

1 1

12 1 2

(1 )1
idcmc cmc cmc

 
            (3.1) 
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When 12

idcmc  and the experimentally determined CMC for the mixture 

(CMC12) are different, a non-zero interaction between the two components exists. 

From Equation 3.1, ideal mixtures are predicted to have a CMC intermediate 

between the two single component CMC values. 

Figure 3.4 plots CMC12 and 12

idcmc  of SDS/DTAB mixtures in both water 

and [EMIM][EtSO4]. We have to note that in water, the range 0.12 <α1< 0.62 

corresponds to a multiphase region,103 and therefore in this concentration range, 

CMC12 is not applicable. In sharp contrast to ideal mixing behavior (Figure 3.4 (a) 

dashed line), the CMC12 in water are much lower than those of the single 

components due to the strong attractive electrostatic interaction between the 

oppositely charged head groups. This so-called synergistic effect104 is also observed 

for the surface activity of mixtures in water.  If we exclude the single component 

data (α1 = 0, α1 = 1) in water, the trend in CMC12 is decreasing slightly with 

increasing SDS mole fraction (Figure 3.4 (a)). This gradual decrease might be due 

to the fact that CMC1 < CMC2; that is, pure SDS has a lower CMC than pure DTAB 

in water. 

In contrast to the U-shaped CMC12 behavior of the SDS/DTAB mixtures in 

water, CMC12 values for the same mixtures in [EMIM][EtSO4] are intermediate 

between the two single component CMC values (Figure 3.4 (b)). The CMC12 values 

in [EMIM][EtSO4] are also clearly much higher than those in water because of 
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lower solvophobic interaction between the alkyl chain and IL as compared to the 

hydrophobic interaction between the alkyl chain and water.7, 78 Furthermore, the 

CMC12 curve in [EMIM][EtSO4] is only slightly above the ideal 12

idcmc  curve 

(dashed line) calculated from Equation 3.1, which is due to weak repulsive 

interactions between the components in the mixed micelle.105-106 In addition, there 

is no multiphase composition gap in [EMIM][EtSO4], which broadens the 

application of anionic/cationic surfactant mixtures. As compared to water, the 

different CMC behavior indicates a dramatic change in the interactions between 

surfactant molecules in ILs. We believe this behavior is due to the cations and 

anions from both the IL and the surfactant creating a “sea of ions” which screens 

electrostatic interactions between them.82 This charge screening, at a much lower 

degree, is a well-known salt effect in aqueous solution.28 

The Debye screening length, the distance beyond which Coulomb 

interactions can be essentially ignored,28 lends support to highly effective charge 

screening in IL systems. In the case of neat [EMIM][EtSO4], the Debye length is 

about 0.16 nm, which is even shorter than the radius of surfactant alkyl chain (0.2 

nm). In contrast, the Debye length of a 1mM NaCl aqueous solution is about 10 nm. 

Even if we recognize the limits of applicability of Debye theory,107 this comparison 

argues that the electrostatic interaction in IL is much weaker than in water and can 

be largely ignored.  Such a strong charge screening effect would result in the 

surfactant-IL solution being close to ideal, as is observed in Figure 3.4 (b).  
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Figure 3.8 Surface tensions at CMC (γCMC) for SDS/DTAB mixtures in (a) water 

(open circles) at 20°C and (b) [EMIM][EtSO4] (open squares) at 90°C. 

In Figure 3.8, the surface tension at CMC (γCMC) of SDS/DTAB mixtures in 

water (20°C) and [EMIM][EtSO4] (90°C) is plotted against the SDS mole fraction 

in the surfactant mixture α1. In both water and [EMIM][EtSO4], mixtures always 

show higher surface activity than the single components as seen by the lower γCMC 

of the mixtures (Figure 3.8). We note that for [EMIM][EtSO4], γCMC is not 

monotonic with α1 as is CMC12. This trend indicates different behavior at the air-

liquid interface and the bulk solution. The mixed monolayers at the interface have 

better packing than single component surfactants, as determined by the maximum 

surface excess concentration (Гm) (Table 3.2), and hence have lower γCMC. 

Comparing the two solvents (Figure 3.8), the lower γCMC in [EMIM][EtSO4] than 

in water is probably due to the higher measurement temperature.  

 

 



59 

 

Table 3.2 Maximum Surface Excess Concentration (Гm) of SDS/DTAB Mixtures 

in [EMIM][EtSO4]. The values of Гm are calculated from the Gibbs Adsorption 

Equation76 

SDS mole fraction Гm (μmol/m2) 

0.0 0.65 

0.25 0.86 

0.50 0.85 

0.75 0.84 

1.0 0.75 

To obtain more information on the micellar level, compositions in mixed 

micelles were calculated and compared to the two models for both solvents. From 

the Clint ideal mixing model,93 the SDS fraction in the mixed micelles at the CMC 

( 1

idx ) can be obtained after calculating 12

idcmc : 

1 12
1

1

id
id cmc

x
cmc


              (3.2) 

Rubingh94, 105 extended the ideal mixing model by using regular solution 

theory, and this approach also permits calculation of SDS fraction in the mixed 

micelles at the CMC (x1) by numerically solving eq 3.3: 

2 21 12 1 12
1 1

1 1 1 2

(1 )
ln[ ] (1 ) ln[ ]

(1 )

cmc cmc
x x

x cmc x cmc

 
 


       (3.3) 

The characteristic of this nonideal model is the net interaction parameter β 

for surfactants within mixed micelles: 

1 12 1 1

2

1

ln( / )

(1 )

cmc x cmc

x


 


        (3.4) 
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Values of the interaction parameter β were calculated using Equation 3.4 for 

both water and [EMIM][EtSO4] solvents. The sign and magnitude of β for water 

and [EMIM][EtSO4] (Table 3.3), indicate strong attractive and weak repulsive 

interactions between surfactant molecules, respectively. The difference in the 

interactions is consistent with the different aggregation and surface activity 

behavior in water versus IL.  

Table 3.3 Interaction Parameter (β) of SDS/DTAB Mixtures in Water and 

[EMIM][EtSO4] 

SDS mole fraction Solvent 

water [EMIM][EtSO4] 

0.05 -16 n.d. 

0.1 -20 n.d. 

0.25 n.a. 0.43 

0.5 n.a. 0.15 

0.75 -19 1.2 

0.9 -21 n.d. 

Note: n.a. represents not applicable in water due to the two-phase gap, and n.d. 

represents not determined in [EMIM][EtSO4]. 

 

Figure 3.9 SDS mole fraction in micelles (x1) from Equation 3.3 for SDS/DTAB 

mixtures in (a) water (solid circles) and (b) [EMIM][EtSO4] (solid squares), 
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evaluated from Equation 3.3 at the CMC. The dashed lines represent 1

idx  from 

Equation 3.2. 

The calculated 1

idx  and x1 in water and [EMIM][EtSO4] are plotted against 

α1 in Figure 3.9. In water, irrespective of the SDS mole fraction in the mixture, the 

SDS mole fraction in the mixed micelles is always close to 0.5, with a slight 

ascending trend (Figure 3.9 (a)). This tendency to a 1:1 ratio in the mixed micelles 

is presumably due to the strong electrostatic attraction between cationic and anionic 

head groups in water. On the contrary, in [EMIM][EtSO4] x1 is always quite close 

to 1

idx  (Figure 3.9 (b)). This result again agrees the nearly ideal behavior of mixed 

surfactants in [EMIM][EtSO4] and suggests that this system is not strongly driven 

by electrostatic attractions. Moreover, x1 is always higher than α1, which means SDS 

is more prone to form micelle than DTAB in [EMIM][EtSO4]. This difference in 

micellization ability can be confirmed by the lower CMC value of pure SDS (α1 = 

1) as compared to pure DTAB (α1 = 0) in [EMIM][EtSO4] (see Figure 3.4 (b)). Cui 

and coworkers108 recently suggested that mixed surfactants do not aggregate 

simultaneously; rather, the component with lower CMC aggregates first, and the 

second component joins these existing micelles upon reaching its own CMC, which 

results in the mixed micells having a composition which differs from the bulk.  
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3.4 Conclusions  

In summary, the effect of SDS/DTAB mixture composition on aggregation 

and interfacial behavior in [EMIM][EtSO4] has been investigated and compared to 

water. In both water and [EMIM][EtSO4], the mixtures always show higher surface 

activity than that of the single component due to better interfacial packing. But they 

have very different micellar behavior in the two solvents. In [EMIM][EtSO4], nearly 

ideal mixing of the two oppositely charged surfactants was observed over the entire 

composition range. The behavior in [EMIM][EtSO4] is in sharp contrast with water, 

where the strong electrostatic attraction between the two oppositely charged 

surfactants dominates their aggregation behavior, resulting a composition gap 

because of precipitation. Our experiments suggest that charge screening in 

[EMIM][EtSO4] is quite strong, due to its high charge density. A small deviation of 

CMC12 from the ideal values indicates weak repulsion between the surfactant 

molecules within micelles, supported by the models of Rubingh. This study could 

significantly broaden the potential application of mixed micelles in ILs where 

specific conditions are demanding (e.g., high temperature, low pressure, broad 

composition range). 
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CHAPTER 4 

SHORT IONIC LIQUIDS PLAY ROLES 

AS BOTH SOLVENT AND CO-

SURFACTANT IN MICELLIZATION* 

* This chapter was submitted to Journal of Physical Chemistry Letter.  

4.1 Introduction 

Aggregation of surfactants in ionic liquids (ILs) is receiving increased attention; 

these systems have many potential applications such as solubilization109, separation110, 

dispersion111-112, catalysis14, drug delivery10, etc. The advantages of ionic liquids as 

solvents are due to their unique physical and chemical properties (e.g., negligible vapor 

pressure and thermostability) and these properties can be readily adjusted by variation 

of cation, anion, or the cation substituents. Prior works have shown that ionic liquids 

can act not only as a solvent, but also as a surfactant.22, 113 Self-assembly of surfactants 

in ionic liquids is thus potentially more complicated than in aqueous solutions. Different 

aggregation structures have been reported in these systems, such as micelles, 

microemulsions, liquid crystals, vesicles, and gel.78 Our group (Chapter 2, 3, and 5),59-

60, 65, 88 and others7, 20, 30, 66, 114 have studied both the interfacial and micellar aggregation 

of charged surfactants in ionic liquids. However, the size and shape of surfactant 

micelles in ionic liquids is still not clear. In this chapter, we report on sodium dodecyl 
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sulfate (SDS) behavior in the ionic liquid 1-ethyl-3-methyl imidazolium ethylsulfate 

[EMIM][EtSO4]. Firstly, tensiometry is used to measure the critical micelle 

concentration (cmc) of the solution. Pulsed-field gradient spin-echo (PGSE)-NMR 

technique is then used independently verify the cmc and to characterize the diffusion 

coefficient as a function of SDS concentration. The advantage of using PGSE-NMR is 

that all the ionic species in the system ([EMIM], [EtSO4], and SDS) are characterized 

in a label-free manner. This type of direct comparison between surfactant behavior in 

aqueous and ionic liquid solvents gives insights which could broaden the range of 

applications range for such surfactant/ionic liquid systems.  

4.2 Experimental Section 

Materials and Methods. 1-ethyl-3-methyl imidazolium ethylsulfate 

[EMIM][EtSO4], were obtained from Sigma ( > 95%). This ionic liquid was dried by 

heating at 70 oC under vacuum for 2 days. The purity of the neat ionic liquid and 

selected surfactants was assessed by 1H-NMR or 13C-NMR and did not reveal any 

impurities. These findings were also confirmed by XPS control experiments (see 

Chapter 5, Chen et al.59). Sodium dodecylsulfate (SDS) (98+%) were purchased from 

Fisher and were used as received.  

Surface Characterization. Surface tension was measured by means of the 

Wilhelmy method using a Micro Trough XS (Kibron, Inc.). At room temperature, the 

surface tension for neat [EMIM][EtSO4] at room temperature is 48.7 ± 0.5 which is 
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relatively higher than that of traditional organic solvents but much lower than that of 

water. Our experimental value is in good agreement with that of literature.68  

For room temperature isotherms in water, in-house reverse osmosis (RO) water 

was passed through a 0.22 μm filter and then used to dissolve SDS. For high 

temperature isotherms in [EMIM][EtSO4], SDS was dissolved directly in 

[EMIM][EtSO4] at elevated temperature. After dissolution, solutions were 

subsequently diluted to appropriate concentrations as needed. All concentrations here 

are presented as milimoles of surfactant per liter of solvent (mmol/L). Surfactant 

solutions (300μL) with different concentrations were applied on an aluminum plate 

with glass wells. Surface tensions were measured after an equilibration time of 30 min. 

Temperature was controlled and monitored by using a hotplate placed underneath the 

multi-well plate and an Omega HH506RA multilogger thermometer probe in the well 

of interest. 

Pulsed-field gradient spin-echo (PGSE-NMR). All solutions were prepared 

by directly dissolving certain amount of SDS in [EMIM][EtSO4] or D2O. PGSE-NMR 

diffusion measurements were carried out on a 400 MHz Bruker NMR spectrometer 

equipped with a temperature controller. The self-diffusion measurements were 

performed with a Gaussian-shape pulsed field gradient stimulated echo, whose 

magnitude is 5.35 Gauss/mm. The diffusion time, Δ, between the two pulses was set 

between 200-500 ms, and the gradient pulse duration, δ, was set between 2 and 6 ms, 
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depending on the diffusion coefficient of the mobile species. The diffusion coefficient 

value was determined from the intensity change equation: 

𝐼 = 𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿
3

)
 

Here, I and I0 are the areas of the signal obtained with or without gradient pulses 

respectively, D is the diffusion coefficient, 𝛾  is the gyromagnetic ratio of proton, 

whose value is given by 2.675*108 T-1s-1, g is the magnitude of the two gradient pulses.  

The 1H-NMR spectra example of SDS in [EMIM][EtSO4] is shown below in 

Figure 4.1. The diffusion coefficient value of proton peaks from the same ion species 

are consistent with each other. Due to the overlap of some peaks, the diffusion 

coefficient of [EMIM] is the average value of Ha, Hb, Hc, Hd, and He; Diffusion 

coefficient of [EtSO4] is from Hh; Diffusion coefficient of SDS is the average of HC 

and HD. 
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Figure 4.1 1H-NMR spectra of SDS in [EMIM][EtSO4] at SDS concentration of 575 

mM. 

Viscosity. Viscosity measurements were conducted on a stress-controlled TA 

Advantage 2000 rheometer using a 40 mm aluminum parallel-plate geometry115 at a 

constant temperature of 90 °C for [EMIM][EtSO4] and 20 °C for D2O. A solvent trap 

was used to prevent sample evaporation (for D2O solution) during measurements. The 

geometry was rotational mapped before conducting measurements to erase any history. 

In the mode of steady state flow, the shear rate was chosen in the range of 0.5-500 s-1 

to obtain a plateau region of viscosity value. Viscosity was obtained from the average 

value of the plateau. Both forward and backward cycles were conducted and they 

showed little to no hysteresis. The viscosity of neat solvent D2O (1.25 mPa·s at 20 °C) 

and [EMIM][EtSO4] (11.8 mPa·s at 90 °C) were consistent with literature values.  
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4.3 Results and Discussion 

We first obtain the cmc of SDS in [EMIM][EtSO4] by tensiometry, noting that 

such measurements must be conducted above the Krafft temperature Tk.
50 The Tk of 

SDS in water is below 20 °C116 and in [EMIM][EtSO4] is below 50 °C (by solubility 

measurements, data not shown). Therefore, we measure surface tension at 20 °C for 

aqueous solutions and at 90 °C for IL solutions. 

 

Figure 4.2 Isotherms of SDS in water at 20 °C (solid square) and in [EMIM][EtSO4] 

at 90 °C (solid circle). 

As shown in Figure 4.2, the surface tension of SDS in water (20 °C) and 

[EMIM][EtSO4] (90°C) are plotted against SDS concentration. The cmc of SDS in 

water is 8.7 mmol/L, which is consistent with literature.28 [EMIM][EtSO4] shows 

higher solvation ability than water as seen from the much higher cmc (208 mmol/L), 
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attributed to the difference in solvophobicity. That is, the organic character of the 

[EMIM] cation and the amphiphilic nature of the [EtSO4] anion of make the IL more 

alike to the SDS surfactant than water. The lower γcmc (i.e., surface tension at cmc) in 

[EMIM][EtSO4] as compared to water is most likely due to the difference in 

temperature. Surface properties in addition to the cmc and γcmc are summarized in Table 

4.1. 

Table 4.1 cmc, γcmc and Surface Properties (Surface Pressure at cmc (Πcmc), Surface 

Excess Concentration (Г1) and the Interfacial Area per Molecule (A1)) of SDS in Water 

(20°C) and [EMIM][EtSO4] (90°C) Obtained by Tensiometry 

SDS water [EMIM][EtSO4] 

cmc (mmol/L) 8.7 208 

γcmc (mN/m) 37.3 33.6 

Πcmc (mN/m) 35 10.6 

Г1 (μmol/m2) 1.9 0.75 

A1 (A
2) 86 222.9 

 

Figure 4.3 Diffusion coefficient of SDS in D2O at 20 °C (empty squares, data taken 

from Pettersson et al.62) and [EMIM][EtSO4] at 90 °C (solid circles) as a function of 
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SDS concentration. Note: SDS in D2O at 20 °C data from our own PGSE-NMR 

measurements are depicted by solid squares.  

Figure 4.3 plots the diffusion coefficient of SDS in D2O and [EMIM][EtSO4] as 

a function of SDS concentration. Diffusion coefficient measurements are repeated at 

least 3 times as shown in Table 4.2, Supporting Information. The diffusion coefficients 

remain constant up to the cmc, and they decrease steadily thereafter.  The cmc values 

obtained by PGSE-NMR are about 7 and 200 mmol/L for SDS in D2O and 

[EMIM][EtSO4], respectively, and agree well with the values from tensiometry in 

Figure 4.2.  

Table 4.2 Diffusion Coefficient Value (×10-10 m2/s) of SDS in [EMIM][EtSO4] at 

Various Concentrations 

Concentration 

(mmol/L) 

[EMIM] [EtSO4] SDS Number of 

measurements  

0 2.25±0.10 1.77±0.09 / 9 

41.6 2.43±0.16 1.94±0.14 1.50±0.06 3 

52 2.29±0.14 1.81±0.15 1.38±0.21 4 

104 2.22±0.24 1.76±0.23 1.35±0.10 3 

145 1.98±0.24 1.54±0.26 1.28±0.30 3 

208 2.15±0.52 1.70±0.52 1.39±0.51 3 

290 1.30±0.05 0.84±0.04 0.53±0.03 4 

416 1.18±0.03 0.72±0.01 0.44±0.01 4 

575 1.13±0.09 0.70±0.08 0.42±0.06 5 

624 1.06±0.07 0.63±0.04 0.38±0.03 6 

1200 0.76±0.07 0.39±0.04 0.23±0.02 4 

Because micelles are self-assembled structures, the diffusion coefficients 

measured by PGSE-NMR are a mean value of the free monomer and micelle. Thus, a 

molar-weighted average62 gives 
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f M
f M

t t

C C
D D D

C C
        (0.1) 

where Df,M are the diffusion coefficients of free monomer and micelle surfactant, 

respectively. Cf,M,t are the concentrations of free monomer, micelle and total surfactant, 

respectively and are related by mass balance: t f MC C C  . For SDS concentrations 

below the cmc, the free monomer concentration equals the total SDS concentration and 

thus fD D  for Ct < cmc. For SDS concentrations above the cmc, we assume that the 

concentration of free monomer SDS is constant and equal to the cmc. Thus we have 

( )t
f M

t t

C cmccmc
D D D

C C


   for Ct > cmc     (0.2) 

Multiplying Equation 4.1 by the solution viscosity h  and rearranging gives 

DhC
t
= D

f
hC

f
+D

M
hC

M
    (0.3) 

From Equation 4.3 we see that when Ct < cmc, t f tD C D C   (4.3 a) and 

when Ct > cmc, from Equation 4.2 we see that

( ) ( )t f M t f M M tD C D cmc D C cmc D D cmc D C            (4.3b). 

According to the Stokes-Einstein equation117, 
B

H

k T
D

F R
  (0.4), where F is a 

correction factor accounting for both the shape and size of the solute particle, and RH is 

the hydrodynamic radius of the particle. By inspection RH is inversely proportional to

D . For both free monomer and micelle species, the product D (i.e., fD  or MD  ) 
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is constant by using the assumption that the hydrodynamic radius of both species is 

independent of the SDS concentration. Therefore, the product DηCt is linearly related 

with the total SDS concentration Ct by Equations 4.3 (a) and 4.3 (b), with slopes fD 

and MD  for Ct below and above cmc, respectively.  

 

Figure 4.4 The product of diffusion coefficient, viscosity, and total SDS concentration 

(DηCt) for [EMIM] (solid squares), [EtSO4] (solid circles) and SDS (solid triangles) 

as function of total SDS concentration. The solid lines are best fits corresponding to 

Equations 4.3 (a) and 4.3 (b). 

Figure 4.4 shows the relationship between DηCt and Ct for the three ionic 

species in SDS-IL system, where we can see there are two linear regions with a break 

at cmc. The slopes of the two linear regions are summarized in Table 4.3. As already 

mentioned, the slopes are inversely proportional to the size of ionic species in the 

solution. At all concentrations, the slopes for the three ionic species are always in this 
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order: [EMIM] > [EtSO4] > SDS. Thus the size of the three species are always in the 

reverse order: SDS > [EtSO4] > [EMIM], and confirm our expectations from their 

known chemical structures. Depending on the concentration being below or above the 

cmc, we expect different effects for the solvent ([EMIM][EtSO4]) and the solute (SDS) 

due to the formation of micelles.  

Table 4.3 Slopes from Figure 3 (i.e., fD  or
MD  ) and their Ratio α 

 
fD   

(×10-12 J/m)a 

MD   

(×10-12 J/m)b 

/M fD D  
 

[EMIM] 3.0±0.11 3.4±0.24 0.88 

[EtSO4] 2.4±0.09 1.6±0.14 1.5 

SDS 2.0±0.08 0.86±0.13 2.3 
a Values for Ct < cmc 
b

 Values for Ct > cmc 

From Table 4.3, we see that even though the three species experience a 

transition at the cmc, the changes in size on either side of the transition are different. 

The ratios of the two slopes, /M fD D  , defined here as α, reflect the change of size 

due to the onset of aggregation. The larger the ratio α, the larger the size increase. For 

an ideal species with concentration-independent size, we expect α=1. We first observe 

that α values for the IL [EMIM] cation and [EtSO4] anion are relatively small (0.88 and 

1.5, respectively), while for the α value SDS is much larger (2.3). This larger α value 

for SDS indicates its aggregation in solution upon concentrations exceeding the cmc, 

and indeed the change in slope is statistically significant (p < 0.001, by Student’s t-test). 

Secondly, the relative increase of α for [EtSO4] (1.5) suggests that [EtSO4] is partially 
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involved in the micelle formation. Thus [EtSO4] can be considered as a co-surfactant 

with a short hydrocarbon chain, in agreement with previous studies demonstrating a co-

surfactant role for certain IL ions.22, 113 Indeed, the incorporation of [EtSO4] into SDS 

micelles has been recently observed by MD simulations. (McCutchen, M.; Chen, L. G.; 

Bermudez, H.; Matysiak, S., The interplay of dynamical properties between ionic 

liquids and ionic surfactants: mechanism and aggregation. Phys. Chem. Chem. Phys., 

submitted for publication, 2014.)  Thirdly, the minor increase of the slope for [EMIM] 

is not statistically significant (p > 0.05, by Student’s t-test) and reflects the negligible 

presence of [EMIM] within the micelles. 

Analogous DηCt data for SDS in D2O are shown in Figure 4.5. Note that the 

viscosity of SDS/D2O solutions are generally assumed to be constant with total SDS 

concentration, which is in contrast to SDS/[EMIM][EtSO4] solutions (Table 4.4, 

Supporting Information). From Figure 4.5, the calculated ratio α for SDS in D2O is 17, 

much larger than that in [EMIM][EtSO4]. The larger size increase in D2O is probably 

due to the larger solvophobicity of water as explained above, indicating a stronger 

driving force for micelle formation in aqueous solution compared to ILs. 
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Figure 4.5 The product of diffusion coefficient, viscosity, and total SDS concentration 

(DηCt) for SDS as function of total SDS concentration in D2O. The dash lines are best 

fits corresponding to Equations 4.3 (a) and 4.3 (b). Taken from Pettersson et al..62 Note: 

the solid square data are from our own PGSE-NMR measurements. 

Table 4.4 Viscosity 𝜂 (mPa·s) of SDS in [EMIM][EtSO4] at Various Concentrations 

Concentration 

(mmol/L) 

Viscosity (𝜼) 

(mPa·s) 

Number of 

Measurements (N) 

0  11.8±0.5 5 

41.6  12.4±0.3 5 

52  12.1±0.6 5 

104  12.9±1.3 3 

145  14.2±0.2 3 

208  14.4±1.0 3 

290  16.0±0.7 5 

416  20.2±2.1 5 

575  23.4±2.3 6 

624  24.3±2.4 5 

1200 42.3±4.7 5 

In principle, one could calculate the hydrodynamic radius, RH, of the ionic 

species based on Equation 4.4. However, we have not performed such a calculation on 
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account of (i) the uncertainty regarding the F factor in Equation 4.4, (ii) the difficulty 

in decoupling Df and DM, and (iii) the assumptions made to arrive at Equations 4.3 (a) 

and 4.3 (b).  

4.4 Conclusions 

In summary, the effect of surfactant concentration on aggregation behavior in 

ILs has been investigated by tensiometry and PGSE-NMR and compared to water. Both 

techniques are used to measure the cmc of SDS and yield consistent results. By applying 

the conventional analysis for the equilibrium between monomer and micelle, we derive 

an expression showing the linear relationship between the product DηCt and Ct, with 

the slopes reflecting the size of each species in the solution. Our data show evidence 

that the IL anion [EtSO4] partially incorporates into SDS micelles, resulting in slower 

diffusion when the surfactant concentration is above the cmc.  These findings 

highlight the importance of IL chemistry to influence aggregation processes, and 

suggests future opportunities to tailor micelle properties (e.g., composition, size, and 

dynamics) through the suitable choice of IL.  
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CHAPTER 5 

PROBING THE INTERFACE OF 

CHARGED SURFACTANTS IN IONIC 

LIQUIDS BY XPS* 

*This chapter was published in [Chen, L. G.; Bermudez, H., Probing the interface of charged 

surfactants in ionic liquids by XPS. In ACS Symposium Series 1117, Visser, A. E., Ed. American 

Chemical Society: Washington, DC, 2012; pp 289-302.]60 and [Chen, L. G.; Lerum, R. V.; Aranda-

Espinoza, H.; Bermudez, H., Surfactant-Mediated Ion Exchange and Charge Reversal at Ionic Liquid Interfaces. J. 

Phys. Chem. B 2010, 114 (35), 11502-11508.]59 

5.1 Introduction 

Room-temperature ionic liquids (ILs), organic salts with a melting point below 

100 °C, continue to receive intense attention because of their unusual and diverse 

properties.  The nature of the IL interface is of central importance in applications such 

as catalysis, chromatography, and fuel cells.13-17 The self-assembly of amphiphilic 

molecules such as surfactants in ILs is also of fundamental interest to the field of colloid 

and interface science.20-24  

Because of the negligible vapor pressure of ILs, ultrahigh vacuum (UHV) 

techniques can be used to interrogate IL surface and bulk properties.9, 51-56, 118 The 

application of UHV based techniques including X-ray photoelectron spectroscopy 
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(XPS), secondary ion mass spectrometry (SIMS),52 metastable impact electron 

spectroscopy (MIES),119 direct recoil spectroscopy,120 and low-energy ion scattering 

(LEIS),121 provides insight into both chemistry and surface properties at molecular 

length scales. Other surface-sensitive methods without UHV conditions include sum 

frequency generation (SFG), 122-123 X-ray reflectivity, 123-124 and surface tension 

measurements.125-127 Among all of these techniques, XPS is arguably the most common 

and prominent UHV-based tool to provide unique information on chemical 

composition, chemical state identification and even composition depth profiles of the 

near-surface region.  A comprehensive review article was recently published by 

Lovelock et al.57 on photoelectron spectroscopy applied to IL interfaces.  Since the 

first work on XPS of ILs at the IL-air interface reported by Smith et al51 and Caporali 

et al.121 in 2005, there have been many XPS studies on the influence of anions55 and 

substituents56 on the surface composition of neat ILs. Other XPS studies have sought 

to reveal the orientation of ions at the interface,54 to monitor organic reactions in ILs128 

and to characterize novel IL materials such as amino acid based ionic liquids.129  XPS 

has also been used to investigate surface enhancement and solubility of salts dissolved 

in ILs.118, 130  However, few studies have examined more complex systems such as 

surfactant-IL mixtures.  Through the introduction of (charged) surfactants, the 

interfacial properties such as surface tension, composition, and charge can be tuned and 

controlled.  More importantly, these properties can be quantitatively characterized by 

XPS. 
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This chapter intends to highlight opportunities in colloid and interface science 

made possible by the unique properties of ionic liquids and the strengths of XPS.  

While the ability of ILs to solubilize a wide variety of compounds is of clear interest 

and continues to be studied, 99, 131-136 mixtures that include ILs have complex phase 

behavior that is relevant to many potential applications.  For example, the formation 

of microemulsions or other dispersed phases can be facilitated and controlled through 

the use of amphiphilic molecules.137 At a more basic level, ionic liquids provide a 

window to re-examine our understanding of solubility and aggregation phenomena, 

which is most often based on our experiences with water, a unique solvent itself.  To 

begin addressing some of these questions, we have used two model hydrophilic ionic 

liquids, 1-ethyl-3-methylimidazolium ethyl sulfate, I, and bis(2-hydroxyethyl) 

dimethylammonium methylsulfonate, II (see Figure 5.1). These ionic liquids are 

commonly refered to as [EMIM][EtSO4] and [BHEDMA][MeSO3], respectively. These 

ionic liquids have been widely studied52-53, 59, 65, 138-139 and are miscible with water in 

all proportions.  Sodium alkyl sulfate and alkyltrimethylammonium bromides with 

different alkyl chain lengths were deliberately chosen as model ionic surfactants, so as 

to resemble moieties in the ILs and thereby promote more complex surface interactions. 

With these components, we find that ion exchange and charge reversal can occur at the 

interface, depending on the natures of the IL and surfactant. 
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Figure 5.1 Structures of the ionic liquids and surfactants in this study. 

5.2 Experimental 

Materials. [EMIM][EtSO4], I, was obtained from Sigma (>95%), and 

[BHEDMA][MeSO3], II, was a gift from T. J. McCarthy.67 Both of the ionic liquids 

were dried by heating at 70°C under vacuum for 2 days.  The purity of the neat ionic 

liquids, and selected surfactants, were assessed by 1H-NMR and did not reveal any 

impurities.  These findings were confirmed by subsequent XPS control experiments 

(Figure 5.2).59 

Sodium hexadecylsulfate (SC16S), sodium dodecylsulfate (SC12S), sodium 

hexylsulfate (SC6S), Tween 20, cetyl trimethylammonium bromide (C16TAB) and 

Dodecyltrimethylammonium bromide (C12TAB) (99%) were purchased from Fisher.  

Sodium octylsulfate, polyoxyethylene(4) lauryl ether (Brij 30), 

hexyltrimethylammonium bromide (C6TAB) (>98%), octyltrimethylammonium 

bromide (C8TAB) (>98%), decyltrimethylammonium bromide (C10TAB) (>98%), and 
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tetradecyltrimethylammonium bromide (C14TAB) (>99%) were purchased from 

Sigma.  All surfactants were used as received.  The water used to dissolve the 

surfactants was treated with in-house reverse osmosis (RO) and additionally passed 

through a 0.22 µm filter. After dissolution in RO water, solutions were heated to 50 °C 

to make stock solutions, which were subsequently diluted to the appropriate 

concentrations as needed. All samples were optically transparent by visual inspection. 

Tensiometry. Surface tension was measured by the Wilhelmy method using a 

Micro Trough XS (Kibron, Finland).  At room temperature, both of the ILs have 

relative high interfacial tensions with air, γI = 48.3 ± 0.8 mN/m (N=30) and γII = 64.5 

± 0.5 mN/m (N=26). These values are in good agreement with interfacial tensions 

obtained by independent laboratories using other methods.67 Subphase volumes were 

300-500 μL of either RO water, I, or II. Each subphase was palced in Teflon-lined wells 

with a fixed area, in a metal alloy plate. To determine the effect of added surfactant, 

between 5 and 40μL of surfactant aqueous solutions were applied to each well.  We 

note that although water is introduced in the application of surfactant, it is always less 

than 12% by volume and does not significantly alter the bare surface tension (Δγ < 3%), 

which was also found by Marsh et al.18  Surface tensions were measured after an 

equilibration time of 15 min. Finally, small amounts of water in imidazolium-based ILs 

have been shown both by experiment140 and simulation141 to be molecularly dispersed 

and not phase separated.  
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X-ray Photoelectron Spectroscopy.   Five microliters of aqueous surfactant 

solutions were applied onto the surface of 5μL of IL droplets using (oxygen-plasma-

cleaned) silicon wafers as substrates.  Samples were dried in a flowing nitrogen 

environment for 3 days at room temperature prior to conducting XPS measurement.  

XPS data were recorded using a Physical Electronics Quantum 2000 Microprobe 

instrument with monochromatic Al X-rays at 50 W, and a 200 μm spot area. The 

analyzing surface area was neutralized by an ion gun. Survey scans (3 min) were 

followed by regional scans (20 min) for each atomic element of interest. Regional scans 

were adjusted by a two-point linear background subtraction55 and normalized with 

respect to the relevant peak position for illustrative purpose only. Atomic compositions 

were obtained by using known sensitivity factors for the instrument and setup (See 

Appendix C). To determine molecular compositions, atomic mass balances were 

performed using the chemical formulas of each species (see Results and Discussion).  

Importantly, the purity of the neat IL and the negligible influence of water and nitrogen 

introduced during preparation were confirmed by several different XPS control 

experiments.  
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Figure 5.2 XPS spectra of neat [EMIM][EtSO4] (black, down) and [BHEDMA][MeSO3] 

(red, up), recorded at θ=45° takeoff angle. 

At a given takeoff angle θ, the exponential decay of the photoelectron intensity 

is given by 
𝐼

𝐼0
= exp(−

𝑧

𝜆 𝑠𝑖𝑛𝜃
), where z points along the inward surface normal.142 

Manipulation of the above expression leads to the fractional intensity 
𝐼

𝐼𝑡𝑜𝑡
= 1 −

exp(−
𝑧

𝜆 𝑠𝑖𝑛𝜃
), where Itot is the total intensity. The depth corresponding to 95% of the 

signal (i.e., z at I/Itot = 0.95) is denoted by d, and we find d ≈ 3λ sin θ. We note that 

XPS results for both neat ILs match the expected atomic ratios, consistent with minimal 

impurities (Figure 5.2). Furthermore, treatment of neat [EMIM][EtSO4] with Ar+ 

bombardment reveals negligible change in C1s and N1s signals. Most importantly, the 

Si2p signal is always at the noise level, eliminating the possiblility of Si contamination 

(Figure 5.3). As still another control, experiments demonstrate that the water used to 

introduce the surfactant does not contain measurable contaminates because the 

expected atomic ratios are obtained. This control consisted of adding the appropriate 

volume of water, followed by nitrogen drying, as above.  
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Due to the numerous species present, decoupling the peaks into contributions 

from particular elemental types is somewhat complicated. Therefore, rather than 

attempting to fit multiple Gaussian functions to our spectra, we analyzed the 

compositional data by means of atomic mass balances. Atomic mass balances can be 

found in standard chemical engineering textbooks143-144 and rely on the presentence of 

one or more unique atomic species (e.g., nitrogen or sulfur). As an example, we present 

this analysis in detail for SDS on [EMIM][EtSO4]. The four ionic species present are 

C12SO4
-, Na+, C6N2

+, and C2SO4
-, corresponding in this example to an index i = 1-4. 

Note that hydrogens are omitted in the above formulas because they are not detectable 

by XPS. Simply counting gives the total number of molecules 𝑛𝑡𝑜𝑡 = ∑ 𝑛𝑖𝑖 . The total 

number of atoms is then 𝑤𝑡𝑜𝑡 = ∑ 𝑤𝑖𝑛𝑖𝑖  where wi is the number of atoms in the ith 

species. We can immediately write a balance for each element as ∑ 𝑤𝑖
𝐸𝑛𝑖 = 𝑦𝐸𝑤𝑡𝑜𝑡𝑖 , 

where E denotes an element and yE denotes the atomic fraction of element E. For the 

example above, we obtain a set of four linearly independent equations:   

∑ 𝑤𝑖
𝐶𝑛𝑖 = 𝑦𝐶𝑤𝑡𝑜𝑡 = 12𝑛1 + 6𝑛3 + 2𝑛4    

𝑖

 

∑ 𝑤𝑖
𝑁𝑛𝑖 = 𝑦𝑁𝑤𝑡𝑜𝑡 = 2𝑛3   

𝑖

 

∑ 𝑤𝑖
𝑆𝑛𝑖 = 𝑦𝑆𝑤𝑡𝑜𝑡 = 𝑛1 + 𝑛4    

𝑖

 

∑ 𝑤𝑖
𝑁𝑎𝑛𝑖 = 𝑦𝑁𝑎𝑤𝑡𝑜𝑡 = 𝑛2    

𝑖
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The above system is readily solved for all the ni, since the yE are known directly 

from the XPS measurement.  

𝑛1 = (𝑦𝐶 − 2𝑦𝑆 − 3𝑦𝑁)𝑤𝑡𝑜𝑡/10 

𝑛2 = 𝑦𝑁𝑎𝑤𝑡𝑜𝑡 

𝑛3 = 𝑦𝑁𝑤𝑡𝑜𝑡/2 

𝑛4 = 𝑦𝑆𝑤𝑡𝑜𝑡 − 𝑛1 = (12𝑦𝑆 − 𝑦𝐶 + 3𝑦𝑁)𝑤𝑡𝑜𝑡/10 

The mole fractions are then 𝑥𝑖 =
𝑛𝑖

𝑛𝑡𝑜𝑡
, and because these concentrations are 

obtained by XPS, they are hereafter denoted as 𝑥𝑖
𝑠𝑢𝑟𝑓

. Note that the 𝑥𝑖
𝑠𝑢𝑟𝑓

 are spatial 

averages over the length scale d ≈ 3 nm, which is greater than the molecular lengths of 

the ions and surfactants.28, 145 Using larger XPS takeoff angles is undesirable because 

the resultant sampling depths would be less thatn the size of the surfactants.  

 

Figure 5.3 XPS regional spectra (a) C1s, (b) N1s, and (c) Si2p, for neat [EMIM][EtSO4] 

after 7.5 min of Ar+ ion bombardment.  Note that silicon content is minimal, reflective 

of minimal impurities. 

5.3 Results and Discussion 

The phase behavior of ionic surfactants is complex and depends on the solvent, 

concentration, and temperature. For example, micellization only occurs above a critical 

concentration and critical temperature, referred to as the critical micelle concentration 
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(CMC) and Krafft temperature (Tk), respectively. In Chapter 2, we have shown that 

Krafft temperatures for ionic surfactants in ILs are generally much higher than room 

temperature.65 As a consequence, surface tension measurements at room temperature 

do not entirely reflect the phase behavior of surfactants, in particular at high 

concentrations (Figure 5.4).  Because our XPS measurements were conducted at room 

temperature, these results are not complicated by the potential appearance of micelles. 

Of course, at sufficiently high surfactant concentrations, a separate solid phase will 

appear in equilibrium with the liquid phase. At low surfactant concentrations, interfacial 

properties will not be substantially altered – at least until a surface monolayer has been 

established.  Indeed, as was first noted by Rayleigh,146 the first break in plots of 

surface tension vs. concentration (i.e., isotherms) marks the onset of this condensed 

phase (Figure 5.4). Here we denote this transition concentration as Ca, and it 

furthermore provides a useful reference point. For example, using a relative 

concentration C*≈10Ca allows us to compare surfactants of different chain lengths in a 

more meaningful way than on an absolute basis (e.g., Figure 5.5).  
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Figure 5.4 Isotherms of C14TAB in [EMIM][EtSO4] at different temperatures: 20°C 

(black squares) and 90°C (red circles). The surface tensions of neat IL at different 

temperatures are shown as the first points before the break. The Krafft temperature for 

this system is Tk = 75°C.65 

 

Figure 5.5 (a) Surface fractions, , (CnTA+ (black squares), [EMIM]+ (red circles), 

[EtSO4]
- (blue triangles), and Br- (dark cyan triangles) and overall surface charge 

ratios (inset) and (b) surface enrichment of CnTAB on [EMIM][EtSO4]. Overall surface 

charge is defined as the ratio of total surface cations to total surface anions. Surface 

enrichment is defined as the ratio εi = / , where are taken over the XPS 

information depth d ≈ 3.2 nm.  

Table 5.1 lists both the transition concentrations (Ca) and critical micelle 

concentrations (CMC) of CnTAB in [EMIM][EtSO4] and in water. As noted earlier, the 

CMC can only be attained above the Krafft temperature. Although the Ca is a function 

surf
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of temperature, the values reported here are at room temperature to facilitate 

interpretation of the XPS measurements. Our own CMC determinations in water are 

consistent with literature values, 147-148 and these CMC are generally lower than those 

in ionic liquids, indicating the well-known behavior of greater solubility in ionic 

liquids. These results and others indicate that CMC values with respect to ionic liquids 

are determined by several interactions, including electrostatic forces and interfacial 

energy. (Actually, we have shown that interfacial energy between surfactant and ionic 

liquid is the key factor according to our study in Chapter 2 and 3). Furthermore, because 

the same CMC trend is observed for the neutral surfactants such as Brij-30 and Tween 

20 (data not shown), it becomes apparent that IL is playing an essential role in 

determining the interfacial behavior. To avoid the complexity of discussing multiple 

species in surfactants and ionic liquids, in our following discussion, we will only focus 

on alkyltrimethylammoniium bromide in [EMIM][EtSO4]. 

Table 5.1 Alkyltrimethylammonium Bromide Transition Concentrations, in mM, 

Determined by Tensiometry at room temperature 

chain length [EMIM][EtSO4] water 

 Ca 

(90°C) 

CMCexp 

(90°C) 

Ca 

(20°C) 

CMCexp 

(20°C) 

CMCref 

(25°C) 

6 70 5100 / / 990147 

8 33 3300 43 380 261147 

10 6.0 2000 4.3 69 64.6148 

12 1.4 510 2.2 14.8 14.2148 

14 0.6 190 0.03 3.1 3.6148 
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5.3.1 Chain Length Effect 

Analysis of XPS data typically involves decoupling signal peaks into 

contributions from particular elemental types based on their respective binding 

energies.52-55 However, this process is complicated in our systems due to the increased 

number of species: two ions from the IL and two ions from the surfactant.  We 

therefore analyzed the elemental composition data by means of atomic mass 

balances,143-144 which only rely on the presence of one or more unique atomic species 

(e.g., nitrogen or sulfur). In essence, this approach simply accounts for the relative 

amounts of a given element within each molecular species (See the experimental part 

of this Chapter).59  Once the compositions of all molecular species are determined, 

numerous additional quantities may be calculated.  The mole fractions of each species 

 gives an effective surface concentration averaged over the information depth d ≈ 

3.2 nm (based on an emission angle of 45°) which is greater than the molecular lengths 

of the ions and surfactants.28, 145  Figure 5.5 (a) shows the surface fractions of each 

species in the CnTAB / [EMIM][EtSO4] mixtures.  It can be seen that the IL 

components always remain the major surface species, which is likely due to the 

relatively low overall concentration of surfactants. As mentioned earlier, the bulk 

concentration for each mixture is fixed at C* ≈ 10Ca. In spite of this normalized 

concentration, the shorter chain length surfactants are more abundant near the surface 

than their longer counterparts are.  

surf

ix
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To more carefully consider the effect of surfactant chain length, we define 

"surface enrichment" as the ratio of surface fraction to bulk fraction, εi = / , 

which provides a measure of the relative tendency of a species to segregate to the 

interface (i.e., for an ideal mixture εi = 1). We find that all CnTA+ surfactants exhibit 

surface enrichments ε ≫1, confirming their surface activity at the IL interface (Figure 

5.5 (b)). Therefore, XPS can be used as a direct measure of surface activity even in 

mixtures, which may prove advantageous in situations where tensiometry is either not 

possible or inconvenient. Furthermore, ε increases exponentially with chain length, 

which we presume to be due to IL solvatophobicity, analogous to the hydrophobic 

effect in water.28 A key result of Figure 5.5 is that while the surface fraction of longer 

surfactants (e.g., C14TA+) is not particularly large, they are partitioning to the interface 

much more efficiently than shorter surfactants. We also note that the surfactant Br– 

counterions are undetectable (below 0.1 atomic %) at the interface for longer 

surfactants, suggestive of nearly complete dissociation. This situation is in stark 

contrast to CnTAB behavior in water, where a significant fraction of Br– counterions 

remains bound to the surfactant (or micelle).149 Our observation of Br– dissociation is 

consistent with earlier studies reporting the dissociation of halides in ILs (e.g., Cl– from 

[Pt(NH3)4]Cl2 in [EMIM][EtSO4]).
118, 120 The surface enrichment of CnTA+ and 

simultaneous dissociation of Br– indicate a complex interplay among the various 

charged species. Previous work from our group59 (data not shown) with anionic 

surfactants shows similar surface fraction and enrichment effects which suggest that 

surf

ix bulk

ix
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this behavior does not depend on the specific chemical identity of the ionic surfactant. 

We are currently exploring the importance of counterions more carefully through the 

examination of zwitterionic and catanionic surfactants. 

Another quantity that is directly determined from the XPS compositional data 

is the overall surface charge, defined here as the ratio of total cations to total anions.  

We again emphasize that this property is defined over the information depth d ≈ 3 nm.  

This ratio is expected to be unity due to the condition of electroneutrality and we find 

that the surface charge ratio is 1.01±0.03 for neat [EMIM][EtSO4] (N = 27), which 

implies a slight net positive charge of the IL. However, considering the relative error 

of the XPS experiments, the overall surface charge is indeed close to electroneutrality.  

As shown in the inset of Figure 5.5 (a), the surface charge ratio shows significant 

overlap with that of the neat [EMIM][EtSO4] for all surfactant chain lengths. If we 

recall that C*≈10Ca, it seems plausible to interpret this effect to be a result of both IL 

ions being the majority species at the interface.  

5.3.2 Concentration Effect 

To further examine the influence of surfactants on IL interfacial properties, we 

varied the surfactant concentration for two specific chain lengths: n=8 and n=14. With 

increasing C8TAB surfactant concentration, the fractions of [EMIM]+ and [EtSO4]
- both 

decrease, while the fractions of C8TA+ and its counterion Br- both increase (Figure 5.6 

(a)). This trend reflects a dynamic ion exchange process near the interface, where one 
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cation type progressively exchanges with the other. A similar trend is observed for the 

anions.  This exchange of ions does not continue indefinitely, since the C8TA+ and Br- 

fractions appear to reach a plateau at high concentrations. Such behavior suggests that 

even below the Krafft temperature, the interface achieves complete saturation with 

C8TA+ at a concentration near the CMC. This scenario would be consistent with surface 

tension-concentration isotherms carried out above the Krafft temperature, where the 

CMC can be clearly identified. However, since the XPS experiments were conducted 

at room temperature, a second solid phase must appear at high surfactant 

concentrations, and certainly before the CMC. We are led to conclude that the solid 

phase of C8TA+ is minimally surface-active in [EMIM][EtSO4].  

For the longer C14TAB surfactant, the fraction of C14TA+ increases with 

concentration and appears to cross a transition point, beyond which it increases more 

steeply (Figure 5.6 (b)). In this second regime the ion exchange of the two cations 

(C14TA+ and [EMIM]+) reaches completeness, that is, their fractions become equal.  

Curiously, this point of equality coincides almost exactly with the CMC, even though 

once again the system is below the Krafft temperature. The fractions of both anions (Br- 

and [EtSO4]
-) remain more or less constant irrespective of the surfactant concentration.  

Therefore, in contrast to the situation with C8TAB, for C14TAB there are fewer species 

are participating in the ion exchange process. The concentration-dependent differences 

in behavior for C8TAB and C14TAB might due to several reasons, possibly including 

that C14TA+ is substantially more surface active than C8TA+ (Figure 5.5 (b)).  
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Furthermore, at high C14TAB concentrations we observed the formation of semi-solid 

surface layer, which is suggestive of a multilayer film (the open symbols in Figure 5.6 

(b) are used in this case). This type of film would be possible if C14TA+ retains 

significant surface activity below its Krafft temperature, but further investigation is 

needed to clarify the nature of this interface.  

 

Figure 5.6 Surface fractions (CnTA+ (black squares), [EMIM]+ (red circles), [EtSO4]
- 

(blue triangles), and Br- (dark cyan triangles) and surface charge ratios (inset) of (a) 

C8TAB and (b) C14TAB in [EMIM][EtSO4]. The open symbols represent samples that 

exhibit a semi-solid surface film. 

Even at high C14TAB concentrations, the Br- counterion is minimally present 

while the [EtSO4]
- anion is about half of the total surface fraction. A possible reason for 

this behavior is that the intermolecular attraction between C14TA+ and [EtSO4]
- is 

stronger than that between C14TA+ and Br-. The former interaction would clearly 

contain a van der Waals contribution whereas the latter would be primarily of an 

electrostatic nature. Results from our own previous work (Chapter 2) and that of others 

have indicated the possibility of highly effective charge screening within ILs,82, 85, 150 
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which would support an interaction between CnTA+ and [EtSO4]
- that increases with 

chain length due to van der Waals attraction. While the low polarizability of halides 

could also explain the low Br- surface fraction,118 this effect would be independent of 

the surfactant. 

At low surfactant concentrations, the surface charge remains close to that of the 

neat IL (insets in Figure 5.6). However, for both surfactants there is an increasing trend 

with concentration, ultimately crossing into the positive charge regime. In the case of 

C14TAB, this elevated positive surface charge may reflect the presumed formation of a 

multilayer at the interface. We note that other effects, such as the strength of ion-pairing 

between the IL ions,85, 150-151 or local heterogeneities within the IL,41, 44-45, 152 may be 

important factors in determining whether surface charge can be altered by surfactants. 

Indeed, angle-resolved studies have revealed surface layering of ions, which leads to a 

composition profile that oscillates with depth.124, 153  

In Figure 5.7, selected X-ray photoelectron spectra of C1s, N1s, and S2p are 

presented to illustrate the effects of chain length and concentration. For both C8TAB 

and C14TAB surfactants, the C1s peak intensity increases with concentration (Figure 

5.7 (a) and 5.7 (d)), suggesting the adsorption of surfactant molecules at the interface.  

Furthermore, the C1s peaks can be deconvoluted into two distinct peaks with binding 

energies of approximately 286 eV and 284 eV. These two contributions represent 

carbon atoms bonded to heteroatoms (nitrogen or oxygen, 286 eV) denoted by Chetero, 
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and carbon atoms only bonded to other carbons and hydrogen, denoted by Calkyl.
56  

Even without performing peak-fitting calculations (for a detailed discussion of this 

procedure and its assumptions, see Lovelock et al.57), the intensity ratio of Calkyl/Chetero 

increases with concentration for both surfactants, confirming that adsorption at the 

interface is due to the surfactant. The changes in C1s peak intensity and Calkyl/Chetero 

ratio with concentration are more obvious for C14TAB, which is probably due to the 

high surface activity of this longer chain surfactant. Consequently, the decreases in peak 

intensity for N1s and S2p signals (Figure 5.7 (b), (c), (e), (f)) are also more pronounced 

for C14TAB, with the latter decrease clearly attributable to the surfactant. These 

qualitative results that are obtained directly from the X-ray photoelectron spectra 

further support our above discussions. 

 

Figure 5.7 Detailed X-ray photoelectron spectra of (a, b, c) C8TAB and (d, e, f) 

C14TAB in [EMIM][EtSO4] at two different surfactant concentrations. The black solid 

lines represent C ≈30Ca < CMC, while the red dashed lines represent C > CMC. The 

spectra were taken with an emission angle of 45° (information depth d ≈ 3.2 nm). 
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5.3.3 Information Depth Effect 

As mentioned previously, the various quantities calculated from the XPS data 

are spatial averages over an information depth that is determined by the emission angle. 

Here we define this angle to be between the detector and the surface normal, but we 

note that other conventions are sometimes used. The relationship between the emission 

angle θ and the information depth d is given by the expression d ≈ 3λ cos θ,59 where λ 

is the electron mean free path. Since λ varies with the element being considered, we 

take an average over C1s, N1s, and S2p to arrive at λ = 1.50 nm. By using a larger XPS 

emission angle, the information depth is reduced and hence we expect to observe a 

larger surface fraction of surfactant. However, using too small an information depth is 

undesirable because the resultant length scales would be less than the size of the 

surfactants and rule out the use of both atomic mass balance analysis and peak-fitting 

deconvolution. Therefore, we examined emission angles of 75°, 45°, and 30°, which 

correspond to information depths of 1.2 nm, 3.2 nm, and 3.9 nm, respectively.  We 

note that the unit length of surfactant alkyl chain is 0.126 nm,28 so the fully extended 

surfactant chain length is between 0.63 nm (n=6) and 1.64 nm (n=14). The true chain 

dimensions will be somewhat smaller than the full extensions due to chain 

conformational flexibility and hence are expected to be within our information depths. 

In this regard, we emphasize once more that emission angles greater than 75° are not 

used since the information depth would be smaller than the thickness of surfactant 

monolayer at the interface. 
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In Figure 5.8, we use the difference in cation surface fractions ∆x+ = CnTA+ – 

[EMIM]+ to summarize changes with concentration at various information depths.  

Both smaller and larger d show that with increasing surfactant concentration, the cation 

surface fraction difference ∆x+ is also increasing. This increase in ∆x+ is due to the 

fraction of CnTA+ increasing while the surface fraction of [EMIM]+ is decreasing (see 

Figure 5.6). The value ∆x+ = 0 indicates the concentration corresponding to complete 

cation exchange. Clearly, this concentration shifts higher when larger d are used. On 

the other hand, at the smallest d studied, the larger surface fraction differences confirm 

that the surfactants are prone to stay close to the liquid-vapor interface.   

 

Figure 5.8 Surface fraction difference of cations ∆x+ = CnTA+ – [EMIM]+, for 

(a) C8TAB and (b) C14TAB in [EMIM][EtSO4].  The emmission angles of 75° (black 

squares) and 30° (red circles) correspond to information depths d of 1.2 nm and 3.9 nm, 

respectively. The open symbols represent samples that exhibit a semi-solid surface film. 

5.4 Conclusions 

In this work we examined the influence of charged surfactants in ionic liquids 

by XPS. Interfacial properties such as surface composition, charge, and enrichment 

were studied in terms of the surfactant alkyl chain length, concentration, and XPS 
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information depth. Consistent with conventional tensiometry, our XPS results directly 

establish the surface activity of the surfactants and show that this quantity increases 

with alkyl chain length. We also find that an ion exchange process between like-charged 

surfactant and IL ions occurs at the interface, progressively increasing with surfactant 

concentration. Thus, surfactants can appreciably alter the interfacial properties of IL 

systems. By varying the XPS information depth d, we find that the effective surface 

activity increases inversely with d, confirming the tendency of the surfactant to remain 

close to the interface. Finally, we note that many opportunities remain to be explored 

with surfactant-IL mixtures, such as the role of counterions, nanoscale clustering in the 

bulk phase, and influences on layering near the interface. Although we have not done 

so here, careful angle-resolved XPS studies may show evidence of surfactant-induced 

surface layering that is distinct from the neat IL. 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

In conclusion, we have investigated both aggregation and interfacial behavior 

of charged surfactants in ionic liquids. This thesis reports the unusual behavior and 

phenomenon in ionic liquids such as strong charge screening, ideal mixing, ion-

exchange and charge reversal. From here, we have addressed the following four 

questions: 1) what is the major factor affecting the aggregation process and can we 

predict the solubility in different ILs? 2) What is the influence of the composition of 

the mixed surfactants? 3) How to measure the size of micelles in the IL solution? 4) 

How to characterize the air/IL interface? Each question corresponds to the major 

objective of one chapter above, respectively.  

A number of experiments were presented to address challenges in further 

modifying the surfactant-IL systems and better understanding the nature of self-

assembly of surfactants at IL interfaces and the interaction between solutes and IL 

solvents in the bulk. Our results suggest that the interfacial energy is crucial in both 

solubility and aggregation of surfactants in ILs. The role of IL chemistry is reflected in 

the net attractive interactions across the interface. Nearly ideal mixing of anionic and 

cationic surfactants is found over the entire composition range. PGSE-NMR reveals 

that ILs can play roles as both solvent and surfactant in micellization. XPS confirms 
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the surface activity of charged surfactants at IL interfaces and the interfacial behavior 

can be tuned through the judicious combination of ILs and surface-active molecules.  

Presented work is not exhaustive but rather an initial investigation of surfactants 

in ILs which serves as a valuable role in identifying project pitfalls. Based on those 

findings as well as an extensive pool of literature resources we could also formulate a 

series of experiments demonstrating the application value of this knowledge.  

The mixtures of two oppositely charged surfactants in the same IL system have 

been studied, showing ideal mixing behavior which is in sharp contrast to that of 

aqueous solution. Similar surfactants with small modifications such as non-counterions 

or zwitterionic surfactant may give us a better understanding of the effect of surfactant 

charge presentation on interfacial and aggregation behavior in ILs. (See Appendix A) 

In development of the interfacial and aggregation behavior of charged 

surfactants with ionic liquids, the nature of ionic liquids could be further investigated 

by modification of ionic liquids (e.g., various anions, hydrophobicity of ILs, etc.). 

Natural polyelectrolyte or charged macromolecular materials such as protein and DNA 

would be a promising study material in the storage or manipulation process by taking 

advantage of unique characteristics of ionic liquids, especially for those pH sensitive 

materials in a pH controlled non-water ILs system. (See Appendix B) 
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APPENDIX A 

PRELIMINARY RESULTS FOR EFFECT 

OF CHARGE PRESENTATION AND 

COUNTERIONS 

A.1 Abstract: This unfinished study in the complex surfactants with different charge 

presentation indicates that in ILs, the surfactant efficacy is in this order: DTADS ≈ 1:1 

DTAB/SDS > Zwitterionic (SB-12). The effect of counterions is negligible due to the 

extremely strong ionic strength in ILs. 

A.2 Introduction: Surfactants with different charge presentations in their head groups 

(i.e., zwitterionic, catanionic surfactants, and equal molar ratio of mixtures of cationic 

and anionic surfactants, Figure A.1) were studied in both water and [EMIM][EtSO4] to 

determine relative surface activities and to illustrate the role of counterions.  Although 

zwitterionc surfactants are electrically neutral, their functional groups possess the 

greatest polarity within the class of nonionic surfactants.  Catanionic surfactants are 

formed by pairing two ionic surfactant chains of opposite charge after removing their 

original counterions. And these two complex surfactants were both found to be vital 

interesting due to their special structures.49, 154-157 For the purpose of comparison, all of 

these surfactants have identical alkyl chain length. Thus, one can directly monitor the 

influence of head group chemistry and charge presentation on aggregation and phase 

behavior. 
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Figure A.1 Surfactants with different charge presentation. 

A.3 Experimental Section 

A.3.1. Materials and Methods. 1-ethyl-3-methyl imidazolium ethylsulfate 

[EMIM][EtSO4], were obtained from Sigma (>95%). This ionic liquid was dried by 

heating at 70oC under vacuum for 2 days. The purity of the neat ionic liquid and selected 

surfactants was assessed by 1H-NMR or 13C-NMR and did not reveal any impurities. 

These findings were also confirmed by XPS control experiments (see Chen et al.59). 

Dodecyltrimethylammonium bromide (DTAB) (99%), and sodium dodecylsulfate 

(SDS) (98+%) were purchased from Fisher. N-Dodecyl-N, N-dimethyl-3-ammonio-1-

propanesulfonate (SB-12) was obtained from Sigma. DTAB was purified by 

recrystallization from an acetone/ethanol mixture.101 All other surfactants were used as 

received.  

Dodecyltrimethylammonium dodecylsulfate (DTADS) was obtained by ion 

exchange reaction of DTAB and SDS.156, 158 A 1:1 molar ratio of DTAB and SDS was 

stirred in dichloromethane at room temperature overnight. The impurities in organic 
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phase were washed by distilled water until bromide ions could not be detected by 

AgNO3 solution. The structure and purity were ascertained by 1H-NMR, and elemental 

analysis. Elemental analysis (Complete Analysis Laboratories, Inc.): C, 65.63 (65.66); 

H, 12.18 (12.04); N, 2.74 (2.84); S, 6.39 (6.49); Br, <0.01 (0.00); Na, 0.009 (0.00). The 

data above in parentheses are calculated from the formula of the final product. 1H-NMR 

(300 MHz, CDCl3): δ 0.8 (6H, -CH3, t), 1.2 (36H, -(CH2)9-, m), 1.6 (4H, CH2-CH2-O 

and CH2-CH2-N, m), 3.3 (9H, N(CH3)3, s), 3.4 (2H, CH2-N, m), 3.9 (2H, CH2-O, t). 

Yield: 72%. 

A.3.2. Surface Characterization.  Surface tension was measured by means of the 

Wilhelmy method using a Micro Trough XS (Kibron, Inc.). At room temperature, the 

surface tension for neat [EMIM][EtSO4] at room temperature is 48.7 ± 0.5 which is 

relatively higher than that of traditional organic solvents but much lower than that of 

water. Our experimental value is in good agreement with that of literature.68  

For room temperature isotherms in water, in-house reverse osmosis (RO) water 

was passed through a 0.22μm filter and then used to dissolve the surfactants. For 

surfactant mixtures, stock solutions of cationic and anionic surfactants were mixed at 

certain molar ratios and kept at RT for over 48h till the solution became complete clear. 

For high temperature isotherms in [EMIM][EtSO4], surfactants or surfactant mixtures 

were dissolved directly in [EMIM][EtSO4] at elevated temperature. After dissolution, 

solutions were subsequently diluted to appropriate concentrations as needed. All 
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concentrations here are presented as millimoles of surfactant per liter of solvent 

(mmol/L). In the case of surfactant mixtures or catanionic surfactant, the concentration 

is based on moles of the total surfactant alkyl chain to facilitate comparison. Surfactant 

solutions (300μL) with different concentrations were applied on an aluminum plate 

with glass wells. Surface tensions were measured after an equilibration time of 30 min. 

Temperature was controlled and monitored by using a hotplate placed underneath the 

multi-well plate and an Omega HH506RA multilogger thermometer probe in the well 

of interest. 

A.4 Results and Discussion:  

The stoichiometric 1:1 mixture of DTAB/SDS provides a starting point for 

further comparison of charge presentation. In Figure A.2, we present the surface tension 

isotherms in both [EMIM][EtSO4] (a) and water (b) for the zwitterionic surfactant SB-

12, the 1:1 DTAB/SDS mixture, and the catanionic surfactant DTADS. These three 

types of surfactant systems have the same 12-carbon alkyl tail but different charge 

presentations in their headgroups. In both [EMIM][EtSO4] and water, the zwitterionic 

surfactant SB-12 has the largest cmc and highest γcmc, which can be attributed to the 

lowest headgroup polarity. Zwitterionic surfactants are formally nonionic compounds 

consisting of a single molecule that is electrically neutral.159 In SB-12, the two opposite 

charges are separated by a propylene group, which is short enough to presumably 

minimize the polarity of the headgroup. Comparing to zwitterionic surfactants, ionic 

surfactants are true salts159 and they are expected to be more surface active in terms of 



115 

 

head group polarity. All ionic surfactants and even their cationic-anionic mixtures have 

lower cmc and corresponding surface tension γcmc than those of SB-12 in both 

[EMIM][EtSO4] and water (Figure A.2 and Figure A.3). 

 

Figure A.2 Isotherms of (a) zwitterionic surfactant SB-12 (black squares), 1:1 

DTAB/SDS mixture (red upward triangles), and DTADS (with Si impurity) in 

[EMIM][EtSO4] (green downward triangles) at 90°C and (b) zwitterionic surfactant 

SB-12 (black squares) at 20°C, and DTADS in water (green downward triangles, data 

from reference156, at 25°C). The isotherm for the 1:1 DTAB/SDS mixture in water is 

not available because of its multiphase character. Please note that the DTADS in this 

Figure has residual amount of Si. 
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Figure A.3 Isotherms of (a) zwitterionic surfactant SB-12 (black squares), 1:1 

DTAB/SDS mixture (red upward triangles), and DTADS (without Si impurity) in 

[EMIM][EtSO4] (blue cicles) at 90°C and (b) zwitterionic surfactant SB-12 (black 

squares) at 20°C, and DTADS in water (blue downward triangles, data from 

reference156, at 25°C). The isotherm for the 1:1 DTAB/SDS mixture in water is not 
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available because of its multiphase character. Please note no residual Si is found in 

DTADS of this Figure.  

Please note that the DTADS we synthesized could potentially have some 

residual amount of Si. The actually amount is so small that even elemental analysis 

could not detect. Instead, we have to use XPS to test the sample surface as the Si 

impurity are surface active. The surface active residual Si could have significantly 

effect on the surface tension measurements. Figure A.2 and Figure A.3 showed the 

isotherm with and without residual Si, respectively. Here we will only discuss Figure 

A.3. 

In Figure A.3 (a), the 1:1 DTAB/SDS mixture has almost the same isotherm as 

that of the catanionic DTADS in [EMIM][EtSO4], thus resulting the same aggregation 

behavior (i.e., CMC and γCMC). Since the only difference between these two systems is 

that the former has counterions (i.e. Br- and Na+) while the latter does not, we conclude 

that the counterions in [EMIM][EtSO4] do not have any strong effect for the 

aggregation in ionic liquids, which is mainly due to strong charge screening in ionic 

liquids. For the 1:1 DTAB/SDS mixtures, the concentration of counterions (i.e., Na+, 

Br-) at the cmc is below the NaBr solubility limit in [EMIM][EtSO4] of approximately 

320 mmol/L.160  However, at the highest surfactant concentrations, the corresponding 

NaBr concentration is beyond the solubility limit mentioned above. Because we do not 

observe any precipitation for even this highly concentrated system, it suggests that 

surfactant improves the solubility of counterions.  Interestingly, such a solubility 

enhancement of inorganic ions has been observed in other salt-surfactant systems.161 
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Table A.1 summarizes selected surface properties of the three surfactant 

systems in both water and [EMIM][EtSO4]. The surface excess concentration at 

saturation Гmax was calculated by use of the appropriate Gibbs equation.76-77  

max

1

ln

d

mRT d C


    

In the aqueous solution, the value of m (the number of species at the interface 

whose surface concentration changes with a change in surfactant concentration) is taken 

as 1 for zwitterionic surfactant SB-12 because the surfactant has a net zero charge and 

carries no conterions.162 While for DTADS, this prefactor is taken as 2 instead. In the 

case of ionic liquids, the dominating “sea of ions” screens any surface excess of 

counterions which determines the prefactor m to be 1 no matter what surfactant systems 

used inside.76 

C10 is the bulk concentration of surfactant required to depress the surface tension 

of the solvent by 10 mN/m. The reason to apply C10 instead of more commonly used 

C20 is because neat [EMIM][EtSO4] has lower surface tension than water, and hence 

the surface tension reductions are smaller in magnitude. Both Гmax and C10 are useful 

measures of the effectiveness of adsorption of the surfactant. We also suggest to define 

and use a parameter (cmc*C10)
0.5

, which provides an integrated view of micellization 

and adsorption efficiency.  A small value of this parameter indicates that micellization 

is favored as well as adsorption of the surfactant.  It is clear from the isotherms in 

water that DTADS is superior over SB-12 as an efficient surfactant (Figure A.3 (b)), in 

agreement with the (cmc*C10)
0.5 values.  However, the isotherms in [EMIM][EtSO4] 
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do not make a clear distinction in superiority between DTADS and 1:1 DTAB/SDS 

(Figure 3(a)). Based on the (cmc*C10)
0.5 values, we can conclude that the order of the 

overall efficiency is DTADS ≈ 1:1 DTAB/SDS > SB-12.  

Table A.1 Surface Properties of SB-12, 1:1 DTAB/SDS, and DTADS in Water (20°C) 

and [EMIM][EtSO4] (90°C) (For the 1:1 DTAB/SDS system, cmc12 is used) 

 H2O IL 

Гmax 

(μmol/m2) 

(cmc*C10)
0.5 

(mmol/L) 

Гmax 

(μmol/m2) 

(cmc*C10)
0.5 

(mmol/L) 

SB-12 1.4 0.6 1.5 590 

1:1 DTAB/SDS / / 1.7 200 

DTADS 2.7156 0.006156 1.7 200 

A.5 Conclusions:  

In summary, the effect of charge presentation of surfactants on aggregation and 

interfacial behavior in ILs have been investigated and compared to water. In the case 

of the three types of surfactants, they have the same alkyl apolar chain but different 

charge presentation in their head group. The overall surfactant efficiency order is: 

DTADS ≈ 1:1 DTAB/SDS > SB-12. From the comparison of the first two surfactant 

systems, we conclude that the counterions in IL has negligible effect in surfactant 

aggregation. Because the different behavior between DTADS (with Si impurity) and 

1:1 DTAB/SDS we saw above is mainly due to the existence of residual Si in DTADS. 

Here we are proposing some other techniques to characterize the two surfactants. XPS 

should be able to detect the interfacial composition of counterions, while the PGSE-

NMR would tell us the counterions effect on the aggregation size in the same IL. 
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APENDIX B 

PROPOSED EXPERIMENTS 

B.1 Synthesis of [CnTA][CnSO4] without Small Counterions by Ion Exchange 

It is well known that ILs with the same cations but different anions may have 

completely different properties in solubility and hydrophobicity.55, 163 Previously XPS 

results also shows the completely dissociation of counterions from surfactants into the 

bulk solution. Here, we propose to synthesize a novel surfactant by using ion exchange 

to remove the counterions of the mixed surfactants, that is [CnTA][CnSO4] without Br- 

and Na+ counterions. Bales et al.164 give the experimental details for the synthesis and 

more importantly, they suggested these novel surfactants can be in liquid state at room 

temperature, which means they are also ILs. We may call them surfactant ionic liquids 

which have a long alkyl chain in both cation and anion. 

 

Figure B.1 Synthesis of [CnTA][CnSO4] by ion exchange. 
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We have started to synthesize [C12TA][C12SO4] which is composed the same 

alkyl chain length of SDS and C12TAB by ion exchange (Figure B.1). The preliminary 

results show the [C12TA][C12SO4] is not liquid at room temperature (m.p. is above 

100℃), which may due to the two long alkyl chains in the surfactant molecule, leading 

to strong hydrophobic attraction and large molecular weight. Therefore, [C6TA][C6SO4] 

is the next synthetic goal because it might have a much lower melting temperature. 

In addition, the difference of [CnTA][CnSO4]  and CnTABr/NaCnSO4 is that 

the former one lack the counterion salt NaBr. And it is quite interesting to find that the 

solubility of NaBr in ILs is much smaller than that of [C12TA][C12SO4] from the 

preliminary results.  
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B.2 Different Ionic Liquids, Effect of Anions 

Since surfactants and ionic liquids are the two major components in the system, 

after studying the effect of surfactant charge presentation in Appendix A, modification 

of ionic liquids could be also interesting to control the interface and aggregation 

behavior. 

B.2.1. Ionic Liquids with Different Types of Anions  

 

Figure B.2 Preparation of ILs with different anions by anion exchange. 

The novel feature of ILs as solvents is the possibility to design one with the 

necessary properties for a specific application.18 These designer solvents can be reached 

from ionic liquids with different anions which can be simply prepared by using anion 

exchange resin which has been described by Wang et al163 (see Figure B.2). This 

process can give a series of ionic liquids with the same imidizolium cation but different 

anions. The anion X can be Cl, Br, NO3, CH3COO, PF6, Tf2N, etc. And the latter two 

ILs with BmimBF4 would be used as the hydrophobic ILs to be studied in section B2.2. 

B.2.2. Comparison of Hydrophilic and Hydrophobic ILs  

Hydrophobicity of ILs is mainly determined by the types of anion. It has been 

found that the air-liquid interfaces for hydrophobic ILs and hydrophilic ILs may be 
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quite different.70 For example, water affects the surface of hydrophobic ionic liquids 

and not hydrophilic ones.165 What’s more, hydrophobic ionic liquids can be strikingly 

tuned to be hydrophilic by means of an electric field.166 Here, we want to investigate 

and compare the properties of hydrophilic ILs and hydrophobic ILs, which is 

BMIMBF4 and BMIMPF6 or BMIMTf2N. Since we have suggested that interfacial 

energy is the major factor affecting surfactant’s solubility and aggregation, we are 

curious if hydrophobic ILs also follow the same trend by calculating the interfacial 

energy of BMIMPF6. In addition, we are looking for a method to measure the interfacial 

energy directly to confirm the calculated results in Table 2.7. 

B.2.3. pH Effect on Surface Tension and Aggregation  

ILs have been explored to be a potential novel solvent and media for storage 

and chemical reactions. It would be of great importance to understand the proton 

activity in an ionic medium especially when a material or reaction is pH sensitive. 

MacFarlane et al.167 have found that pH can be controlled by ionic liquid “buffers” in 

ionic liquid/water systems. And Dai et al.168 pointed out that both the solubility and the 

CMC of charged surfactants decrease with pH. Although both of their work is 

conducted in ionic liquid aqueous solutions, we are interested in studying pH effect on 

surface tension and aggregation in a pure ionic liquid system (Figure B.3). 
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Figure B.3 Cartoon of pH effect on ionic liquids. 

In order to establish a pH controlled IL system, the first choice is to use the 

synthesized [CnTA+][CnSO4
-] surfactant ionic liquids in section B.1. The intermediate 

product in the ion exchange process, that is [CnTA+][OH-] or CnSO4
-H+, can be added 

to control the pH in the IL system. In this case, there are only three types of ions in the 

system: cations and anions from ILs, the H+ or OH- ions. This non-water pH controlled 

ILs will be useful to study the fundamental of pH in a non-aqueous media and might 

show promising application in the future.  

On the other hand, if the synthesis of surfactant ionic liquids in section B.1 is 

not successful (their melting temperature is much higher than RT), the backup plan is 

to use the most traditional ionic liquid ethylammonium nitrate EtAN. NaOH and HNO3 

can be used to control its pH. Another choice is [Bmim][Acetate], because [Bmim][OH] 

and Acetate acid are week base and acid. 

In this long term plan section, we are proposing to do the following experiments: 

 Synthesize a series of ILs with different anions by ion exchange (from 

[Bmim][BF4] to [PF6], [Tf2N], and [Bmim][OH] as the intermediate product) 
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 Similar studies on the hydrophobic ILs [Bmim][PF6] or [Bmim][Tf2N] by 

measuring the CMCs of surfactants and calculate the interfacial energy. 

 Measure pH value in a non-water ILs by pH meter or pH indicator. (There 

is still a question that what is the physical meaning of pH value measured by pH meter?) 

Use [C6TA][C6SO4] if it is liquid at room temperature, and [C6TA][OH] and [C6SO4]H 

are used to control the pH. If a surfactant ionic liquid cannot be synthesized, use protic 

IL (EAN) instead.  

 Measure the surface tension or surface composition of these novel pH 

controlled ILs by tensiomer or XPS. 

 The same study by adding a pH sensitive polymer (such as polyacrylic 

acid and chitosan) into ILs. 
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B.3 Surface Dynamic by Compression Isotherms 

The surface tension in the preliminary results is measured in passive isotherms 

which give static information, while compression isotherms can describe the dynamic 

reorientation information at the air/liquid interface. It will be worth to try compression 

isotherms for stable Langmuir monolayer of pure surfactants or their mixture in ILs. 

Appropriate surfactants can be chosen from small surfactants with a relatively long 

alkyl chain169 (e.g. C16TAB), block copolymer surfactants170 (PEO-PBD, PEO-PS), 

polyelectrolyte (PSS, PAA, PEG-COOH, ELP, etc.) zwitterionic polymers or even 

novel ionic liquid polymers171. The transitions in a compression isotherm may give 

information about the transformation of surface structures and bulk aggregations, such 

as different shapes of micelles (disklike, rodlike, or sphere). 

The first choice of materials in a compression isotherm would be C16TAB or 

SC16S on IL I because they are more likely to form Langmuir monolayer on the surface 

of ILs due to their limited solubility. The zwitterionic surfactants or even mixtures of 

the above two surfactants may be applied in the following experiments. If they could 

not form a Langmuir monolayer, a polymer surfactant such as PEO-PBD might be 

worth to try. 

Here is the summary of the experiments that we propose to do by using 

Langmuir-Blodgett Trough: 

Surface pressure-area isotherm at RT or 90oC, speed of 1A2/(molecule min) 

 C16TAB or SC16S on IL I  
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 Their mixtures on IL I 

 The Zwitterionic surfactant 

 PEO-PBD 
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APENDIX C 

PROCEDURES FOR XPS 

MEASUREMENTS 

(Conte B551 with Jack Hirsh) 

C.1 Sample Preparation 

C.1.1 Five microliters of aqueous surfactant solutions were applied on the surface of 

5 µL of IL droplets using (oxygen-plasma-cleaned) silicon wafers as substrates. 

Samples were dried in a flowing nitrogen environment for 3 days at room 

temperature prior to conducting XPS measurement.  

C.1.2 Note: The predissolution of the samples in water is not necessary if the 

surfactant can dissolve in IL at an elevated temperature and can be transfer to the 

silicon wafer substrate easily. 

C.1.3 XPS data were recorded using a Physical Electronics Quantum 2000 

Microprobe instrument with monochromatic Al X-ray at 50 W, and a 200 um spot 

area. 

C.1.4 The samples on silicon wafer were fixed on the XPS sample holder stage. 

There are two different sample holders, one is for regular take-off angle of 45 degree 

and another is for various take-off angles.  

C.2 Instrument Setup 
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C.2.1 On computer, open the software Phi. The map on the software consol control 

window represents the structure of the instrument inside and the software can 

monitor every step in the instrument chamber. In the Prep Area, drag platen X (X is 

number 2 or 4 for regular take-off angle, ARS for angle dependent test) on the plate. 

Monitor the chamber pressure, when pressure reaches 8.2E+2 Torr, open the vacuum 

side door and put the sample holder in the chamber and click “OK”. After this, 

everything is controlled on the computer software. 

C.2.2 Vacuum pressure of the chamber will go down. Wait for the vacuum to be 

under 2E-6. It will take about 20-30 min depending on the moisture content of the 

sample. During the time, change the platen information for each sample, such as 

filename (use LCdate_, such as LC072714_), sample description, and comments. 

Choose the folder to save the data.  

C.2.3 When vacuum pressure is below 2E-6 Torr, click “photo: Lo Mag” to take a 

photo of the sample plate, then drag the sample to sample stage, then the sample 

comes in. Wait until it doesn’t move anymore. 

C.2.4 On the Main control window, “locate area”, clear all points (file name, prefix 

and comment) 

C.2.5 Click on “sample handling”, “reconfigure”, double check the “platen X” is the 

right one.  

C.2.6 Click “neutralizer”, “electron and ion” choose “standby”, “ion gun” choose 

“ion gun pump on, flow state on”, then neutralizer, “electron and ion” choose “auto”. 
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C.2.7 Change X-ray position, (just change to any of them to check the synchronize 

of the computer) 

C.3 Sample Running 

C.3.1 On Platen view window, drag the red arrow to the sample point of interest. 

Click “add points”, write the comments for the specific sample. Then you have to 

determine the height of the sample, for Si wafer, set Z=24 and click “auto Z” (on 

“pc compass” window wait until it’s finished, around 2 - 3 minutes). Check the 

height on the platen view by scrolling on the right on dot’s window. If the numbers 

are the same, turn the spot to green and turn “imaging” off on the small window 

(bottom right). If there are several substrates, you can also do a quick survey to 

check if the height is good. For most of the samples, you expect ≈10 000 counts. 

C.3.2 Auto Z and survey scan can be done together. Choose “still mode”, then 

choose spot (click both left and right of the mouse), set the property, Z alignment, 

and add to queue.  

C.3.3 Acquisition, there are several kind of acquisitions  

C.3.3.1 Spectral acquisition  one angle (45°)  

C.3.3.2 Sputter depth profile  deep analysis 

C.3.3.3 Angle dependent  different angles 

C.3.4 On the spectral acquisition,  

C.3.4.1 Pass energy  the smaller the number, the higher the resolution. Choose 

187.85 eV for survey scan and 46.95 eV for second scan. 
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C.3.4.2 Set the time. In the 1st fast scan, choose “survey“(Su), raise the number 

of sweeps (2 or 3) (high number for low concentration and for interesting 

elements). Normally, use 3 min and choose “200u50W15kV” resolution for the 

scan. In the 2nd scan, choose the element and don’t forget to put the same pass 

energy (46.95 eV) for each element. The number of sweeps we are using are as 

follows: 

Elements O C Si N S Na Br F B 

# of sweeps 2 3 3 3 3 4 4 3 4 

C.3.4.3 Add to queue, “acquire” or run the queue. 

C.3.5 Identify peaks with multipack and XPS’s handbook 

C.3.6  Sputter depth profile (1KV1x1) (.pro) 

C.3.6.1 Number of cycles (5 is ok), the more you put cycles, the deeper you go.  

C.3.6.2 You can queue several scans no matter what kind of. 

C.4 Finishing  

C.4.1 On the software, electron off, flow rate off. 30 seconds later, when pressure 

stable, diff pump off, and then ion gun off. 

C.4.2 On the main control, drag the sample onto the prep area. When pressure 

(bottom right) reach 2E+2 Torr, remove the sample holder from the plate. Click 

pump down on the intro and sign out the log book. 

C.4.3 Analysis is based on the integration of the XPS peaks and atomic sensitivity 

factors below. 
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C.5 Atomic Sensitivity Factors 

 C1s N1s S2p Na1s Br3d 

ASF 0.314 0.499 0.717 1.102 1.149 
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APENDIX D 

PROCEDURES FOR PGSE-NMR 

MEASUREMENTS 

(LGRC with Weiguo Hu) 

D.1 Sample preparation and fundamental 

D.1.1 References: http://www.chemistry.jhu.edu/NMR/dosy.pdf and Weiguo’s 

NMR tutorial handouts 

D.1.2 All solutions were prepared by directly dissolving certain amount of SDS in 

[EMIM][EtSO4] or D2O. PGSE-NMR diffusion measurements were carried out on 

a 400 MHz Bruker NMR spectrometer equipped with a temperature controller. The 

self-diffusion measurements were performed with a Gaussian-shape pulsed field 

gradient stimulated echo, whose magnitude is 5.35 Gauss/mm. The diffusion time, 

Δ, between the two pulses was set between 200-500 ms, and the gradient pulse 

duration, δ, was set between 2 and 6 ms, depending on the diffusion coefficient of 

the mobile species. The diffusion coefficient value was determined from the 

intensity change equation: 

𝐼 = 𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿
3

)
 

Here, I and I0 are the areas of the signal obtained with or without gradient pulses 

respectively, D is the diffusion coefficient, 𝛾 is the gyromagnetic ratio of proton, 

http://www.chemistry.jhu.edu/NMR/dosy.pdf
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whose value is given by 2.675*108 T-1s-1, g is the magnitude of the two gradient 

pulses.  

D.1.3 0.5 mL or less of surfactant solutions are applied into NMR tubes. For 

surfactant/ionic liquid samples, because they are solid at RT, store the NMR tubes 

in 90 °C oven until the samples melted and flow into the bottom of the NMR tube. 

The height of NMR tube should be about 3-5 cm. 

D.1.4 Note: There is no deuterated solvent in surfactant/IL samples in order to avoid 

their unknown influence. This NMR technique is special in 3 ways: 1} High 

temperature 2) Label free (i.e., no deuterated solvent) 3) Measuring diffusion 

coefficient 

D.2 Instrument Setup and Optimizing Parameters 

D.2.1 Because of high temperature, ceramic spinner is used instead of traditional 

plastic one. Place the NMR tube into the spinner and the center of sample should 

align with the mark on the spinner.  

D.2.2 Use neat D2O to lock (top shimming, roughly lock) 

D.2.2.1 On computer, open the software.  

D.2.2.2 Type “ej” to eject standard sample, “ij” to insert D2O sample, “edc”-> “rsh 

shims.best”-> “lock”-> “lockdisp”->“bsmsdisp” to manually shimming z, z2, z3 

(this step is similar to regular NMR and critical for good signal) ->“ej” to eject the 

D2O sample->“ij” to inject IL sample. 
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D.2.2.3 Make sure take the NMR tube cap off to avoid the flux due to heating. 

(Cap off is not necessary for ILs because ILs will not evaporate, but to be consistent, 

we always take off the cap.) 

D.2.3 Increase Temperature to 90 °C step by step (Source: Weiguo’s note, page 4) 

D.2.3.1 “EDTE” to open a new window for temperature setup 

Set the TTarget, change the HeaterMax and flow step by step according to the 

following chart. First set TTarget to be 310K, HeaterMax(%) to be 5%, Flow (l/hr) to 

be 400. Wait several minutes until temperature stable. Then TTarget to be 330K, 5%, 

400. Then 344.55K, 10%, 535. The final TTarget is calculate by the equation below. 

TTarget = 0.7482*TCALIB + 72.843 = 0.7482*(273.15+90) + 72.843 = 344.55 

T (°C) TCALIB TTarget HeaterMax(%) Flow (l/hr) 

23.7 296.7 294 off 270 

44.8 317.8 310 5 400 

72.8 345.8 330 5 400 

97.9 370.9 350 10 535 

109 382 360 10 670 

D.2.4 When target temperature reached, “edc” name your sample -> “rpar”->choose 

user->diffusion 1D->read->OK->“get prosol” 

D.2.5 Fid Shimming. (Further lock) acqu->gs->bsmsdisp (Turn off lock, sweep) 

->manually change z,z2,z3 until the fid area to be maximum -> halt  

D.2.6 “ased” to set D20 (big delta), P30 (little delta) and gpz6 (pulse strength) to be 

2% -> rga -> zg -> efp -> apk  
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D.2.7 Edc -> Name 2 -> “ased” to set D20 (big delta), P30 (little delta) and gpz6 to 

be 95%, -> zg -> efp -> apk 

D.2.8 Repeat 2.6 and 2.7 to adjust D20 and P30 to get perfect decay. Click “the 

symbol of multiply display”, choose one peak, drug the height of the peak and 

compare, check the scale until in the range of 1% to 5%. 

D.3 Running the Diffusion Measurement 

D.3.1 When optimal D20 and P30 parameters founded, edc -> Name 3 -> rpar -> 2d 

-> read -> OK -> “getprosol” -> change D20 and P30 by “ased” 

D.3.2 “Xau dosy 2 95 16 l y y” to start the acquisition. It means the start value 2%, 

final value 95%, 16 steps, linear ramp, and start acquisition. 

D.3.3 “xf2” -> phase correction by click the symbol, drug “R” to do phase correction 

and “ABS2” for automatic baseline correction. 

D.3.4 “setdiffparm”. This will transfer D20 and P30 parameters into the appropriate 

parameters for the next processing step. 

D.3.5 In analysis on the top tool bar, Dosy 2D, choose “T1/T2” -> extreme -> 

spectrum -> manual integration -> save export all peaks without regions -> 

Reexamine window -> Fitting -> choose area, show all calculation fitting -> report 

D.4 Transfer data through ftp: Host: www.pse.umass.edu User: nmrusers PW: 

2dc13f19 

 

 

http://www.pse.umass.edu/
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