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ABSTRACT 

   The objective of this Ph.D. thesis research is to explore the effect of cation (Na+, Ca2+, and Fe3+) 

binding on monolayers comprised of two newly synthesized anionic gemini surfactants (Ace(n)-

2-Ace(n), n = 11, 17; Figure 1) at the air-water and air-solid interfaces. The study was further 

aimed at exploring the miscibility and interactions of the Ace(n)-2-Ace(n) surfactants with 

perfluorotetradecanoic acid (C13F27COOH; PF) in monolayers. A combination of monolayer 

characterization methods, including surface pressure-area isotherms, Brewster angle microscopy 

(BAM) and atomic force microscopy (AFM) were used to explore the effect of ion-binding and 

mixing on the thermodynamics of mixing and the morphology of the monolayer films.  

 

 

Figure 1: Chemical structure of Ace(n)-2-Ace(n) (n = 11,17). 

   Ace(n)-2-Ace(n) monolayers exhibited significant expansion with Na+ and Ca2+ in the sub-phase, 

while with Fe3+ in the sub-phase, compressed films were observed.  Apparent association constants 

(Kapp) for Ace(n)-2-Ace(n) were smaller than the comparator phospholipids systems reported in 

the literature, and gemini-cation binding stoichiometries of  2:1 and 1:1 for Ca2+ and Na+ 

respectively were found. Multimolecular aggregates of Ace(n)-2-Ace(n) bonded to cations were 

observed in BAM and AFM images. Results were discussed in the context of grazing incidence 

X-ray diffraction (GIXD) and X-ray reflectivity (XR) measurements performed by other members 

of our research group. 

   For the Ace(n)-2-Ace(n)-PF mixed monolayers, thermodynamic, morphological and X-ray 

scattering studies indicated that PF-Ace(12)-2-Ace(12) mixed films were miscible over a wide 
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range of compositions at lower surface pressures. For PF-Ace(18)-2-Ace(18) mixed films, phase 

separation was detected at all surface pressures. GIXD and XR studies revealed that Ace(n)-2-

Ace(n) forms amorphous, disordered monolayers at the air-water interface while PF forms a 

crystalline lattice with hexagonal symmetry.  

   Overall the research in this thesis provides insight into fundamental interactions of this new class 

of gemini surfactants with metal cations in monolayers and an understanding of the physical and 

chemical factors that control mixing behavior in PF-Ace(n)-2-Ace(n) mixed monolayers. Future 

areas of research that are suggested by this work include developing new approaches for 

quantifying the extent of surfactant binding to metal ions in the monolayers and clarifying the 

precise nature of binding between Ace(n)-2-Ace(n) and metal cations.  
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CHAPTER 1: 

INTRODUCTION 

 

1.1 Physical Properties of Surfactants 

  Surfactants are organic amphiphiles that reduce the surface tension of liquids and are widely used 

as wetting and foaming agents, dispersants as well as emulsifiers. A surfactant molecule consists 

of a non-polar hydrophobic tail and a polar hydrophilic head group. The hydrophobic tail typically 

consists of alkyl, fluoro-alkyl or steroid groups and it can be linear or branched, aliphatic or 

aromatic in nature. The hydrophilic head group typically consists of carboxylic acid, sulfates, 

sulfonates, amines, alcohols or phosphate esters.    

  By virtue of the two different groups within the same molecule, surfactants often exhibit two 

types of behavior in aqueous systems: adsorption and aggregation. In aqueous media, surfactant 

molecules tend to orient in such a fashion as to minimize the contact between water and their 

hydrophobic tail. The process is called adsorption and it often results in the formation of 

monolayers on the gas-liquid interface. By orienting themselves on liquid/water surfaces, 

surfactants provide the excellent potential to control the architecture of molecular films.1 

Adsorption can cause a variety of physical and chemical changes in the properties of the interface. 

An alternate orientation in aqueous solutions is the aggregation of surfactant molecules. This 

aggregation results in the formation of self-assembled structures such as micelles and vesicles.  

  Surfactants have traditionally been categorized into four different groups based on the nature of 

charge on the head group. Table 1.1 provides some representative samples of surfactants which 

belong to these different classes. They can also be categorized based on the number of monomeric 

units they have in their structure. Surfactant molecules consisting of one non-polar hydrophobic 

tail and one polar head group are referred to as monomeric surfactants, whereas surfactant 

molecules consisting of two polar head groups and two non-polar tails are called dimeric/gemini 

surfactants.  

1.2 Perfluorinated Surfactants 

 Perfluorinated surfactants are organic amphiphiles with a polar (hydrophilic) head group and a 

non-polar (hydrophobic) fluoroalkyl tail. Perfluorinated surfactants exhibit remarkable chemical 
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inertness and high thermal stability, low surface tension, low polarizability, water repellency, and 

high fluidity. 

 

 

          

     Figure 1.1: A schematic diagram of a gemini surfactant.  

  As a result of these properties, perfluorinated surfactants have many applications in material and 

biomedical science.2-3 Their applications in material science include their use in fire extinguishing 

foams, clothing, polymers, and cookware.4 While applications of perfluorinated surfactants have 

been limited because of their toxicity and tendency to bioaccumulate, they still have very valuable 

applications in the medical field, including delivering oxygen to tissues, treating acute respiratory 

failure and contrast agents in ultrasound imaging.5 

  The unique surface properties of perfluorinated surfactants originate from the high 

electronegativity and the large atomic size of the fluorine atom.6 Fluoroalkyl chains are bulkier 

than hydrogenated chains as the radius of a fluorine atom is larger than a hydrogen atom (1.47 Å 

vs. 1.20 Å). The cross-sectional area of fluorine is 30 Å2 while for hydrogen, it is 20 Å2 which 

results in perfluoroalkyl chains adopting a helical conformation in comparison with the zigzag 

conformation of hydrogenated chains.6 The helical conformation permits the CF2 groups to be a 

greater distance apart from each other in comparison with a zig-zag configuration, which reduces 

the steric hindrance between these groups.  Furthermore, the lower polarizability of the fluorine 
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atoms in perfluoroalkyl chains in comparison with hydrocarbon chains leads to weak 

intermolecular interactions between perfluorinated molecules. This results in lower surface and 

cohesive energies of perfluorinated surfactants and higher volatility in comparison with 

hydrogenated surfactants.6 

 

Table 1.1: Classification of surfactants.7-9 

 

 

   

 In this thesis a perfluorinated acid, perfluorotetradecanoic acid (PF) consisting of fourteen carbon 

long fluoroalkyl chain was used as a representative perfluorinated surfactant. The chemical 

structure of PF is shown in Figure 1.2. PF was selected because of the properties described above 

Class Characteristic 

property 

Examples 

Non-Ionic 

Surfactants 

neutral, covalently 

bonded oxygen-

containing head 

groups 

alkyl polyglycosides, crown ethers, amine oxides, 

ester-linked surfactants, sulfoxides, 

polyoxyethylene alkyl ethers, Brij, phosphine 

oxides, sorbitan esters, and polysorbates. 

Cationic 

surfactants 

positively charged 

head group 

primary, secondary and tertiary amines and 

quaternary ammonium salts such as 

hexadecyltrimethylammonium bromide (CTAB), 

cetylpyridinium chloride (CPC), and 

dimethyldioctadecylammonium chloride. 

Anionic 

Surfactants 

negatively charged 

head group 

surfactants with head groups, sulfates, sulfonates, 

carboxylates, and phosphate esters.  

Amphoteric 

Surfactants 

oppositely charged 

head groups. 

cocamidopropyl betaine, biological phospholipids, 

phosphatidylcholine, and sphingomyelins, etc. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polidocanol
https://en.wikipedia.org/wiki/Cetylpyridinium_chloride
https://en.wikipedia.org/wiki/Cocamidopropyl_betaine
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but also because of its tendency to phase-separate when mixed with fatty acids at the air-water and 

air-solid interface.  This is a topic that will be discussed in detail later in this chapter.  

 

 

 

Figure 1.2: Chemical structure of perfluorotetradecanoic acid. 

 1.3 Interfaces 

  An interface is a region that separates two different phases (solid and liquid, gas and liquid or 

solid and gas). The properties of materials are different at the interface in comparison with 

properties in bulk as the potential energy of the molecules is different at the interface. Because of 

the propensity of surfactants to adsorb at the air-water and air-solid interface, it is imperative to 

review some basic properties of surfactants at interfaces. 

  In bulk solution a molecule is surrounded by other molecules and experiences more attractive 

forces compared to a molecule at the interface. At interfaces, a smaller number of molecules are 

present as nearest neighbors around a molecule, which results in a greater overall internal energy 

of molecules at the interface in comparison with the bulk. The energy of a molecule in bulk can be 

calculated from the following equation: 

 

𝐸𝐴,𝑏 =
𝑁𝑏

2
𝑊𝐴𝐴                                (1.1) 

 

  where EA,b is the energy per molecule in a bulk solution, Nb is the number of nearest-neighbor 

molecules and WAA is the work of adhesion for the two molecules. The energy of a molecule at the 

interface is calculated from equation 1.2: 

 

𝐸𝐴,𝑠 =
𝑁𝑠

2
𝑊𝐴𝐴                          (1.2) 
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   where EA,s represents the energy of a molecule at the surface, Ns is the number of nearest-

neighbor molecules at the surface.  

  Since Nb>Ns, molecules in the bulk have more intermolecular (cohesive) interaction energy in 

comparison with those at the interface. Work needs to be done to overcome these interactions and 

to bring a molecule from bulk to the interface. This work can be defined from the following 

equation: 

 

       𝑑𝑊 =  𝛾. 𝑑𝐴                                           (1.3) 

 

  where W represents the work needed to bring a molecule to the interface, A is the area and 𝛾 is 

the proportionality constant, called “surface tension”. The surface tension is defined as the energy 

per unit area required to bring a molecule from bulk to the interface. It can be calculated from 

equation 1.4: 

 

    𝛾 =
𝑑𝑊

𝑑𝐴
                                  (1.4) 

 

  The free energy of the molecules present at the interface can be minimized by adsorbing 

surfactants under certain different conditions. The fundamental chemical structure of a surfactant 

molecule bears a hydrophobic tail and hydrophilic head group. The hydrophobic tail of the 

surfactant keeps away from the water which results the adsorption of the surfactant molecules at 

the interface and hence reduces the free energy of the system.8 The relationship between Gibbs 

free energy and surface tension is described in equation 1.5. 

 

𝛾 =  (
𝜕𝐺

𝜕𝐴
)

𝑇,𝑃,𝑁𝑖

                                  (1.5) 

 Where T is temperature, P is pressure and Ni represents the number of moles of components i. 

1.4 Monolayers 

  Amphiphiles typically orient at interfaces. The surface film formed as a result of this orientation 

that has a thickness of one molecule is called a monolayer. Monolayers are traditionally divided 
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into two types: 1) Gibbs monolayers and 2) Langmuir monolayers. When the analyte compound 

is soluble in one of the phases, Gibbs monolayers (soluble monolayers) are formed. Langmuir 

monolayers are insoluble monolayers. A schematic representation of Gibbs and Langmuir 

monolayers is provided in Figure 1.3. 

  Formation of Langmuir monolayers on water results in a reduction in surface tension of water.  

If the surface tension of pure water is represented by 𝛾0 and the surface tension of water with a 

surfactant by 𝛾, the difference gives a quantity called surface pressure (π) shown in equation 1.6: 

 

𝜋 = 𝛾0 − 𝛾                                         (1.6) 

 

 

 

 

Figure 1.3:  A schematic representation of Langmuir and Gibbs monolayers (modified from  

reference10). 

 

  For Langmuir monolayers, the surface pressure varies as a function of the mean molecular area 

(average area occupied by a molecule), a property that is adjusted by compression and expansion 

of the monolayers.  Under conditions of constant temperature, this is referred to as a Langmuir 

isotherm.           A Langmuir isotherm, sometimes referred to as a -A isotherm, is a two 

dimensional analog of the P–V curve at a constant temperature. Analogous to gas pressure varying 

with volume, for Langmuir monolayers, surface pressure varies with the mean molecular area.  
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  Langmuir monolayers provide a useful system to collect information about the interfacial 

behavior of the surfactants under controlled conditions. In-depth analysis of a π-A isotherm 

provides useful thermodynamic and mechanical information about monolayers at the air-water 

interface.7,11 For example, monolayers can exhibit a variety of 2D phases depending on the packing 

of surfactant molecules, temperature, structure and surface pressure.12 For a typical fatty acid like 

stearic acid, for example, these phases include a disordered phase followed by a tilted condensed 

phase and after that untitled condensed phase.13 A schematic diagram of the π-A isotherm of steric 

acid with all different phase transitions is provided in Figure 1.4. 

  In disordered (gaseous) phase molecules are far apart from each other with negligible interactions 

between them. As the films are compressed a phase transition occurs from the disordered phase to 

a tilted condensed phase at higher surface pressure. In this phase, molecules start interacting with 

each other, though the films are still disordered.  

 

 

 

Figure 1.4: A schematic diagram of a surface pressure- area isotherm of stearic acid at the air-

water interface. (modified from  reference14). 

 

  With further increase in the compression, an untilted condensed phase is achieved (molecules are 

perpendicularly oriented) at higher surface pressure before the monolayer collapse. In the untilted 

condensed phase, molecules are closely packed and the monolayers are more rigid as compared to 
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the tilted condensed phase. The highest achievable π at which a monolayer film can be compressed 

with enough space to accommodate all the molecules is called the collapse pressure. Monolayer 

films compressed further than this point become unstable and collapse.13 

  The compressibility of a monolayer is an important characteristic that describes its rigidity. The 

compressibility modulus for a monolayer can be defined as follows: 

 

𝐶𝑆
−1 =  −𝐴(𝑑𝜋/𝑑𝐴)𝑇                           (1.7) 

 

  Compressibility modulus plots can be generated for a monolayer by plotting the 𝐶𝑆
−1  vs π. Large 

values of  𝐶𝑆
−1 indicate monolayers are incompressible while smaller values of 𝐶𝑆

−1 indicates 

monolayers are more compressible. The compressibility for a conventional monomeric fatty acid, 

Behenic acid is of 8×10-3 m·mN-1 for the liquid phase while for solid phase its 3×10-4  m‧mN-1 

indicating monolayer is more compressible in the liquid phase.11 

 

1.4.1 Electrical Properties of Langmuir Monolayers 

  Measurement of the electrical properties of monolayers can provide useful information about 

the orientation of molecules which comprise the monolayers. An important parameter in this 

regard is the surface potential (ΔV). It is the potential difference that is produced across the 

surface of the sub-phase when a monolayer is introduced on it. The compounds forming the 

monolayer possess a permanent dipole moment and this permanent dipole moment gives rise 

to surface potential.  If the monolayer is considered as consisting of an array of molecules 

arranged vertically on the sub-phase surface and possessing the permanent electric dipole 

moment the surface potential can be written as: 

 

∆𝑉 =  
𝑛𝜇⊥

𝜀0
                            (1.8) 

  where ΔV is the change in surface potential,  𝑛 is the number of molecules per unit area, 𝜇⊥ 

is the dipole moment perpendicular to the sub-phase surface and 𝜀0 is the vacuum permittivity. 

  Equation 1.8 holds true only for the monolayers consisting of non-ionic surfactants. For an 

ionized monolayer, the situation is different. If a monolayer consists of ionized molecules, the 
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charges possessed by the ionized monolayer are offset by the counter ions from the aqueous 

sub-phase, generating an electrical double layer of counterions and co-ions underneath the 

head groups. The modified version of the surface potential equation for an ionized monolayer 

can be written as:  

∆𝑉 =  
𝑛𝜇⊥

𝜀0
 +  𝜓0                                 (1.9) 

 

  where 𝜓0 is the contribution to surface potential from the electrical double layer. This 

contribution to the surface potential from the electrical double layer can be calculated using 

the Gouy-Chapman model.11 

 

1.4.2 Langmuir Blodgett Films 

  The deposition of Langmuir monolayers onto a solid substrate results in the formation of a 

Langmuir Blodgett (LB) film. A schematic illustration of the deposition process is shown in 

Figure 1.5. The solid substrate can be made up of many different materials but is most 

commonly glass, mica, silicon wafer or gold-coated glass. The substrate can be hydrophilic 

or hydrophobic in nature. The properties of the material on which LB films are deposited can 

greatly affect the structure and quality of the LB film. The physical adsorption (transfer) of a 

monolayer occurs because of attractive interactions between the monolayer components and 

the substrate. Multilayers can also be deposited on the solid substrate by means of the LB 

technique using repeated cycles of deposition in which the substrate is lowered and raised 

through a monolayer film.15 

  For the deposition of LB films, the transfer ratio is an important parameter. It defines whether 

the deposited layer is a partial monolayer, a complete monolayer or a multilayer. It is defined 

as the ratio of the reduction of the monolayer covered area on the sub-phase for single 

immersion or emersion (𝐴𝐿) and the monolayer covered substrate area (𝐴𝑆) as shown in 

equation 1.10: 

 

 

𝑇𝑅 =  
𝐴𝐿

𝐴𝑆
                                  (1.10) 
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  Transfer ratios in the range of 0.95-1.05 indicate good monolayer film deposition.11  Larger 

or smaller transfer ratios indicate multilayer or partial monolayer deposition, respectively. 

 

 

 

Figure 1.5: Schematic illustration of the deposition of an LB monolayer film. 

 

1.4.3 Langmuir Trough 

  The instrument which is used to fabricate Langmuir monolayers and LB films is called a 

Langmuir trough. It is typically made of polytetrafluoroethylene (PTFE) and equipped with 

two moveable barriers, a dipper and a balance holding a Wilhelmy plate that measures the 

surface pressure (π). A schematic illustration of Langmuir trough is shown in Figure 1.6. 

  

 

         Figure 1.6: A schematic diagram of Langmuir trough. 
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  The moveable barriers are used to compress and expand the monolayer films and the rate of 

compression and expansion can be adjusted. The dipper is used for the Langmuir Blodgett 

depositions. The Wilhelmy plate is used to measure surface pressure. This plate is either made 

up of platinum or filter paper. In the Wilhelmy method, the plate is connected to an electro-

balance and partially submerged in the sub-phase. The Langmuir trough can also be attached 

to a water bath to run the measurements at different temperatures. It has built-in water 

circulating lines in which hot or cold water is circulated according to need. An additional 

accessory can also be used to measure the surface potential of a monolayer. A potential 

difference is measured between two electrodes, one is placed above the monolayer surface 

(vibrating plate) and a counter electrode is immersed in the sub-phase. From the surface 

potential measurements, the effective dipole moment of the molecules can be determined.9 

 

1.4.4 Mixed Monolayers 

  The widespread interest of researchers in mixed monolayers of surfactants is because mixed 

monolayers often have better interfacial properties compared to single component 

monolayers. Desired properties can be tailored by mixing different surfactants in specific 

proportions. As the mixed monolayer system is analogous to mixed gases and liquids, the 

same thermodynamic principles can be applied to it which are used for mixed liquids and 

gases. In a binary surfactant mixture consisting of surfactant A and B if the interactions 

between the A-B are the same as between A-A and B-B, the mixture is considered as an ideal 

mixture. The Gibbs free energy of mixing can be calculated using the following equation: 

𝛥𝐺𝑚𝑖𝑥 = 𝑛𝑅𝑇 ∑ 𝜒𝑖𝑙𝑛𝜒𝑖

𝑁

𝑖=1

                (1.11) 

 

  where 𝛥𝐺𝑚𝑖𝑥the Gibbs free energy of mixing, χi represents the mole fraction of ith 

component and n represents the total number of moles. The entropy of mixing (𝛥𝑆𝑚𝑖𝑥  ) for 

an ideal system can be calculated as follows: 

𝛥𝑆𝑚𝑖𝑥  =  − (
𝜕𝛥𝐺𝑚𝑖𝑥

𝜕𝑇
)

𝑃,𝑁𝑖

= −𝑛𝑅 ∑ 𝜒𝑖𝑙𝑛𝜒𝑖

𝑁

𝑖=1

                (1.12) 
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  The enthalpy of mixing can be determined from equations 1.11 and 1.12 and it is equal to 

zero for an ideal system as the interactions between different components A-B are identical 

to the interactions between the A-A and B-B. 

  In non-ideal mixtures, the interactions between A-B are different from A-A and B-B, so to 

report the interactions between different components in non-ideal mixtures, thermodynamic 

excess functions have been introduced in the literature. A thermodynamic excess function can 

be defined as the difference between observed function and ideal function.16 

 

𝐹𝑒𝑥𝑐𝑒𝑠𝑠 = 𝐹𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 −  𝐹𝑖𝑑𝑒𝑎𝑙                         (1.13) 

 

  The miscibility and interactions between the two components in a binary system can be 

determined using the additivity rule which is a variation of Raoult’s law. For a two component 

system in which both of the components mix ideally the additivity rule (equation 1.14) applies 

as follows: 

 

𝐴12 =  𝜒1𝐴1 +  𝜒2𝐴2                              (1.14) 

 

  where 𝐴12 is the area of the mixed film. 𝜒1 and 𝜒2 are the mole fraction of two components 

and 𝐴1and 𝐴2 are the areas of the two components, respectively. A deviation from the 

additivity rule indicates some kind of molecular interactions between the two components in 

the mixed films. A positive deviation from the additivity rule indicates that there are repulsive 

interactions between the two components in the mixed monolayer system and the system will 

undergo phase separation while a negative deviation from the additivity rule indicates that 

there are attractive interactions between the two components in the mixed monolayer system 

and both of the components are miscible in mixed monolayer system.17  

  Excess Gibbs free energy of mixing (𝛥𝐺𝐸) is used to quantify the interactions between two 

components in the binary mixed monolayer films. The excess Gibbs free energy of mixing 

can be determined by integrating the surface pressure-area isotherm from 0 mN.m-1 to a fixed 

value of surface pressure (equation 1.15). 
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𝛥𝐺𝐸 =  ∫ (𝐴12 − 𝜒1𝐴1 −  𝜒2𝐴2)
𝜋

0
𝑑𝜋                   (1.15) 

 

  where 𝐴12the area per molecule of the mixed monolayer is, 𝜒𝑖 is the mole fraction of the ith 

component and 𝐴𝑖is the area per molecule of the ith component. If there are no interactions 

between the components present in the mixed system 𝛥𝐺𝐸  will be zero. A positive or negative 

value of 𝛥𝐺𝐸 is indicative of the repulsive or attractive interactions between the two 

components in the mixed monolayer films. A positive value of 𝛥𝐺𝐸  is attained as a result of 

repulsive interactions between the two components in the mixed films and a negative value 

of 𝛥𝐺𝐸  represents the attractive interactions between two components in a binary mixed 

monolayer system.18 

 

1.4.5 Gibbs 2-D Surface Phase Rule 

The Gibbs 2-D phase rule is used to describe the miscibility in mixed monolayer films at 

equilibrium. A two-component immiscible monolayer consists of patches of one component 

distributed in the matrix of the other component while a miscible monolayer will consist of 

two components that are homogeneously mixed. The Gibbs 2-D phase rule is: 

𝐹 =  𝐶𝐵 + 𝐶𝑆 −  (𝑃𝐵 +  𝑞) + 3                    (1.16) 

 

where F is the degree of freedom, 𝐶𝐵  is the number of bulk components, 𝐶𝑆 is the number of 

surface components, and 𝑃𝐵 and q are the number of bulk and surface phases, respectively.  

  For a monolayer consisting of a single component and the monolayer is homogenous (one 

surface phase only), 𝐶𝐵 = 2, 𝐶𝑆 = 1,  𝑃𝐵 = 2 and 𝑞 = 1.  Thus, the degrees of freedom is 

three and for two surface phases, there will be two degrees of freedom. 

  For a two component system 𝐶𝐵 = 2, 𝐶𝑆 = 2, 𝑃𝐵 = 2 and 𝑞 = 1 (one surface phase only) 

there will be four degrees of freedom including external pressure, surface pressure, 

temperature and composition of the mixed film. If there are two surface phases, there will be 

three degrees of freedom with fixed composition of the two phases. 
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  In some cases, one of the components is also present as a bulk material (dissolving in the 

sub-phase). In this case according to the phase rule, 𝐶𝐵 = 2, 𝐶𝑆 = 2, 𝑎𝑛𝑑 𝑃𝐵 = 3. There will 

be three degrees of freedom if there is one surface phase (miscible components in the mixed 

monolayer system) and at constant temperature and external pressure a variation in surface 

pressure will be observed with composition. If there are two surface phases (immiscible 

components in a mixed monolayer) there will be two degrees of freedom and at constant 

temperature and external pressure, the surface pressure will be independent of the film 

composition. The more surface active component will squeeze out from the monolayer first 

and after that, the collapse pressure of the second component would be attained. 

 Thus the phase rule is a very important mean of providing information about the miscibility 

in a multicomponent monolayer system.11, 19 

 

1.5 Monolayer Characterization Techniques 

      1.5.1 Brewster angle microscopy  

  Brewster angle microscopy (BAM) is a technique that allows imaging of monolayers in real-

time and explores the morphology and thickness of ultrathin films directly at the air-water 

interface.20  

 BAM was invented by the Meunier group in 1991.21 It uses the reflective property of light 

which is parallel to the incident plane (p polarized) on a transparent dielectric substrate. In the 

absence of a monolayer, when p-polarized light strikes the surface of a dielectric substrate at 

an incident angle called the Brewster angle (𝜃b), no reflection of light occurs, and the p-

polarized light is refracted. In the presence of a monolayer at the air-water interface, when p-

polarized light is directed at the air-water interface at Brewster angle (𝜃b), it is reflected off the 

surface. A schematic illustration of the basic principle of BAM is shown in Figure 1.7. 

Brewster angle (𝜃b), is determined by Snell’s law that is described in the following equation: 

 

𝑡𝑎𝑛 𝜃𝑏 =  
𝑛2

𝑛1
                                        (1.17)  
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  where 𝜃b is the Brewster angle, n1 represents the refractive index of the air and n2 represents 

the refractive index of water. n2 > n1, as the refractive index of air, is ≈ 1 and of water is 

1.3333.22 

  The Brewster angle for the air-water interface is 53 ° (at a wavelength of 658 nm). The 

reflection of the light from the monolayer covered surface occurs as a result of the difference 

in the refractive index of the water and the substrate (monolayer).23 

 

 

 

 

 

Figure 1.7: A schematic illustration of the basic principle of BAM (modified from 

reference22). 

   

  The setup for the Brewster angle microscope consists of a laser (for this thesis, 𝜆 = 658 nm), 

which is used to direct an incident beam on the monolayer, a polarizer which improves the 

polarization of the incident p-polarized beam on the sample monolayer, an analyzer (a second 

polarizer) which is used to analyze the polarization of reflected light, and a lens that is used to 

focus the reflected beam on a CCD camera. The microscope has a lateral resolution of around 

2 µm. This is because of the optical diffraction limit of the instrument. The combination of 

high-performance optics and CCD camera also allows to observe the thickness variation in 

different samples. 

  A Langmuir trough is attached to the BAM setup, which records the isotherm of the sample 

along with the morphological information obtained from the BAM. This technique allows for 

analysis of domain shapes, surface dynamics, phase changes and topography of the thin films 
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at the air-water interface with a micrometer-scale spatial resolution.24 Although BAM is 

capable of providing micron-scale structural information about monolayer films at the air-

water interface it doesn’t provide molecular-level information because of its spatial 

resolution.25 

         

   1.5.2 Atomic Force Microscopy  

  Atomic force microscopy (AFM) is a type of scanning probe microscopy that is a very 

versatile and powerful tool used to image surfaces and probe properties of materials at the 

nanoscale. AFM’s high resolution and relatively easy sample preparation have made it a very 

useful tool for characterization of nanoscale materials in a precise and reproducible fashion.26 

Since its invention, AFM has had a major impact on physical, biological, chemical, material, 

and polymer sciences. It has been applied to characterize material surfaces, investigate material 

interactions27, explore mechanical properties of biological molecules such as DNA, proteins, 

and nucleic acids28, study molecular force interactions, investigate nanomechanics of 

materials29, and fabricate 3D materials at surfaces.30  

The basic principle of AFM is that the sample is scanned by an ultra-sharp probe attached to 

one end of a spring cantilever. The deflection of the cantilever causes a change in the position 

of the laser beam reflecting from the back of the cantilever, which is detected by a position-

sensitive photodiode. The position of the sample in the x, y, and z-directions is monitored by 

a piezoelectric scanning tube and interaction forces between tip and sample are maintained at 

a fixed level.  A topographic image of the sample is obtained by recording the deflection of the 

cantilever in the z-direction as a function of the sample’s x and y position.31  A schematic 

diagram of a typical microscope is shown in Figure 1.8. AFM has three principle imaging 

modes: contact mode, tapping mode, and non-contact mode. In contact mode, the probe is in 

continuous contact with the sample; in tapping mode, the probe comes in contact with the 

sample intermittently; while in non-contact mode, the probe does not come into contact with 

the sample at all during the scanning of the sample surface. 
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Figure 1.8: A schematic illustration of the basic operating principle of AFM (modified from 

reference32). 

 

  The vertical resolution of the microscope is ~1 Å while its lateral resolution is a few 

nanometers. The lateral resolution of AFM is limited by the convolution of surface structures 

with the probe tip. Moisture present on the surface of the sample also affects lateral resolution. 

Furthermore, it can be only used for the samples deposited on the solid substrate and sometimes 

deposition on the solid samples can bring the structural and morphological changes in the 

monolayers. In spite of the limited lateral resolution, AFM has still been used as a powerful 

tool to get the height differences, compositional mapping and rheological properties of 

monolayers.33 

 

1.5.3 Liquid Surface X-ray Scattering 

  Synchrotron-based X-ray scattering studies have been used to investigate liquid surfaces. 

Liquid surface X-ray scattering techniques are being used to probe the near-atomic and 

molecular level structure at the liquid-gas interface. Some of these techniques are discussed 

below. 

 1.5.3.1 Grazing Incidence X-ray Diffraction  

  GIXD is a versatile tool to investigate the ordering of molecules in monolayers at the air-

water interface. It can measure the diffraction of X-rays from a monolayer covered surface 
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and provides a means to explore in-plane two-dimensional structures at the interface. The 

graphical illustration of the basic principle is shown in Figure 1.9. An incident 

monochromatic beam of X-rays (ki) propagates in the x-z plane and strikes the interface 

making an angle ɑi, (smaller than the critical angle for total reflection) with the interface, 

and the diffracted beam (kf) is detected on a detector at making an angle 𝜃d (azimuthal 

angle) with the x-axis. For GIXD, angle of incidence (ɑi) is always less than the critical 

angle (ɑc) and azimuthal angle (𝜃d) is always greater than zero. As ɑi< ɑc, X-rays do not 

significantly penetrate into the sample which gives surface sensitivity to the 

measurements.  

 

 

 

Figure 1.9: A schematic illustration of the basic principle of GIXD (modified from 

reference34). 

 

  A Langmuir monolayer consisting of homogeneously oriented molecules can be 

assumed as having a quasi-long range order as shown in Figure 1.10 a. Two factors are 

used to determine the GIXD array: a structure factor that defines the ordered molecular 

lattice in the interfacial plane and the form factor that defines the distribution of electron 

density of an individual molecule. The 2D planar lattice’s structure factor comprised of 

the Bragg rods perpendicular to the plane (z-direction).  
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Figure 1.10: For a cylindrical molecule (a) lattice structure in real space (b) lattice 

structure in reciprocal space including Bragg rods (modified from reference34). 

   

  The maximum of the form factor of a perfect cylindrical molecule lies inside the 

reciprocal disk that is oriented at right angles to the molecular axis (Figure 1.10 b). The 

intersection of the Bragg rods and the reciprocal disk gives rise to the diffraction 

maxima. If the molecules are oriented perpendicular to the interface the diffraction 

maxima will be in-plane and if the molecules are oriented at some angle to the interface 

(tilted) the diffraction maxima will be out of plane. GIXD can also determine the tilt 

angles of the molecules and the unit cell parameters of the lattice.35 

 

1.5.3.2 X-ray Specular Reflectivity  

   X-ray reflectivity is a powerful tool to study the thickness of monolayers and 

multilayers in the nanometer range at interfaces.  In XR, the incident angle is varied in 

the regime of the grazing angle of incidence and reflected X-ray beams are collected. 

An angle-dependent curve is generated and the shape of the curve depends on the 

changes of the electron density in sample.36 

   In the basic setup of X-ray reflectivity, an incident beam of X-rays (ki) is directed on 

the sample surface (interface) at an incident angle ɑi less than the critical angle and the 

beam is reflected off from the surface with an angle ɑf. The angle of incidence (ɑi) is 

equal to the angle of reflection (ɑf.). The intensity of the reflected beam changes with 

the angle of incidence. X-ray reflectivity plots are generated for the normalized intensity 

(Rqz ) (obtained by dividing the intensity of reflected beam with the intensity of the 

incident beam at a different angle of incidence) vs wave vector, qz, which is defined as: 
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𝑞𝑧 =  𝑘0𝑠𝑖𝑛𝛼𝑖                       (1.18) 

 

  where qZ is the scattering vector in the z-direction. 𝑘0 is the wave vector 𝑘0 =  
2𝜋

𝜆
, and 

𝛼𝑖 is the angle of incidence. 

  The electron density profile of the sample can also be generated from XR 

measurements by fitting the scattering data to an appropriate model. Electron density 

profiles show the change in electron density (𝜌Z) along the direction perpendicular to 

the interface (z-direction). The interpretation of the electron density profiles provides 

information about the arrangement of the molecules and thickness of the films at the 

interface.36 

 

 

 

Figure 1.11: A schematic illustration of the basic principle of XR (modified from reference34). 

 

1.6 Gemini Surfactants 

  Gemini surfactants are a fairly new class of surfactants. These compounds were identified by 

Benton et al. in 1971, and in 1991, Fredrick M. Menger coined the word “gemini”.37 They have 

two polar head groups and two non-polar tails. The non-polar tails can be alkyl or fluoro-alkyl in 

nature and the polar head groups can be either cationic, anionic, non-ionic or zwitterionic in nature. 

The two monomeric units are usually linked together through the head group or tails by a short 

functional group referred to as a spacer. This spacer can be rigid or flexible, hydrophobic or 

hydrophilic in nature. In the case of hydrophobic spacer groups, it varies from 2-16 carbon long 



21 

 

methylene (CH2) groups.38 A gemini surfactant is denoted as m-s-m, where m represents the 

number of carbon atoms in the alkyl or fluoroalkyl tails, and s represents the number of carbon 

atoms in the spacer. The spacer group of gemini surfactant inhibits the association between 

hydrophobic (hydrocarbon) tails. If the head groups are linked together by the spacer, the molecule 

is called gemini surfactant (see structure in Figure 1.1) and if the monomeric units are linked with 

each other through non-polar tails, the molecule is called “bolaform” surfactant (Figure 1.12). The 

chains can be identical or non-identical both in gemini surfactants and in bolaform.39 

 

 

Figure 1.12: A schematic diagram of bolaform surfactant. 

 

  Gemini surfactants are typically divided into four different categories based on the nature of a 

charge on the head group. 1) Non-ionic gemini surfactants have no charge (neutral) on head 

groups. They usually consist of a polyether or sugar head group.40 2) Anionic geminis consist of 

negatively charged head groups and dissociate into anions in aqueous media. The head groups 

usually consist of carboxylates, sulfates, sulfonates and phosphates.39 3) Cationic geminis 

dissociate into cations in water. They have positively charged ammonium or pyrrolidinium head 

groups.38 Examples include 1,1’-(alkane-1,s-diyl)bis(1-dodecylpyrolidinium)bromide41 and 

alkanediyl-α,ω-bis (alkyldimethyl ammonium bromide)42 and 4) amphoteric gemini surfactants 

have opposite charges on head groups. They are asymmetric molecules with two different types of 

head groups. Bis-quaternary ammonium sulfates are included in this class of gemini surfactants.43 
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To fully understand the function of gemini surfactants it is important to review some of their 

physical properties. 

1.6.1 Critical Micelle Concentration 

  The concentration above which surfactant molecules form aggregates in solution is termed 

the critical micelle concentration (CMC).44 The CMC is an important parameter for 

comparison of the efficacies of surfactants to use them for their desired applications. It is the 

quantity of surfactant necessary to achieve maximum reduction in surface tension. Below the 

CMC, a decrease in surface tension occurs with an increase in the concentration while above 

CMC the surface tension remains constant because of the saturation of the interface with the 

surfactant molecules. At concentrations above the CMC, micelles are formed. If a surfactant 

has a smaller value of CMC, less surfactant will be required to attain the maximum surface 

tension reduction. 

  Gemini surfactants have of the order of 10-100 times lower CMC values as compared to 

conventional monomeric surfactants.45 The CMC of gemini surfactant depends on its structure: 

i.e., hydrocarbon tail length and the spacer group. The CMC of gemini surfactants generally 

decreases with an increase in the chain length. This is due to the intermolecular interactions 

between the hydrophobic tail groups. The dispersion forces between the hydrocarbon chains 

compete with the electrostatic repulsions of the head groups and are the major driving force 

for micelle formation.46 The CMC also depends on nature (rigid or flexible) and the length of 

the spacer group. Geminis with long, flexible spacer groups have reported possessing lower 

CMC values in comparison with those that have shorter spacers. This is attributed to the 

conformational changes of the spacer group at the micelle-water interface as the longer spacer 

conforms into a loop structure and is incorporated inside the micelle core. Spacer also keeps 

the hydrophilic head groups away from each other hence reduces the repulsions between the 

head groups.47 Geminis having rigid spacer groups have shown an increase in CMC values 

with an increase in alkyl chain length of the spacer.48  

   Anionic gemini surfactants typically have lower CMCs in comparison with cationic gemini 

surfactants.49 Brycki et al. has reported a 1000 times lower CMC value for 12-4-12 gemini 

surfactant if the methyl head group of the gemini are replaced by hydroxymethyl groups.50 

  



23 

 

1.6.2 Surface Activity 

  A conventional monomeric surfactant is less efficient in reducing the surface tension of water 

in comparison with a gemini surfactant. Water has a maximum value of surface tension of 72 

mN·m. The surface activity of a surfactant is reported in terms of C20, the surfactant 

concentration that reduces the surface tension of water by 0.02 N·m-1.  C20 is the measure of 

surfactants’ ability to adsorb at the interface.51  

  The surface activity of gemini surfactants is typically three orders of magnitude higher than 

conventional monomeric surfactants. DTAB has a C20 5.75 mM while 10-2-10 has a C20 0.001 

mM. The higher surface activity of gemini surfactants make them very useful compounds in 

the industry as emulsifiers and detergents. The C20 of a gemini surfactant depends on the nature 

and length of the spacer group. Gemini surfactants with the shorter, hydrophilic spacer are 

reported for having the smallest C20 values. The gemini surfactants which are highly surface 

active require less raw material for the synthesis, fewer by-products are formed and are thus 

viewed as being more environmentally friendly than monomeric surfactants.47  

  The surface activity of the gemini surfactants increases with increase in the chain length of 

the tail (alkyl or fluoroalkyl) group.51-52 Song et al. have observed a linear relationship between 

the log of C20 and the number of carbon atoms in the alkyl chain.52 Yoshimura et al. have also 

reported the higher pC20 value for longer alkyl chain (tail) gemini surfactants and found longer 

chain gemini surfactants adsorb better at the interface.53   

 

 1.6.3 Solubilizing Properties  

  Surfactants form micelles above the CMC in aqueous solution. Micelles are of different 

shapes and sizes but typically the core of the micelle consists of hydrophobic groups and the 

outer surface consists of hydrophilic groups. The core of a micelle acts as an organic pseudo 

phase and organic compounds can be partitioned inside the micelle core. This helps in the 

solubilization of organic compounds. As the CMC of gemini surfactants is lower than 

monomeric surfactants they also tend to have better-solubilizing properties.54 

  Gemini surfactants have been used to remove the polycyclic aromatic hydrocarbons (PAHs) 

including naphthalene, anthracene from water. They solubilize PAHs better than the 
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conventional monomeric surfactants and play a very important role in removing organic 

pollutants from water.54 They have also been proved very efficient in solubilizing organic dyes 

like Sudan I and Orange T.55 These dyes are used as coloring agents in the textile industry. 

They have proved better in solubilizing styrene in water than conventional monomeric 

surfactants.56 Hait et al.57 have reported that the [toluene/surfactant] binding ratio for 12-2-12 

gemini is 3.78 while for CTAB it is 0.78. The higher ratio for 12-2-12 gemini is because of the 

ion-dipole interactions.  

  Anionic gemini surfactants frequently show better solubilizing properties compared to their 

cationic counterparts because of their lower CMC.50 The solubilizing properties of a gemini 

depend on the structure of micelles. Cationic surfactants form tubular shaped micelles and the 

location of solubilized material inside the micelle depends on its shape.58 Gemini surfactants 

with longer tails and longer spacers have the better solubilizing ability as compared to shorter 

tail one however the branched gemini surfactants have less solubilizing ability.59 The longer 

the hydrocarbon tail length and the spacer length of gemini, the larger will be the size of the 

micelles. The larger the size of the micelles the better solubilizing properties it would have.50 

 

1.7 N N,N′,N′-dialkyl-N,N′-diacetate ethylenediamine gemini surfactants 

    Since their first development, the majority of research on gemini surfactants has been aimed at 

understanding their aggregation behavior in bulk solution. However only a few attempts have been 

made to understand the behavior of gemini surfactant at the interface in monolayers. Furthermore, 

researchers have been more interested in the investigation of interfacial behavior of cationic gemini 

surfactants because of their ease of synthesis but less effort has been made to synthesize and 

characterize anionic gemini surfactants.  

  The majority of the cationic surfactant monolayers that have been investigated to date are from 

the bis (quaternary ammonium halide) class. Alejo et al.60 have explored the effect of anions from 

the Hofmeister series on the interfacial properties of cationic gemini surfactant ethyl-bis (dimethyl 

octadecylammonium bromide) (18-2-18). The presence of the anions in the sub-phase caused a 

screening of electric charge of the head groups and resulted closely packed vertically arranged 18-

2-18 molecules in the Langmuir monolayers. Chen et al.61 have investigated the effect of spacer 

group on the interfacial behavior of 18-s-18 cationic gemini surfactants.  An increase in the liftoff 
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area (AL), limiting area (A∞) and the area at the collapse pressure (Ac) was observed with increase 

in the spacer chain length and reached to a maximum at s = 10 and after that, a decrease in these 

physicochemical parameters was observed with increase in the spacer chain length. The increase 

in the hydrophobic chain length of the spacer resulted in an uplift of the spacer group in the air and 

even folding though it affects the orientation of the tail groups at the air-water interface. Li et al.62 

have explored the miscibility of a cationic gemini surfactant (18-3-18)-stearic acid mixed 

monolayers at the air-water and air-solid interface and observed that this system is miscible at 25 

ºC. The head groups of the gemini and stearic acid have electrostatic attractions and the addition 

of stearic acid to the cationic surfactant resulted in homogenously mixed monolayers. Nishida et 

al.63 have investigated the mixing behavior of hydrogenated (22-2-22)-perfluorinated (𝐶8
𝐹 𝐶4 −

2 − 𝐶8
𝐹 𝐶4)  cationic gemini surfactants using separate deposition (spreading) and premixed 

deposition of surfactant on the sub-phase. In the case of separate deposition of the two gemini on 

sub-phase, both components remained separate on compression and formed micelles separately 

while in case of premixed deposition both components were mixed on compression and no 

multimolecular aggregates were observed.  

  There are several important examples of anionic gemini surfactants reported in the literature, with 

some of this information reviewed by Shukla et al.47  In terms of particularly important examples, 

Zhu et al.64 have reported the synthesis and aggregation behavior of an anionic gemini surfactant 

(with sulphonate head group and flexible spacer) in aqueous solution. The anionic gemini 

exhibited lower CMC and C20 values as compared to monomeric anionic surfactants and the 

flexibility of the head group allowed the gemini to pack well and form micelles. The interaction 

between anionic gemini O,O′-bis(sodium 2-dodecylcarboxylate)-p-benzenediol and cationic 

gemini (oligoona)alkanediyl-α,ω-bis(dimethyldodecylammonium bromide), represented as 

(C11pPHCNa) and (C12-2-Ex-C12·2Br, x= 1,2,3) respectively  was studied by Zhao et al.65 at the 

air-water interface and in bulk solution. Mixtures with the mole fraction of the anionic gemini < 

0.5 exhibited stronger adsorption of the monolayers at the air-water interface while when mole 

fraction of anionic gemini was >0.5 premicellization occurred in the solution. However in both 

cases a strong interaction was observed between the two surfactants in mixed monolayers.  

  Anionic gemini surfactants from the family N,N,N′,N′-dialkyl-N,N′-diacetate ethylenediamine 

(representative compounds are shown in Figure 1.13) have recently garnered interest because they 

can be easily synthesized in one step reaction and purification is not laborious. Furthermore, 
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because of the surfactant’s headgroup is similar to the chelating group ethylenediaminetetraacetic 

acid, it was anticipated that this compound will show good metal binding ability. Wattebled and 

Laschewsky first synthesized a member of this family with 12 carbon long tails and investigated 

its bulk properties and metal chelating abilities. This anionic carboxylate gemini has a Kraft 

temperature below 0 ºC, CMC < 10-4 and it formed structural aggregates in pH range 7-10. 

Ace(12)-2-Ace(12) films were stable at a concentration of 0.65 mol Ca2+ per mol of the head group 

of surfactant. 66  

  Subsequently, Lv et al.67 have synthesized a series of these compounds with 8, 10, 12 carbon long 

tails and named them as Ace(n)-2-Ace(n). With the increase in the hydrocarbon tail length of the 

gemini surfactant, an increase in the surface activity was observed. Furthermore, the effect of pH 

on the aggregation behavior of gemini was more noticeable in longer chain gemini. The adsorption 

of the gemini at the interface or its aggregation in bulk can be controlled by changing the pH.67 A 

series of asymmetric gemini surfactants (Ace(m)-2-Ace(n) with m = 8,10 and n = 10,12,14,16) 

from the same family were also synthesized and their adsorption at the surface and aggregation 

behavior was investigated. The asymmetric Ace(m)-2-Ace(n) showed better interfacial activity 

and pH adaptability as compared to symmetric Ace(n)-2-Ace(n).68 As the hydrocarbon chain 

length was increased more aggregates were formed. Moreover with the change of pH from alkaline 

to acidic more aggregates were formed.68  

  Srivastava et al.69 have reported an interaction between the Ace(m)-2-Ace(n) ( m=10,12 and 

n=12) with a cationic drug Chlorpheniramine maleate in micelles and at the interface using surface 

tension techniques. An attractive interaction between the drug and the gemini surfactants observed 

similar to that reported for the cationic-anionic gemini mixtures. A higher value of the binding 

constant for Ace(m)-2-Ace(n) with the drug was observed as compared to monomeric surfactants 

and Chlorpheniramine maleate-Ace(m)-2-Ace(n) mixtures stabilized the silver nanoparticles in the 

aqueous media.  

  While efforts have been made to characterize Ace(n)-2-Ace(n) surfactants in bulk solution, their 

behavior at the air-water interface is entirely unknown. There is a need to explore the behavior of 

these gemini surfactants in Langmuir monolayers as the monolayer studies offer a great chance to 

understand the dynamics that control the aggregation behavior of gemini surfactants in a minimal 

model system. In this thesis, two general physical chemistry topics have been investigated.  First, 

the metal binding efficiency of the anionic gemini surfactants was explored at the air-water and 
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air-solid interface. To the best of our knowledge, there are no studies in the literature that have 

investigated the metal binding properties of anionic gemini surfactants in monolayers. This study 

has opened a new field of monolayer research to explore. In the second part, surfactant miscibility 

in anionic gemini-perfluorinated acid mixed monolayers was explored, and again no one has 

reported these properties in the literature previously. The research objectives for this study are 

described in further detail in the following section. 

1.8 Research Objectives 

   In this thesis, the ability of anionic gemini surfactants from the N,N,N′,N′-dialkyl-N,N′-diacetate 

ethylenediamine family to bind to metals and their mixing behavior with monomeric perfluorinated 

surfactant has been studied using a combination of Langmuir monolayer approaches, microscopy 

and X-ray studies. In the first part of this thesis, the ion binding behavior of anionic gemini 

surfactants was explored at the air-water and air-solid interface. For this purpose, two anionic 

gemini surfactants from N,N,N′,N′-dialkyl-N,N′-diacetate ethylenediamine family were 

synthesized in the lab and were characterized at the air-water and air-solid interface. The chemical 

structures of these two gemini surfactants are shown in Figure 1.13. Both of the gemini surfactants 

have  EDTA-based head groups. The head groups consist of carboxylic acid and the tails are alkyl 

groups with different tail lengths. One version of these gemini surfactants has a 12 carbon long tail 

and is referred to as Ace(12)-2-Ace(12) while the second version has an 18 carbon long tail and is 

referred to as Ace(18)-2-Ace(18). The reasons to choose these EDTA based gemini surfactants 

were two-fold: First, these gemini surfactants have the structural similarity with simple monomeric 

fatty acids. They have the carboxylic acid head groups and hydrocarbon tails like the monomeric 

fatty acids. Because of the structural similarity with the fatty acids, it was believed that the Ace(n)-

2-Ace(n) mimics the fatty acids structure and will form stable Langmuir monolayers at the air-

water interface like fatty acids. Second, these gemini surfactants contain an EDTA-like group and 

it was expected that both will show good binding efficiency with cations at the air-water interface; 

this provides a useful opportunity to investigate the ion-binding properties of these compounds 

which is entirely unknown in monolayers. Na+, Ca2+ and Fe3+ were selected to study the binding 

efficiency of gemini with these metals because the binding stoichiometries of these metal ions with 

bulk EDTA are well documented. Furthermore the interaction of the fatty acids Langmuir 
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monolayers with the Na+ and Ca2+ in the sub-phase is also reported in the literature70 and can be 

used for comparison purposes. Thus, this study aimed to investigate the effect of metal binding on 

the structure of anionic gemini surfactant monolayers at air-water and air-solid interface. It also 

includes determining the apparent association constant for Ace(n)-2-Ace(n) and the metal binding 

ratio between cations and Ace(n)-2-Ace(n). This goal was accomplished using a simple ion 

bonding model. These studies are reported in Chapters 2-4. 

 

 

 

                            

 

                                          (a)                                                                        (b) 

           Figure 1.13: Chemical structure of (a) Ace(12)-2-Ace(12) and (b) Ace(18)-2-Ace(18). 

 

  The second part of this thesis investigates the mixing behavior of the gemini surfactants with a 

monomeric fluorinated surfactant (perfluorotetradecanoic acid; PF). As the gemini surfactants 

have a structural resemblance to fatty acids, it was expected that they would show similar mixing 

behavior. Binary mixed monolayers containing fatty acids and PF have been studied extensively 

and can either be miscible or immiscible under different monolayer fabrication conditions (see 71 

for a recent review). The miscibility of the mixed films depends on the chemical structure of the 

surfactants (hydrocarbons or fluorocarbons), and in particular the hydrocarbon tail length as well 

as fabrications conditions such as temperature and surface pressure. Dipole-dipole repulsions 

between charged head groups and the dispersion forces between hydrocarbon chains play a vital 

role in determining the miscibility in a mixed surfactant monolayer. Previously, researchers in the 
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Paige group have investigated the mixing behavior of hydrogenated (fatty acids)-perfluorinated 

mixed surfactant systems at the air-water and air-solid interface. In all of these mixed systems 

phase separation was observed.72-76 As the gemini surfactants mimic the structure of fatty acids, it 

was hypothesized that their miscibility in monolayers with PF would also depend on the 

hydrocarbon tail length. Thus, this study aimed to develop an understanding of the molecular 

factors that control the miscibility of PF-Ace(n)-2-Ace(n) mixed monolayers at the air-water and 

air-solid interface, and to compare it with fatty acid comparator systems reported previously in the 

literature. This was accomplished by determining the miscibility of the PF-Ace(n)-2-Ace(n) mixed 

monolayers at air-water and air-solid interface using a combination of surface pressure-area 

isotherms, morphological studies, and X-ray scattering studies. These topics are reported in 

Chapters 5-6. 
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CHAPTER 2: 

Na+ AND Ca2+ BINDING PROPERTIES OF ACE(12)-2-ACE(12) 

MONOLAYERS 

2.1 Candidate’s Contribution 

   In this work, I synthesized the gemini surfactant and performed all bulk characterization. I solely 

performed all experiments, analyzed the data, interpreted the results and was significantly involved 

in writing the first draft of the manuscript. Concepcion P. Ponce helped me with the synthesis and 

Hessamaddin Younesi Araghi trained me on the instruments and helped me in data analysis. Dr. 

Paige provided his guidance throughout the work and was greatly involved in interpreting the 

results, as well as writing and editing the paper.  

  Chapter 2 is a copy of a manuscript published in the journal of Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, [reprinted with the permission of Colloids and 

Surfaces A: Physicochemical and Engineering Aspects, 2017,522, pp 536-543].  

 

2.2 Contribution to Research Objectives 

   The goal of this study was to synthesize an EDTA-based gemini surfactant (Ace (12)-2-Ace 

(12)) and characterize it in monolayer films as well as in bulk solution. To understand its behavior 

in the monolayers it was very important to check the purity of these compounds and investigate 

the fundamental parameters like CMC for this gemini surfactant. This was attained through bulk 

characterization. As this gemini surfactant has an EDTA backbone and EDTA is a very good metal 

chelating agent, it was hypothesized that Ace(12)-2-Ace(12) will show good metal binding 

efficiency. One of the objectives of this research was to determine the binding efficiency of gemini 

surfactants with metal cations in Langmuir monolayers. In this chapter the binding ability of 

Ace(12)-2-Ace(12) was investigated by preparing Langmuir monolayers. The apparent binding 

constant Kapp and binding stoichiometry for gemini surfactants and cations were also determined 

using a simple ion binding model. This work is the first ever published research on monolayers of 

this compound. 

  

https://www.sciencedirect.com/science/article/pii/S0927775717302996#!
https://www.sciencedirect.com/science/article/pii/S0927775717302996#!
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2.3 Reprint of Contribution 

Cation Binding Properties of an Anionic Gemini Surfactant Monolayer 

Jeveria Rehman 1, Concepcion P. Ponce 1, 2, Hessamaddin Younesi Araghi1 and Matthew F. 

Paige 1 

1Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, 

Saskatchewan, Canada, S7N 5C9. 

2Department of Chemistry, University of the Philippines Visayas, Miag-ao, Iloilo Philippines 

5023. 

 

 2.4 Abstract 

A new class of anionic, gemini surfactants based on N,N’-dialkyl-N-N’-diacetate ethylene diamine 

has recently been reported in the literature, with the compounds exhibiting controllable and, in 

some cases reversible, aggregation in response to solution pH and the presence of inorganic 

cations.  In this work, the response of one member of this surfactant family (12 carbon long-tail) 

to sub-phase Na⁺ and Ca²⁺ at basic pH was investigated at the air-water interface using Langmuir 

monolayer approaches. It was found that the anionic monolayer exhibited marked expansion in 

response to sub-phase cation concentration, with Ca2+ leading to significantly greater film 

expansion than Na+.  The film’s response to inorganic ions in the sub-phase was modeled using a 

simple ion-binding model, with association constants that were generally smaller than those 

reported for comparator systems, and a 1:1 and 2:1 surfactant to cation binding ratio, as expected 

to meet electroneutral conditions. However, Brewster angle microscope measurements revealed 

that monolayer film expansion was accompanied by the formation of multimolecular aggregates, 

tentatively assigned to the formation of poorly-dispersed deposits of cation chelated with the 

surfactant.  The impact of this effect on the apparent magnitude of film expansion, ion-binding and 

controlling aggregation in these systems, and the potential for this system in terms of controlling 

surfactant aggregation is discussed. 

 2.5 Introduction  

  Gemini surfactants, surface active molecules that contain at least two hydrophobic “tail” groups 

and two ionic or polar head groups connected by a short linker, have found a diverse range of 
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technological applications including drug-delivery and gene transfection, enhanced oil recovery, 

ion chelation and a host of others.1–4 The widespread interest in gemini surfactants is largely related 

to their superior technological properties in comparison with conventional monomeric surfactants, 

including lower critical micelle concentrations (CMCs), excellent surface tension lowering 

capabilities, strong solubilizing capacity as well as their ability to form diverse and useful 

structured aggregates in solution.  While significant efforts have been devoted to understanding 

and controlling the aggregation of gemini surfactants in bulk solution, their behavior in monolayer 

films is generally less well-characterized, particularly for anionic surfactants. Monolayer studies 

present the opportunity to characterize chemical factors that control gemini surfactant aggregation 

behavior in simple, minimal model systems, and develop a systematic understanding of key factors 

which regulate these effects.  While some important fundamental chemical structure effects in 

gemini monolayers have been reported, for example the formation of expanded films with 

increasing linker length5–7, the role of head group charge8–10, and the ability to pattern DNA into 

complex structures at the air-water interface11,12, many important factors which regulate 

aggregation remain unexplored in monolayers. 

  The chemical synthesis and bulk characterization of a new class of anionic N,N’-dialkyl-N-N’-

diacetate ethylenediamine (Ace) gemini surfactants with pH-controllable aggregation behavior has 

recently been reported in the literature.13–15 Pioneering work by Wattebled et al.15 described the 

preparation of a simple, anionic carboxylate gemini surfactant based on ethylenediamine diacetate 

(Figure 2.1 (a); referred to as Ace(12)-2-Ace(12) in accordance with Lv et al.’s14 naming 

convention).  The resulting compound, prepared using a two-step chemical synthesis under mild 

reaction conditions, exhibited very good surface tension lowering properties, CMC of < 10-4 mM, 

and formed small (estimated~3 nm hydrodynamic diameter by dynamic light scattering) micellar 

aggregates between pH 7-12. Bulk Ace(12)-2-Ace(12) solutions were also found to remain stable 

at relatively high concentrations of Ca2+, with the system sustaining ~0.65 mol Ca2+ per mole of 

surfactant head group before precipitating, attributed in part to the chelating properties of the 

ethylenediaminetetracetic acid (EDTA)-like head group of the surfactant. 

   Lv et al.13,14 have expanded on the work of Wattebled by synthesizing and characterizing the 

solution-phase aggregation behavior of Ace(n)-2-Ace(n)  variants with different length alkyl chain 

tails (n = 8-12 alkyl units). In general, it was observed that the surface activity of the surfactants 

increased with increasing alkyl tail length and that the extent of surfactant aggregation could be 
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controlled by adjusting the overall pH of the solution, with the extent of aggregation reaching a 

maximum at a pH that fell between the pKa’s for the two carboxylic acid head groups (reported as 

6.55 and 8.41 for the first and second acid hydrolysis steps, respectively). Several different types 

of aggregate morphologies were reported, with structures depending on solution pH; at alkaline 

pH, a mixed population of structures (postulated as micelles, vesicles and lamellar aggregates) 

were observed, whereas at neutral pH, more monodisperse aggregates that were spherical in shape 

were observed. Further, it was reported that the pH switching behavior could be exploited to 

reversibly control emulsion formation in mixed water-dodecane systems. Appropriate mixtures of 

water, dodecane and the Ace(n)-2-Ace(n) surfactants could be reversibly switched between o/w 

and w/o emulsions through appropriate adjustment of solution pH. 

   

 

 

 

 

         (B) 

 

 

                  

                                 (a)                                                                           (b) 

Figure 2.1: (a) Chemical structure of fully-protonated Ace(12)-2-Ace(12). (b)  molecular model 

of Ace(12)-2-Ace(12), calculated with Spartan ’14 under vacuum conditions using an MMFF 

force field, with approximate dimensions included as insets. 
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  While characterizing pH effects on aggregate formation in the Ace(n)-2-Ace(n) systems is an 

important advance in controlling aggregation behavior in anionic gemini surfactants, a number of 

important questions and effects warrant further explanation and investigation. Of particular interest 

to our group is the effect of cation binding to these compounds and its influence on surfactant 

packing and film structure at the air-water interface. The chelation of Ca2+ described by Wattebled 

et al.15 for the Ace(12)-2-Ace(12) system suggests that, at suitable solution pH, inorganic cations 

might also be used to control aggregation of these molecules. In this work, we present an 

investigation of Ace(12)-2-Ace(12) monolayer properties including π-A compression isotherms, 

surface potential measurements and Brewster angle microscope imaging, to characterize the 

influence of sub-phase inorganic ions (monovalent Na+ and divalent Ca2+) on monolayer 

properties. At pH = 10.0, where the carboxylic acid head groups of the surfactant will be fully-

deprotonated, the addition of cations to the sub-phase resulted in a significant film expansion for 

both ions, and upon compression, led to the formation of micron-sized aggregates as visualized by 

BAM imaging. Results are discussed in context of those described in bulk solution measurements, 

with a view towards controlling aggregation behavior in these systems.  

2.6   Materials and Methods 

        2.6.1 Materials  

N-methyldodecylamine (97%), ethylenediaminetetraacetic acid (EDTA) dianhydride (98%), 

and Ca(OH)2 (95%) were used as received from Sigma-Aldrich. The salts,  CaCl2 (95%), 

NaOH (97%) and NaCl (99.6%) were purchased from EMD Merck. Solvents including 

methanol (HPLC grade), ethyl alcohol (HPLC grade), acetone (HPLC grade) and chloroform 

(ACS grade) were purchased from Fisher chemicals. 

2.6.2 Synthesis of Gemini Surfactant 

 Ace(12)-2-Ace(12) was synthesized using a variation of the method described by Wattebled 

et al.15  In brief, EDTA dianhydride and N-methyldodecylamine were dissolved in methanol 

and the mixture was refluxed for ~24 h at 43°C. The reaction mixture was allowed to cool 

to room temperature, filtered and then evaporated on a rotary evaporator to yield a 

yellowish oil. Acetone was then added until the oil precipitated as a white solid. The 

precipitates were collected using vacuum filtration and further purified by dissolution in 
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chloroform and re-precipitation in acetone to yield a white powder (~95% yield). Detailed 

characterization of the final product is included as supplementary information. 

 

2.6.3 Isotherm and Surface Potential Measurements  

  Langmuir films were prepared at pH 10.0 and room temperature using a KSV 2000 

Langmuir trough system (KSV Instruments), with ultrapure Millipore water (resistivity 18.2 

MΩ) as a sub-phase. For cation-containing sub-phases, NaCl or CaCl2 was dissolved in 

Millipore water at the concentrations of interest. A stock solution of Ace(12)-2-Ace(12) (1 

mM) was prepared in chloroform. Before every measurement, the trough was cleaned by 

vacuum suction. Surface pressure was measured using a Wilhelmy balance equipped with a 

filter paper Wilhelmy plate. Isotherm measurements were performed by spreading a stock 

surfactant solution with a microsyringe onto the sub-phase and allowing the solvent to 

evaporate for a minimum of 10 minutes before compression. Films were compressed at a rate 

of 5 Å2 molecule-1 minute-1. The same experiments were performed for a variety of sub-phase 

cation concentrations. 

  Surface potential measurements at the air-water interface were performed with a calibrated, 

vibrating plate probe (KSV Instruments) mounted on the trough. Films were prepared as 

described above. The surface potential probe was calibrated with a known DC voltage before 

beginning experiments.  

2.6.4 Brewster Angle Microscopy 

  BAM images were collected using the KSV NIMA Ultra BAM system (KSV Instruments) 

coupled to a Langmuir trough. The water surface was illuminated with a 658 nm laser 

directed onto the surface at the Brewster angle (53⁰) for the air-water interface. The images 

were recorded by a CCD camera at a frame rate of 20 frames per second.  

  2.7 Results and Discussion  

  Ace(12)-2-Ace(12) formed stable monolayers at the air-water interface on pH 10.0 sub-phases at 

room temperature, both in the presence and absence of Na+ and Ca2+ in the sub-phase. A typical 

π-A compression isotherm, along with a compressibility modulus plot (Cs
-1 = -A(dπ/dA)T vs. π) 

for the gemini surfactant in the absence of sub-phase cations is shown in Figure 2.2. Isotherms 
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were comparable in shape to similar, cationic gemini surfactants reported elsewhere in the 

literature (see Chen et al.16 for example) and consisted of a flat region at large mean molecular 

areas (~130 Å2molecule-1 – 90 Å2molecule-1), followed by a smoothly increasing region that 

continued until the collapse of the film at πc ~ 44 mNm-1. There were no discernible plateaus 

indicative of phase-transitions to liquid condensed-like phases and the maximum of the 

compressibility modulus plot (point of minimum fluidity of the film, occurring at ~33 mNm-1) 

was consistent with the formation of a liquid-expanded phase. The maximum compressibility 

modulus value was slightly lower than that typically observed for phospholipids (monomeric 

surfactant with two tail groups) such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)17, 

indicating the gemini surfactant films are slightly less rigid than these simple comparators.  

 

 

 

 

 

 

 

 

Figure 2.2:  Surface pressure-area compression isotherm for Ace(12)-2-Ace(12) on a pH 10.0, 

cation-free sub-phase.  Inset: compressibility modulus plot for isotherm.  The compressibility 

modulus plot was smoothed with a 15-point moving average. 

   To estimate the limiting molecular area (A0) for the compressed film, a straight-line was fit to 

the linear portion of the isotherm (between 45–50 Å2molecule-1) and extrapolated to  = 0 mNm-

1. A value of 61 Å2 was obtained for the gemini in the absence of sub-phase cations. This value is 
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significantly larger than that for simple fatty acids (eg. ~20 Å2 for arachidic acid18), and comparable 

with that which we have observed for common phospholipids (~ 60 Å2 for 

diphosphatidylcholine)19, which is the expected result for close-packed aliphatic chains. For 

gemini surfactants, the degree of molecular packing of the compressed film has been reported to 

be heavily dependent on the length and rigidity of the linker unit connecting adjacent hydrophobic 

chains; for bicationic bis-(quaternary ammonium halide) surfactants, one of the more extensively 

investigated gemini systems studied using monolayer approaches, Chen et al.5  reported a nearly 

linear dependence of A0 values for short (3-10 carbon alkyl chain) linkers in monolayer films. For 

their shortest alkyl linkers (three CH2 groups), limiting areas of ~130 Å2 were reported, and the 

values measured here for the shorter linker Ace(12)-2-Ace(12) is qualitatively consistent with this 

trend. Similar observations have been reported in dilute surfactant solutions by Alami et al.6,7  The 

latter have proposed, in conjunction with supporting X-ray scattering measurements that for short 

linkers of the type used here, the linker lies flat at the air-water interface, and the measured A0 

supports the occurrence of similar packing in the Ace(12)-2-Ace(12) system. Approximating the 

area occupied by each molecule in the compressed film as a simple circle defined by the head 

group diameter (estimated from MMFF calculations for a molecule in  vacuum) gives an area of ~ 

70 Å2, which is reasonably close to the measured value of 61 Å2. 
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Table 2.1:  Limiting molecular area (A0) increases as a function of sub-phase sodium and 

calcium ion concentrations. 

 

  

Compression isotherms were measured as a function of sub-phase Na+ (0–40 mM) and Ca2+ (0–

60 mM) concentration and are shown in Figure 2.3. While the general shapes of the isotherms did 

not vary significantly as a function of the ion concentration, the lateral position of the isotherm 

exhibited shifts to larger mean molecular areas as the ion concentration increased. Isotherm shifts 

to smaller mean molecular areas can be caused by film condensation or by loss of surfactant to the 

sub-phase, while shifts to larger mean molecular areas indicate film expansion. Thus, the presence 

of cations in the sub-phase resulted in monolayer film expansion over and above the areas observed 

for the ion-free sub-phase. The extent of film expansion was measured by determining A0 values 

for each sub-phase concentration and are summarized in Table 2.1. For these measurements, 

increasing the sub-phase ion concentrations above the range stated above did not result in any 

additional monolayer expansion, and thus the range was limited to these concentrations. 

[Na+] 

(mM) 

A0 

(Å2) 

[Ca2+] 

(mM) 

A0 

(Å2) 

0 61 0 -- 

1 62 1 89 

5 63 5 83 

10 64 10 95 

20 66 20 105 

30 69 30 106 

40 71 40 101 

-- -- 50 103 

-- -- 60 131 
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Figure 2.3:  Surface pressure-area compression isotherms for Ace(12)-2-Ace(12) on a pH 10.0 

sub-phase as a function of Na+ sub-phase concentration. 

    This behavior is consistent with the binding of metal cations to the negatively charged head 

groups of the Ace(12)-2-Ace(12), resulting in a net expansion of the film. Binding of inorganic 

ions to surfactant films to form mixed surfactant-salt monolayers is a well-known effect and is a 

commonly-used method for stabilizing Langmuir monolayers prior to deposition onto solid 

substrates (cf. stabilization of simple fatty acid monolayer films by addition of inorganic ions to 

the sub-phase20).  However, for fatty acids the films are typically condensed into rigid structures, 

whereas here the gemini surfactant films were expanded and showed no appreciable change in 

compressibility modulus (rigidity) as a function of ion concentration (see supplementary 

information in Appendix A). For sodium ion, the overall film expansion was relatively modest, 

with a maximum expansion of ∼ 16% over and above that of the limiting area for a pure water 

sub-phase. 

  To further characterize film structure as a function of sub-phase ion concentration, we have 

measured surface potential of the monolayers at the air-water interface in the absence of sub-phase 

ions and under two representative concentrations for a fixed film area.  Surface potential (ΔV) 
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measurements and corresponding surface dipole moments (μ, approximated using the Helmholtz 

relation, μ = 0ΔVA, where 0 is vacuum permittivity and A is area per molecule) are summarized 

in Table 2.2.  For the sake of simplicity, we assume that the potential attributed to the ionic double 

layer is negligible here; while this is only true for uncharged layers, it will add order one 

corrections to the dipole moments, and we deem this is to be an acceptable level of precision for 

qualitative analysis.  

   For a fixed monolayer area, increasing the sub-phase ion concentrations from zero to their 

saturation values resulted in a net increase in surface potential, for both Na+ and Ca2+. This is the 

expected result for ion-induced film expansion (i.e. maintaining a fixed dipole orientation requires 

expansion of the film). In agreement with the isotherm data, there was a larger difference between 

the surface potential on pure water and the saturated Ca2+ sub-phase than the corresponding value 

for the saturated Na+ sub-phase, with a maximum value of 400 mV (ca. 1 D) observed in the former 

case. These data are consistent with an increasingly ordered, perpendicular arrangement of tail 

groups at the air-water interface from a molecule with a large dipole moment. MMFF calculations 

for Ace(12)-2-Ace(12) in vacuum indicate the latter is true, with an estimated dipole of ~ 12 D 

(directed towards the head group) for the gemini. The surface potential is significantly larger than 

that observed at comparable film areas for several lecithin variants as well as phosphatidalcholine 

bound to divalent inorganic cations at similar mean molecular areas; Shah et al.21 reported surface 

potentials on the order of 275 – 325 mV for these phospholipids on a variety of divalent inorganic 

cations on acidic sub-phases. For the phospholipid systems, the measured surface potentials are 

strongly affected by the contribution to the total surface dipole by the zwitterionic head group, 

which, in the case of the lecithins, serves to diminish the net dipole moment, despite the 12-20 

alkyl groups typically found in the surfactant tails. This is not the case with the Ace(12)-2-Ace(12) 

system, in which the head group will contribute additively to the net dipole moment. 
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Table 2.2: Surface potential and corresponding surface dipole moment for Ace(12)-2-Ace(12) 

increase as a function of sub-phase cation concentration. 

 

Number Sub-phase 
Surface potential (V) 

at MMA of 100 Å2 

molecule-1 

μ (D) 

1 pure water 0.24 0.63 

2  [Na+] = 1 mM 0.30 0.79 

3  [Na+] = 40 mM 0.32 0.85 

4  [Ca2+] = 1 mM 0.36 0.96 

5  [Ca2+] = 60 mM 0.40 1.06 

 

  The underlying molecular-level source of film expansion is difficult to determine on the basis of 

the measurements here, and at this stage, we can only make reasoned speculation as to its source. 

Simple screening of electrostatic interactions between charged head groups typically leads to film 

contraction, as most commonly observed in fatty-acid systems, which suggests some other factor is 

at work. An intramolecular change in the structure of Ace(12)-2-Ace(12) seems most plausible; 

chelation of metal cations by EDTA results in major structural changes of the hexadentate ligand, and 

while this is a poor analog of the surfactant system used here, it may be an important factor. The very 

large film expansion observed for Ca2+ binding indicates that any molecular change would need to be 

substantial. Attempts at measuring film thickness using atomic force microscopy “scratch tests” on 

deposited samples were not successful and do not contribute any useful information here; LB films 

could not be selectively scratched off underlying substrates, likely because of very strong adhesion 

between the solid substrate and the two polar head groups of the surfactant. Further, simple structural 

computational studies did not provide much insight. Vacuum-optimized, calculated structures of the 

Na+-gemini complex, modeled with the Na+ bound directly to the negatively-charged carboxylic acid 

head groups, were not appreciably different from those shown in Fig. 2.1(b) (data not shown); it is 

likely that the interaction between the headgroup and the aqueous sub-phase plays a crucial role in 
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any conformational changes that take place. Unfortunately, the suite of measurements that are 

presently available to us lack the ability to resolve such effects, and future investigation of the 

molecular source of the film expansion will require the use of additional spectroscopic (for example, 

IR reflection-absorption) or diffraction-based measurements to further clarify the underlying 

molecular cause of the expansion. 

  The observation that film expansion occurred over a limited range of ion concentrations suggests 

that this process can be reasonably described using a simple ion binding model. In this approach, 

we describe the interaction between the negatively charged gemini surfactant (G2-) in the 

monolayer and “n” positively charged metal cations (Mm+) in the sub-phase using the simple 

chemical equation: 

 

𝐺2− +  𝑛𝑀𝑚+  ⇌  𝐺. 𝑀𝑛
𝑚−2            (2.1) 

Defining an association constant: 

𝐾 = 𝐾𝐺 +  𝐾𝛽                                         (2.2) 

Where KG represents the association constant for binding of gemini with metal ion and Kβ is the 

contribution towards equilibrium constant from the electrical double layer of ions underneath the 

monolayer. KG is defined as: 

𝐾𝐺 =  
[𝐺·𝑀𝑛

𝑚−2]

[𝐺2−][𝑀
𝑚+

]𝑛
                                       (2.3)  

       and: 

𝑙𝑜𝑔
[𝐺·𝑀𝑛

𝑚−2]

[𝐺2−]
   =  𝑛𝑙𝑜𝑔 [𝑀𝑚+] + log 𝐾𝐺                      (2.4) 

 

  Plotting log [GMn
m-2] / [G2-] versus log [Mm+] yields a slope equal to the ion-binding 

stoichiometry and an intercept equal to log KG, the equilibrium binding constant from gemini 

surfactant.  As a simple measure of the relative molar quantities of  [GMn
m-2] and [G2-], we have 

used the shift in π-A isotherms as a function of ion concentration assuming a basic additivity 

relationship. In brief, the mean molecular area for a fixed surface pressure (15 mN/m) was 

measured for the gemini surfactant monolayer in the absence of sodium ion (G2- in equation (2.4)) 
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and for the monolayer under saturating conditions (GMn
m-2 in equation (2.4)). The corresponding 

surface pressure was measured for films at intermediate ion concentrations, and the relative 

quantities of G2- and GMn
m-2 were calculated using the lever rule, i.e. by assuming that the area of 

the mixed film was equal to a linear combination of the mean molecular areas of G2- and GMn
m-2 

at the same surface pressure.  However, care must be taken in interpreting this simple relationship; 

aside from activity effects, a key assumption underlying this model is that G2- and GMn
m-2 must 

be ideally mixed in the monolayer and the additivity rule applies.  While this can be measured for 

simple binary systems where the relative amounts of the two components can be rigorously 

controlled22, one does not have this degree of control for this system and the assumption of ideal 

mixing cannot be easily tested. Note, since Ace(12)-2-Ace(12) is anionic, with pKa1 = 6.8 and pKa2 

= 10, at pH 10, the head groups are fully ionized and interact with the cations and counterions 

present in the sub-phase.  Thus, one cannot neglect the contribution from the electrical double 

layer towards the equilibrium constant. Kβ represents the equilibrium binding constant that 

accounts for the electrical double layer effect to the equilibrium constant. However, we are unable 

to determine its value experimentally and will carry out calculations using KG only. Further, 

complications related to the formation of poorly-dispersible surface aggregates also exist (vide 

infra).  Because of this, we view these values as semi-quantitative estimates of binding and thus 

refer to apparent association constants (Kapp) from these measurements only. 

  Figure 2.4 shows a plot of log [GNan
n-2] / [G2-] versus log [Na+] determined from the 

concentration dependent π-A isotherm data. 
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Figure 2.4:  Plot showing logarithm of ratio of bound-to-unbound Ace(12)-2-Ace(12) as a 

function of [Na+] on a pH 10.0 sub-phase. The red curve is the line of best fit (R2 = 0.961)  

and was used to determine Kapp and binding stoichiometry for the binding of Na+. 

   

   Based on the analysis described in equation (2.4), we determined values of log Kapp = 2.0 + 0.3 

and n = 1.1 + 0.1 for the system. For comparison purposes, bulk solution equilibrium binding 

values for Na+ with EDTA at comparable solution pH have been reported by Chen et al.23 to fall 

in the range of log K = 1.66-1.84, with the value depending strongly on the ionic strength and 

precise buffer conditions used. While care must be taken to extend the comparison of bulk solution 

measurements with those taken from Langmuir monolayer measurements, the values for Kapp are 

within range of those reported for bulk, suggesting that the binding (chelating) model is a 

reasonable one for describing the influence of cations. Further, the ion-binding stoichiometry was 

consistent with a simple 1:1 mole ratio between surfactant headgroup and sub-phase ion, which is 

typical for binding of EDTA to a wide variety of metals in bulk solution.24 Again, however, care 

must be taken to not over-interpret this correlation; as shown below, the binding stoichiometry and 

strength depend on the identity of the metal cation, which is not the case with EDTA alone.  
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  Given that the association of Ace(12)-2-Ace(12) with Na+ in the sub-phase can be adequately 

described using a simple ion-binding model, the applicability of the model to describe the binding of 

Ca2+ was explored. Wattebled et al.’s  bulk15 solution measurements suggest that chelation in this 

system should be significant and measurable. Fig. 2.5 shows the Ca2+ dependence of surface pressure-

area isotherms. 
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Figure 2.5: Surface pressure-area compression isotherms for Ace(12)-2-Ace(12) on a pH10.0  

sub-phase as a function of Ca2+ sub-phase concentration. 

  The isotherms and the response of the isotherms to sub-phase Ca2+ were similar to that observed for 

the Na+ sub-phase, with isotherms shifting to a larger mean molecular area (film expansion) with 

increasing concentration. Again, there were no significant changes in isotherm shape or 

compressibility modulus as a function of concentration and extrapolated A0 values are reported in 

Table 2.1. The presence of sub-phase Ca2+ resulted in significantly greater monolayer film expansion 

in comparison with Na+, with a maximum film expansion of ∼40% from that of the film in the absence 

of ions. Similar to the Na+ case, a maximum concentration of Ca2+ was found, above which no further 

film expansion was observed. For Ca2+, the upper limit was 60 mM in comparison with the 40 mM 

observed for Na+. Isotherm dependence on ion concentration was analyzed using the binding model 

described by Eq. (2.4) and is reported in Fig. 2.6. 
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   Data for the Ca2+ system did not correlate as well to the simple linear binding model as did the 

Na+ system (correlation coefficient reported in figure captions), but the fit was deemed adequate 

in order to continue with the semi-quantitative analysis presented here and values of log Kapp = 0.9 

+ 0.2 and n = 0.5 + 0.1 were determined.  In terms of the log Kapp value, the binding constant was 

significantly lower than that measured for Na+, and was markedly lower than that observed for 

bulk solution binding of Ca2+ with EDTA (reported as log K = 10.6524).  Indeed, the magnitude of 

the binding constant in EDTA-metal chelate systems generally scales with both metal ion charge 

and mass, and on this basis, one might reasonably expect to measure substantially greater values 

of Kapp for the Ca2+ system over the Na+ system. Clearly this comparator is of limited value for the 

surfactant monolayer system, and the chelation ability of the system, at least in monolayers, is not 

nearly of the same order as classical bulk metal-chelating systems. However, comparing Ca2+ 

binding constants with other surfactant-based systems can be informative here; Satoh et al.25, for 

example, have reported a binding constant of log K = 1.57 for the association of Ca2+ with DPPC 

liposomes (though other reports found in the literature indicate that values depend strongly on 

bilayer phase, the measurement technique and other factors).  Ross et al.26 have reported a binding 

constant of log K = 1.48 for Mg2+ association with dipalmitoylphosphatidylcholine bilayers, which 

is in good agreement with other values found elsewhere in the literature.  Based on these values, 

it appears that the magnitude of ion-binding in the Ace(12)-2-Ace(12) monolayer system is similar 

to, but slightly weaker than that measured for typical zwitterionic surfactant film systems. For 

simple fatty-acid surfactant monolayers, Gericke et al.27 have used IR reflection-absorption 

measurements at the air-water interface to demonstrate that the binding of Ca2+ to carboxylate head 

groups is largely ionic in character, and the weak binding observed here is consistent with this. 

Nonetheless, both Na+ and Ca2+ ions can significantly expand monolayer films and Ca2+ is superior 

in comparison with Na+ in this regard.  

  Of additional interest for Ca2+ is the ion-binding stoichiometry, which is 2 Ace(12)-2-Ace(12) 

per each Ca2+, in contrast to the 1:1 ion-binding for Na+. Again, the results for Ca2+ are not the 

expected result if the gemini surfactant behaved like EDTA in bulk solution, which binds with 1:1 

stoichiometry, but is consistent with binding observed in other (typically phospholipids) surfactant 

systems. A 2:1 surfactant to calcium ion binding stoichiometry has been observed for a number of 

systems, most notably phosphatidylcholine and diphosphatidylcholine bilayers,21 and is not 

atypical for weakly-binding divalent cations. Intriguingly, Wattebled et al.15 have estimated, for 
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solution-based systems, a maximum binding of 1.25:1 surfactant to Ca2+ binding ratio (reported as 

0.65 Ca2+ per mol of surfactant head group) using turbidity-based measurements.  It is not clear 

whether the source of the difference is due to approximations inherent in both methods or to the 

binding capacity of monolayers versus bulk solution, but regardless, the binding stoichiometry is 

clearly greater than a simple 1:1. 

 

 

 

 

 

 

 

Figure 2.6: Plot showing logarithm of ratio of bound-to-unbound Ace(12)-2-Ace(12) as a 

function of [Ca2+] on a pH 10.0 sub-phase.  The red curve is the line of best fit (R2 = 0.88)  

and was used to determine Kapp for the binding of Ca2+. 

 

  To probe the micron-scale film morphology of the gemini films at the air-water interface, BAM 

images were collected as a function of sub-phase ion concentration at a fixed surface pressure (π 

= 15 mNm-1) and are shown in Figure 2.7. Images of gemini surfactant monolayers on pure, 

cation-free sub-phase were almost entirely homogeneous, except for the presence of occasional 

low-reflectivity “pinholes” distributed across the surface (inset, the first panel of Figure 2.7). The 

contrast in BAM is primarily due to variations in film thickness and refractive index, and in this 

case, the pinhole structures can reasonably be attributed to the formation of defects in the otherwise 

close-packed surfactant monolayer film. Control experiments of pure water and cation-doped sub-
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phases (not shown) were featureless except for occasional highly scattering dust particles and did 

not show features of this type.   

 Film morphologies were markedly different on Na+ and Ca2+ sub-phases. While film structures 

changed as a function of surface pressure, including the formation of typical expanded film 

structures at lower pressures (surface pressure dependent BAM images are shown in 

supplementary information in Appendix A), we focus the discussion here on a more noticeable 

and important feature.  In the presence of cations, images showed the presence of numerous, 

highly-reflective, micron-scale patches distributed across the surface. Patches were heterogeneous 

in both size and shape but were generally larger than the diffraction-limited spatial resolution of 

the microscope (~ 2 μm for the instrument and imaging wavelength used here). Deposition of films 

onto solid substrates and imaging in an atomic force microscope (see supplementary information 

for representative images in Appendix A) indicate that the patches were significantly thicker than 

a monolayer, which, taken in conjunction with their lateral extent in the BAM images, suggests 

the patches consisted of multimolecular aggregates of surfactant, possibly associated with 

inorganic ions. As noted above, control experiments indicated that these features were not the 

result of impurities or surface-active species in the salt solutions themselves, but rather structural 

changes in the gemini monolayers induced by the presence of cations in the sub-phase.  For both 

cations, the number of aggregates increased as a function of sub-phase concentration and the 

spacing between aggregates decreased as films were further compressed.  Further, we did not 

observe pinhole defects in monolayer films prepared on cation-containing sub-phases, though the 

high image contrast resulting from the aggregates in these images might make detecting such low-

reflectivity regions extremely difficult.   

  The formation of multimolecular aggregates in the expanded films seems non-intuitive; one 

might reasonably postulate that film expansion would favor the dispersion of aggregates rather 

than promote their formation. Nonetheless, the effect is clear and reproducible. At present, the 

precise explanation for the formation of aggregates is unclear.  
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Figure 2.7:  BAM images of Ace(12)-2-Ace(12) films (pH 10.0 sub-phase, π = 15 mNm-1) as a 

function of sub-phase composition.   Inset for the pure water sub-phase image is a digital zoomed 

region (~ 300 μm × 250 μm, brightness adjusted) highlighting the film’s pinhole defects. 

 

  As noted with the isotherm analysis, there is no significant change in the compressibility modulus 

of the films with sub-phase cation concentration, which can reasonably rule out the possibility of 

mechanical instability in the film leading to monolayer folding, buckling and forming aggregates. 

Further, the films are not particularly rigid; buckling instabilities are typically observed in polymer 
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surfactant films28–30 or similarly cross-linked systems. We postulate that the aggregates are poorly 

dispersible deposits of cation bound to the surfactant (i.e. gemini surfactant salt). 

 The solution-based Ca2+ chelation experiments by Wattebled et al. noted the formation of 

insoluble precipitates at very high Ca2+ concentrations using turbidity and simple observation of 

the solutions. It seems plausible that we are observing the early-onset of this precipitate formation 

in the BAM measurements, for both the Na+ and Ca2+ sub-phase. If this is the case, then a great 

deal of care must be taken when interpreting the isotherm data because, of course, the surface 

active material is being removed from the film when the deposits form. However, even if this effect 

is occurring, a substantial fraction of functional surfactant remains on the sub-phase surface even 

with deposit formation, and the films expand considerably. If there is a fraction of surfactant that 

is bound as deposits and not surface active, then the reported extent of film expansion and limiting 

areas described above will be significantly underestimated, and similar issues would are associated 

with the affiliated log Kapp and binding stoichiometry. This may be an additional factor 

contributing to the difference in our measured stoichiometry and that reported by Wattebled.  

However, it is difficult to make a quantitative estimate of the effect this would have on these values 

with any real degree of confidence, as we cannot convincingly estimate the fraction of surfactant 

that might be bound into aggregates. Because of this, we again view these values as semi-

quantitative estimates. Nonetheless, it is clear that the overall degree of film packing can be 

significantly altered through the use of sub-phase cations, and the capacity to achieve structural 

control over this system through such simple means appears promising. 

  

2.8 Conclusions 

 Monolayer films of the anionic gemini surfactant Ace(12)-2-Ace(12), a compound first described 

in the literature by Wattebled et al.15, have been investigated at the air-water interface with a 

combination of surface pressure-area compression isotherms supplemented by BAM imaging 

experiments. Basic monolayer film properties such as limiting areas and phase behavior were 

consistent with other, similar cationic gemini surfactants described elsewhere in the literature1. 

The surfactant films exhibited marked film expansion in the presence of sub-phase Na+ or Ca2+, 

consistent with binding of the cations to the anionic, EDTA-like headgroup of Ace(12)-2-Ace(12). 

The chelation of Ca2+ by this surfactant has been reported in bulk, solution studies of these 
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compounds, and this effect agrees with these observations. A simple saturation binding model was 

used to describe the extent of ion-binding in the system, with apparent association constants and 

binding stoichiometry that compared reasonably with comparator compounds. However, BAM 

imaging experiments indicated that salt-induced film expansion was also accompanied by the 

formation of micron-scale deposits at the air-water interface, and while the nature of these deposits 

was unclear, it was postulated that they might consist of poorly-dispersible agglomerations of 

cations with Ace(12)-2-Ace(12). While the latter complicates the interpretation of the quantitative 

aspects of binding, the ability to manipulate the degree of packing in the film through the simple 

addition of cations to the sub-phase indicates the system is amenable to controlled aggregation in 

films.  
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CHAPTER 3:  

Na+ AND Ca2+ BINDING PROPERTIES OF ACE(18)-2-ACE(18) MONOLAYERS 
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3.1 Candidate’s Contribution 

    For this work, I solely performed all experiments, analyzed the data and interpreted the results. 

Dr. Matthew F. Paige provided extensive guidance throughout the experimental work. This work 

has not yet been written or submitted for publication. 

 

3.2 Contribution to Research Objectives 

  The aim of this project was to assess the effect of tail chain length of the gemini surfactant on its 

ability to bind metal cations.  This was done by synthesizing an 18 carbon long hydrocarbon tail 

chain anionic gemini surfactant from the family N,N’-dialkyl-N-N’-diacetate ethylene diamine and 

comparing its binding properties with the 12 carbon long hydrocarbon tail chain compound 

described in Chapter 2. Ace(18)-2-Ace(18) was synthesized and bulk characterization was 

performed to assess purity. As this gemini surfactant has the same headgroup but a longer tail 

chain than Ace(12)-2-Ace(12), it was hypothesized that it would show similar binding efficiency 

with metal cations as Ace(12)-2-Ace(12). The hypothesis was based on the concept that a longer 

tail chain would not significantly change the dipole moment of the molecule and thus the electron 

donating inductive effect of the alkyl chain would have a negligible effect on ion-binding. This 

hypothesis is tested in this chapter.  

3.3 Abstract 

  N,N’-dialkyl-N-N’-diacetate ethylene diamine based gemini surfactants recently reported in the 

literature have been previously demonstrated to bind metal cations in bulk solution and at the air-

water interface. In this study, binding properties of a newly-synthesized member of this class, 

Ace(18)-2-Ace(18) with Na+ and Ca2+ at pH 10.0 and room temperature were investigated using a 

combination of Langmuir monolayer approaches and microscopy measurements. The presence of 

cations in the sub-phase resulted in film expansion in comparison with monolayer films for the 

Ace(18)-2-Ace(18) on a pure water sub-phase. The extent of film expansion was similar for both 

Na+ and Ca2+-containing sub-phases. Ion association constants and binding stoichiometries were 

determined for Ace(18)-2-Ace(18) and both of the metal ions using a simple semi-quantitative ion 

binding model. The association constant value was larger for Ace(18)-2-Ace(18) with Na+ 

compared to the 12 carbon member of this family, while association constants for Ca2+ were 
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comparable. A 2:1 and 1:1 surfactant to cation binding stoichiometry was observed for Ca2+ and 

Na+, respectively, as was the case for the 12 carbon compound. Surface potential measurements 

suggested that the orientation of the molecules at the air-water interface was significantly altered 

by the cations in the sub-phase. BAM measurements indicated that cations in the sub-phase 

promoted the formation of multimolecular aggregates. The effect of tail chain length on association 

constant and the aggregation of Ace(18)-2-Ace(18) in the monolayers is discussed.  

 

3.4 Introduction 

  Gemini surfactants have captivated the interest of surfactant scientists for several decades 

because of their special structure and superior surface active properties as compared to monomeric 

surfactants.1–3  Because of their unconventional technological properties they are being widely 

used in agriculture4, medicine and industry.6 Substantial research efforts have been made to 

investigate the structure-activity relationship of gemini surfactants, particularly the effect of nature 

of spacer group (hydrophilic or hydrophobic)7, its polarity, length and nature of spacer linkage8 on 

aggregation behavior and micellization of gemini surfactant in bulk and at the interface.9–11 

Furthermore, the effect of nature of the head group of gemini on physicho-chemical properties has 

also been studied by various researchers.12-15 

  The tail chain length of a gemini surfactant is also a major contributing factor for determining its 

physico-chemical properties in bulk solution and also at the interface, but little effort has been 

made to systematically investigate this, particularly in Langmuir monolayers. Gemini surfactants 

with longer hydrocarbon tails typically possess the higher surface activity and lower critical 

micelle concentrations. For example, Bao et al.16 have explored the effect of hydrophobic chain 

length on surface active properties of a silicon-based cationic gemini surfactant. With an increase 

in the chain length of the gemini surfactant from C8-Psi-C8 to C12-Psi-C12, the surface activity 

increased but with a further increase in chain length of the gemini from C12-Psi-C12 to C18-Psi-C18, 

the surface activity decreased. The increase of chain length to C18 caused the tangling of the longer 

tails of gemini and hence the uneven distribution of molecules at the surface and increased surface 

tension. Castro et al.17 have studied the gene transfection properties of supermine derived gemini 

surfactants with different chain lengths (C6-C18). The gemini surfactant with C18 showed the 

maximum transfection activity, but a molecular-level explanation of this was not provided by the 
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authors. Asefi et al.18 have measured the effect of tail length of gemini surfactants, 1,4-butane-bis-

dimethyl dodecyl ammonium bromide (12-4-12) and 1,4-butane-bis-dimethyl tetradecyl 

ammonium bromide (14-4-14), and monomeric surfactants, DTAB and  TTAB  on the corrosion 

inhibition of steel in acids. An increase in the chain length of the surfactants lead to increase in 

corrosion inhibition efficiency. The inhibition efficiency of the surfactants followed the order 14-

4-14>12-4-12>TTAB> DTAB. This was attributed to the surfactants with longer tail adsorbing 

more strongly on the metal surface as compared to their shorter tail counterparts.  

  The presence of ions in monolayer sub-phases typically brings order and stability to monolayers 

at the air-water and air-solid interface because of the electrostatic interactions between the head 

groups of surfactants and the ions present in the sub-phase.19 However, there is little information 

on this effect on gemini surfactant monolayers.  In one of the few reports of these effects in the 

literature, Alejo et al.20 investigated the interaction between anions of the Hofmeister series and 

the cationic gemini surfactant ethyl-bis (dimethyl octadecylammonium bromide) (18-2-18) in 

Langmuir monolayers and Langmuir Blodgett films. In these systems, it was proposed that anions 

in the sub-phase screened the electric charge of the head group and hence resulted the condensed 

monolayers as compared to monolayers on pure water sub-phase. The saline sub-phase produced 

monolayers consisting of closely packed, perpendicularly arranged molecules at the air-water 

interface. SCN- ions brought the maximum compactness of the films.20 

  Recently, anionic gemini surfactants from the N, N’-dialkyl-N-N’-diacetateethylenediamine 

family have earned the attention of researchers because of their easy synthesis and purification. 

Synthesis, bulk properties and surface adsorption of several variations of these compounds have 

been studied by several authors.21–24  Lv et al.22 also synthesized some other members of this class 

Ace(n)-2-Ace(n) with n = 8, 10 and 12 and explored their surface properties as a function of pH. 

It has been reported that the Ace (n)-2-Ace(n) with longer tails adsorb better at the air-water 

interface. This is due to the change of intermolecular and intramolecular interactions of Ace(n)-2-

Ace(n) molecules governed by pH and length of the alkyl chain. These previous works were carried 

out in bulk solution, and the only monolayer work to date has been done is reported in Chapter 2 

of this thesis and published previously.25 

  In this chapter, we extend the work described in Chapter 2 and report the binding behavior of 

Ace(18)-2-Ace(18) (See Figure 3.1 for chemical structure) with metal cations (Na+ and Ca2+) in 
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monolayer films. The effect of increasing the length of the tail chain on its binding with the metal 

cations is investigated. The hypothesis in this work is that the longer tail of the Ace(n)-2-Ace(n) 

will minimally affect its binding efficiency with the metal ions as the longer tail will not 

significantly change the dipole moment of the Ace(n)-2-Ace(n) molecule because of the minimal 

change to the electron donating inductive effect of the alkyl chain.26 Thus the longer alkyl chain 

will have a negligible effect on the binding of Ace(n)-2-Ace(n) with metal ions. To test this 

hypothesis, surface pressure-area isotherms, surface potential measurements and Brewster angle 

microscopy measurements were performed to examine the effect of cations on properties of 

monolayers at pH 10.0 and room temperature. Results are compared with the Ace(12)-2-Ace(12) 

molecule and also with gemini in bulk solutions. 

 

 

Figure 3.1: Chemical structure of Ace(18)-2-Ace(18). 

 

3.5   Materials and Methods 

    3.5.1 Materials  

  N-methyloctadecylamine (97%), ethylenediaminetetraacetic acid (EDTA) dianhydride (98%), 

and Ca(OH)2 (95%) were purchased from Sigma-Aldrich.  NaCl (99.6%), CaCl2 (95% and 

NaOH (97%) were used as received from EMD Merck. All solvents were purchased from Fisher 

Chemicals. 
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3.5.2 Synthesis of Ace(18)-2-Ace(18) 

  For the synthesis of Ace(18)-2-Ace(18), EDTA dianhydride was dissolved in methanol and 

N-methyloctadecylamine was added when the EDTA dianhydride was fully dissolved. The 

mixture was refluxed for ~ 22h at 43°C. After 22 h the flask was removed from reflux and 

cooled to room temperature. Any insoluble material was filtered out and the filtrate was 

evaporated on a rotary evaporator. Acetone was added to the evaporated content and 

precipitates of Ace(18)-2-Ace(18) appeared. The mixture was left overnight to allow for 

complete precipitation. The mixture was filtered using vacuum filtration and the white 

precipitates were separated and dried in a vacuum oven. The purification was performed by 

dissolving in chloroform and precipitating with acetone. The yield was ~ 80%. The synthesis 

scheme and details of the complete bulk characterization of the product are provided in the 

supplementary information in Appendix B. 

 

3.5.3 Isotherm and Surface Potential Measurements  

   A Langmuir trough (KSV NIMA, KSV Instruments) was used to fabricate Langmuir films at 

pH 10.0 and room temperature. Milli Q water (resistivity 18.2 MΩ) was used to prepare the salt 

solutions and was also used as a sub-phase when required. For saline sub-phases, NaCl or CaCl2 

was dissolved in Milli Q water.  A stock solution of Ace(18)-2-Ace(18) (1 mM) was prepared 

in chloroform. A filter paper Wilhelmy plate was used to measure the surface pressure. For 

isotherm measurements, an appropriate volume of Ace(18)-2-Ace(18) solution was spread on 

the sub-phase with a Hamilton syringe and given 10 minutes to evaporate before compression. 

Monolayer films were compressed at a rate of 5 Å2 molecule-1 minute-1.  

 A calibrated, vibrating plate probe (KSV Instruments) attached to a Langmuir trough was used 

to measure the surface potential at the air-water interface. Films were prepared as described 

above.  The surface potential probe was calibrated using a known DC voltage before performing 

experiments.  

  

3.5.4 Brewster Angle Microscopy 

  BAM images were collected using a KSV NIMA Ultra BAM system (KSV Instruments) 

attached to a Langmuir trough. A 658 nm laser was used to illuminate the water surface and the 
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beam was directed on to the surface at an angle of 53° (the Brewster angle for the air-water 

interface). Images were collected by a CCD camera at a frame rate of 20 frames per second.  

 

3.6 Results and Discussion 

  Surface pressure-area isotherms were collected for Ace(18)-2-Ace(18) on a sub-phase of pure 

water and with different concentrations of Na+ and Ca2+ in the sub-phase. Figure 3.2 shows the 

isotherm for Ace(18)-2-Ace(18) on a pure water sub-phase. The isotherm consisted of a flat region 

of low surface pressure until a lift-off area (the mean molecular area at which isotherm starts rising 

from 0 mN·m-1) of ~120 Å2, followed by a smooth increase until reaching the collapse pressure 

(~47 mN·m-1) of the film. The isotherm was smooth without any observable plateau regions or 

kinks associated with phase transitions. A compressibility modulus plot (Cs−1 = −A(dπ/dA)T vs. π) 

provided in Figure 3.2 inset contained a slight shoulder near the collapse pressure, which might be 

due to the instability of the film at such a high surface pressure. The peak for the compressibility 

modulus plot appeared at ~36 mN·m-1, which indicates that the films are in liquid expanded phase 

and the maximum value of  CS
-1 is smaller than the maximum compressibility modulus value for 

Ace(12)-2-Ace(12) (~100 mN·m-1 ). This indicates that Ace(18)-2-Ace(18) films are more 

compressible in comparison with Ace(12)-2-Ace(12) films.25 The maximum compressibility 

modulus value was lower than the monomeric surfactants with two tails (phospholipids) such as 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC)27 indicating Ace(18)-2-Ace(18) monolayer films are more compressible 

than these phospholipids and will not easily deform.  

 To observe the effect of salt concentration on Langmuir monolayers, surface pressure area 

isotherms were collected for Ace(18)-2-Ace(18) on sub-phases containing Na+ in the concentration 

range 1 mM - 20 mM at pH 10 and room temperature. The isotherms were similar in shape for all 

ion concentrations but shifted towards higher mean molecular areas as the ion concentrations 

increased. This indicates that the effect of ions in the sub-phase is to expand Ace(18)-2-Ace(18) 

films. As observed in Chapter 2, film expansion occurred over a limited range of concentrations 

of Na+ and at concentrations > 20 mM, no further film expansion was observed.  
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Figure 3.2:  Surface pressure-area isotherm for Ace(18)-2-Ace(18) on sub-phase Milli Q water 

at a pH 10 and room temperature. Inset is the compressibility modulus plot for the isotherm. 

  Similar to the pure water sub-phase, there were no phase transitions detected in the isotherms on 

cation-containing sub-phases (compressibility modulus plots provided in the supplementary 

information in Appendix B). The expansion of monolayer films with the addition of cations is 

quite different from traditional monomeric anionic surfactants on saline sub-phases, as monomeric 

ionic surfactants usually form condensed monolayers at the air-water interface as a result of 

screening electrostatic interactions between the head groups.28  However, the behavior is similar 

to that of Ace(12)-2-Ace(12) monolayers on saline sub-phase, as Ace(12)-2-Ace(12) also formed 

expanded films with the Na+ sub-phase.25 Clearly, extending the tail chain by 6 alkyl units does 

not substantially alter the general tendency of these films to expand with ion addition. 

  To further explore the magnitude of film expansion, limiting areas (A0) were determined for the 

various isotherms by fitting a straight line in the steep portion of the isotherm and extrapolating it 

to  = 0 mN‧m-1. The values are provided in Table 3.1. For Ace(18)-2-Ace(18), A0 was ~82 Å2  

which is larger than the A0 reported for single chain surfactants such as stearic acid (24 Å2)29 and 

the comparator 12 carbon long gemini, Ace(12)-2-Ace(12) (61 Å2). Ace(18)-2-Ace(18) and 

Ace(12)-2-Ace(12) differ only in tail length and surfactants with longer tail typically have lower 
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A0 values because of better interfacial packing of the surfactant molecules.30 We interpret this 

result as being due to the longer tails of the Ace(18)-2-Ace(18) having greater conformational 

flexibility which leads to steric repulsion between close-packed molecules. For isotherms with Na+ 

in the sub-phase the A0 value increased with increase in Na+ concentration in the sub-phase. The 

percent film expansion was calculated by comparing film areas with those from isotherms on the 

pure water sub-phase. An overall 32% film expansion occurred for the highest concentration of 

Na+ sub-phase measured.     
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Figure 3.3:  Surface pressure-area isotherms for Ace(18)-2-Ace(18) on a pH 10.0 sub-phase as a 

function of Na+ sub-phase concentration at room temperature. 

  As the film expansion occurred over a limited range of concentrations, this system can reasonably 

be described using the simple semi-quantitative model used previously in Chapter 2. In this model 

the interaction between the Ace(18)-2-Ace(18) with the Na+ ion can be described using equations 

3.1 and 3.2; further details were given previously. 

 

G2- +  nMm+  ⇌  G. Mn
m-2            (3.1) 
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log
[G·Mn

m-2]

[G2-]
   =   nlog [Mm+] + log KG                      (3.2) 

  Where [GMn
m-2] represents the Ace(18)-2-Ace(18) bound to metal ions in the monolayer and 

[G2-] represents unbound Ace(18)-2-Ace(18) present in the monolayer. A plot of 

log
[G·Mn

m-2]

[G2-]
   versus log [Mm+] yields a line with a slope that provides the number of metal ions 

binding to the Ace(18)-2-Ace(18) and intercept that provides the value of log KG, the association 

constant for Ace(18)-2-Ace(18) monolayer. Concentration differences that were smaller did not 

give any significant difference in the mean molecular area of the isotherms. The relative quantities 

of [GMn
m-2] and [G2-] can be determined from surface pressure area isotherms using the same 

assumptions and method that was used in Chapter 2.  

  As the working pH is 10.0 for this system and at this pH, Ace(18)-2-Ace(18) molecules are 

expected to be fully ionized in the monolayer, electrical double layer effects resulting from directly 

adsorbed metal ions should not be neglected. Because of this, an additional term (Kβ) should be 

introduced into the equilibrium constant expression to account for the electrical double layer 

contribution. This can be determined from specialized radiochemical analysis, neutron reflection 

measurements, surface electrical potential measurements and also using some theoretical 

thermodynamic models.31 In general, the size of this additional equilibrium constant associated 

with the electrical double layer is significantly smaller than the equilibrium constant for the 

monolayer.31 Because of this and the assumptions noted in Chapter 2, we designate association 

constant with log Kapp (apparent association constant) and must consider these measurements as a 

semi-quantitative estimate of binding. A plot of log [GNan
n-2] / [G2-] versus log [Na+] is shown in 

Figure 3.4. 
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Figure 3.4:  Plot showing logarithm of ratio of bound-to-unbound Ace(18)-2-Ace(18) as 

function of [Na+] on a pH 10.0 sub-phase.  The red curve is the line of best fit (R2 = 0.99) and 

was used to determine Kapp and binding stoichiometry for the binding of Na+. 

 

   Using the approach described above, values of log Kapp = 2.9 ± 0.2 and n = 1.0 ± 0.1 for Ace(18)-

2-Ace(18) on a Na+ sub-phase were determined. The binding stoichiometry indicates that one Na+ 

will interact with one Ace(18)-2-Ace(18) molecule. The log Kapp value is larger than 2.0 ± 0.3, the 

corresponding value for Ace(12)-2-Ace(12). This result does not support the original hypothesis 

that the surfactant tail length would not affect the extent of ion binding.  The basis for this 

hypothesis is that the dipole moment of the surfactants is only significantly affected by the first 

few atoms (or functional groups) closest to the headgroup as the inductive effects do not go beyond 

the first two or three atoms of the alkyl chain.26  This suggests that there will be minimal changes 

in the dipole moment of a homologous series of surfactants with an increase in the hydrocarbon 

chain length. Thus, it is reasonable to anticipate minimal changes in binding behavior of Ace(12)-

2-Ace(12) and Ace(18)-2-Ace(18) with Na+. The source of this difference is currently unclear, and 

it appears to be specific to the Na+ system; no such difference is observed with Ca2+ (vide infra).   

The results suggest that Na+ binds to Ace(18)-2-Ace(18) in a unique, ion-specific fashion, and 

additional structural information is needed to determine the structure of the bound complex. 
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Despite the unexpectedly large binding constant exhibited with Na+, it is noted that the binding 

stoichiometry is the same as the binding stoichiometry of 1:1 Na(I)-EDTA complexes in bulk 

solution reported in literature.32 

   Isotherms were also measured for Ace(18)-2-Ace(18) on a Ca2+ sub-phase under the same 

conditions, and are shown in Figure 3.5. Isotherms were comparable in shape and in response to 

cation concentration as those observed for Na+. Compressibility modulus plots (Cs
-1 = -A(dπ/dA)T 

vs. π) (see supplementary information in Appendix B) were also generated and there were no 

observable phase transitions present. 
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Figure 3.5: Surface pressure-area isotherms for Ace(18)-2-Ace(18) on a pH 10.0 sub-phase as a 

function of Ca2+ sub-phase concentration at room temperature. 

   For Ace(18)-2-Ace(18) monolayers on Ca2+ containing sub-phases, a lateral shift in the isotherm 

towards larger mean molecular areas (film expansion) with increasing concentration of Ca2+ in the 

sub-phase was observed.  As was the case with the Na+, a limiting concentration of ion above 

which there was no further expansion was observed.  A0 values for Ace(18)-2-Ace(18) with Ca2+ 

are reported in Table 3.1, and a maximum ~31% film expansion above the ion free sub-phase was 

observed which is comparable to the Ace(18)-2-Ace(18)-Na+ system. 
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Table 3.1: Limiting molecular area (A0) as a function of sub-phase [Na+] and [Ca2+]. 

 

[Na+] 

(mM) 

A0 

(Å2) 

[Ca2+] 

(mM) 

A0 

(Å2) 

0 82 -- -- 

1 96 1 101 

5 109 5 108 

10 114 10 112 

15 116 20 116 

20 119 30 120 

 

   Using the same approach as described for Na+ binding, values of log Kapp = 1.1± 0.1 and n = 0.6 

± 0.1 were determined from the isotherm data. This indicates that one Ca2+ will interact with two 

molecules of Ace(18)-2-Ace(18). Comparing Kapp values of Ace(18)-2-Ace(18)-Ca2+ with 

Ace(12)-2-Ace(12)-Ca2+ system, the values are the same within the error limits which supports the 

hypothesis that the length of the tail group has minimal impact on ion binding. It should be noted 

that log Kapp for Ca2+ was lower than for Na+. This might be due to the different factors. One is the 

charge on the metal ion. Because of the difference in the charge on the metal ions two Na+ ions 

are available for each Ca2+ ion to bind with the Ace(18)-2-Ace(18) molecule. Another contributing 

factor can be the low binding energies of sodium as compared to calcium that results the more 

efficient binding of Na+ with the Ace(18)-2-Ace(18) in the monolayer films. The value of log Kapp 

for Ca2+ is also significantly lower than the binding constant for Ca2+ with EDTA in bulk solution. 

Marini et al.33 has determined the latter in bulk solution using differential thermal and 

potentiometric titration and reported a value of log K = 10.25. Of course, the binding of metals 
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with EDTA in the bulk solution can be expected to differ significantly from Ace(18)-2-Ace(18) in 

monolayers, and the smaller values in the monolayer are reasonable; in the monolayers, the head 

groups would likely be less sterically accessible than in bulk solution.  Further, Ace(18)-2-Ace(18) 

has two fewer carboxylic acid chelating sites than EDTA and thus smaller K values are expected. 

A comparison of the binding constant of Ca2+with the other surfactant systems reported in the 

literature is also useful. Interaction of phospholipids with the Ca2+ is extensively reported in the 

literature.34–36 Huster et al.37 have reported a value of log K = 1.06 for binding of Ca2+ with 

monounsaturated phospholipids. For Ca2+ with dipalmitoylphosphatidylcholine (DPPC) a value of 

log K = 1.57 was reported by Satoh et al.38, which is reasonably close to the value that was observed 

for Ace(18)-2-Ace(18) with Ca2+. A 2:1 binding stoichiometry was observed for Ace(18)-2-

Ace(18)-Ca2+ binding which is the same result as for the Ace(12)-2-Ace(12) system. This supports 

the original hypothesis of the negligible impact of tail chain length upon ion binding.  
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Figure 3.6: Plot showing logarithm of ratio of bound-to-unbound Ace(18)-2-Ace(18) as a 

function of [Ca2+] on a pH 10.0 sub-phase.  The red curve is the line of best fit (R2 = 0.990). 

  To further explore the orientation of molecules at the air-water interface, surface potential (ΔV) 

measurements were performed for Ace(18)-2-Ace(18) monolayer films in the presence and 
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absence of cations in the sub-phase. Surface potential was measured for Ace(18)-2-Ace(18) on 

pure water sub-phase and for two specific concentrations, 1 mM and 20 mM for Na+ and 1 mM 

and 30 mM for Ca2+. Corresponding surface dipole moments (⊥) were determined using the 

Helmholtz equation (3.5). Values are reported in Table 3.2. 

 

μ = ε0ΔVA                                              (3.5) 

 

  where μ represents the surface dipole moment, ε0 represents vacuum permittivity and A is the 

mean molecular area. The surface potential values associated to the electrical double layer were 

significantly smaller than the surface potential measured for the Ace(18)-2-Ace(18) monolayer.  

  At a fixed monolayer area, 100 Å2 molecule-1, increasing the concentration of cations in the sub-

phase resulted in an increase in the surface potential and corresponding dipole moment of the 

monolayers. For Na+ sub-phase, the maximum value of surface potential was 1.06 D while for Ca2+ 

the maximum value of surface potential was 1.19 D (Table 3.2). These results suggest that the 

surfactant molecules are more perpendicularly (on average) oriented at the air-water interface due 

to the presence of cations in the sub-phase in comparison with pure water. Ace(18)-2-Ace(18) 

molecules were more oriented in the films with Ca2+ sub-phase as compared to Na+ sub-phase. The 

values measured here are also comparable with the surface potential of dipalmitoyl lecithin (μ⊥ = 

0.90 D) on metal ions (Na+, K+ Li+) reported by Vilallonga et al.39. In comparing the dipole moment 

of Ace(12)-2-Ace(12) on pure water sub-phase with Ace(18)-2-Ace(18), the values were not 

substantially different, supporting the hypothesis that the longer chain length minimally impacts 

the behavior of the molecule.  

 

  

https://www.sciencedirect.com/topics/chemistry/vacuum-permittivity
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Table 3.2: Surface potential and corresponding surface dipole moment for Ace(18)-2-Ace(18) as 

a function of sub-phase cation concentration. 

Sub-phase Surface Potential at 100 Å2 

molecule-1 (V) 

                        μ⊥ 

(D) 

Pure water 0.25 0.66 

[Na+] = 1 mM 0.35 0.93 

[Na+] = 20 mM 0.40 1.06 

[Ca2+] = 1 mM 0.36 0.95 

[Ca2+] = 30 mM 0.47 1.19 

 

  To examine the micron-scale morphology of films directly at the air-water interface, Brewster 

angle microscopy measurements were performed.  BAM images were collected for Ace(18)-2-

Ace(18) on a sub-phase of pure water and on ion-enriched sub-phases. Figure 3.7 shows BAM 

images Ace(18)-2-Ace(18) on pure water and on sub-phases containing different concentrations 

of Na+ and Ca2+  at mean molecular area 100 Å2‧molecule-1. BAM images for the salt solution in 

the absence of surfactant were featureless and homogenous (see supplementary information in 

Appendix B). For Ace(18)-2-Ace(18) on pure water, films were generally featureless except for 

the occasional high reflectivity spots likely caused by incidental Ace(18)-2-Ace(18) aggregates.  

Films with sub-phase [Na+] = 1 mM showed a large number of high reflectivity spots (~20 µm in 

diameter) on a low reflectivity background. The appearance of the high reflectivity on the cation-

containing sub-phases indicates that they result from an interaction between the Ace(18)-2-

Ace(18) and cations. With an increase in the concentration of cation in the sub-phase, numerous 

large aggregates were observed. In general, aggregates on the ion-enriched sub-phases were highly 

heterogeneous in both size and number of aggregates and could not be reliably quantified. 

 

https://www.sciencedirect.com/topics/chemistry/dipole-moment
https://www.sciencedirect.com/topics/chemistry/cation
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Figure 3.7: BAM images of Ace(18)-2-Ace(18) films at MMA = 100 Å2‧molecule-1  as a 

function of sub-phase composition (pH 10.0 sub-phase). 

 

  Because of this a qualitative approach was used to assess the data. In general, as the concentration 

of Na+ in the sub-phase increased, the aggregates tended to form into larger clusters.  However, 

the number density of these spots remained approximately constant when the ion-induced film 

expansion was accounted for (images in Figure 3.7 are shown as a function of the constant area). 

This suggests that adding ions to the sub-phase over the concentration range of interest forms an 

approximately fixed number of aggregates and that the formation of aggregates is essentially 
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independent of the film expansion.  Similar to the sodium system, films on [Ca2+] = 1 mM sub-

phase showed high reflectivity spots of ~20 µm diameter on a low reflectivity background. Again 

based on control experiments these high reflectivity spots were assigned to occasional aggregates 

of Ace(18)-2-Ace(18) bound to Ca2+. BAM images of the films on sub-phase [Ca+] = 20 mM 

showed complex, flower-like aggregates that can be associated with Ace(18)-2-Ace(18) bound to 

Ca2+. Again, the number density of these high reflectivity spots was comparable for both of the 

concentrations of Ca2+ after accounting for film expansion.   

 

 

 

Figure 3.8: Surface pressure dependent BAM images of Ace(18)-2-Ace(18).  [Na+] = 5 mM a) π 

= 0 mNm-1 b) π = 5 mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1 e) π = 30 mNm-1 f) collapse. 

 

  Surface pressure dependent BAM images were also collected for these systems. Figure 3.8 shows 

surface pressure dependent BAM images for Ace(18)-2-Ace(18) for one concentration of  [Na+] = 

5 mM in sub-phase. In these images, the high reflectivity spots (~ 15 µm in diameter) appeared 

which, as previously, were assigned as Ace(18)-2-Ace(18) bound to Na+. As the films were 

compressed, the high reflectivity spots changed to elongated structures (Figure 3.8 b) and with 
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further compression of the films, they formed into more complex, flower-like patterns (Figure 3.8 

c, d and e). From these BAM images it is inferred that as the films are compressed, the aggregates 

of Ace(18)-2-Ace(18) bound to metal cations are jammed together, and the number density of 

aggregates simply increases, until the collapse of the films. BAM images with the Ca2+ showed 

similar results to Na+ (Figure 3.9). As the film was compressed, the high reflectivity spots 

increased in size and formed more complex aggregates with different shapes and sizes, as expected 

for aggregates that are being compressed into close proximity.  

 

 

 

Figure 3.9: Surface pressure dependent BAM images of Ace(18)-2-Ace(18).  [Ca2+] = 5 mM a) π 

= 0 mNm-1 b) π = 5 mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1 e) π = 30 mNm-1 f) collapse. 

 

   Overall, the BAM imaging experiments for Ace(18)-2-Ace(18) on Na+ and Ca2+  have shown 

similar results to those observed for Ace(12)-2-Ace(12) on Na+ which supports the hypothesis that 

an increase in tail chain length does not bring any significant difference in monolayer properties 

of these surfactants.  
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3.7 Conclusion 

  Fundamental monolayer film properties of an anionic gemini surfactant Ace(18)-2-Ace(18) have 

been explored by measuring surface pressure-area isotherms, surface potential measurements and 

Brewster angle microscopy measurements. Ace(18)-2-Ace(18) monolayer films showed 

noticeable expansion in the presence of cations in the sub-phase. The binding of a shorter chain 

member of this group with metal ions is reported in the literature and the results are consistent with 

previous measurements, supporting the hypothesis that an increase in chain length by six alkyl 

group groups does not bring significant difference in the physico-chemical properties of Ace(18)-

2Ace(18) monolayers. The apparent association constant for Ace(18)-2-Ace(18) with Na+ is larger 

than what was observed for Ace(12)-2-Ace(12) indicating some kind of conformational change is 

occurring in the molecule as a result of binding with Na+. However with Ca2+ sub-phase, the log 

Kapp value is comparable to what we have observed previously for Ace(12)-2-Ace(12) indicating 

the longer chain length does not affect the binding efficiency of gemini with metal cations. The 

binding stoichiometries are comparable with other similar systems reported in the literature. BAM 

images confirmed the expansion of the films and also showed the formation of multimolecular 

aggregates that were assigned as poorly dispersed deposits of Ace(18)-2-Ace(18) bound to metal 

ions.   
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CHAPTER 4: 

BINDING OF A TRIVALENT CATION Fe3+ TO ACE(12)-2-ACE(12) AND ACE(18)-2-

ACE(18) MONOLAYERS 

 

4.1 Candidate’s Contribution 

  I collected compression isotherms, prepared Langmuir and Langmuir Blodgett films, performed 

BAM, AFM and surface potential measurements. I also performed the data analysis and interpreted 

the results for these measurements. Dr. Paige provided his guidance throughout this research work. 

This work has not yet been written or submitted for publication. 

 

4.2 Contribution to Research Objectives 

   In this study, the binding of Fe3+ with Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18) monolayer 

films was investigated using Langmuir monolayer approaches and microscopy measurements. The 

addition of Fe3+ to the sub-phase resulted in the formation of condensed films in comparison with 

the monolayers on a pure water sub-phase. Multimolecular aggregates were observed on the 

surface which were formed as a result of the interaction of Ace(12)-2-Ace(12) and Ace(18)-2-

Ace(18) head groups with Fe3+. Surface potential measurements suggested perpendicularly 

arranged molecules at the air-water interface. This work is the first reported research on the 

interaction of Fe3+ with gemini surfactant monolayers. 

4.3 Abstract 

  This study reports on an investigation of the association of Ace(n)-2-Ace(n) monolayers with 

Fe3+ in a sub-phase at pH 3.7. The presence of Fe3+ in the sub-phase resulted in condensation of 

films in comparison with films for Ace(n)-2-Ace(n) on a pure water sub-phase. The response of 

the monolayer to iron was markedly different from that reported previously for Na+ and Ca2+ for 

an affiliated gemini surfactant. Surface potential (dipole) measurements indicated that the addition 

of iron results in a concentration-dependent re-orientation of the gemini surfactant at the interface, 

even after accounting for electric double-layer effects.  The binding of Ace(n)-2-Ace(n) 

monolayers with the sub-phase Fe3+ resulted in micron-scale morphological changes of the 
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monolayers, as detected from BAM images. In BAM images on Fe3+-enriched sub-phase, high 

reflectivity patches on low reflectivity background were observed for Ace(12)-2-Ace(12) while 

for Ace(18)-2-Ace(18) mesh like domains were observed. These structures are formed as a result 

of the interaction of Ace(n)-2-Ace(n) monolayers with Fe3+ in the sub-phase, as they did not appear 

in the control experiments on pure water sub-phase and FeCl3 solution. Based on the experimental 

data it is postulated that some sort of covalent or electrostatic interactions exist between the 

Ace(n)-2-Ace(n) monolayers and Fe3+.  However, there is a  need to do additional measurements 

that are sensitive to binding state such as polarization modulation-infrared reflection absorption 

spectroscopy (PM-IRRAS) or vibrational sum frequency generation (VSFG) measurements to 

probe the exact nature of binding between the Ace(n)-2-Ace(n) and Fe3+. 

4.4 Introduction 

  An interface offers a space for the specific organization, interactions, and reactions linked to the 

two-dimensional arrangement of different molecular species. Langmuir monolayers, 2D 

assemblies of molecules at the air-water interface, can be fabricated from simple molecules like 

fatty acids, as well as complex molecules like polymers, proteins and DNA.1 Over the last several 

decades, gemini surfactants have emerged as very useful surface active molecules with superior 

technological properties when compared with single chain surfactants.6, 7 They are widely used in 

drug delivery, 6 corrosion inhibition, 7 gene therapy, 6 and improved oil recovery.4 

  Because of their superior technological properties and widespread use in different fields, gemini 

surfactants have caught the attention of many researchers. The interaction of gemini surfactants 

with inorganic ions in bulk has been reported by many researchers but their interaction in Langmuir 

monolayers has not been thoroughly investigated.5–7 There are a few reports available in the 

literature where the interaction of cationic gemini surfactant monolayers with inorganic ions has 

been investigated but to the best of our knowledge our group is the first to have reported the 

interaction of anionic gemini surfactant monolayers with inorganic ions in the sub-phase.  

  Inorganic ions present in the sub-phase greatly affect the properties of Langmuir monolayer films 

of amphiphilic molecules.8 The interaction of metal ions with colloids are very important for their 

use in the chemical and biological systems. Inorganic complexes, especially metal salts present in 

the water sub-phase, can interact with the head groups of the amphiphilic molecule at the air-water 

interface. The presence of ions in the sub-phase typically brings more order in the monolayer.9 



87 

 

They can also change the viscoelastic properties of the films and can mechanically stabilize them, 

making the deposition of Langmuir Blodgett films easier. 9 

  The interaction of the anionic gemini surfactant Ace(12)-2-Ace(12), (chemical structure provided 

in Figure 2.2) with metal ions Na+ and Ca2+ has been investigated in Chapter 2 and effect of 

hydrocarbon tail length of Ace(n)-2-Ace(n) on its binding properties with Na+ and Ca2+ has been 

described in Chapter 3. In this Chapter, the association of Ace(n)-2-Ace(n) monolayer films with 

a trivalent cation, Fe3+ is investigated at pH 3.7. The motivation behind using Fe3+ was that Fe3+ 

has very important applications in agriculture and biological systems. Fe3+ is an essential 

micronutrient for plants 12, plays a vital role as a catalyst in Heme for oxidation and reduction of 

molecules and also used as an electron carrier.13,14 We were particularly interested in iron as we 

have also used iron for agriculture-based research. Ace(n)-2-Ace(n) was used to deliver iron to 

plants to prevent iron deficiency chlorosis. This work is not included in this thesis.  

 Furthermore the effect of hydrocarbon chain tail length of Ace(n)-2-Ace(n) on its binding 

properties with Fe3+ is also explored. It is hypothesized that Fe3+ will bind differently with Ace(n)-

2-Ace(n) monolayer films as compared to Na+ and Ca2+. Different studies performed on the 

binding of Fe3+ with simple fatty acids have shown that Fe3+ forms coordinate covalent bonds with 

the ligands.10 Furthermore as Fe3+ is a trivalent ion, it is hypothesized that it will bind with Ace(n)-

2-Ace(n) monolayer films with a  greater affinity as compared to Na+ and Ca2+. In general, highly-

charged metal ions tend to bind more strongly with anions in comparison with less positively 

charged ions.11  Based on our measurements reported in Chapter 3, it is also hypothesized that the 

longer alkyl chain of Ace(18)-2-Ace(18) will not bring any significant difference in its binding 

properties with Fe3+.  

   For this study, the measurements were performed on a sub-phase with a pH of 3.7. There were 

limitations in terms of pH as at higher pH, Fe3+ precipitates from the solution as Fe(OH)3. Because 

of this, a sub-phase pH and Fe3+ concentration range for which no observable precipitate formation 

occurred was chosen. This was identified as pH = 3.7 and [Fe3+] = 1.5  10-2 mM – 1.0  10-1 mM. 

No precipitates of Fe(OH)3 were detected in solution under these conditions. An additional 

complication is that FeCl3 solubilizes into different Fe(OH)Z-3
Z+

 species in solution. At pH 3.7, 

Fe(OH)2+, Fe3+and Fe(OH)2
+ are the predominant species formed in solution.12 Wang et al.13 have 

investigated the interaction of iron with phosphatidylcholine monolayers under comparable 
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conditions using X-ray scattering measurements and spectroscopic studies. Total reflection X-ray 

fluorescence (T-XRF)  and X-ray reflectivity (XR) measurements suggested that at pH 3.0, 

different species of iron (Fex(OH)y
(3x-y)+

) bind with phosphatidylcholine monolayers through 

covalent interactions.13 

  In this study, the effect of sub-phase iron concentration on fundamental Ace(n)-m-Ace(n) 

monolayer film properties has been explored using a combination of surface pressure-area (-A) 

compression isotherms, Brewster angle microscopy measurements, surface potential 

measurements and atomic force microscopy measurements. Results are compared with those 

obtained for the Na+ and Ca2+ sub-phases reported previously as well as other similar systems 

reported in the literature. 

 

4.5 Materials and Methods 

4.5.1 Chemicals and substrates 

  FeCl3 (reagent grade, 97%) and chloroform (spectrophotometric grade) were purchased from 

Sigma Aldrich, and HCl (ACS grade) was purchased from EMD Merck. Stock solutions (1 

mM) of Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18) were prepared by dissolving the solid 

surfactant in chloroform. For deposition experiments, microscope glass slide coverslips 

(VWR) were used as substrates. The coverslips were rinsed with ethanol and after drying with 

nitrogen, cleaned in a plasma cleaner (Harrick Plasma) for approximately 30 mins before use. 

 

 4.5.2 Monolayer preparation, compression isotherms and surface potential 

measurements 

  Langmuir and Langmuir Blodgett films were prepared on a Langmuir trough (KSV Nima) 

equipped with a Wilhelmy plate balance, using filter-paper plates. The trough was cleaned 

thoroughly before each measurement. -A isotherms were collected for Ace(12)-2-Ace(12) 

and Ace(18)-2-Ace(18) monolayers at room temperature using ultrapure water (MilliQ; 

resistivity = 18.2 MΩ·cm-1) whose pH had been adjusted to 3.7 by adding trace amounts of 1 

M HCl, as a sub-phase. For iron-enriched sub-phases, FeCl3 was dissolved in ultrapure water 

and the pH of each solution was adjusted to a final value of 3.7 by the addition of trace amounts 
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of 1 M HCl. Solutions were prepared with iron concentrations in the range of 1.5  10-2 mM – 

1.0  10-1 mM. To prepare monolayer films, an appropriate volume of the stock Ace(n)-2-

Ace(n) solution was spotted on the sub-phase surface using a Hamilton syringe and the film 

was allowed to equilibrate for  15 mins before beginning compression. Films were 

compressed at a rate of 20 mm·min-1 (approximately 5.0 Å2 molecules-1min-1). Surface 

potential measurements were performed using a commercial vibrating metal plate probe (KSV 

Nima) mounted on a Langmuir trough. LB films were deposited onto glass coverslips at a 

surface pressure 30 mN·m-1 using a deposition rate of 10 mm·min-1. 

 

4.5.3 Atomic Force and Brewster Angle Microscopy imaging 

  AFM measurements were carried out in tapping mode on a Dimension Hybrid Nanoscope 

system (Veeco). Silicon probes with spring constants in the range of 10-100 N·m-1 and 

resonance frequencies between 288-338 kHz were used. Samples were imaged with a scan rate 

of 0.45 Hz and a resolution of 512 pixels per line. 

  Brewster angle microscopy imaging was performed at the air-liquid interface on a Langmuir 

trough equipped with a Brewster angle microscope system (Ultra BAM, KSV Nima). The 

BAM system was equipped with a 658 nm laser and all images were collected at 20 frames/sec. 

The diffraction limited resolution of the BAM was ~ 2 μm.  

 

4.6 Results and Discussion 

  -A isotherms for Ace(12)-2-Ace(12) on a pure water sub-phase and Fe3+  sub-phase were 

collected at room temperature and pH 3.7 are shown in Figure 4.1. For Ace(12)-2-Ace(12), 

isotherms consisted of a flat region at the higher mean molecular area followed by a steep increase 

in the surface pressure until the collapse pressure of the film ∼48 mN‧m-1 is reached. No plateau 

regions indicative of phase transitions were observed in the isotherm, and no unusual peaks were 

observed in the compressibility modulus plots provided in the supplementary information 

(Appendix C). The maximum compressibility (Cs
-1 max) value for Ace(12)-2-Ace(12) was 82.2±0.1 

mN‧m-1. The isotherm was similar in shape to those reported in Chapter 2 for Ace(12)-2-Ace(12) 

but the collapse pressure (c) was slightly higher than observed for Ace(12)-2-Ace(12) at pH 10. 
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This suggests that at pH 3.7, monolayers are more stable at higher surface pressure as compared 

to pH 10.0.14 Some of the key properties for the isotherms are summarized in Table 4.1.  
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Figure 4.1: Surface pressure–area isotherms for Ace(12)-2-Ace(12) monolayer films as a 

function of [Fe3+ ] collected at pH 3.7 and room temperature. 

  To assess the effect of ion concentration on the monolayer films, π-A isotherms were also 

collected for the Ace(12)-2-Ace(12) on Fe3+ sub-phase in the concentration range 1.5×10-2 to 

1.0×10-1 mM at pH 3.7 and room temperature (Figure 4.1). With the presence of Fe3+ in the sub-

phase, a lateral shift in the π-A isotherms was observed towards lower mean molecular areas in 

comparison with Ace(12)-2-Ace(12) on the pure water sub-phase. This indicates that the presence 

of Fe3+ in the sub-phase results in condensation of the films. The degree of film condensation was 

evaluated by determining the limiting areas, A0 (Table 4.1) from the isotherms. The A0 was 

typically larger than a monomeric fatty acid as discussed in Chapter 2 but it was comparable to the 

A0 value of the Ace(12)-2-Ace(12) reported in Chapter 2. The monolayers become more compact 

with increasing iron concentration, and overall maximum compaction of 25% was observed in 

comparison with the limiting area of Ace(12)-2-Ace(12) on pure water.  

  To observe the effect of chain tail length on binding properties of gemini with the Fe3+, π-A 

isotherms were also measured for the longest tail gemini surfactant Ace(18)-2-Ace(18) on sub-
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phase pure water and with different concentrations of iron (1.5×10-2 to 1.0×10-1 mM) in the sub-

phase. The isotherm on the pure water sub-phase was comparable to that reported in Chapter 3. As 

was the case with Ace(12)-2-Ace(12), the isotherms did not change shape as a function of iron 

concentration,  but became more and more compacted with maximum 25% film compaction 

compared to Ace(18)-2-Ace(18) on pure water. No plateau regions corresponding to phase 

transitions were observed in the isotherms and compressibility modulus plots. Some of the 

fundamental properties of the Ace(18)-2-Ace(18) films extracted from the π-A isotherms are 

provided in Table 4.1. 

  The pKa values of Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18) fall between 6.0– 10.0 which 

indicates that films will be deprotonated at pH=10.0 and can reasonably be expected to show 

maximum binding to cations at this pH. However, as mentioned in the Introduction, Fe3+ 

precipitates out as iron hydroxides under these conditions15, so a pH 3.7 and a concentration range 

where no precipitates of iron were formed was used. These conditions were used for further 

experiments. As mentioned previously in the introduction one must not forget about the speciation 

of iron in the sub-phase. Stefansson et al.16  have determined the hydrolysis constant for aqueous 

Fe(III) as a function of pH using UV-Vis spectrophotometric and potentiometric titrations and 

found that Fe3+ hydrolyzes into Fe(OH)2
+ , Fe2(OH)2

4+, Fe(OH)2+, Fe(OH)3
0, and Fe(OH)4

- . At pH 

3.7, the following three species of iron are expected to be present in the greatest abundance: 

Fe(OH)2+> Fe3+ = Fe(OH)2
+.16 This suggests that at our working pH, all of Fe(OH)2+, Fe3+ and 

Fe(OH)2
+ are available to bind with Ace(n)-2-Ace(n) monolayers. 
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Figure 4.2: Surface Pressure-area isotherms for  Ace(18)-2-Ace(18) Monolayer films as a 

function of [Fe3+] collected at pH 3.7 and room temperature. 

  A possible reason for the cation-induced contraction of the films is an interaction between the 

head group of Ace(n)-2-Ace(n) with different species of iron. Film compaction due to the presence 

of salt in the sub-phase is a well-known effect reported in the literature for surfactant monolayers. 

As noted in the preceding chapters, film compaction induced by the presence of cations in the sub-

phase is typically attributed to screening effects; screening of electrostatic repulsion between 

negatively charged head groups allows charged molecules to pack closer together and hence results 

in the formation of condensed films. Alejo et al17  have reported condensed films of cationic gemini 

surfactant ethyl-bis (dimethyloctadecylammonium bromide) abbreviated as 18-2-18, as a result of 

the presence of salt in the sub-phase. The presence of ions in the sub-phase was believed to screen 

the electrostatic repulsions between the head groups of the gemini surfactant and resulted in 

condensed films as compared to the films for the 18-2-18 on a pure water sub-phase. Previous 

studies of Ace(n)-2-Ace(n) on Ca2+ and Na+ sub-phase (Chapter 2 and Chapter 3) showed 

contrasting behavior, with films that expanded to higher mean molecular areas as the concentration 

of cation in the sub-phase  was increased.18 
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Table 4.1: Summary of monolayer properties extracted from -A isotherms for Ace(12)-2-

Ace(12)  and Ace(18)-2-Ace(18) as a function of sub-phase Fe3+ concentration. 

Gemini [Fe 3+] 

(mM) 

A0 

(Å2 / molecule) 

c 

(mN·m-1) 

Cs
-1 max 

(mN·m-1 ) 

 

 

 

Ace(12)-2-Ace(12) 

0 105±0.1 49.4±0.2 82.2±0.1 

1.5×10-2 104±0.2 41±0.2 50.5±0.3 

2.5×10-2 100±0.3 39.8±0.2 60.3±0.5 

5.0×10-2 95±0.1 40.8±0.4 63.2±0.4 

1.0×10-1 90±0.1 40.6±0.3 83.5±0.2 

 

 

 

Ace(18)-2-Ace(18) 

0 83.5± 0.2 63.3± 0.3 84.4± 0.1 

1.5×10-2 83.2± 0.4 66.2± 0.4 87.2± 0.4 

2.5×10-2 81.5± 0.3 64.8± 0.1 80.6± 0.3 

5.0×10-2 80.3± 0.2 62.1± 0.1 86.8± 0.2 

1.0×10-1 78.5± 0.1 60.0± 0.1 86.7± 0.4 

 

  For these previous measurements, the working pH was different (pH = 10.0) for Ca2+ and Na+ 

and it was predicted that the Ace(n)-Ace(n) films were fully ionized and Ace(n)-2-Ace(n) 

underwent conformational changes that sterically hindered its close packing at the air-water 

interface and caused the expansion of the films. However on Fe3+ sub-phase, the working pH is 
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3.7 and at this pH, the Ace(n)-2-Ace(n) molecules are partly ionized. Furthermore, iron forms 

chelating compounds with different ligands. We can only speculate about the nature of interactions 

between the Fe3+ and Ace(n)-2-Ace(n) monolayers at this point. There might be either electrostatic 

or covalent interactions between the Fe3+ and Ace(n)-2-Ace(n) monolayers. However it seems that 

the interaction between Fe3+ and  Ace(n)-2-Ace(n) molecules in the films is bringing the molecules 

in the films to a more ordered, closely packed-state and causing the compaction of the films. The 

isotherm measurements don’t provide any evidence of the nature of binding between Fe3+ and 

Ace(n)-2-Ace(n) monolayers and there is a need to do some other measurements such as 

polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) to fully 

characterize the nature of these interactions. PM-IRRAS is a very powerful technique that can be 

used to determine the structure of the head group and orientation of the hydrocarbon chains of 

surfactants at the air-water interface. It is used to determine different species (functional groups) 

present at the interface and also changes in the orientation of the surfactant molecules in the 

Langmuir monolayers as a result of interaction with ions present in the sub-phase. The position of 

different bands in PM-IRRAS spectra provides information about the different functional groups 

present at the interface and for the salt bound gemini surfactant, the bandwidth of PM-IRRAS 

spectra would be different.21 Furthermore from the band intensities, one can exactly determine the 

relative concentration of unbound Ace(n)-2-Ace(n) and Ace(n)-2-Ace(n) bound to Fe3+.1 

    To further characterize the films at the air-water interface, the surface potential was measured 

for the Ace(n)-2-Ace(n) monolayer films on the various sub-phases. Surface potential-area curves 

on pure water sub-phase and the iron-enriched sub-phases are shown in Figure 4.3 (a) and (b) for 

Ace(12)-2-Ace(12) and for Ace(18)-2-Ace(18) respectively. A summary of all surface potentials 

(ΔV) with corresponding surface dipole moments (μ⊥) calculated by using the Helmholtz equation 

described in detail in Chapter 3, is provided in Table 4.2. Plots of surface potential (ΔV) vs mean 

molecular areas for Ace(12)-2-Ace(12) on sub-phase containing different concentrations of Fe3+ 

exhibited curves of similar shape but with the increase in the concentration of Fe3+ in the sub-

phase, the surface potential and hence the corresponding dipole moment increased.  
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Figure 4.3: Surface potential curves as a function of Fe3+ concentration in sub-phase at pH 3.7 

and room temperature. (a) Ace(12)-2-Ace(12) (b) Ace(18)-2-Ace(18). 
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  Surface potential and corresponding dipole moments were also measured for Ace(18)-2-Ace(18) 

monolayer films on pure water and salt-containing sub-phase and an increase in surface potential 

and associated dipole moment was observed for Ace(18)-2-Ace(18) monolayer films with 

increasing Fe3+ concentration in the sub-phase. 

  The increase in surface potential and the dipole moment with an increase in salt concentration in 

the sub-phase can be attributed to the orientation of the Ace(n)-2-Ace(n) molecules as a result of 

interaction with Fe3+ or due to contribution from the electrical double layer. As noted previously 

(in Chapter 2 and 3), the calculated values of the surface potential from the electrical double layer 

of ions and counterions are negligible, so the measured increase in surface potential is due to 

orientation of the molecules on the surface induced by the presence of Fe3+ ions in the sub-phase. 

The results suggest that in the monolayer films Ace(n)-2-Ace(n) molecules are oriented 

perpendicularly with tail groups in the air. The maximum surface potential of 0.40 V and the 

associated dipole moment of 1.08 D was observed for both Ace(12)-2-Ace(12) and Ace(18)-2-

Ace(18) monolayers with sub-phase [Fe3+] = 1.0×10-1 that suggests the increase in tail chain length 

of the gemini surfactant doesn’t bring any significant difference in the dipole moment of the 

molecule. This supports our hypothesis that an increase in hydrocarbon tail chain length of Ace(n)-

2-Ace(n) by 6 alkyl groups will minimally affect its dipole moment. It also supports the argument 

made in Chapter 3 that only the first few alkyl groups in a long hydrocarbon chain significantly 

contribute towards the dipole moment due to inductive effects. The values are also comparable to 

the dipole moment of Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18) on Na+ and Ca2+ sub-phase 

reported in Chapter 2 and Chapter 3 respectively. 
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Table 4.2:  Surface potential data for Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18) on sub-phase 

Fe3+ at room temperature and pH 3.7. 

Conc. of [Fe3+] in 

sub-phase 

(mM) 

           Ace(12)-2-Ace(12)           Ace(18)-2-Ace(18) 

 SP at MMA of 

100 Å2 (V) 

μ⊥ 

(D) 

   SP at MMA of 

100 Å2 (V) 

μ⊥ 

(D) 

0 0.05 0.13 0.20 0.70 

1.5×10-2 0.13 0.35 0.27 0.72 

2.5×10-2 0.25 0.66 0.34 0.93 

5.0×10-2 0.25 0.66 0.35 0.93 

1.0×10-1 0.40 1.08 0.40 1.08 

   

    To measure micrometer-scale film morphologies, films were visualized directly at the air-water 

interface using BAM. BAM images were collected for Ace(n)-2-Ace(n) on the same sub-phase 

conditions as reported above. Figure 4.4 shows the BAM images for Ace(12)-2-Ace(12) 

monolayer films with pure water sub-phase and at varying concentrations of  Fe3+ in the sub-phase 

at mean molecular area 100 Å2· molecule-1. BAM images of Ace(12)-2-Ace(12) film on sub-phase 

pure water indicated that the film is largely homogeneous, with occasional low reflectivity 

pinholes dispersed over the surface. Similar structures were observed for Ace(12)-2-Ace(12) on 

Na+ and Ca2+ sub-phases and these pinholes were attributed to the formation of defects in the 

otherwise closely-packed monolayer films. The BAM images containing Fe3+ in the sub-phase 

consisted of high reflectivity spots dispersed in the low reflectivity background (Figure 4.4, b-c). 

The spots were heterogeneous in size. The low reflectivity pinhole defects that appeared in the 

Ace(12)-2-Ace(12) films on the water sub-phase were still present in these BAM images. The high 

reflectivity spots were attributed to Ace(12)-2-Ace(12) bound to Fe3+ as they were neither 

observed in the control experiments for Ace(12)-2-Ace(12) on pure water nor in the BAM image 

of Fe3+ solution without surfactant. This indicates some sort of association is occurring between 
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the Ace(12)-2-Ace(12) monolayers and the Fe3+, which results in a change in the structure of the 

films.  With increasing concentration of Fe3+ in the sub-phase, these high reflectivity spots come 

closer and aggregated into high reflectivity patches that were heterogeneous in size and shape. The 

BAM images of Ace(12)-2-Ace(12) on Fe3+ were similar to the BAM images on Na+ and Ca2+ sub-

phase reported in Chapter 2. Similar multimolecular aggregates have been observed for Ace(12)-

2-Ace(12) bound to Na+ and Ca2+ as are observed with Fe3+. 

 

 

 

Figure 4.4: BAM images of Ace(12)-2-Ace(12) monolayer films as a function of concentration 

of [Fe3+] in the sub-phase at MMA 100 Å2· molecule-1 and room temperature . (a) [Fe3+] = 0 mM 

(b) Fe3+] = 1.5 × 10-2 mM, (c) [Fe3+] = 2.5 × 10-2  mM, (d)  [Fe3+] = 5.0 × 10-2  mM (e)  [Fe3+ ] = 

1.0 × 10-1 mM. 

 

  To test if there were differences in the morphology of gemini surfactant films as a function of 

different tail chain lengths, BAM images were also collected for Ace(18)-2-Ace(18) monolayer 

films under the same imaging conditions as above. Figure 4.5 shows the BAM images for the 

Ace(18)-2-Ace(18) monolayer films on pure water sub-phase and Fe3+ containing sub-phase at a 
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fixed mean molecular area of 100 Å2·molecule-1. BAM images of Ace(18)-2-Ace(18) on water 

sub-phase consisted of minute minimally-reflective speckles, dispersed on a low reflectivity 

background. We attribute the reflective speckles to small Ace(18)-2-Ace(18) aggregates dispersed 

on the water surface. Films on sub-phase [Fe3+] = 1.5 × 10-2 mM consisted of a mesh like high 

reflectivity structure dispersed on a low reflectivity background. This high reflectivity mesh like 

network structure can be attributed to the association between the Ace(18)-2-Ace(18) head groups 

and Fe3+ as it was not observed in BAM images of Fe3+ solution in the absence of surfactant (image 

is provided in supplementary information in Appendix C, Figure C 3) and pure Ace(18)-2-Ace(18) 

on pure water. This indicates some kind of binding is occurring between the Ace(18)-2-Ace(18) 

and iron in the monolayer films. As the concentration of Fe3+ was increased in the sub-phase, these 

mesh-like structures became more and more condensed (Figure 4.5 b-e). This supports our 

isotherm data where condensed films were observed due to the presence of Fe3+ in the sub-phase.  

  Similar mesh-like network structures were observed by Garofalakis et al.19  in BAM images of 

sucrose monolayer films at π = 0 mN/m. However at higher surface pressures, the film morphology 

was very different. Eftaiha et al.20  have also reported the mesh like networks in a 1:1 mixture of 

DPPC-C18F mixed monolayer films. The high reflectivity mesh like network structure was 

assigned to DPPC while the dark color background was assigned to C18F.  However the BAM 

images of Ace(18)-2-Ace(18) on Na+ and Ca2+ sub-phase  (reported in Chapter 3) were very 

different from BAM images on Fe3+ sub-phase. It is postulated that the difference in film structure 

is due to the difference in the nature of the binding between the Ace(18)-2-Ace(18) and Fe3+ in 

comparison with that seen for Na+ and Ca2+. For Na+ and Ca2+ systems, it was proposed that weak 

electrostatic interactions exist between the metal cations and the Ace(n)-2-Ace(n). For Ace(n)-2-

Ace(n)- Fe3+ systems as the Ace(n)-2-Ace(n) molecules are partly ionized in the monolayer films 

at the pH 3.7, it is hard to know exactly the nature of interactions between Fe3+ and Ace(n)-2-

Ace(n) monolayers based on the suit of measurements that we have performed. Wang et al.15 have 

investigated the interactions between iron and arachidic acid head groups in the Langmuir 

monolayers at pH 3.0 using thermodynamic studies, X-ray reflectivity and T-XRF measurements. 
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Figure 4.5: BAM images of Ace(18)-2-Ace(18) as a function of concentration of [Fe3+] in sub-

phase at MMA 100 Å2·molecule-1 and room temperature . (a) [Fe3+] = 0 mM (b) [Fe3+] = 1.5 × 

10-2 mM, (c) [Fe3+] = 2.5 × 10-2  mM, (d)  [Fe3+] = 5.0 × 10-2  mM (e)  [Fe3+ ] = 1.0 × 10-1 mM. 

  Arachidic acid has a pKa of ∼5.1 and at pH 3.0 (the working pH) the arachidic acid molecules 

are not ionized (in other words fully protonated) in the monolayer films. Furthermore, at pH 3.0, 

there is an abundance of Fe(OH)2+, Fe3+ and Fe(OH)2
+ species in the sub-phase. According to their 

theoretical model, as the arachidic acid molecules were un-ionized in the monolayer films, they 

form reversible covalent interactions with the different species of iron present in the sub-phase.  

This results in a positively charged interface adjacent to the neutral arachidic acid molecules. 

However the condition is different for Ace(n)-2-Ace(n), as the Ace(n)-2-Ace(n) molecules are 

partly ionized in the monolayer films at the pH 3.7,  and at this point, we are unable to determine 

the nature of binding between Fe3+ and Ace(n)-2-Ace(n) monolayer films.  

  BAM images were also acquired for Ace(n)-2-Ace(n) monolayers at different surface pressures. 

Figure 4.6 shows the BAM images of Ace(12)-2-Ace(12) acquired at different surface pressure on 

[Fe3+] = 2.5×10-2 mM sub-phase. At π = 1 mN/m, high reflectivity spots of Ace(12)-2-Ace(12) 

dispersed in the low reflectivity background were observed (Figure 4.6 a). As the surface pressure 
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was increased, these high reflectivity spots were pressed together and merged into a mesh-like 

network structure until the collapse pressure of the film was reached (Figure 4.6 b-f). These mesh 

like structures consists of Ace(12)-2-Ace(12) bound to Fe3+ in Langmuir monolayers.  

  Ace(18)-2-Ace(18) monolayers on a sub-phase Fe3+ at varying surface pressure exhibited 

morphologies that were quite different from the Ace(12)-2-Ace(12) on Fe3+ sub-phase but similar 

to the structure observed for some fatty acids.12 BAM images are provided in Figure 4.7. At π = 1 

mN/m, mesh-like network structures were observed which were formed as a result of binding of 

Ace(18)-2-Ace(18) with Fe3+ (Figure 4.7a). With the increase in surface pressure, these mesh like 

structures became denser (Figure 4.7 b). With a further increase in the surface pressure, low 

reflectivity petal-like domains were dispersed across a high reflectivity background (Figure 4.7, c-

d). With a further increase in the surface pressure to π = 25 mN/m, high reflectivity spots 

surrounded by a low reflectivity background (Figure 4.7 e). These high reflectivity structures are 

the multimolecular aggregates of Ace(18)-2-Ace(18) bound to Fe3+. Similar structures were 

observed for Ace(12)-2-Ace(12) monolayers on Fe3+, Na+ and Ca2+ sub-phases. At the collapse of 

the films, the petal-like low reflectivity domains reappeared in the BAM images (Figure 4.7 f). 

The control experiments indicate that these structures are not formed due to the impurities or salt 

deposits but are formed as a result of the association of the Fe3+ with the Ace(18)-2-Ace(18) 

monolayer.   
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Figure 4.6: BAM images of Ace(12)-2-Ace(12) on sub-phase [Fe3+] = 2.5 × 10-2  mM  at 

different surface pressure and room temperature. (a) π = 1 mN/m (b) π = 10 mN/m, (c) π = 20 

mN/m, (d) π = 25 mN/m (e)  π = 35 mN/m (f) collapse. 

 

 

Figure 4.7: BAM images of Ace(18)-2-Ace(18) on sub-phase [Fe3+] = 2.5 × 10-2  mM  at 

different surface pressure and room temperature. (a) π = 1 mN/m (b) π = 10 mN/m, (c) π = 20 

mN/m, (d)  π = 25 mN/m (e)  π = 30 mN/m (f) collapse. 
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  As in the BAM images multimolecular aggregates of Ace(n)-2-Ace(n) bound to Fe3+ were 

observed which indicates that these are not monolayers. At present based on measurements that 

were performed, it is not possible to describe the thickness of the films quantitatively and to 

determine why the multimolecular aggregates form the patterns that they do. There is a need to 

perform X-ray reflectivity measurements to determine the thickness of these films and PM-IRRAS 

measurements to further characterize the multimolecular aggregates.  

  To further characterize nanometer-scale film structure at the solid-air interface, Ace(18)-2-

Ace(18) monolayer films at varying Fe3+ sub-phase concentrations were deposited onto a glass 

substrate and imaged using AFM. The films were deposited at  = 30 mN·m-1, where the surface 

pressure was chosen to achieve stable films (films at lower pressures transferred poorly) and to 

permit comparison with related systems in the literature.22,23 For these measurements transfer ratios 

were greater than 1, which indicates that more than a single molecular layer is deposited on the 

glass slide and also supports the BAM measurements, where multimolecular aggregates were 

observed in the BAM images of Ace(n)-2-Ace(n) at the higher surface pressure.  

  AFM images of Ace(12)-2-Ace(12) (Figure 4.8) showed elevated domains scattered on a dark 

color continuous background. The domains were heterogeneous in size and shape. AFM images 

were collected for Ace(12)-2-Ace(12) on the varying concentration of Fe3+ in the sub-phase and it 

was noticed that these elevated domains increase in number with an increase in the concentration 

of Fe3+ in the sub-phase. These elevated domains were assigned as multimolecular aggregates of 

Ace(12)-2-Ace(12) bound to Fe3+. This supports the results of BAM images where the high 

reflectivity bright color domains were assigned to Ace(12)-2-Ace(12) bound to Fe3+. Furthermore, 

the cross-sectional analysis of AFM height images confirms the formation of aggregates, since the 

vertical height of the features above the substrate were ~ 5.5 to 7.5 nm, which is several times 

greater than the length for a fully extended Ace(12)-2-Ace(12) molecule (~ 2 nm). The images are 

similar to the AFM height images of Ace(12)-2-Ace(12) on Ca2+ sub-phase reported in Chapter 2. 
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Figure 4.8: AFM height images (2 μm × 2 μm) and corresponding cross sectional analysis of 

Ace(12)-2-Ace(12) as a function of concentration of [Fe3+] in subphase at π =30 mN/m and 

room temperature . (a) [Fe3+] = 1.5 × 10-2  mM, (b) [Fe3+] = 2.5 × 10-2  mM, (c)  [Fe3+] =  

5.0 × 10-2  mM (d) ) [Fe3+] = 1.0× 10-1 mM. 
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  AFM height images were also collected for Ace(18)-2-Ace(18) on varying concentrations of Fe3+ 

in the sub-phase and are shown in Figure 4.9. Transfer ratios were >1 for all depositions which 

indicates these are not monolayers. Images confirmed the formation of multimolecular aggregates 

of Ace(18)-2-Ace(18) bound to Fe3+as were seen in the BAM images. The cross-sectional analysis 

provided the height differences in the range of 2.5-7.0 nm which are larger than the length of a 

fully extended Ace(18)-2-Ace(18) molecule (~2.2 nm) also supporting that these films are not 

monolayers. The film morphologies are similar to Ace(12)-2-Ace(12) on sub-phase Fe3+. The film 

morphologies are also similar to the morphologies reported by Luo et al.24 for the binding of DNA 

with Fe3+. Binding of Fe3+ to the DNA monolayer films caused the condensation of the films as 

was observed in the case of binding of Ace(n)-2-Ace(n) with Fe3+. 
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Figure 4.9: AFM height images (10 μm × 10 μm) and corresponding cross sectional analysis of 

Ace(18)-2-Ace(18) as a function of concentration of [Fe3+] in subphase at π =30 mN/m and room 

temperature . (a) [Fe3+] = 1.5 × 10-2  mM, (b) [Fe3+] = 2.5 × 10-2  mM, (c)  [Fe3+] = 5.0 × 10-2  

mM (d)  [Fe3+] = 1.0× 10-1 mM. 
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4.7 Conclusion 

  The isotherm data indicates that Ace(n)-2-Ace(n) monolayers become more and more condensed 

with the presence of Fe3+ in the sub-phase. A probable reason for this is the screening of the head 

group charge due to the presence of Fe3+ in the sub-phase. Fe3+ screens the electrostatic repulsions 

between the Ace(n)-2-Ace(n) head group and bring the Ace(n)-2-Ace(n) molecules closer and 

hence causes the compaction of the films. Surface potential measurements suggested molecules 

are oriented perpendicularly at the air-water interface and an increase in alkyl chain length by 6 

hydrocarbons doesn’t bring any significant difference in the dipole moment of the molecule. BAM 

images confirmed the association of Ace(n)-2-Ace(n) molecules with iron but it is difficult to 

exactly speculate about the nature of binding between Fe3+ and partly ionized monolayer films of 

Ace(n)-2-Ace(n). To know the exact nature of binding we need to do some more measurements 

such as PM-IRRAS. The binding of iron to Ace(n)-2-Ace(n) monolayer films is also confirmed by 

total reflection X-ray fluorescence (T-XRF) and X-ray reflectivity (XR) measurements that have 

been recently completed by my other group members and will be discussed in Chapter 7. 
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CHAPTER 5:   

MIXING BEHAVIOR IN PERFLUOROTETRADECANOIC ACID- 

ACE(12)-2-ACE(12) MONOLAYERS 

 

5.1 Candidate’s Contribution 

   I collected compression isotherms, prepared Langmuir Blodgett films and performed BAM and 

AFM measurements. I did all of the data analysis and determined the thermodynamic parameters 

for this system. GIXD and XR measurements were performed by David Sowah-Kuma, Dr. Amy 

Stevens and Dr. Matthew Paige. David Sowah-Kuma also analyzed the data for these 

measurements and interpreted the results. He was also involved in writing and editing the 

manuscript. Wei Bu trained my group members on the GIXD instrument and helped in data 

interpretation. Dr. Matthew Paige provided extensive guidance throughout the experimental work 

and was greatly involved in the interpretation of results, writing and editing the paper.  

 Chapter 5 is a copy of a manuscript published in the journal Langmuir, [reprinted with the 

permission of Langmuir, 2017, 33, 39, pp 10205-10215].  

 

5.2 Contribution to Research Objectives 

  The aim of this study was to investigate the mixing behavior in PF:Ace(12)-2-Ace(12) mixed 

monolayers at the air-water and air-solid interface. Our group has previously investigated 

miscibility in fatty acid-perfluorinated acid mixed monolayers at the air-water and air-solid 

interface. All of the previously studied systems showed phase separation. Ace(12)-2-Ace(12) 

mimics the structure of fatty acids as it has carboxylic acid head groups and hydrocarbon tails like 

fatty acids, and thus the system acts as a “gemini” model of fatty acids for miscibility studies. The 

miscibility of the mixed surfactant systems is known to depend on the hydrocarbon and 

fluorocarbon tail length of surfactants. From previous studies that have been done by our research 

group and others for fatty acids-PF mixed systems it has been observed that longer the tail chain 

length of fatty acid, the greater the tendency of the system to undergo phase-separation. In this 

system Ace(12)-2-Ace(12) has a twelve carbon long hydrocarbon tail and based on the behavior 
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of the corresponding fatty acid systems, it is hypothesized that this system would be miscible. This 

work is the first ever-published research on mixed monolayers of an anionic gemini surfactant-

perfluorinated surfactant. 

 

5.3 Reprint of Contribution 

Mixing behavior in binary anionic gemini surfactant – perfluorinated fatty acid Langmuir 

monolayers. 

Jeveria Rehman1†, David Sowah-Kuma1†, Amy Louise Stevens1, Wei Bu2, Matthew F. Paige1* 

1 Department of Chemistry, University of Saskatchewan, Saskatoon, SK, Canada. 

2 Center for Advanced Radiation Sources, the University of Chicago, Chicago, Illinois 

60637, United States. 

† These authors contributed equally to this work. 

 

5.4 Abstract 

  The miscibility and film structure of mixed Langmuir monolayer films comprised of an anionic 

gemini N,N,N’,N’dialkyl-N,N’-diacetate ethylenediamine surfactant (Ace(12)-2-Ace(12)) with 

perfluorotetradecanoic acid (C13F27COOH; PF) has been investigated using a variety of 

thermodynamic and structural characterization methods. The two film components were found to 

be miscible in monolayers at the air-water interface over a range of compositions and at all but the 

lowest surface pressures, with attractive interactions occurring between the two components.  

While pure PF monolayers formed crystalline lattices with hexagonal symmetry, and with the 

surfactant tails oriented normal to the underlying water sub-phase, the pure gemini surfactant 

formed amorphous films with little tendency to orient at the sub-phase. In mixed films with mole 

ratios of PF:Ace(12)-2-Ace(12) < 2.5, the miscibility of the two components resulted in a nearly 

complete loss of crystallinity of the PF, although films at higher mole fractions of PF showed some 

residual crystallinity, albeit with lattice structures that were significantly different from that of pure 

PF. Miscibility and film structure in this mixed system is discussed in comparison with other mixed 
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gemini surfactant systems in the literature, as well as binary mixtures of phospholipids or 

monomeric fatty acids with PF. 

5.5 Introduction  

  Gemini surfactants, surface active agents comprised of two “monomer” surfactant molecules 

connected through their head groups by a short organic linker, are compounds of great academic 

interest and hold considerable potential for industrial and biomedical applications.1-4  Much of the 

interest in gemini surfactants is based on their improved technological performance over 

monomeric surfactants, including superior surface tension lowering abilities, extremely low 

critical micelle concentrations and their ability to form a variety of complex solution-phase 

aggregate structures. The latter is of particular interest in drug-delivery formulations and other in 

vitro applications where there is a demand for a high degree of control over aggregate properties 

while ensuring minimal concentrations of reagents are introduced into biosystems.2 Significant 

progress in regulating and understanding structure-function relationships in gemini surfactants as 

well as diverse applications of these molecules have been made in recent years and have been 

reviewed by a number of authors.5-10 

  To date, the majority of surfactants that have been investigated in depth are cationic surfactants, 

typically variants of the alkanediyl-α,ω-bis(alkyldimethylammonium bromide) family.11-13  

However, there are several examples of anionic gemini surfactants to be found in the literature. Of 

particular recent interest is a class of anionic gemini surfactants based on the N, N, N’, N’dialkyl-

N,N’-diacetate ethylenediamine structure; these compounds, first introduced by Wattebled et al.14 

and further developed by Lv et al. 15-17, can be prepared in high-purity and yield through a facile 

and flexible synthesis. The chemical structure of one member of this class of compounds, referred 

to as Ace(12)-2-Ace(12) using Lv et al.’s nomenclature, is shown in Figure 2.1.  This compound 

was demonstrated by Wattebled et al.14 to form very small (~3 nm) micellar aggregates over a 

wide range of pHs and required notably high concentrations of aqueous Ca2+ before undergoing 

precipitation. Further, this compound, as well as other variants of its kind, exhibit a reversible, pH 

induced aggregation, which has been used for controlled vesicle and micelle formation, as well as 

to toggle a dodecane-in-water emulsion between O/W to W/O forms.  The aggregation properties 

of the molecules could be further refined by introducing asymmetries in the surfactant tail 

lengths.15 While the very few studies of this class of compound have been carried out in bulk 
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aqueous solution, our group has recently reported a surfactant monolayer (Langmuir and Langmuir 

Blodgett film) investigation of Ace(12)-2-Ace(12) and observed that the compound forms stable 

monolayers at the air-water interface, and that binding of sub-phase Na+ and Ca2+ results in 

substantive monolayer film expansion, accompanied by the formation of multi-molecular 

aggregates.18 

  While the solution-phase and monolayer properties of the pure Ace(n)-m-Ace(n) compounds are 

important, there is growing appreciation for the importance of the physical and chemical properties 

of mixed surfactant systems, particularly those containing a gemini surfactant. For example, 

surfactant mixtures containing both a cationic and anionic surfactant frequently exhibit so-called 

synergism, with the mixed systems often having superior surface lowering tension properties, 

lower CMCs and a greater propensity to form desirable complex structures in comparison with the 

individual pure components (see Khan et al.19 for a recent review).  In many systems, the basis of 

these synergistic effects is related to miscibility or phase-separation of the various components in 

micelles or films. Investigations of aggregate structures and thermodynamics of miscibility in 

mixed gemini surfactant systems are not particularly abundant in the literature, though there are a 

number of key observations in this area. The majority of work to date has been directed towards 

cationic-anionic mixtures and to the best of our knowledge, there are no published reports 

investigating binary mixed gemini monolayers involving two anionic species. Wang and 

Marques20, as part of a larger investigation of the thermal properties of phase transitions in mixed 

alkanediyl-α-ω-bis(alkyldimethylammonium bromide)–sodium dodecyl sulfate monolayers, 

measured compression isotherms for various geminis and reported the formation of stable 

monolayers for the mixtures over a range of temperatures. The authors also proposed that the 

strong electrostatic interactions between cationic and anionic surfactant molecules led to 

significant layer compaction. In another investigation of cationic-anionic mixed monolayers, Li et 

al.21 explored the influence of gemini spacer length (s) in the C18H37(CH3)2N
+-(CH2)s-

N+(CH3)2C18H37) system in monolayers comprised of the gemini mixed with anionic stearic acid, 

and observed either complete miscibility (s < 8) or partial miscibility (s > 8) for the mixed films.  

For the longest linkers, the degree of miscibility was a strong function of the degree of ionization 

of the stearic acid head group, with higher miscibility observed when the stearic acid underwent 

complete ionization.  For a closely-related set of geminis, Li et al.22 have investigated miscibility 

and aggregate structure in mixed gemini-alkylglucoside (or maltoside) surfactant films. The 
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authors reported that the mixed monolayers adsorbed more strongly to the air-water interface than 

mixtures containing simple monomeric surfactants and that the interaction between film 

components was stronger with the alkylglucoside than with the maltoside-based surfactant. 

  Our research group has a long-standing interest in understanding and controlling phase-separation 

in monolayer surfactant films comprised of mixtures of hydrogenated and perfluorinated 

surfactants.23-29 For simple binary monolayer mixtures of hydrogenated and perfluorinated fatty 

acids, film components are typically immiscible and undergo phase-separation to yield highly-

structured films. Micron-scale film morphology of the phase-separated monolayers is broadly-

controlled by an interplay between dipole-dipole repulsion of head groups and line tension effects 

at phase-boundaries, a general principle first elucidated by McConnell in single-component 

phospholipid monolayers.30 By keeping the head group repulsion fixed through controlled sub 

phase pH and varying the line tension through the selection of surfactants with different tail 

lengths, the micron-scale morphology of the films can be modulated from compact, polygonal 

domains (line tension dominant; longer hydrocarbon tail groups) to extended, linear domains 

(dipole repulsion dominant; shorter hydrocarbon tail groups).26, 28-29, 31 Thermodynamic 

measurements at the air-water interface have also allowed for the careful determination of Gibb's 

excess energies of mixing and other key miscibility properties of the mixtures.   

  Gemini surfactants provide an intriguing chemical system to further explore miscibility effects 

in mixed hydrocarbon-perfluorocarbon systems. Because of their chemically similar structures to 

simple fatty acids, we can reasonably anticipate that the anionic Ace(n)-m-Ace(n) surfactants will 

either be miscible or undergo phase-separation in mixtures containing perfluorinated fatty acids, 

depending on the length of the hydrocarbon tail group. There appear to be very few reports of 

mixed monolayer gemini systems containing a fluorinated component, though there is some 

precedence for this in the literature. Nishida et al.32 have studied mixing behavior of a novel 

fluorinated cationic surfactant with a hydrogenated cationic surfactant, both variants of the 

alkanediyl-α,ω-bis(alkyldimethylammonium bromide) surfactants, and observed phase-separation 

of the two components at the air-water interface if the two components were deposited separately 

onto the water surface, but the components were miscible if first mixed in solution then deposited 

onto the substrate.  An aqueous solution study of a partially fluorinated cationic gemini surfactant 

mixed with a hydrogenated anionic surfactant has been reported by Sakai et al.33, with the mixtures 

having poor miscibility and exhibiting only limited synergistic effects. 
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  In this work, we have investigated the miscibility and film structure of binary mixed monolayers 

comprised of Ace(12)-2-Ace(12) and perfluorotetradecanoic acid (C13F27COOH; PF) using a suite 

of Langmuir monolayer characterization approaches. PF was selected as a representative 

perfluorinated fatty acid as it has been systematically studied in a variety of mixed monolayer films 

and can be readily purified.  Further, based on the relative size of the tail groups of the two film 

components and the existing literature on phase-separated fatty acid systems monolayer systems 

(citations described above), we can reasonably predict this system to be miscible at the air-water 

interface. Results from a combination of π-A compression isotherms and accompanying 

thermodynamic analysis, as well as Brewster Angle Microscopy (BAM) experiments and liquid 

surface X-ray scattering measurements (grazing incidence X-ray diffraction; GIXD and X-ray 

reflectivity; XR), are described in the following sections, along with a discussion of the results in 

terms of miscibility of affiliated systems discussed in the literature.  

 

5.6 Materials and Methods    

5.6.1 Materials 

  The synthesis, purification and characterization of the surfactant Ace(12)-2-Ace(12) has been 

described elsewhere14, 18 and the yields and purities for the surfactant synthesized for this work 

were consistent with previous reports. Solvents (typically ACS grade) were purchased from 

Fisher Chemicals or Sigma-Aldrich, and used as received. PF was also purchased from Sigma-

Aldrich but was additionally purified by repeated recrystallization from an acetone/hexane 

mixture with traces of added trifluoroacetic acid.   

 

5.6.2 Compression Isotherms and Brewster Angle Microscope imaging 

  Surface pressure-area compression isotherms were collected at room temperature (21+1 ºC) 

using a commercial Langmuir trough system (KSV Instruments) with ultrapure water (18 

Mcm, Millipore) as a sub-phase. Surface pressures were measured using the Wilhelmy plate 

method with a paper plate. To prepare monolayer films, the individual solid surfactants were 

dissolved in an appropriate solvent to produce stock solutions (1 mM), then appropriate 

volumes of the stock solutions were mixed to yield the final surfactant solution of interest. 
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Mixtures are referenced in the text using the nomenclature XX:YY to indicate the mole fraction 

ratio of PF:Ace(12)-2-Ace(12) (e.g. 4:1 indicates a 4PF:1 Ace(12)-2-Ace(12) mole ratio 

mixture). After cleaning the pure water sub-phase, aliquots of the mixed solution were spotted 

onto the sub-phase surface using a Hamilton syringe and the solvent was allowed to evaporate 

for a minimum of ten minutes before compression. Films were compressed at rates between 5-

12 Å2 molecule-1 minute-1, with the compression rate having no detectable effect on results 

over this range. Isotherms were measured in triplicate, and data reported here is the average of 

the replicate measurements. 

  BAM imaging was carried out with an UltraBAM system (KSV NIMA), using a 658 nm 

imaging laser and an image acquisition rate of 20 frames·second-1. The spatial resolution of 

the microscope was limited by diffraction to approximately 2 μm. 

 

5.6.3 Liquid Surface X-ray Scattering (GIXD and XR) 

  GIXD and XR measurements were carried out on beamline 15-ID-C (ChemMatCARS) at the 

Advanced Photon Source (Argonne National Labs). Monolayers were prepared in a Langmuir 

trough equipped with a single barrier, and the trough was mounted on a dynamic vibration 

isolation pad and enclosed in a sealed sample chamber. After spreading the surfactant solution 

on a clean water sub-phase and allowing the solvent to evaporate as described above, the 

sample chamber was purged with helium to minimize air scattering. A Ge (111) steering crystal 

was used to direct monochromatic X-rays of energy 10.0 keV ( = 1.24 Å) onto the air-water 

interface of the trough at appropriate incident angles. Diffracted or reflected X-rays were 

collected on a Pilatus 100K X-ray detector (Dectris). Diffraction intensity was measured as a 

function of both the in-plane (qxy) and out-of-plane (qz) scattering vectors, while reflected 

intensity was measured as a function of qz.  The incident X-ray flux was adjusted to ensure that 

no beam-induced damage was occurring during the time-frame of the experiments; this was 

verified by monitoring GIXD peak intensity and width as a function of illumination time, and 

under the conditions used, these did not change significantly during the course of an 

experiment. 
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5.7 Results and Discussion 

  Results from π-A isotherm measurements for films of pure Ace(12)-2-Ace(12), pure PF, and 

mixtures of the two in various mole ratios are shown in Figure 5.1 (a). Compressibility modulus 

plots (Cs
-1 = -A(dπ/dA)T vs. π) for the two pure component films and a 1:1 mixture as a 

representative of the mixed films are also shown in Figure 5.1 (b).  
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Figure 5.1: (a) Surface pressure–area isotherms for Ace(12)-2-Ace(12), PF and their mixed films 

at 21±1 ºC temperature on sub-phase pure water. (b) Compressibility modulus plots for 

isotherms Ace(12)-2-Ace(12), PF and their 1:1 mixture. 
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  Compressibility modulus plots for the entire set of isotherms are included as supplementary 

information in Appendix D . Isotherms for pure PF consisted of an extended region of minimal 

surface pressure increase up to a limiting area (A0, as determined by extrapolating the steeply rising 

portion of the isotherm to π = 0 mN·m-1) of 25 Å2·molecule-1, followed by a steeper, continuous 

increase in surface pressure until reaching the collapse pressure (πc) of the film (ca. 58 mN·m-1). 

For all isotherms except for the 1:2 mixed film, there were no discernible plateaus associated with 

phase-transitions in the isotherms and the corresponding compressibility plots showed no peaks 

that might more clearly indicate such transitions. 

  For the 1:2 mixed film, there was a small, but reproducible shoulder in the isotherms at ~ 39 Å2; 

we are currently uncertain as to the source of this, but it is clearly not due to film collapse, and we 

cannot at this time identify its nature. However, the occurrence of this shoulder does not materially 

affect any of the results described below. 

  The isotherm for PF is in good agreement with previous reports in the literature.29  Isotherms for 

the pure Ace(12)-2-Ace(12) indicate that films were significantly more expanded (A0 = 92 

Å2·molecule-1) than PF, or for other monomeric fatty acids (A0 ~ 20 Å2·molecule-1 for arachidic 

acid 26). This is the expected result for a surfactant with a significantly bulkier headgroup and two 

tail groups in comparison with simple monomeric surfactants, and the limiting areas are 

comparable, though slightly smaller than those typically measured for alkanediyl-α,ω-

bis(alkyldimethylammonium bromide surfactants with the shortest (typically three) alkyl group 

linkers. The collapse pressure for the pure gemini monolayer occurred at πc = 42 mN·m-1, and the 

collapse was well-resolved from that of the pure PF monolayer. 

  Isotherms for the mixed PF:Ace(12)-2-Ace(12) monolayers fell between the isotherms for the 

pure individual component films, with the mixed films becoming more expanded as the mole 

fraction of the gemini surfactant increased. To assess the extent of miscibility of the film 

components, simple additivity plots (mixed film area as a function of composition) were generated 

and are shown in Figure 5.2 (a) as a function of surface pressure, along with the ideal behavior 

predicted from the additivity relationship for fully immiscible (or fully mixed) films, given by 

equation (5.1)34:  

 

A12 = A1χ1 +  A2χ2  (5.1)  
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where A12 is the area for the binary mixed film, An is the area of the film for component n, and n 

is the mole fraction of component n. Deviations in experimental data from the relationship (5.1) is 

indicative of either repulsive (in the case of positive deviations) or attractive (in the case of 

negative deviations) interactions between film components. For all surface pressures, additivity 

plots showed negative deviations from ideal mixing, indicating attractive interactions between the 

film components and that the mixed films were more compacted than monolayer films of the pure 

individual components.  

  Film compactions were typically on the order of 5-20 Å2, which at the upper limit represents an 

approximate halving of film area when referenced against a pure PF monolayer held at π = 40.0 

mN·m-1. This substantive film compaction is markedly different from the behavior observed for 

other mixed fatty acid-PF mixed monolayers we have reported previously; for the mixed stearic 

acid (C17H35COOH)-PF 28 and arachidic acid (C19H39COOH)-PF 27 systems, there were no 

substantive deviations from ideality, and behenic acid (C21H43COOH)-PF 29 mixed films exhibited 

positive deviations (film expansions on the order of 1-2 Å2). All of these systems formed fully 

phase-separated films under a range of experimental conditions.   

 An additional important observation for this system is the composition dependence of the film 

collapse pressures. As seen in Figure 5.1 (a), both the PF and the Ace(12)-2-Ace(12) show distinct 

and well-resolved collapse pressures (πc), with πc for the mixed monolayers increasing as a 

function of the mole fraction of PF. This effect can be described using the classical thermodynamic 

2D phase-rule34; two-component, miscible monolayers at the air-water interface have three degrees 

of freedom and at a fixed temperature and atmospheric pressure, surface pressure will vary as a 

function of composition. Thus, the variation in πc as a function of the composition suggests the 

PF-Ace(12)-2-Ace(12) system is miscible. Of course, there are thermodynamic subtleties here, as 

the phase rule describes miscibility at the equilibrium spreading pressure for the system 

(significantly compressed films) and miscibility of the components may be different at lower 

pressures. The importance of surface pressure on miscibility in the film is discussed and described 

in the following section of this work.  
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Figure 5.2: (a) Plot showing mean molecular area as a function of mole fraction of PF. (b) Plot 

showing Excess Gibbs free energy of mixing as a function of mole fraction of PF. 
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  To characterize micron-scale film morphology at the air-water interface, BAM images for the 

monolayer films were collected over a range of mixed film compositions and surface pressures. 

The range of surface pressures over which BAM images with spatially resolvable features could 

be collected was limited because as films were compressed, features began to shrink until they 

were smaller than the spatial resolution of the instrument (vide infra). Thus, the BAM was most 

useful for providing film morphology data at relatively low surface pressures. Control films for 

pure monolayers are shown in the Supplementary information (Appendix D). PF monolayers gave 

negligible image contrast in the BAM, as reported elsewhere25, which can be attributed to the close 

match in the refractive index between the poorly polarizable perfluorocarbons and the underlying 

water sub-phase.  Because of this, dark (low reflectivity) regions in BAM images can be ascribed 

to either PF, the water sub-phase, or a combination of both. Monolayer films of the pure gemini 

surfactant consisted of scattered, amorphous patches, which can be attributed to dispersed patches 

of the gemini surfactant.   

  Unlike pure PF films, the mixed films at low surface pressures were highly-structured for all 

compositions investigated. A series of BAM images for mixed films ranging in composition from 

4:1 to 1:4 at π = 0.5 mN·m-1 are shown in Figure 5.3. For films with the highest mole fractions of 

PF, BAM images consisted of a series of high-reflectivity spots that approached the resolution 

limit of the microscope in size (~ 2 µm), dispersed on a poorly reflective background (Figure 5.3 

a). As the mole fraction of the gemini surfactant increased to 3:1, the number density and size of 

the spots increased (Figure 5.3 b).  At even higher mole fractions of gemini (2:1), the film 

morphology had effectively inverted; the films consisted of a highly-reflective background 

“matrix” with low-reflectivity elliptical domains (~10-50 µm diameter) dispersed in the matrix.  

At equimolar amounts of the two components, films consisted of highly reflectivity ellipsoidal 

domains which were polydisperse in size (~ 100 µm diameter), with the intervening space between 

domains having low reflectivity. Further increases in the mole fraction of gemini resulted in 

increasing sizes of the elliptical domains until at compositions of 1:4, there was no longer any 

discernible low-reflectivity regions and the films were effectively continuous. 

  We interpret these images as follows: for films with the highest mole fractions of PF, the low-

reflectivity background consists of PF and the water sub-phase, while the highly-reflective spots 

consist of dispersed patches of gemini surfactant. As the mole fraction of the gemini increases, the 

number of these patches increases, until at a sufficiently high fraction of gemini, the films consist 
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of a continuous matrix of gemini with dispersed deposits of PF (and/or water). As the gemini 

fraction increases, the film converts into large patches of gemini in a matrix of PF, and the area 

occupied by PF decreases until it can no longer be spatially resolved. While we have attempted to 

correlate the relative areas occupied by the low and high-reflectivity regions in these images to the 

relative fractions of the two components, thus supporting this assignment, this has been 

challenging.  Even accounting for the differences in mean molecular areas of the two components, 

inhomogeneities in the images have prevented us from collecting meaningful quantitative data 

here. Further, pockets of material that are < 2 μm would also not be resolvable, further confounding 

quantitative image analysis. Nonetheless, the key point from these data is that, at low surface 

pressures, the films are not homogenous and in fact, appear to be phase-separated mixtures. 
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Figure 5.3: BAM images of mixed monolayer films collected at π = 0.5 mN·m−1 for different 

compositions.  (a) 4:1, (b) 3:1, (c) 2:1, (d) 1:1 (e) 1:2, (f) 1:3, (g) 1:4. Images were collected at  

T = 21±1 °C. 

  To further assess the impact of surface pressure on film morphology, we have measured BAM 

images for a representative mixed film (1:1) as a function of surface pressure, with results shown 

in Figure 5.4. At the lowest surface pressures measured (π = 0.5, 1.0 mN·m-1) the films consisted 

of the characteristic elliptical domains separated in a low-reflectivity matrix. The average size of 

the elliptical domains decreased with increasing surface pressure, and above π = 1.5 mN·m-1, all 

domain structure was effectively gone. For all higher surface pressures until film collapse, films 

were comprised of an effectively uniform, high-reflectivity background with occasional “pinhole” 
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defects that were at the resolution limit of the instrument. At and above the collapse of the film, 

an abundance of small structures were detected, presumably corresponding to complex aggregates 

that formed during and after film collapse. The disappearance of the domain structures as a 

function of film compression is consistent with the mixing of the two film components at higher 

surface pressures to yield a reasonably homogeneous film. These high surface pressure results are 

in good agreement with the isotherm data and the resulting prediction of miscibility based on the 

2D phase rule.   

 

 

Figure 5.4: BAM images of a 1:1 mixed monolayer film collected at different surface pressures.  

(a) 0.5 mN·m-1 (b) 1.0 mN·m-1, (c) 1.5 mN·m-1, (d) 5.0 mN·m-1, (e) 25.0 mN·m-1, (f) Collapse 

pressure. Images were collected at T = 21±1 °C. 

  Attempts were also made to measure the morphology of the mixed films that had been deposited 

onto solid substrates by Langmuir Blodgett deposition. While films could be deposited onto glass 

substrates over a range of surface pressures, transfer ratios were typically greater than 1, indicating 

that more than a monolayer of the material was deposited for every single upstroke. Atomic Force 
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Microscope imaging for all films indicated the presence of multimolecular aggregates for all 

deposition conditions (see Supplementary information in Appendix D for representative images). 

The combination of high transfer ratio and aggregate formation suggests films are relatively 

unstable at the air-water interface and transfer poorly and thus we restricted our studies to structural 

characterization directly at the air-water interface.  

  To assess crystallographic structure and molecular packing of the surfactants in the films at the 

air-water interface, monolayers with a range of compositions and surface pressures were measured 

using GIXD and XR, which can provide complementary information on crystal packing and film 

thickness, respectively. GIXD contour plot (qz versus qxy) measurements for the pure and mixed 

monolayers, all at π = 30.0 mN·m-1, are shown in Figure 5.5.  Pure PF monolayers give a single, 

strong diffraction peak centered at qxy = 1.257 Å-1, with an out-of-plane scattering vector at qz = 0 

Å-1.  The peak was indexed as a hexagonal lattice with lattice parameters a = b = 5.77 Å,  = 120 

º, and a unit cell area per chain of 28.84 Å2. The Bragg rods indicated zero tilt angle in the nearest 

neighbor direction, corresponding to PF molecules that were normal to the sub-phase surface. 

These results are in good agreement with literature values for closely-related systems35-36, and in 

general, it is well-known that perfluorinated fatty acids pack to form crystalline, highly-ordered 

monolayers at the air-water interface. Average 2D crystallite sizes were calculated using Scherrer’s 

relation and the Bragg peak broadening (for an overview of this analysis see references37-38) and 

gave a coherence length Lxy = 640 Å. There was no substantial change in the diffraction pattern or 

crystallographic properties for PF monolayers over a wide range of surface pressures. Monolayers 

of pure Ace(12)-2-Ace(12) did not give a detectable diffraction signal at any scattering angle 

within our measurable range, nor was diffraction detected at even the highest surface pressures 

(below πc). The likely cause of this is that the bulky headgroup of the gemini surfactant prevents 

close packing of the surfactants, resulting in a film that is effectively amorphous.   
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Figure 5.5: GIXD contour plots for pure Ace(12)-2-Ace(12), mixed monolayer films of 

PF:Ace(12)-2-Ace(12) 1:1, 2:1, 2.5:1, 3:1, 4:1, and for pure PF at π = 30.0 mN·m-1. 
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  GIXD contour plots for mixed monolayers at the highest mole fraction of PF exhibited a single 

diffraction peak (qxy = 1.282 Å-1 for π = 30.0 mN·m-1), which corresponded to diffraction from the 

PF component. Intriguingly, the intensity, width and position of the PF peak changed as a function 

of composition, with the intensity decreasing, width increasing and peak position shifting to higher 

in-plane scattering vector as the mole fraction of PF decreased in the films.  Lattice parameters 

assigned to the PF peak are summarized in Table 5.1 as a function of film composition.  In general, 

there was a decrease in unit cell area per chain, as well as a decrease in the average crystallite size 

as the fraction of PF in the film decreased.  For monolayer films with a PF: Ace(12)-2-Ace(12) 

ratio that was < 2.5:1, the diffraction peak associated with PF was too weak and broad to be 

meaningfully distinguished from background for any surface pressure (Figure 5.5). 

Table 5.1. GIXD parameters for monolayer films at  = 30.0 mN·m-1. 

Monolayer 

Composition 

qxy 

maxima 

(Å-1 ± 

0.0001) 

d-spacing 

(Å ± 

0.0003) 

Lattice 

Parameters (Å) 

Unit cell 

area   (Å2 ± 

0.002) 

Coherence 

Length, 

Lxy (Å ± 15) 
a b γ 

Pure PF 1.257 5.00 5.77 5.77 120 28.84 640 

4:1 1.282 4.90 5.66 5.66 120 27.75 572 

3:1 1.283 4.90 5.66 5.66 120 27.70 406 

2.5:1 1.293 4.86 5.61 5.61 120 27.29 370 

 

  The GIXD data collected here supports the previously described model of miscibility in mixed 

films. In fully immiscible, binary phase-separated films described in the literature, GIXD peaks 

behave entirely independently of film composition (see Takiue et al.39, for example), which is 

clearly not the case here. For systems that have a mole ratio < 2.5, the films are essentially non-

crystalline, indicating that the attractive interactions between PF and Ace(12)-2-Ace(12), in 
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combination with the large quantity of gemini surfactant, was sufficient to entirely dissolve any 

crystallites of PF. This result is actually quite remarkable, given the very high-degree of 

crystallinity and structural rigidity of fluorocarbon monolayers. There are several reports 

highlighting the tendency of fluorocarbons (including perfluorinated fatty acids and 

semifluorinated alkanes) to spontaneously form highly-crystalline films at very low surface 

pressures35-36, 40, and impeding this requires a significant thermodynamic stabilization of the 

resulting mixed film. The significantly weakened, broadened and shifted diffraction peak for PF 

at the highest compositions of perfluorocarbon also reflects this miscibility. Clearly, in films 

containing large amounts of PF, there are still occasional PF crystallites forming. However, the 

data in Table 5.1 indicates that these crystallites are markedly smaller than those formed in the 

pure films, with a slightly smaller unit cell area per chain and that the presence of Ace(12)-2-

Ace(12) in the mixture is strongly perturbing the crystal structure. It is not immediately apparent 

why the PF unit cell area should be slightly reduced as the relative amount of Ace(12)-2-Ace(12) 

increases; intuition would suggest that miscibility would, if anything, expand the lattice. At present 

we are unable to account for this expansion, though the effect is reasonably small.  

  We note some parallels in terms of structural effects seen in the mixed PF-gemini system and 

those seen in mixtures of perfluorinated fatty acids with phospholipids (see 41-43, for example).  

Nakahara et al.44 have investigated miscibility between a series of perfluorinated fatty acids with 

dipalmitoylphosphatidylcholine (DPPC; monomeric head group surfactant, with two tails) on high 

salinity sub-phases, and reported that several of these systems are miscible and that the 

perfluorinated fatty acid can significantly soften or even dissolve condensed phases of the 

phospholipid. Similar reports on affiliated systems can be found elsewhere. A similar 

solubilization effect appears to be taking place in the mixed gemini system here, though of course, 

there are striking differences in terms of headgroup bulk and charge density between Ace(12)-2-

Ace(12) and DPPC, as well as differences in chain length, so the analogy should not be taken too 

far. 

  As a final compliment to the GIXD measurements, XR measurements were performed to assess 

monolayer film thickness. All films gave measurable reflectivity, with curves exhibiting typical 

Kiessig fringes as expected. Normalized XR curves (R/Rf vs.qz; R is reflectivity, Rf the Fresnel 

reflectivity) for both the pure and mixed films measured at π = 30.0 mN·m-1 are shown in Figure 
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5.6, along with representative electron density profile plots and fits from a conventional two-slab 

model for the films.  
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Figure 5.6: (a) Normalized X-ray reflectivity plots for pure Ace(12)-2-Ace(12), PF and mixed 

monolayer films of 4:1, 3:1, 2:1, 2.5:1, 1:1 at π = 30.0 mN·m-1. The points are experimental values 

while the solid curve is the fit.  Plots have been vertically offset to aid clarity of presentation. (b)  

Corresponding normalized electron density profiles for data in (a). Results from the fitting 

calculations are shown in Table 5.2, with additional details of the fitting calculation routines and 

fitting parameters provided in Supplementary information (Appendix D ). 
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Table 5.2. XR layer length parameter for monolayer films at  = 30.0 mN·m-1. 

 

Monolayer 

composition 

Head layer 

length (Å) 

Tail layer length (Å) 

 

 

Pure Ace(12)-2-Ace(12) 

 

9.0 ± 0.1 

 

 

8.2 ± 0.3 

 

 

1:1 

 

11.6 ± 0.1 

 

 

9.8 ± 0.1 

 

 

2:1 

 

10.9 ± 0.3 

 

 

10.2 ± 0.3 

 

 

2.5:1 

 

9.9 ± 1.2 

 

 

10.8 ± 1.2 

 

 

3:1 

 

4.0 ± 0.7 

 

 

16.8 ± 0.9 

 

 

4:1 

 

3.9 ± 0.1 

 

 

17.7 ± 0.3 

 

 

Pure PF 

 

4.6 ± 0.1 

 

 

17.1 ± 0.1 

 

 

 

  XR measurements of pure PF monolayers gave a tail thickness that was comparable to the 

expected length of a PF molecule tail chain (17.1 + 0.1 Å) measured vs. ~17 Å as calculated by 

DFT in vacuum), and a relatively compact head group. This indicates that PF molecules in the 

pure monolayers are oriented normal to the surface, in good agreement with the GIXD 

measurements described above. For the pure Ace(12)-2-Ace(12) monolayers, the thickness of the 

tail groups was markedly smaller than for PF (8.2 + 0.3 Å) and significantly smaller than the fully-

extended tail length of the molecule (~18 Å as calculated by MMFF in vacuum). The headgroup 

thickness was also substantially larger than PF (9.0 + 0.1 Å), as can reasonably be expected 

because of the significantly larger headgroup of the gemini surfactant in comparison with the PF. 

A measured film thickness that is smaller than the extended tail length is entirely consistent with 
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a poorly-organized (amorphous) film in which, presumably, there is a wide range of molecular tilts 

and orientations with respect to the surface normal. This result is consistent with the lack of a 

diffraction peak associated with the gemini component in any of the monolayer films. As shown 

in Table 5.2, the overall tail thickness for the mixed films increased as a function of the PF content 

of the film, and the headgroup thickness correspondingly decreased.  Again, this is the expected 

result for a miscible system in which the relative fraction of the longer, fully-extended component 

increases. We also note that a significant change in the overall film layer structure takes place 

between the 2.5:1 and the 3:1 mixture, which corresponds very well to the composition at which a 

diffraction peak from PF becomes detectable in the GIXD measurements. At higher fractions of 

PF, the apparent tail layer length approaches that of the pure PF, consistent with the formation of 

crystalline deposits of normally oriented perfluorocarbon.  At lower fractions, the head and tail 

layer lengths are comparable, which is consistent with the fully mixed, amorphous film. 

  A key question that arises from these results is why is this anionic gemini surfactant system 

miscible with PF, whereas the previously studied simple fatty acid mixed systems, which also have 

simple carboxylic acid head groups and alkane tails, are immiscible. It is likely that several 

structural factors are at play here. The alkane tails for the Ace(12)-2-Ace(12) surfactant are 

significantly shorter than those for the phase-separating fatty acids, with the shortest reported fatty 

acid we have found to undergo phase-separation being palmitic acid (C15H31COOH).31 Kimura et 

al.45 have developed a simple thermodynamic model based on dispersion interactions to justify the 

influence of tail chain length on controlling phase-separated film structure in mixed fatty acid-

hybrid (CmF2m+1CnH2nCOOH) fatty acid films, and argued that decreasing “n” for these mixed 

systems increases miscibility through a decrease in line tension between phases; it is likely that 

this is an important contributing factor for the gemini system here, with line tension differences 

between a potential gemini phase and PF phase being so small that de-mixing is unfavorable.  

However, we also believe the steric bulk of the Ace(12)-2-Ace(12)  headgroup and the molecule’s 

poor packing ability must also play a contributing role here.  Dispersion interactions can 

significantly stabilize the hydrocarbon phase in phase-separated fatty acid mixtures precisely 

because the tail chains can align, pack and effectively form a crystalline monolayer; dispersion 

interactions in the perfluorocarbons are much less important because of their negligible 

polarizabilities. In the gemini system, the bulky head groups impede packing, and thus the already 

short tail groups pack poorly and the ability to stabilize a phase-separated film is minimal. Thus, 
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one might reasonably expect to observe phase-separation occurring in the mixed Ace(n)-m-Ace(n) 

systems only when dealing with very long tail chains, or variants of the system with much less 

steric bulk in the headgroup. Whether a molecule with these properties can be prepared and 

dissolved in a solvent that is sufficiently nonpolar for useful applications remains to be explored. 

 

5.8 Conclusions 

  We report, for the first time, on the miscibility of binary monolayer films comprised of the new 

class of anionic Ace(n)-m-Ace(n) surfactant mixed with perfluorotetradecanoic acid. While simple 

anionic fatty acid-perfluorinated fatty acid monolayer systems described in the literature are 

typically immiscible and fully phase-separated, the system here is miscible over a wide range of 

mixing ratios and at all but the lowest surface pressures. The miscibility observed in these systems 

is more typical of that commonly observed in mixed phospholipid-perfluorinated fatty acid 

mixtures, in which the perfluorocarbon can effectively solubilize liquid-condensed domains. At a 

molecular level, the gemini surfactant packs poorly, forming what are essentially amorphous films, 

likely because of the steric bulk of the head group, and this behavior is observed in all of the mixed 

films. The association of the two components effectively results in dissolution of PF crystallites in 

mixed films for all but the highest PF content films. The miscibility in this system can reasonably 

be attributed to a combination of the relatively short alkane tail groups in the gemini, which 

precludes phase-separation into discrete domains, as well as the bulky gemini head groups which 

impeding close-packing of the alkane tails.    
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CHAPTER 6:   

MIXING BEHAVIOR IN PERFLUOROTETRADECANOIC ACID- 

ACE(18)-2-ACE(18) MONOLAYERS 

 

   6.1 Candidate’s Contribution 

  I collected compression isotherms, prepared Langmuir Blodgett films, performed BAM and AFM 

measurements. I carried out all of the data analyses for these measurements, including the 

determination of the thermodynamic parameters for this mixed system. GIXD and XR 

measurements were performed by David Sowah-Kuma, Dr. Amy Stevens and Dr. Matthew Paige. 

David Sowah-Kuma analyzed the data for these measurements and interpreted the results. He was 

also involved in writing the manuscript and editing it. Wei Bu trained my group members on the 

GIXD instrument and helped in data interpretation. Dr. Matthew Paige provided extensive 

guidance throughout the experimental work and was greatly involved in the interpretation of 

results, writing and editing the paper. 

  Chapter 6 is a copy of a manuscript published in the journal Langmuir, 2019, 35 (32), 10551-

10560 (reprinted with permission). 

 

6.2 Contribution to Research Objectives 

 This study expands on the investigation of miscibility in PF-Ace(n)-2-Ace(n)  films. In Chapter 

5, the mixing behavior of Ace(12)-2-Ace(12) with PF was examined using a combination of 

Langmuir approaches, microscopy measurements and X-ray studies. In this chapter the mixing 

behavior of Ace(18)-2-Ace(18) with PF  was carried out. Based on our previous studies and other 

studies reported in the literature for fatty acid-perfluorinated acid mixed monolayers, it was 

hypothesized that PF-Ace(18)-2-Ace(18) mixed films will undergo phase separation. Furthermore 

it was anticipated that as Ace(18)-2-Ace(18) has longer hydrocarbon tail, it will form more stable 

and crystalline films at the air-water interface in comparison with Ace(12)-2-Ace(12). These 

hypotheses are tested in this chapter. 
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6.3 Reprint of Contribution 

Immiscible anionic gemini surfactant-perfluorinated fatty acid Langmuir monolayer films. 

Jeveria Rehman1, David Sowah-Kuma1, Amy Louise Stevens1, Wei Bu2, Matthew F. Paige1 

1 Department of Chemistry, University of Saskatchewan, Saskatoon, SK, Canada. 

2 NSF’s ChemMatCARS, The University of Chicago, Illinois 60637, USA. 

6.4 Abstract 

  A new member of the N,N,N’,N’-dialkyl-N, N’-diacetate ethylenediamine family of anionic 

gemini surfactants has been synthesized and its miscibility with the model perfluorocarbon, 

perfluorotetradecanoic acid, has been investigated in monolayer films at the air-water interface.  

Thermodynamics of mixing and the accompanying changes in mixed film structure have been 

probed using a combination of compression isotherm measurements supported by BAM imaging 

and X-ray scattering measurements, and results have been compared with those collected for a 

previously studied, a shorter tail-chain variant of the surfactant. Thermodynamic measurements 

showed that the gemini surfactant and perfluorotetradecanoic acid were immiscible, with weak 

repulsive interactions, manifesting as small positive deviations from ideal mixing, observed 

between the two film components. Films were highly-textured, with micron-scale, phase-separated 

domains readily detectable. Grazing Incidence X-ray Diffraction measurements showed that the 

gemini surfactant was disordered in the monolayers, whereas the perfluorocarbon formed discrete 

crystallites in the disordered matrix. Despite the decidedly small deviations from ideal mixing 

detected in the thermodynamic measurements, the X-ray measurements indicated that the presence 

of the gemini perturbs the PF crystal lattice from that of pure PF. Finally, X-ray reflectivity 

measurements showed that the addition of equimolar PF to the gemini monolayer induces a 

significant increase in the nominal head group thickness of the film, suggesting that interactions 

between the two surfactants can lead to structural re-arrangements of the gemini’s head group near 

to the water surface.   
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6.5 Introduction  

  Dimeric “gemini” surfactants, surface active molecules comprised of two polar head groups and 

two non-polar tail groups, continue to attract considerable research interest because of their 

excellent technological properties, their potential applications in drug-delivery systems and their 

unique self-assembly behavior in solution.1-5 Much of the pioneering research in gemini surfactants 

has been directed towards characterizing physicochemical properties of cationic surfactants in 

solution, with the most thoroughly investigated systems being the so-called m-s-m (alkanediyl-

α,ω-bis(alkyldimethylammonium bromide) compounds originally described by Alami et al.6-7 

Anionic gemini surfactants, while also synthetically tractable, have been minimally investigated 

and their chemical properties remain an active subject of investigation; a small number of these 

compounds have been reported in the literature and some aspects of their synthesis and chemical 

properties have been recently surveyed.5   

  A promising new class of anionic gemini surfactants based on N,N,N’,N’-dialkyl-N,N’-diacetate 

ethylenediamine has been described in the literature by Wattebled and Laschewsky.8  The first of 

these surfactants (Figure 6.1 a), dubbed Ace(12)-2-Ace(12) after the diacetate head group, linker 

and surfactant tail length, exhibits a very low critical micelle concentration (< 10-4 mM), excellent 

metal ion chelating capabilities and forms a variety of different aggregate structures in bulk 

solution, depending on pH. Since Wattebled and Laschewsky’s pioneering work, additional 

investigations of this class of compounds have been carried out by Lv et al.9-11 who further 

explored molecular structure effects on aggregation in bulk solution by introducing asymmetries 

in surfactant tail lengths and explored emulsification behavior in binary oil-water mixtures. Our 

group has also reported on fundamental surfactant monolayer properties of the compound in Figure 

6.1 (a), including Na+ , Ca2+ and Fe3+ ion-binding capacity12, and most recently, miscibility in 

mixtures with a perfluorinated fatty acid.13  

  In this work, we report on the miscibility of a newly-synthesized, symmetric tail chain member 

of this class of compounds, Ace(18)-2-Ace(18) (Figure 6.1 (b), with the model perfluorocarbon 

surfactant perfluorotetradecanoic acid (C13F27COOH; PF), noted above. Our interest in mixtures 

of the Ace(n)-m-Ace(n) compounds with perfluorocarbon stems from previous research aimed at 

understanding monolayer film structures and miscibility relationships in mixtures of monomeric 

fatty acids with perfluorinated surfactants (for a recent review see14). The miscibility of 

hydrogenated surfactants with perfluorinated surfactants continues to be a topic of considerable 
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interest in the literature, as the lower-dimensionality of monolayer systems allows for complex 

intermolecular interactions between components to be unraveled in a tractable way.  Fluorocarbons 

and hydrocarbons tend to be immiscible in fluid media, generally because dispersion interactions 

between the hydrogenated components dominate over those between the poorly-polarizable 

perfluorocarbons.  However, in mixed fatty acid monolayer film systems this effect is often 

balanced by subtle details of the intermolecular interactions between film components which 

depend on factors such as surfactant tail chain length and head group dipole, as well as other factors 

including molecular packing density and mixing kinetics.14 For sufficiently long fatty acid tail 

groups, mixtures of fatty acids with PF undergo phase-separation at the air-water interface and 

exhibit rich and complex film morphologies at the micron and nanometer length scale.  For 

example, mixtures of arachidic acid (C19H39COOH) and PF phase-separate at the air-water 

interface to form crystalline, polygonal domains of the hydrocarbon surrounded by a crystalline 

matrix of PF.15-16  We view the Ace(n)-m-Ace(n) compounds as simple dimeric mimics of fatty 

acid systems and thus provide a novel new system to further explore intermolecular interaction 

effects and their role in surfactant miscibility.   

 

 

 

 

 (a)                                        (b)                  (c) 

Figure 6.1: Chemical structures of (a) Ace(12)-2-Ace(12), (b) Ace(18)-2-Ace(18), (c) PF. 

  While mixing behavior in gemini surfactant systems has been reported for several different types 

of binary mixed films, most commonly mixtures of cationic hydrogenated gemini surfactants with 

monomeric cationic surfactants,17-19 there is only one report to date of miscibility in a mixed 

anionic Ace(n)-m-Ace(n)–perfluorocarbon monolayer.13 In this previous work, we demonstrated 

that mixtures of Ace(12)-2-Ace(12) with PF on a pure water sub-phase were miscible over a wide 
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range of compositions except for when the monolayers were minimally compressed. The film 

components showed attractive interactions, manifest as negative deviations from ideal mixing 

under all conditions. In the narrow range of film compression where the films were immiscible, 

films exhibited micron-scale phase-separated domains as observed in BAM domains, but domain 

structure disappeared with further film compression. Synchrotron-based Grazing Incidence X-ray 

Diffraction (GIXD) measurements, supplemented by X-ray reflectivity (XR) thickness mapping 

indicated that the Ace(12)-2-Ace(12) films were amorphous and disordered, likely because of the 

very poor ability of the bulky gemini head groups to pack into an ordered lattice, and that in mixed 

films, the gemini surfactant impeded the crystallization of PF, which typically forms strongly-

diffracting crystallites at even the lowest surface pressures. 

  The current work expands on the previous study by investigating miscibility in a mixed 

PF:Ace(18)-2-Ace(18) system, a new system that has never before been described in the literature. 

While care must be taken in extrapolating results from monomeric surfactant systems to the gemini 

systems, empirical trends gleaned from the mixed fatty acid-PF systems described in the literature 

(see studies of arachidic acid with PF16 and nonadecanoic acid with PF20, for example) suggest 

that the longer tail chain of the Ace(18)-2-Ace(18) should lead to an immiscible, phase-separated 

system under all compositions and surface pressures. We have also previously postulated that a 

longer tail chain will provide additional stability to the gemini surfactant monolayer over and 

above that of its shorter-chain counterpart, which would offset the steric bulk of the head group 

and thus allow for the formation of crystalline monolayers. These hypotheses are tested in this 

current work through a combination of surface isotherms measurements, thermodynamic analysis 

as well as structural analysis of the monolayer films at the air-water interface using BAM, GIXD 

and XR measurements. 

 

6.6 Materials and Methods    

6.6.1 Materials 

  The surfactant Ace(18)-2-Ace(18) was synthesized by coupling N-methyloctadecylamine 

with ethylenediaminetetraacetic acid dianhydride, with the synthesis and purification 

following the same procedure used in Chapter 3.8, 12 All solvents were purchased from Sigma-

Aldrich and were ACS grade or better. PF was also purchased from the same source and was 
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further purified by recrystallization from a mixed acetone-hexane solvent containing a trace 

amount of trifluoroacetic acid.  Stock surfactant solutions were prepared in a 1:1 v/v mixture 

of tetrahydrofuran: chloroform and were combined in appropriate volumes to prepare 

mixtures with the desired mole ratio.  In the text, monolayer film compositions are described 

using the notation X:Y to indicate the relative mole fractions of PF:Ace(18)-n-Ace(18) in the 

mixtures. 

        6.6.2 Compression Isotherms and Brewster Angle Microscope imaging 

  Surface pressure-area (-A) compression isotherms were measured in a Langmuir trough 

(KSV Biolin) filled with ultrapure water (Millipore, 18 M·cm) sub-phase at T = 21 ± 1 °C.  

The trough was operated in symmetric compression mode and surface pressure was monitored 

using a paper Wilhelmy plate.  The water surface was cleaned by suction before each 

experiment to ensure a clean sub-phase surface.  For isotherm measurements, aliquots of the 

surfactant solution of interest were spotted onto the sub-phase surface using a Hamilton 

syringe and the solvent was allowed to evaporate for a minimum of 10 minutes before 

beginning film compression.  For BAM imaging, films were measured on an Ultra BAM 

microscope (KSV Biolin) equipped with a 658 nm illumination laser and the camera operating 

at an acquisition rate of 20 frames·s-1.   

 6.6.3 Liquid Surface X-ray Scattering (GIXD and XR) 

  GIXD and XR measurements were carried out on the liquid surface scattering spectrometer 

of sector 15-ID-C (NSF’s ChemMatCARS) at the Advanced Photon Source (Argonne 

National Laboratories).  Films were prepared on a Langmuir trough equipped with a single 

movable barrier, and the trough was encased in a sealed chamber mounted on a vibration 

isolation pad.  The liquid footprint inside the trough had dimensions of 42.0 cm (length)  8.9 

cm (width)  0.7 cm (depth). Surfactant solution was deposited onto a clean water surface in 

the trough, as described in the preceding section, and the chamber was purged with He to 

minimize X-ray beam scattering by air and to minimize potential damage to the film caused 

by the incident beam.  A monochromatic beam of X-rays with energy 10.0 keV and 

approximate size of 0.1 mm  2.0 mm was directed onto the sub-phase surface at an 

appropriately selected incident angle (~ 0.1 ° for GIXD; a range of angles for XR) and 
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diffracted (or reflected) X-rays were collected on a Pilatus 100K X-ray detector (Dectris).  

The X-ray beam intensity was adjusted to ensure that no damage was being caused to the film 

during the time course of the experiments.  X-ray diffraction intensity was measured as a 

function of in-plane (qxy) and out-of-plane (qz) scattering vectors, and reflected intensity was 

measured as a function of out-of-plane scattering (qz). 

 

6.7 Results and Discussion 

    Compression isotherms (surface pressure () versus mean molecular area (MMA)) for the pure 

individual components and the mixed PF:Ace(18)-2-Ace(18) monolayers are shown in Figure 6.2.  

Quantitative data extracted from the isotherms for the various films is summarized in Table 6.1, 

and monolayer compressibility plots (Cs
-1 vs. π, where Cs

-1 = -MMA(d/dMMA)T) for all mixtures 

are reported in Supplementary Information in Appendix E; selected compressibility plots are 

described in more detail, below. 
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Figure 6.2: Surface pressure-area compression isotherms for pure and mixed monolayer films of 

PF:Ace(18)-2-Ace(18) collected at T = 21±1°C on a water sub-phase.  
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  In brief, isotherms for pure PF films were unremarkable, exhibiting a smooth, continuous increase 

in surface pressure with no detectable phase transitions, as verified from the compressibility plots, 

over the entire compression range. The isotherms were comparable with those reported elsewhere 

in the literature.20-21 Isotherms for pure Ace(18)-2-Ace(18) monolayers were also largely 

featureless but were significantly expanded in comparison with the pure PF films, as expected for 

a surfactant with two tails and a bulkier head group. Thermodynamic mixing properties of the 

films are described in more depth in the following sections, but we first report on an important 

difference between this mixed system and its shorter tail Ace(12)-2-Ace(12) counterpart. The 

collapse pressures (πc) for the PF and Ace(18)-2-Ace(18) monolayers were significantly different 

(66.2 mNm-1 and 53.5 mNm-1, respectively) and could be easily resolved from each other.  Insight 

into the miscibility of the film components can be gained through the application of the 2D surface 

phase rule.22 For a film comprised of two immiscible components at constant temperature and 

atmospheric pressure, the phase rule indicates that the surface pressure of the system will increase 

with compression until reaching the collapse pressure of the less surface-active component, at 

which point, this component will be “squeezed out” of the film into the sub-phase. During the 

squeeze-out process, surface pressure will change minimally. After completion, the surface 

pressure will increase with compression until reaching the collapse pressure associated with the 

second component. Because of this effect, film collapse pressures will be independent of 

composition (no additional degrees of freedom). For a two-component, miscible film, there will 

be one additional degree of freedom and thus the opposite effect, a dependence of collapse pressure 

on film composition will be observed. This is the behavior observed previously for the Ace(12)-

2-Ace(12) system, as shown in Figure 5.1.   
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Table 6.1: Summary isotherm data for PF:Ace(18)-2-Ace(18) monolayer films. A0 is the limiting 

area as determined by extrapolating the steeply-rising portion of the isotherm to the x-axis, Ac is 

the film area at collapse, c is the film collapse pressure and Cs
-1

max is the maximum observed 

value of compressibility. 

 

Composition A0 

(Å2) 

Ac 

(Å2) 

 

c 

(mN·m-1) 

Cs
-1 max 

(mN·m-1) 

Pure PF 25.5 + 0.2 14.1 + 0.1 66.2 + 0.1 500.7 + 0.7 

1:1 31.0 + 0.1 26.5 + 0.3 64.1 + 0.1 499.1 + 0.1 

3:1 35.1 + 0.1 27.5 + 0.3 64.5 + 0.3 439.5 + 0.5 

2:1 37.0 +  0.1 30.1 + 0.1 65.1 + 0.4 462.9 + 0.5 

1:1 44.1 + 0.2 33.5 + 0.1 64.8 + 0.6 431.2 + 0.1 

1:2 51.0 + 0.1 35.1 + 0.2 65.1 + 0.1 249.1 + 0.1 

1:3 55.1 + 0.1 38.1 + 0.1 64.8 + 0.8 257.3 + 0.1 

1:4 59.2 + 0.1 39.1 + 0.1 65.1 + 0.1 218.6 + 0.6 

Pure Ace(18) 76.1 + 0.1* 44.1 + 0.2 53.5 + 0.5 101.1 + 0.1 

 

*The gemini surfactant forms a purely liquid film (vide infra) and thus the estimated limiting area 

should be treated with caution. 
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  The isotherms for the mixed Ace(18)-2-Ace(18) system in Figure 6.2  show a clear collapse 

pressure for the PF component in the mixed films and that this collapse is independent of 

composition, in keeping with an immiscible system.  While there is no obvious film collapse for 

the Ace(18)-2-Ace(18) component in the mixed film isotherms, more careful inspection of the 

compressibility plots (pure PF, Ace(18)-2-Ace(18) and a 1:2 mixed monolayers are shown in 

Figure 6.3; full data set in Supplementary Information in Appendix E) reveals an important result.  

For all of the mixed films, a well-defined feature occurring around the collapse pressure for the 

Ace(18)-2-Ace(18) component was observed (marked with an arrow in Figure 5.3(c)), indicating 

that while the film collapse might not be discernible by eye in the raw isotherms, that it still occurs 

in the mixtures, and, within the uncertainty associated with the plots, is essentially invariant with 

composition.  This is the expected result from the 2D phase rule for a fully immiscible film.  Thus, 

the compression isotherms suggest that the PF:Ace(18)-2-Ace(18) monolayers are fully 

immiscible.  

 

 

                           (a)                                         (b)                     (c) 

Figure 6.3: Compressibility plots for (a) pure Ace(18)-2-Ace(18)  monolayer; (b) pure PF 

monolayer; and (c) a 1:2 mixed monolayer measured at T = 21±1°C on a water sub-phase.   

The red marker arrow in (c) indicates the approximate position of the Ace(18)-2-Ace(18)  

film collapse in the mixed monolayer. 
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Thermodynamic ideality of mixing in the films can be explored by comparing film areas with 

predictions from the additivity rule in equation (6.1). 

 

                                                        𝐴12 = 𝐴1χ1 + 𝐴2 χ2                                                                     (6.1) 

where A12 is the area per molecule for the mixed film, A1 and A2 are the areas per molecule for the 

pure components and χ1 and χ2 are the corresponding mole fractions of the pure components.22 

Additivity plots for film areas as a function of mole fraction of PF for several different surface 

pressures are shown in Figure 6.4 (a), along with the ideal behavior predicted by equation (6.1). 

Positive deviations from (1) indicate repulsive interactions between components, while negative 

deviations from additivity are indicative of attractive interactions between components. For all 

mixed film compositions and surface pressures, positive deviations from the additivity relationship 

were observed, indicating the existence of repulsive interactions between film components. Films 

were expanded by ~0.5-2.5 Å2 in comparison to the ideal mixtures; for comparison, the 

PF:Ace(12)-1-Ace(12) mixed films exhibited compaction in the range of ~5-20 Å2.  Clearly, the 

interactions in the two systems are quite different, with the results from the longer-chain gemini 

surfactant suggesting immiscibility, as predicted. The extent of immiscibility was probed in more 

depth by calculating excess Gibbs free energies of mixing (ΔGE) for the mixed films as a function 

of surface pressure using equation (6.2).  

 

 

  where A12 is the area per molecule of the mixed film Ai is the area of the pure film and χi is the 

mole fraction of the pure components. Figure 6.4 (b) shows a plot of ΔGE for each mixed film vs 

mole fraction of PF. The mixed systems yielded positive values of excess Gibbs free energy (films 

destabilized relative to ideality) ranging from 50 J·mol-1 to 1350 J·mol-1 with the more destabilized 

films observed at higher surface pressures. The values observed here are comparable with those 

reported for fully-immiscible mixtures of behenic acid-PF mixtures in which the fatty acid tail 

chain was nine alkyl groups longer than the perfluorocarbon tail chain (vs. five in the present 

system).21  This result suggests that there are some parallels in mixing energetics between the 

gemini and fatty acid systems, but as will be described below, the micron and molecular-level film 

∆𝐺𝐸  = ∫ [𝐴12 − (
1

𝐴1 + 
2

𝐴2)]𝑑


0
                           (6.2) 
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structures are quite different and thus comparisons between the two systems should be made with 

caution. 
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Figure 6.4: Surface pressure-area compression isotherm analysis for PF:Ace(18)-2-Ace(18) 

mixture. (a) Additivity plot; (b) Gibbs excess energy of mixing plot. Experimental errors were 

negligible in comparison with the size of the graph markers. 
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  To visualize micron-scale film morphology directly at the air-water interface, BAM imaging was 

carried out on the mixed and pure monolayers. Note, the refractive index of PF is comparable with 

that of water and thus, in mixed films, PF enriched regions will be indistinguishable from water 

and will appear dark (low reflectivity) whereas Ace(18)-2-Ace(18) enriched regions will appear 

bright (high reflectivity).23 For surface pressures that were greater than ~ 1 mNm-1, the spatial 

separation between film features was less than the diffraction-limited spatial resolution of the 

microscope (~ 2 m) and films appeared homogenous, thus experiments were carried out at lower 

surface pressures. Measuring such low surface pressures with accuracy is challenging and thus we 

instead report film compression in terms of mean molecular area (Å2·molecule-1). In control 

experiments for the pure films, Ace(18)-2-Ace(18) monolayers films were essentially featureless 

except for a small number of amorphous structures spotted randomly on the surface, while PF 

monolayer films were entirely featureless (see supplementary information in Appendix E). 

  BAM images revealed that the mixed films were structured, and consisted of reflective, oval 

domains on a minimally reflective background. Measurements for one mixed film composition 

(2:1) is shown in Figure 6.5 at two different film compressions; other compositions gave similar 

results.  Based on the relative reflectivity of the two film components, we ascribe the bright regions 

(high refractive index) to Ace(18)-2-Ace(18) and the dark regions to PF (low refractive index). 

The domains were heterogeneous in size, ranging in diameter from ∼15−200 μm. During 

compression, the domains decreased in size and at mean molecular areas smaller than ~ 70 

Å2·molecule-1 ( > 1 mNm-1), film features were unresolvable as noted above. Thus, the BAM 

images confirm that Ace(18)-2-Ace(18) and PF in the mixed films are immiscible and form phase-

separated, micron-scale domains at low surface pressures, which is in good agreement with the 

thermodynamic measurements described above. Further, the film morphology for this system is 

the same as that reported for the shorter-chain gemini surfactant at low film compression where 

the system appeared immiscible.13  We note that the high degree of film heterogeneity made it 

difficult to extract any meaningful quantitative trends in terms of area of the domains as a function 

of film composition or degree of compression; one might reasonably expect domain surface area 

to scale as a fraction of the total mole fraction of the gemini surfactant, but we were unable to 

detect any clear-cut effect of this sort. While the quantitative analysis was certainly aggravated by 

the large size distribution of domains, an additional confounding factor might be the tendency of 
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one component of the film to be highly-disordered and prone to changes in structure or order as a 

function of compression. To further elucidate this, we now describe an investigation of the 

molecular-level film structure through the use of X-ray scattering-based methods. 

 

 

 

Figure 6.5: BAM images collected at the air-water interface for a 2:1 PF:Ace(18)-2-Ace(18) 

mixed monolayer film as a function of mean molecular area. (a)  63.1 Å2·molecule-1, (b) 62.1 

Å2·molecule-1. 

 

  Crystal structure and thickness of the various films were measured at the air-water interface using 

GIXD and XR. GIXD contour plots (qz versus qxy) for the pure and mixed monolayer films, all 

measured at π = 30.0 mN·m-1, are shown in Figure 6.6.  There was no detectable diffraction signal 

at any scattering angle for pure monolayer films of Ace(18)-2-Ace(18), indicating that the films 

were disordered. We had hypothesized that the longer tail-chain of this gemini surfactant in 

comparison with the 12-carbon long variant would promote the formation of an ordered monolayer 

through enhanced chain-chain dispersion interactions, but clearly this is not the case; it appears 

that the steric bulk of the head group plays a dominant role in hindering crystal packing in 

comparison with tail length and extending the alkyl chain length by six additional alkyl groups 

cannot offset this effect.  Thus it is reasonable to propose that, for all practical purposes, this 

approach will not lead to crystalline gemini surfactant monolayers in the Ace(n)-m-Ace(n) 

systems. In the case of pure PF monolayers, a single, strong diffraction peak centered at qxy = 1.262 



152 

 

Å-1 was observed, with out-of-plane scattering vector at qz = 0 Å-1. The zero tilt angle for the Bragg 

rods in the nearest neighbor direction indicates a normal orientation of PF molecules to the water 

sub-phase. The pure PF monolayers were indexed as a hexagonal lattice with lattice parameters a 

= b = 5.75 Å,  = 120 º, and a unit cell area per chain of 28.62 Å2. A coherence length Lxy = 566 

Å (average 2D crystallite sizes) was calculated using Scherrer’s relation (see 24-25 for an overview 

of GIXD analysis approaches; specific data processing details for our system are described in 

Supplementary Information in Appendix E).  In short, the pure PF films were highly-ordered 

crystalline monolayers at the air-water interface, with crystallographic characteristics consistent 

with values reported in the literature for similar systems.26-27    

  GIXD contour plots for all mixed films consisted of a single peak corresponding to diffraction 

from the PF component (hexagonal lattice), suggesting films consisted of PF crystallites dispersed 

in an amorphous matrix of gemini surfactant. We contrast this result with that for mixed PF-

arachidic acid monolayers, which might be viewed as “monomer” versions of the films; the 

arachidic acid systems formed phase-separated films in which both components were crystalline 

and diffracted.16  Crystallographic data for the films is tabulated in Table 6.2 and for comparison 

corresponding measurements from the mixed PF-Ace(12)-2-Ace(12) system are reported in Tables 

S 5.1 and S 5.2.  The intensity of the PF diffraction peak was dependent upon film composition 

(vide infra); signals were strongest at the largest PF mole fraction and correspondingly decreased 

as the fraction of PF decreased.  Films with mixing ratios of < 2.5:1 gave diffraction signals which 

were comparable to background levels and thus we report only on films with this or greater PF 

content.  Crystallographic features for the PF component showed a significant dependence on film 

composition, manifesting as changes in qxy peak position and width with composition.  As the 

relative fraction of PF decreased, the d-spacing and accompanying lattice parameters decreased, 

with unit cell areas for the 2.5:1 films (the smallest PF content) decreasing to ~90% of that of the 

pure PF.  Coherence lengths (crystallite sizes) also decreased markedly, with the smallest PF 

content films having values which were ~ 8% of the pure films.   
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Figure 6.6: GIXD contour plots for pure Ace(18)-2-Ace(18), mixed monolayer films of 

PF:Ace(18)-2-Ace(18) 1:1, 2:1, 2.5:1, 3:1, 4:1, and for pure PF at π = 30.0 mN·m-1. 
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Table 6.2: GIXD parameters for PF: Ace(18)-2-Ace(18) monolayer films at  = 30.0 mN·m-1.  

 

Monolayer 

composition 

 

qxy 

maxima 

(Å-1 ± 

0.001) 

d-spacing 

(Å  ± 0.01) 

Lattice 

Parameters (Å) 

Unit cell 

area          

(Å2 ± 0.01) 

Coherence 

Length, 

Lxy (Å ± 6) a b γ 

Pure PF 1.262 4.98 5.75 5.75 120 28.62 566 

4:1 1.299 4.84 5.59 5.59 120 27.02 281 

3:1 1.312 4.79 5.53 5.53 120 26.48 156 

2.5:1 1.313 4.79 5.53 5.53 120 26.44 48 

 

  The diffraction data indicates that the interactions between the two different components are 

significant enough to induce crystallographic changes in the PF lattice. This is atypical, as the 

expected result for a fully-immiscible system is that the behavior of one component should be 

entirely independent of the other 22, 28  indicating that the GIXD measurements are registering 

subtle molecular-level changes that are blurred over in the classical thermodynamic measurements. 

For the Ace(12)-2-Ace(12) system, we previously attempted to rationalize the change in the 

crystallographic structure of the PF component, particularly the decrease in coherence length of 

crystallites as a function of increasing gemini content, in terms of the dissolution of the crystallites. 

A variety of groups, including ours, have reported on the fluidization and dispersion of rigid, solid-

phase phospholipid films by fluorinated surfactants,29-33 and it has been proposed, for monolayers 

comprised of simple fluorinated fatty alcohols and DPPC, also a two-tailed surfactant, that the 

crucial factor dictating the extent of this fluidization are the extent of interactions between 

surfactant head groups.34  However, careful analysis of the GIXD data suggests that PF crystallites 

are not being dissolved by addition of the gemini in the Ace(18)-2-Ace(18) mixed system.  

Integration of the PF diffraction peak and normalizing this value against total PF content for the 
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mixed films indicates that, within error, there was no significant change in diffraction intensity as 

a function of gemini content. Complete dissolution of crystallites would lead to a net decrease in 

diffraction signal (i.e. less diffracting material in probe volume) and thus the results indicate that 

the gemini promotes formation of smaller PF crystallites rather than substantially dissolving them. 

Note, we have applied the same analysis on our previously reported data for the Ace(12)-2-Ace(12) 

mixed system, but the relative uncertainties in the values made results ambiguous and we cannot 

make definitive statements about the shorter tail-system based on current data.  The accompanying 

small decrease in lattice parameters (< 4%) is more difficult to rationalize, and at present we can 

only provide some reasoned speculation as to its source. Our current hypothesis is that the changes 

in lattice parameters reflect crystallographic microstrain; as PF crystallites are reduced in size, the 

average strain on crystallites is likely to increase, particularly at asperities, resulting in a systematic 

change in lattice structure. Traditional approaches to quantify microstrain using crystallographic 

data (e.g. Williamson-Hall plots) generally requires analysis of multiple diffraction peaks, which 

cannot be carried out here because the PF diffraction pattern consists of a single peak only, and 

thus we simply note the possibility of this effect rather than attempt to quantify it.  Nonetheless, 

this rationalization remains purely speculative and will require further investigation to clarify. 

  To assess monolayer film thickness directly at the air-water interface, XR measurements were 

carried out.  Normalized XR curves (R/Rf vs. qz; R is reflectivity, Rf is the Fresnel reflectivity) are 

shown in Figure 6.7, along with corresponding electron density profile plots for both pure and 

mixed films at π = 30.0 mN·m-1. XR curves from all monolayer films showed Kiessig fringes and 

gave measurable reflectivity as expected.  Electron density profile plots for the monolayer films 

were generated from XR curves using a conventional two-slab fitting model, with one slab 

corresponding to the monolayer head group and the other, the tail group.35 Fitting parameters for 

the mixed PF:Ace(18)-2-Ace(18) films are shown in Table 6.3. Details of the fitting routine 

followed and additional fitting parameters such as electron density together with roughness values 

are shown in the Supplementary information (Appendix E). 
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Figure 6.7: (a)  Normalized X-ray reflectivity plots for pure Ace(18)-2-Ace(18), PF and mixed 

monolayer films of 4:1, 3:1, 2:1, 2.5:1, 1:1 at π = 30.0 mN·m-1. The points are experimental 

values while the solid curve is the fit.  Plots have been vertically offset to aid clarity of 

presentation. (b) Normalized electron density profiles for data in (a). 
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Table 6.3: XR layer length parameters for PF:Ace(18)-2-Ace(18) films at  = 30.0 mN·m-1. 

 

Monolayer 

composition 

 

Head layer length (Å) Tail layer length (Å) 

Pure Ace(18)-2-

Ace(18) 

8.5 ± 0.4 

 

15.8 ± 0.3 

 

1:1 12.1 ± 0.1 

 

13.8 ± 0.1 

 

2:1 8.1 ± 0.1 

 

15.9 ± 0.1 

 

2.5:1 8.2 ± 0.3 

 

16.0 ± 0.4 

 

3:1 6.5 ± 0.1 

 

16.8 ± 0.1 

 

4:1 5.4 ± 0.1 

 

17.0 ± 0.1 

 

Pure PF 4.5 ± 0.1 

 

16.9 ± 0.1 

 

 

 

  XR measurements and accompanying data fitting for pure Ace(18)-2-Ace(18) monolayers 

yielded a head group thickness of 8.5 + 0.4 Å and a tail group thickness of 15.8 + 0.3 Å.  The 

calculated head group thickness is comparable with the 9.0 + 0.1 Å reported previously for 

Ace(12)-2-Ace(12), while the tail group thickness is larger (8.2 + 0.3 Å).13 The larger value for 

the tail in comparison with the Ace(12)-2-Ace(12) is qualitatively consistent with the six additional 

alkyl groups. However, the measured value is slightly shorter than that calculated for a fully-

extended alkane (~18 Å as calculated by MMFF in vacuum), providing further support for the 

existence of disorder in the tail-region of the film.  Thickness values for the pure PF film were 

comparable with previous measurements (head group 4.5 + 0.1 Å, tail group 16.9 + 0.1 Å) and 

consistent with the fully-extended molecule oriented normal to the sub-phase, again as expected 

from the GIXD measurements.   
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  For the mixed films, the calculated tail thickness generally increased as a function of the PF 

content of the film, while the head group thickness correspondingly decreased. While the general 

trend in thickness values as a function of mole fraction of PF was not convincingly linear, as might 

be reasonably from a simple additivity relationship noted earlier, the basic effects observed here 

can reasonably be attributed to a simple statistical increase in the fraction of PF present in the film.  

Disappointingly, there is no clear correlation between the structure of the headgroup region and 

the change in the structure of the PF crystallites that were detected in the GIXD measurements as 

a function of gemini content. However, a potentially important observation is that there was a 

significant difference in the nominal headgroup region of the film for the pure gemini surfactant 

and that for the 1:1 mixture. While we are cautious about over-interpretation of the calculated 

thicknesses, the data set for the 1:1 mixture is particularly intriguing. The thickness assigned to 

the head group slab is the largest for this mixture (lowest measured electron density), and in fact 

is greater than that for the pure gemini surfactant alone. A similar observation was made in the 

shorter-chain system, suggesting a systematic effect. We postulate that there is significant 

structural re-arrangement of the gemini surfactant head group upon mixing with the PF at this mole 

fraction, possibly involving the lifting of some of the functional groups away from the sub-phase 

surface. Alami et al.6 have described a variation of this in the cationic m-s-m system, in which 

alkyl ammonium gemini surfactants with large, flexible spacer units (s = 10-12) adopt a “wicket-

like” conformation in which the spacer group is forced off the water surface. Of course, the ethyl 

spacer unit for the Ace(18)-2-Ace(18) molecule will have significantly less conformational 

flexibility than an s = 10-12 alkyl linker, but the data do suggest a structural change adjacent to 

the sub-phase is occurring. In the absence of the PF, the gemini headgroup “flattens” on the water 

sub-phase, but when mixed with PF, interactions between the polarizable headgroup of the gemini 

and PF push the head group away from the sub-phase. This effect would likely be indistinguishable 

in the bulk thermodynamic mixing data, which effectively convolves all head group and tail group 

interactions. We also note that there are concurrent effects on the tail length thickness for the 1:1 

mixture, but cannot easily rationalize this based on the current data.  While the head group effect 

is intriguing, it is certainly small, and further measurements are required to probe this more 

carefully. High-sensitivity, surface-based vibrational spectroscopies (IR-sum frequency 

generation, for example) may provide insightful here, and this will be explored in future works. 
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6.8 Conclusions 

  We have reported, for the first time, on the miscibility of the newly-synthesized Ace(18)-2-

Ace(18) anionic gemini surfactant with the benchmark perfluorinated carboxylic acid, PF. Unlike 

the shorter tail-chain variant investigated previously, this mixed system was phase-separated and 

immiscible under all conditions explored, as predicted. However, the Ace(18)-2-Ace(18) failed to 

pack into crystalline, diffracting films, regardless of whether in pure monolayers or in mixtures 

with PF. These results suggest, more broadly, that this class of surfactants will not form crystalline 

monolayers under normal monolayer film preparation conditions, likely because the steric bulk of 

the head group impedes close-packing. While thermodynamic measurements indicated that the 

mixed films were fully immiscible and that there were only very weak repulsive interactions 

between Ace(18)-2-Ace(18) and PF, crystallographic measurements indicated that there were 

subtle effects of mixing on film structure.  The main effect of mixing was to promote the formation 

of smaller PF crystallites in comparison with pure films. There also appeared to be a minor but 

detectable thickening in the head group region of the gemini in 1:1 mole fraction mixture with PF, 

which was tentatively attributed to a structural rearrangement induced by head group interactions. 
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Chapter 7: 

Conclusions and Discussion 

 

  Gemini surfactants have caught the attention of researchers because of their superior properties 

compared to monomeric surfactants, such as lower CMCs, better solubilizing ability and their 

chelating properties with inorganic ions. Past research on gemini surfactants has emphasized 

cationic species because of their facile and flexible methods of synthesis. Until recently, there have 

been very few investigations of anionic gemini surfactants, specifically in Langmuir monolayers. 

Ace(n)-m-Ace(n) are gemini surfactants from the family N,N,N′,N′-dialkyl-N,N′-diacetate 

ethylenediamine. Before the start of this thesis research, only a small amount of research had been carried 

out on this family of gemini surfactants.1,2  Wattebled et al. first synthesized a member of this family with 

n = 12 and performed its bulk characterization. To the best of our knowledge, no one has ever reported the 

characterization of any member of this class of gemini surfactants in Langmuir monolayers and Langmuir 

Blodgett films. This thesis presents the first such studies ever reported. 

  In this thesis significant advances have been reported in the field of gemini surfactants by 

investigating structure property-relationships of Ace(n)-m-Ace(n) anionic gemini surfactants, their 

interactions with metal ions and with perfluorotetradecanoic acid (PF) in Langmuir monolayers 

and Langmuir Blodgett films. Furthermore, noteworthy progress has been made in advancing 

structure-function relationships by synthesizing a new, never-before reported compound Ace(18)-

2-Ace(18). These monolayer studies have provided a better opportunity to understand the 

structure-function relationship of these compounds in a minimal model system. 

  This thesis also contains the first ever-reported study on the interaction of anionic gemini 

surfactant monolayers with metal ions in the sub-phase. Previously, in the literature, researchers 

have investigated the interaction of cationic gemini surfactant monolayers with anions in the sub-

phase.3 But to the best of our knowledge, this is the first reported study on the interaction of anionic 

gemini surfactant monolayers with cations in Langmuir monolayers. A significant 

accomplishment of this research is that it has proved that Ace(n)-2-Ace(n) binds significantly with 

the cations in the Langmuir monolayers. This work has potential applications in the agricultural 

industry for fertilizers and crop protection reagents. 
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One of the objectives of this thesis was to investigate the binding behavior of anionic gemini 

surfactant monolayers with cations. To accomplish this objective, two new anionic gemini 

surfactants Ace(12)-2-Ace(12) and Ace(18)-2-Ace(18)  were synthesized, characterized in the 

bulk and their metal binding abilities were explored at the air-water and air-solid interface. 

Furthermore, the effect of hydrocarbon tail length on surfactant binding properties with metal ions 

was also investigated by measuring an n=18 version of Ace(n)-2-Ace(n). This is important, as 

fundamental physical and chemical information is required to understand the structure-property 

relationships in this new system. The major finding of this research was that Ace(n)-2-Ace(n) 

formed expanded monolayers films with the presence of Na+ and Ca2+ while compacted 

monolayers with the presence of Fe3+ in the sub-phase. The films were stable at the air-water 

interface but transferred poorly onto solid substrates. Chapter, 2, 3 and 4 deal with this work. 

  The formation of expanded films of Ace(n)-2-Ace(n) with the presence of Na+ and Ca2+ ion in 

the sub-phase is quite different from the comparator systems reported in the literature4,5 as the 

comparator systems formed compacted monolayers. It seems that the binding of metal ions to the 

Ace(n)-2-Ace(n) monolayers has resulted some intramolecular conformational changes in the 

structure of gemini surfactant and has caused the expansion of films. However, in case of Fe3+ sub-

phase the condensed films were observed which is likely due to the high positive charge on the 

Fe3+. As none of the previous studies has reported the interaction of anionic gemini surfactant 

monolayers with metal ions in the sub-phase and before this work the ion-association properties 

of anionic gemini were completely unknown, this work is an important contribution to the 

literature and this system can be used as a reference for the future studies. 

  Another accomplishment of this thesis is the determination of ion association constants and 

binding stoichiometries between Ace(n)-2-Ace(n) monolayers and metal ions using a simple ion 

binding model. Ion-association constants were smaller than the comparator systems reported in the 

literature6,7 while binding stoichiometry was the same.8  Again, this is an important contribution to 

the literature as no one has ever reported the ion association constant for gemini surfactant 

monolayers with metal ions in the sub-phase, and the systems that were available for comparison 

purpose were monomeric fatty acids or phospholipids. This study has paved a way for the 

researchers to explore the anionic gemini surfactant monolayers in-depth and provides a base for 

future studies in this field. 
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  The measurements that were carried out suggested that association of the cations with the Ace(n)-

2-Ace(n) in the Langmuir monolayers resulted in intramolecular conformational changes in the 

structure of the Ace(n)-2-Ace(n). At present, based on the measurements that were performed, it 

was not possible to determine what kind of conformational changes occurred in the structure of 

Ace(n)-2-Ace(n) after its association with metal ions and the nature of interactions between the 

Ace(n)-2-Ace(n) and metal ions.  This topic is one that will need to be investigated in further detail 

in future studies (see below). 

  As noted earlier, a simple ion binding model was used in this thesis to calculate the ion-association 

constant and the binding stoichiometry between the metal ion and Ace(n)-2-Ac(n) monolayers. 

The measurements and model presented in this thesis was a first attempt at measuring the 

interactions between metals and the surfactant, and has some significant limitations as discussed 

previously (Chapter 2 and 3). Members of the Paige group have recently made use of synchrotron-

based Total Reflection X-ray Fluorescence spectroscopy (T-XRF) to investigate the binding of 

Ace(n)-2-Ace(n) monolayers with metal ions. T-XRF is a surface-sensitive, element selective 

technique.9 Along with the detection of ions that are selectively bound to the interface; T-XRF has 

also been used to quantify the binding of metal ions with the negatively charged monolayers 

directly at the air-water interface. Quantitative data have been obtained about the number of metal 

ions binding to the monolayer compound and about monolayer surface area coverage. The model 

that have been previously used to obtain the quantitative information about binding of Ace(n)-2-

Ace(n) monolayers films had some thermodynamic subtleties and limitations (electrical double 

layer effects, limited number of data point etc.)  However using T-XRF one can avoid these 

limitations. This new method will be used for future studies to quantify and clarify the extent of 

ion-binding in these systems 

  Another objective of this thesis was to investigate the interaction between the anionic gemini 

surfactants and PF in Langmuir monolayers and Langmuir Blodgett films to understand the 

behavior of the components of mixed films at the interfaces. This was accomplished by 

determining the mixing behavior of PF-Ace(n)-2-Ace(n) system using Langmuir monolayer 

approaches, microscopy and X-ray studies. Chapter 5 and 6 deal with this work. 

   Through this study an understanding of the thermodynamics of mixing and the molecular level 

factors that control the miscibility in the mixed perfluorinated acid-gemini mixed system has been 

developed. The motivation behind this research was that the fatty acid-perfluorinated acids mixed 
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monolayer systems have so called synergism effect, which means the mixed systems show better 

surface tension lowering abilities than single component systems. Previous studies including a 

recent review by Paige et al.10 have shown that these systems are generally immiscible and undergo 

phase-separation. Ace(n)-2-Ace(n) has structural similarities with fatty acids, and it was expected 

that it would behave like fatty acids.  

  Previously, researchers have investigated the hydrogenated-fluorinated cationic gemini mixed 

monolayer9 systems or partially fluorinated cationic–anionic gemini surfactant monolayer films.10  

Nishida et al.9 has investigated the mixing behavior of hydrogenated and perfluorinated (CF
8C4-2-

CF
8C4) cationic gemini surfactants in bulk solution and at the air-water interface. Sakai et al.10 has 

also reported  mixing behavior in Langmuir monolayers of a partially fluorinated cationic gemini 

surfactant (1,2-bis[dimethyl-(3-perfluorohexyl-2-hydroxypropyl)ammonium]ethane dibromide, 

and the anionic gemini surfactant (N,N′-didodecyl-N,N′-dipropanesulfonylethylenediamine). To 

the best of our knowledge, there have been no reports on the mixing behavior of anionic gemini-

anionic surfactant mixed monolayer systems. Therefore, further study in this area was necessary 

as none of the previous study explained the interaction between anionic gemini surfactant and 

anionic surfactant in mixed monolayer system.  

  Based on the literature available11,12 it was hypothesized that Ace(12)-2-Ace(12) would form 

miscible monolayer films with PF at the air-water interface while Ace(18)-2-Ace(18)-PF mixed 

films would undergo phase-separation at the air-water interface. Furthermore, it was also 

hypothesized that as Ace(18)-2-Ace(18) has longer hydrocarbon tail, it would form more stable 

and crystalline monolayers as compared to Ace(12)-2-Ace(12) due to superior dispersion 

interactions between hydrocarbon tail chains.   

  The major findings of this work were that Ace(n)-2-Ace(n) formed amorphous films at the air-

water interface while PF formed crystalline films. Ace(n)-2-Ace(n) molecules behaved like fatty 

acids at the air-water interface while mixed with the PF and the chain length of Ace(n)-2-

Ace(n)controls its miscibility with the PF. Furthermore, the steric bulk of the head group of 

Ace(n)-2-Ace(n) prevented its crystalline close packing in the monolayer films. While, surface 

pressure area isotherms, thermodynamics and morphological studies have suggested that the 

longer hydrocarbon tail length of Ace(n)-2-Ace(n) monolayer films formed phase-separated 

structures with PF, the X-rays studies have shown slight effect of mixing of the two components 

in mixed film. It seems some changes are occurring at the molecular level, which are hidden from 
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the classical thermodynamics. There is a need to further explore this system using spectroscopy 

methods that will be discussed in the future work. 

  This study was important to understand the basic interactions between the perfluorinated 

surfactant and anionic gemini surfactant to create a foundation for the future research, as it may 

help to control the surface patterning in mixed perfluorinated-anionic gemini mixed systems. A 

major accomplishment of this thesis is the understanding of the factors that control the miscibility 

in the mixed PF-Ace(n)-2-Ace(n) monolayer films by collecting information on basic 

thermodynamics, structure-property relationship and interactions between the two surfactants at 

the molecular level. These results and the ease of the method used indicate that these systems have 

potential for patterning films at the air water interface. 

 

7.1 Future Works 
 

 In this thesis, an important topic of investigation was how surfactant chain length affected the 

ability of Ace(n)-2-Ace(n) to associate with metal cations. This study has opened a new field of 

monolayer research to explore. 

  Some important questions still need to be answered for the molecules that have been investigated 

in this thesis. One question is the exact nature of binding between metal ions and Ace(n)-2-Ace(n) 

head groups in Langmuir monolayers (i.e. covalent vs. non-covalent). Another issue is to 

investigate the conformational changes in the structure of gemini surfactant that occur after its 

association with metal ions. Useful information on this might be collected using Polarization 

modulation infrared reflection absorption spectroscopy (PM-IRRAS) and Vibrational sum 

frequency generation spectroscopy (VSFG) to analyze the Langmuir monolayers. PM-IRRAS is a 

powerful vibrational spectroscopy tool that can be used to identify different functional groups 

present at interfaces. Calvez et al.13 have investigated the relative concentration of arachidic acid 

and its salt form with Ca2+, Na+, Mg2+ and Cd2+ at the air-water interface using PM-IRRAS. The 

relative concentration of the two species (acid and salt form) were directly obtained from the band 

intensities of PM-IRRAS spectra. Using PM-IRRAS one can explore the different species of 

gemini (with carboxylic acid head groups and carboxylate anion) present at the air-water interface 

quantitatively and can also get an insight into the nature of interactions present between these 
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species and the cations present in the sub-phase. Furthermore, it can also provide information about 

the conformation changes occurring in the molecule at the air-water interface. 

  VSFG has also emerged as an excellent spectroscopic technique to investigate the interface at the 

molecular level. It is used to probe the structure and orientation of the molecules at the air-water 

and air-solid interface. Furthermore it can also be used to investigate the interactions, chemical 

reactions and ionization of the different species present at the interface14,15 Tang et al.16 have 

investigated the hydrogen bonding interaction between palmitic acid monolayers and the water 

molecules at the air-water interface in the presence of Mg2+ and Ca2+ ions in the sub-phase using 

VSFG. The binding of Ca2+ and Mg2+ to palmitic acid monolayers caused perturbation to the 

hydrogen bonding between palmitic acid monolayers and water molecules. Ca2+ binding to the 

head group affected the hydrogen bonding networks between palmitic acid and water molecules 

to a greater extent because of its stronger binding affinity towards the carboxylic acid head groups 

as compared to Mg2+.16   From VSFG measurements, information about the interaction between the 

gemini surfactant monolayers and cations in the sub-phase could be obtained. Furthermore, the 

information about the degree of ionization of the gemini surfactant and conformational changes in 

the gemini surfactant molecule can also be obtained using this technique. 

  It is concluded in this thesis that an increase in the surfactant hydrocarbon tail chain length by 6 

alky groups does not bring any significant difference in the binding properties of Ace(n)-2-Ace(n) 

to metal ions. A major theme of this thesis was to explore the relationships between the structure 

of surfactants and the ability of their monolayers to bind metal ions. This study was focused on the 

effect of tail length on the binding ability of gemini surfactant to metal ions, but the structure of 

the head group is also equally important. For the future research, a hypothesis that can be made is 

the EDTA headgroup is the most effective head group for binding onto metals. This hypothesis 

can be tested by systematically changing structures of the head group. This hypothesis is based on 

the metal-chelating ability of EDTA 8,17  EDTA forms stable complexes with the metal ions. One 

can change the head group from carboxylic acid to alcohol and observe the binding ability of the 

gemini with alcohol head groups with cations in Langmuir monolayer films. The dipole moment 

of alcohol is slightly lower than the carboxylic acids that will cause its stronger binding with metal 

ions.  In terms of long-range understanding, this will also provide insight into what molecular 

features in the surfactant headgroup are most important for controlling ion-binding, which will be 

of great importance for this important field of research. 
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APPENDICES 

 

Appendix A 

   Supplementary Information for Chapter 2                                                  

 

 

Figure A 1:  Synthetic scheme for preparation of Ace(12)-2-Ace(12), adapted from Wattebled et 

al.1.  In elemental analysis percentage of elements [Found: C, 65.5; H, 10.4; N, 8.4%; M, 

 654.94. C36H70N4O6  requires C, 66.0; H, 10.8; N, 8.5 %; M, 654.94 g/mol ]. 

 

 

 

 

 

 

 

 



174 

 

 

 

 

Figure A 2:  1H NMR of purified Ace(12)-2-Ace(12) in CDCl3 and proton labeling scheme. 

Spectrum was measured using a 500 MHz, 5 mm SEI NMR spectrometer (Bruker Biospin). 

Peak assignments are based on the previously published spectrum by Wattebled et al.1. 

δH(500 MHz; CDCl3; C36H70N4O6 ) 0.905 (6 H, t, Me), 1.3233 (36 H, m, (CH2)13), 

1.505 (4 H, m, CH2-C-N-CO), 3.024 (4 H, m, N-CH2-CH2-N), 2.958 (6 H, s, 

CO-N-Me), 3.766 (4 H, m, N-CH2-CO) and 3.5176 (4 H, m, N-CH2-COO). 
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Figure A 3: Mass spectrum for purified Ace(12)-2-Ace(12).  Predicted mass based on formula 

was 654.96 Da.  The TOF–mass spectra were collected using the QSTAR XL System (PE Sciex), 

with samples infused at a rate of  5 μl/min in positive-ion mode using an ESI source. 
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Figure A 4: Compressibility modulus plots for Ace(12)-2-Ace(12) with pH = 10.0 sub-phase 

and: a) [Na+] = 30 mM; b) [Ca2+] = 60 mM. 
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Figure A 5:  Atomic force microscope image (15 μm × 15 μm) and cross-sectional analysis for 

Ace(12)-2-Ace(12) Langmuir films deposited from a [Ca2+] = 60 mM sub-phase.  Samples were 

deposited at π = 30 mNm-1 with a transfer ratio of 1.0. 

 

 

 

 

 

 

 

 

 

 

Figure A 6:  Surface pressure dependent BAM images.  [Na+] = 1 mM  a) π = 0 mNm-1 b) π = 5 

mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1  e) π = 30 mNm-1 f) collapse. 
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Figure A 7:  Surface pressure dependent BAM images.  [Na+] = 30 mM  a) π = 0 mNm-1 b) π = 

5 mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1  e) π = 30 mNm-1 f) collapse. 

 

 

 

 

 

 

 

 

 

 

Figure  A 8:  Surface pressure dependent BAM images.  [Ca+] = 1 mM  a) π = 0 mNm-1 b) π = 5 

mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1  e) π = 30 mNm-1 f) collapse. 
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Figure A9:  Surface pressure dependent BAM images.  [Ca+] = 30 mM a) π = 0 mNm-1 b) π = 5 

mNm-1 c) π = 10 mNm-1 d) π = 15 mNm-1 e) π = 30 mNm-1 f) collapse. 

 

 Reference 

(1)  Wattebled, L.; Laschewsky, A. New anionic gemini surfactant based on EDTA 

accessible by convenient synthesis. Colloid and Polymer Science 2007, 285 (12), 1387-

1393. 

 

 

 

 

 

 

 

 



180 

 

Appendix B 

  Supplementary Information for Chapter 3                                                  

 

 

Figure B 1: Synthesis scheme for Ace(18)-2-Ace(18). 

 

 

 

 

 

Figure B 2:  1H NMR of purified Ace(18)-2-Ace(18) in CDCl3 and proton labeling scheme.  

Spectrum was measured using a 500 MHz, 5 mm SEI NMR spectrometer (Bruker Biospin). 
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Figure B 3: Mass spectrum for Ace(18)-2-Ace(18).  Predicted mass based on formula was 

822.27 Da.  The TOF–mass spectra were collected using the QSTAR XL System (PE Sciex), 

with samples infused at a rate of 5 μl/min in positive-ion mode using an ESI source. 
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Figure B 4: Compressibility modulus plots for Ace(18)-2-Ace(18) on Na+ sub-phase. a) [Na+] = 

1mM b) [Na+] = 5 mM c) [Na+] = 10 mM d) [Na+] = 15 mM e) [Na+] = 20 mM. 
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Figure B 5: Compressibility modulus plots for Ace(18)-2-Ace(18) on Ca2+ sub-phase. a) [Ca2+] 

= 0 mM b) [Ca2+] = 1 mM c) [Ca2+] = 5 mM d) [Ca2+] = 10 mM e) [Ca2+] = 15 mM f) [Ca2+] = 

20 mM.   

 

 

 

 

Figure B 6: BAM images of CaCl2 solution at a surface pressure of 15 mN‧m-1. 
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Figure C 1: Compressibility modulus plots for Ace(12)-2-Ace(12) isotherms ; (a) [Fe3+] = 0 mM 

(b) [Fe3+] = 1.5×10-2 mM, (c)  [Fe3+] = 2.5×10-2  mM, (d)  [Fe3+] = 5.0×10-2  mM,  (e)  [Fe3+] = 

1.0×10-1  mM. 
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Figure C 2: Compressibility modulus plots for Ace(18)-2-Ace(18) isotherms ; (a) [Fe3+] = 0 mM 

(b) [Fe3+] = 1.5×10-2 mM, (c)  [Fe3+] = 2.5×10-2  mM, (d)  [Fe3+] = 5.0×10-2  mM,  (e)  [Fe3+] = 

1.0×10-1 mM. 

 

 

 

Figure C 3: BAM images of FeCl3 at MMA 100 Å2·molecule-1 and room temperature. 
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Figure D 1: Compressibility modulus plots (Cs
-1 vs. π) for PF:Ace(12)-2-Ace(12) mixed 

monolayer films. (a) 4:1 (b) 3:1 (c) 2:1, (d) 1:2, (e) 1:3, (f) 1:4. 
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Figure D 2: BAM images of pure monolayer films. (a) PF, (b) Ace(12)-2-Ace(12). Images were 

collected at π =30 mN·m-1 and T = 21±1 °C. 

 

 

 

 

 

 

 

 

 

 

Figure D 3: AFM images (15 μm × 15 μm) and corresponding cross-sectional analysis of LB 

films of mixed monolayers (composition of mixtures shown as insets) deposited onto glass 

substrates. 
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Specular X-ray Reflectivity  

  XR provides the electron density distribution of the monolayer film across the interface. The 

electron density profile was extracted from a homogeneous two-slab model describing the head 

group and the tail chains of the lipid molecule.1 The StochFit 1.7.0.2 software was used in 

performing the fit, with parameters such as layer thickness, electron density (ρ/ρH2O), and 

interfacial roughness obtained by χ2 minization.2 

 

Table D 1: XR parameters for head layer of monolayer films at π= 30.0 mN·m-1. 

Monolayer composition Electron density 

(ρ/ρH2O) 

Interfacial roughness (Å) 

 Pure Ace(12)-2-Ace(12) 1.18 ± 0.01 1.6 ± 0.4 

1:1 1.382 ± 0.001 3.112 ± 0.001 

2:1 1.423 ± 0.007 3.162 ± 0.008 

2.5:1 1.42 ± 0.02 3.12 ± 0.02 

3:1 1.43 ± 0.03 2.93 ± 0.01 

4:1 1.29 ± 0.03 3.02 ± 0.01 

Pure PF 1.379 ± 0.00 2.041 ± 0.001 
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Table D 2: XR parameters for tail layer of monolayer films at π= 30.0 mN·m-1. 

Monolayer composition Electron density 

(ρ/ρH2O) 

Interfacial roughness (Å) 

Pure Ace(12)-2-Ace(12) 0.89 ± 0.06 3.9 ± 0.2 

1:1 1.250± 0.001 13.112 ± 0.001 

2:1 1.363 ± 0.008 3.162 ± 0.008 

2.5:1 1.38 ± 0.03 3.12± 0.02 

3:1 1.52 ± 0.02 2.93 ± 0.01 

4:1 1.64 ± 0.01 3.02 ± 0.01 

Pure PF 1.927 ± 0.001 2.997 ± 0.001 

 

The average sub-phase roughness in all monolayer compositions was 2.88 ± 0.04Å. 

 

Grazing Incidence X-ray Diffraction  

  GIXD gives information about crystallographic structure of the monolayer directly at the air-

water interface. Bragg peak positions were used to obtain d-spacing of the diffracting planes 

according to the relation d = (2π)/qxy.
1 A Lorentzian function was used in the fitting of the Bragg 

peaks, in order to obtain fitting parameters. Coherence length (Lxy) was obtained according to the 

Scherrer relation, Lxy = (0.9 х 2π)/W.1 Where ‘W’ is the full width at half maximum (FWHM) 

corrected for instrumental resolution. Bragg rods were analysed from the diffracted X-ray beam 

intensity along the vertical momentum transfer component (qz) according to the relation qz = (2π/λ) 

[sin (αi) + sin (αf)] ≈ (2π/λ) sin (αf ).
1 
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Figure D 4: GIXD patterns for pure PF and pure Ace(12)-2-Ace(12), with corresponding plots 

of intensity along qz at π = 30.0mN·m-1. 
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Figure D 5: GIXD patterns for mixed monolayer films of PF:Ace(12)-2-Ace(12) at 1:1, 1:2, 

1:2.5, 1:3, 1:4, with corresponding plots of intensity along qz at π = 30.0mN·m-1. 
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Figure E 1: Compressibility modulus plots (Cs
-1 vs. π) for pure components and 

PF:Ace(18)-2-Ace(18) mixed monolayer films. (a) PF (b) 4:1 (c) 3:1, (d) 2:1 (e) 1:1 (f) 1:2 

(g) 1:3 (h) 1:4 (i) Ace(18)-2-Ace(18). 

 

 



194 

 

 

 

Figure E 2: BAM images collected at the air-water interface (π = 30 mN·m-1) for pure 

film components. (a) PF; (b) Ace(18)-2-Ace(18). 

Grazing Incidence X-ray Diffraction  

GIXD fitting parameters were extracted from analyzing Bragg peaks obtained from the intensity of 

the diffracted X-ray beam as a function of the horizontal momentum transfer component (qxy). 

Diffraction intensity along the vertical momentum transfer component (qz) was used to analyze the 

resulting Bragg rods. Bragg peaks were fitted with a Lorentzian function to obtain peak position and 

full width at half maximum (FWHM). Next, d-spacings of the diffracting planes were deduced using 

the relation d = (2π)/qxy
1. Lattice parameters (a, b, γ) were then determined from the d-spacing and 

used to estimate the unit cell area. From Scherer’s relation, Lxy = (0.9 × 2π)/W 1, the coherence length 

(Lxy) was determined. Here, ‘W’ is the peak’s full width at half maximum corrected for instrumental 

resolution (W = (FWHMmeasured
2 – FWHMres

2)1/2, with FWHMres being the slit-limited instrumental 

resolution, with a value of 6 ×10-3Å-1 for the system used here). 

 

Specular X-ray Reflectivity  

XR data was analyzed using StochFit 1.7.0.2 XR fitting software. The software calculates electron 

density profile and fitting parameters (layer length, electron density (ρ/ρH2O), interfacial roughness, 

and sub-phase roughness) through a simple homogeneous two-slab model describing the head and 

tail group of the lipid molecule.1 Fitting parameters were obtained by minimizing χ2 values. Fitting 

parameters for the various films are summarized in the following tables. 
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Table E 1: XR parameters for head layer of PF:Ace(18)-2-Ace(18) films at π = 30.0 mN·m-1. 

 

Monolayer 

composition 

Electron density  

(ρ/ρH2O) 

Interfacial roughness 

(Å) 

Pure Ace(18)-2-Ace(18) 1.23 ± 0.02 2.6 ± 0.4 

1:1 1.407 ± 0.001 0.515 ± 0.001 

2:1 1.472 ± 0.008 1.1 ± 0.3 

2.5:1 1.44 ± 0.03 3.1 ± 0.4 

3:1 1.544 ± 0.001 0.927 ± 0.001 

4:1 1.556 ± 0.001 1.496 ± 0.001 

Pure PF 1.448 ± 0.001 2.073 ± 0.001 
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Table E 2: XR parameters for tail layer of PF:Ace(18)-2-Ace(18) films at π = 30.0 mN·m-1. 

Monolayer composition 

 

Electron density 

(ρ/ρH2O) 

 

Interfacial roughness (Å) 

 

 
Pure Ace(18)-2-Ace(18) 1.03 ± 0.02 3.92 ± 0.06 

1:1 1.425 ± 0.01 3.434 ± 0.001 

2:1 1.554 ± 0.006 3.348 ± 0.009 

2.5:1 1.57 ± 0.01 3.27 ± 0.01 

3:1 1.604 ± 0.001 3.292 ± 0.001 

4:1 1.670 ± 0.001 3.235 ± 0.001 

Pure PF 2.039 ± 0.001 2.966 ± 0.001 
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