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Overview 

The goal of this Ph.D. thesis is to provide insight into the delivery of macromolecules at the 

air/water interface by exploiting non-equilibrium effects. Such interactions occur both in the 

bulk of the solution, as well as at its interface with air. It is demonstrated that macromolecular 

films at the air/water interface exhibit a marked non-equilibrium nature, which can be 

exploited to form highly stable films with an enhanced surface excess, beyond the monolayer 

coverage, in a process referred to as surface loading. For this purpose, a systematic 

investigation of the sample history, by comparing films formed with different methodologies, 

i.e. by spreading or by adsorption from bulk solutions, has been carried out. First, the state of 

the art literature about the bulk and surface properties of oppositely-charged 

polyelectrolyte/surfactant (P/S) mixtures as well as on the non-equilibrium aspects of protein 

spread films are described (chapter 1). This is followed by the description of the materials, 

the experimental protocols for sample preparation and characterization techniques (chapter 

2). The next part of the thesis is dedicated to the experimental results and their discussion 

(chapter 3). Lastly, the conclusions and future outlooks of this project are given in the final 

chapter (chapter 4). 

In an introductory experimental part of the thesis (chapter 3.1), the discussion is focused on 

the mechanism of formation, the stability, the morphology and durability of films of defatted 

human serum albumin (DF-HSA) spread from droplets of concentrated aqueous solutions, 

following their contact with the interface of a standard phosphate buffer (SPB) solution. The 

surface properties of these films are compared to those of adsorbed layers from the bulk of 

pre-diluted protein solutions with equivalent final bulk concentrations, revealing the non-

equilibrium nature of spread films of protein. The investigation was carried out by means of 

ellipsometry, neutron reflectometry (NR), Brewster angle microscopy (BAM) and surface 

tensiometry. It is shown that the dominant contribution to the surface loading mechanism is 

the Marangoni spreading of protein from the bulk of the droplets rather than the direct 

transfer of material from their surface films. The films can be spread on a dilute subphase if 

the concentration of the spreading solution is sufficiently high; otherwise, dissolution of the 

protein occurs, and only a textured adsorbed layer slowly forms. The morphology of the 

spread protein films comprises an extended network with regions of less textured material or 

gaps. Furthermore, mechanical cycling of the surface area of the spread films anneals the 

network into a more stable morphology that approaches constant compressibility and has 

higher durability. 
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In the main part of the thesis, the possibility of forming surface loaded films from self-

assembled aggregates composed of oppositely-charged polyelectrolytes and surfactants, by 

exploiting the same Marangoni flow mechanism, is demonstrated and thoroughly 

characterized. In this case, the polyelectrolyte itself is not surface active; it is the prior 

formation of liquid crystalline aggregates in P/S mixtures that allows their exploitation in the 

formation of spread films. The fast dissociation of the aggregates upon contact with pure 

water in combination with the high entropic gain due to the counter-ion release upon the 

binding of surfactant molecules to the polyelectrolyte chains and the following dilution of the 

same counter-ions, after spreading into a much larger volume of subphase (mixing entropy), 

allow one to attain trapped films in which more than one-third of the total polyelectrolyte has 

been confined to the interface. The main part of the investigation is focused on P/S mixtures 

composed of poly(sodium styrene sulfonate)/dodecyltrimethylammonium bromide 

(NaPSS/DTAB), at a fixed bulk polyelectrolyte concentration (100 ppm) while varying the 

bulk surfactant concentration (from 0.43 to 25 mM) to generate aggregates with different 

charge/structure in the spreading aliquots. In a first experiment, films spread from neutral 

NaPSS/DTAB aggregate dispersions are the focus (chapter 3.2), as previous studies indicated 

that uncharged aggregates may be good candidates for the preparation of spread, surface 

loaded P/S films. The characterization of the spread films was carried out using ellipsometry 

both under static and dynamic conditions, while NR was used in situ during 

compression/expansion cycles of the interface in surface pressure vs. area experiments. The 

films are shown to be stable over time and impervious to mechanical perturbations during 

consecutive compression/expansion cycles of the interface.  

This work was then extended to an investigation of the effects of the charge/structure of P/S 

aggregates (chapter 3.3) on the surface loading mechanism as well as on the properties of P/S 

spread films at the air/water interface. A thorough investigation of the effects of the sample 

history on the film properties and stoichiometry has also been carried out. It is demonstrated 

that the presence of compact and highly charged aggregates embedded in the monolayer 

triggers the formation of extended structures, either by consecutive additions of P/S mixtures 

onto an aqueous subphase or by compressing the interface, allowing the surface coverage to 

exceed that of a monolayer, as was confirmed by the surface excess derived from NR data 

analysis. The visualization of the extended structures in the real space was attained by BAM, 

which showed that the morphologies of the extended structures are different in the spread and 

the compressed cases. These structures ultimately act as reservoirs of surface active material. 
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Such structures were previously observed for concentrated P/S mixtures, i.e. at the surface of 

P/S mixtures with similar concentrations to that of the spread aliquots, but this was the first 

time that the formation of these reservoirs has been observed for very dilute systems. 

Moreover, it is the first time that their formation and morphology have been controlled by 

varying the nature of the components at the interface and by handling the samples differently. 

An analogy of the controlled formation of extended structures in fluid monolayers is made to 

the reservoir dynamics in lung surfactant (albeit noting the important differences between the 

systems), and it is discussed how this link could open up the possibility of controlling such 

film dynamics in related systems through the rational design of self-assembled particles in the 

future. All of the films made from aggregates over the whole range of P/S compositions 

investigated exhibit a one-to-one surface stoichiometry and this observation supports a 

theoretical assumption made two decades ago that was not experimentally confirmed, until 

now.  

This work was then extended to an investigation of NaPSS/DTAB films spread on a subphase 

with elevated ionic strength (chapter 3.4). It is also shown that the bulk ionic strength is a 

crucial parameter to tune the equilibrium vs. non-equilibrium nature of P/S films, as well as 

their stoichiometry, and to control the formation of the extended structures, thus affecting the 

mechanical properties of the interface. In particular, it has been observed that the addition of 

an inert salt, like NaCl, promotes the thermodynamic equilibrium between the bulk and the 

surface of P/S spread films, and suppresses the non-equilibrium characteristics already 

investigated. 

In the final part of the results and discussion chapter (chapter 3.5), preliminary investigations 

on the effects of the molecular architecture of the polyelectrolyte backbone, as well as its 

charge density, on the physical properties of the resulting spread films are discussed. For this 

purpose, the results on NaPSS/DTAB spread films are compared with two other systems: 

poly(diallyldimethylammonium chloride)/sodium dodecyl sulfate (Pdadmac/SDS) and 

poly(ethyleneimine)/SDS (PEI/SDS). Pdadmac is a strong linear polyelectrolyte, like NaPSS, 

while PEI is a hyperbranched polyelectrolyte whose charge density is pH-dependent (i.e. 

highly ionized at low pH, while partially ionized at high pH). The comparison indicates that, 

at low ionic strength, spread films from P/S aggregate dispersions are generally not in 

equilibrium with the bulk of the system. However, it was also observed that the surface 

mechanical features are strongly influenced by the molecular architecture, while the pH 
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might also be employed to tune the formation of extended P/S structures at the air/water 

interface. 

In the near future, it is anticipated that this project will evolve in three directions. The first is 

to see if these new findings can be generalized also to other oppositely-charged 

macroions/surfactant systems, such as nanoparticle/surfactant mixtures, as both systems are 

widely used in soft condensed matter and could have applications in different technological 

fields ranging from sensing to nanomedicine. The second is the extension to biocompatible 

P/S systems for the rational design of novel pharmaceutical formulations. The bridge of the 

behavior of spread films in synthetic systems to lung surfactant mimics is the third possible 

extension of this project. 

This work has been carried out in the laboratories of the “Partnership for Soft Condensed 

Matter” (PSCM) at the Institut Laue-Langevin (ILL, Grenoble, France) and in the 

laboratories of HNL in the Institute of Chemistry, ELTE University (Budapest, Hungary). All 

NR experiments reported in this thesis have been performed on the “Fluid Interface Grazing 

Angle ReflectOmeter” (FIGARO) at the ILL. 

This work has been funded by the Ph.D. studentship program of the ILL. 
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Chapter 1: Scientific Background 

Over the last century, the relation between bulk and surface properties of aqueous solutions 

of macromolecules has attracted growing attention in colloid science.
1,2

 Many previous 

studies have focused on polyelectrolyte solutions and their mixtures with oppositely-charged 

surfactants. The increasing interest has many sources of motivation. The first is to develop a 

clearer understanding of the structure and the formation mechanism of macromolecular layers 

at fluid interfaces. The second concerns the widespread applications of these materials in 

everyday products,
3,4

 water treatment,
5
 biomedical device coating,

6
 and biocompatible 

materials.
7
 Moreover, since many biologically-relevant macromolecules are either 

polyelectrolytes (e.g., proteins, nucleic acids…) or surfactants (e.g., lipids), there is scope to 

extend the knowledge of the behavior of synthetic P/S systems to fields including the delivery 

of functional molecules (e.g., DNA,
8
 protein/peptides

9
 and drugs

10
) and even the fabrication 

of organic photovoltaic devices.
11

 In addition, a better understanding of the properties of P/S 

mixtures could lead to industrial applications with reduced environmental impact and better 

cost-effectiveness. 

In the following paragraphs, a brief overview of polyelectrolytes, proteins and surfactants in 

solution, as well as their mixtures, is given. Particular attention is paid to the relation between 

bulk and surface properties of oppositely-charged P/S mixtures, in order to understand the 

non-equilibrium aspects of these systems and how they determine the resulting physical 

properties.  

1.1 Polyelectrolytes 

Polyelectrolytes are macromolecules whose repeating units (or a part of them) carry an 

ionizable functional group (amine, carboxylate, sulfonic…) or an ionic couple (a salt). 

Polyelectrolytes dissociate in aqueous solutions to polycations or polyanions, depending on 

the sign of the charge of the functional group, and their respective counterions. The 

functional group can either be part of the main chain or be attached to the side chains. 

Polyelectrolytes are describes as either strong or weak, depending on their tendency to 

dissociate to free charges or hydrolyze in aqueous solution. In addition, polyelectrolytes can 

be either acids or bases. In this case, their degree of ionization can be pH-dependent. 
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Figure 1 - Structural formula of three synthetic polyelectrolytes: a) poly(sodium styrene sulfonate), NaPSS; b) branched 

poly(ethyleneimine), PEI; c) Poly(diallyldimethylammonium chloride), Pdadmac. 

Another classification can be made according to their origins. Synthetic polyelectrolytes are 

produced via organic synthesis and are not present in nature. Natural polyelectrolytes (or 

biopolyelectrolytes) are produced by nature. Nucleic acids (DNA, RNA) and proteins are 

biopolyelectrolytes, for instance. Artificial polyelectrolytes are produced by chemical 

modification of natural ones. Three examples of synthetic polyelectrolyte (used in this thesis) 

are shown in figure 1. 

Theoretical and experimental studies on polyelectrolyte solutions date back to the middle of 

the twentieth century
12-14

. Since then, a lot of attention has been paid to the rheological and 

dynamic properties of polyelectrolyte solutions in order to understand their structure/property 

relations, as well as to find a unified theory to explain the behavior of polyelectrolytes and 

uncharged polymers. Despite these efforts, some aspects of the behavior of polyelectrolyte 

solutions represent a mystery in colloid science.
15-17

 This is in contrast to the more well-

established picture for uncharged polymers, for which the Flory-Huggins theory (FH) is in 

excellent accordance with the experimental data. A difficulty of applying FH theory to 

polyelectrolyte solutions arises from the fact that in this theory, only the short-range 

monomer-monomer and monomer-solvent interactions are taken into account. However, in 

polyelectrolyte solutions, the coulombic forces lead to strong long-range interactions, thus 

affecting the structure of the macromolecular coil. Over the last fifty years, several models 

inspired by FH theory, combined with the Kuhn’s statistics, have been developed to take into 

account the electrostatic contribution.
12,16,18-21

  

The presence of charges on the polymer chain causes swelling of the polymeric coil. The 

dimensions of the coil, as well as the properties of polyelectrolyte solutions, depend on 

several parameters, such as the concentration of chains,
20,23

, their molecular weight,
24,25

 the 

degree of ionization
26,27

, the chain stiffness,
28

 the ionic strength
29

 and the valence of the 

counterions.
30,31
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Polyelectrolytes, in particular polyanions, interact strongly with metal ions and the phase 

behavior of their solutions is deeply affected by the presence of an added salt, i.e. the ionic 

strength is a critical variable for controlling the phase behavior. In the absence of added salt 

and in dilute conditions, the coils are swollen.
18

 This is because the distribution and the 

concentration of counterions are different inside the coils compared to the surrounding 

medium. In particular, the counterion concentration is larger inside and nearby the coil, i.e. 

close to the charged segments. This generates a difference in osmotic pressure between the 

inside of the macromolecules and the solvent, which in turn causes the coil to swell (left side 

of figure 2).  

As the ionic strength is increased, the concentration of counter-ions becomes larger in the 

bulk solution. This favors the shrinkage of the coil for two reasons: 1) the decreased 

difference in counterion concentration reduces the osmotic pressure and 2) as the counterion 

density increases, charge screening becomes more effective and, consequently, the 

electrostatic repulsion between polyelectrolyte segments decreases (right side of figure 2). 

When the ionic strength is further increased, the coils collapse and overlap with each other 

leading to phase separation.  

 

Figure 2 – Schematic representation of a polyelectrolyte coil at low ionic strength (left) and at high ionic strength (right). 

The polyelectrolyte is sketched in blue, while the counterions are drawn as red circles. 

The behavior of polyelectrolytes at fluid interfaces, particularly the air/water and the 

oil/water interface, has also attracted considerable attention. For a molecule to be both water-

soluble and have the ability to adsorb spontaneously at fluid interface, it must have both 

hydrophilic and hydrophobic parts. In other words, it has to be amphiphilic. This requirement 
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is satisfied in the case of copolymers
32

 in which one of the two monomers is an electrolyte, 

grafted polyelectrolytes
33

, globular proteins
34-36

 and nucleic acids
37

. However, this situation is 

not always the case when dealing with synthetic polyelectrolytes. In fact, the amphiphilic 

character of a polyelectrolyte depends on its charge density, its degree of ionization, the ratio 

between charged and uncharged monomers (as for copolyelectrolytes) and the presence of 

grafted hydrophobic groups. In addition, one has to consider if the hydrophobic and 

hydrophilic parts of the molecule can separate into two different domains, allowing their 

spontaneous adsorption at the air/water interface. For macromolecules, due to steric 

constraints, such separation is not always achieved.
38

  

1.2 Spread films of proteins 

Proteins are weak polyelectrolytes, whose charge and structure depend on the pH and the 

ionic strength of their solution. They are composed of alpha-amino acids, which are small 

organic compounds bearing both a carboxylic and an amine functional group on an alpha-

carbon atom, i.e. the two functional groups are linked by a methine group. To some extent, 

proteins can be seen as natural random copolyelectrolytes. Their structure can be rationalized 

into three (or four) different levels. The primary structure is simply the ordered list of the 

amino acids that compose the protein. The secondary structure refers to the presence of 

regular and repeated patterns, typically alpha-helices and beta-sheets. The tertiary structure is 

what the protein looks like in the real space. For proteins composed of more than one peptide 

chain (or for protein complexes), a fourth order describes how the subunits are held together.  

At the air/water interface, globular proteins have attracted lots of attention over the last fifty 

years, because they can form stable layers on spreading, in spite of their high solubility in 

aqueous media. Globular proteins exhibit quite high conformational flexibility, which allows 

them to rearrange in order to perform a given task. As they are flexible amphiphilic 

molecules, it means that they can separate their hydrophilic and hydrophobic domains, which 

results in their surface activity.
39

 However, any structural rearrangement can take place only 

if the secondary and tertiary structures of the protein change, i.e. by denaturation of the 

protein upon contact with the surface. This process could be caused by the interaction of the 

protein molecules with the interface itself, as it is a completely different thermodynamic 

environment to the bulk solution,
40

 or by the electrostatic and steric forces acting laterally in 

the protein layer, or both.
41

 For this reason, the formation of protein films at the air/water 

interface has been described in the context of the stability of the secondary and tertiary 

structures. Most of the work has been focused on the preparation of protein films from 
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solutions of globular proteins, either by adsorption from the bulk or by spreading. Particular 

attention has been given to human serum albumin (HSA), a ubiquitous protein in the human 

body, and bovine serum albumin (BSA). These two proteins are very similar. BSA and HSA 

are both globular proteins with a molecular weight of roughly 66 kDa. Their amino acid 

sequences are different for less than 25%.
41,42

 Several authors have reported that these 

similarities are also reflected on the physical properties of BSA and HSA, both in the bulk 

and at the interface of their solutions.
43,44

 In this thesis, the focus of attention is the defatted 

form of human serum albumin, whose native structure in aqueous solution is approximately 

heart-shaped
45

.
 

The possibility of trapping proteins at the air/water interface by exploiting non-equilibrium 

effects has been known for almost a century. Since then, significant attention has been given 

to the mechanism of film formation, as well as the film stability in the context of the folding 

of protein tertiary structure at the air/water interface, which is still a debated topic.
 46-50

 It has 

been shown that a substantial decrease in surface tension is achieved when spreading protein 

films from concentrated droplets
51

 or from hydrated crystals
52

 upon contact with the air/water 

interface. Film formation is initiated by Marangoni spreading due to the low surface tension 

of the hydrated crystals or of the protein solutions used for spreading. This general 

phenomenon was described by Carlo Marangoni almost 150 years ago. Marangoni spreading 

occurs spontaneously as a result of a surface tension gradient when a solution of amphiphilic 

material comes into contact with a liquid subphase. It is a bidimensional, radial flow 

originating from the contact point between the pending droplets of solutions with different 

surface tension than the subphase. The direction of the flow depends on the sign of the 

surface tension gradient. When the spread droplet has lower surface tension than the 

subphase, material is spread from the droplet to the interface upon contact. The reverse case 

has also been reported.
53

 From a thermodynamic perspective, the equilibrium conditions 

require the chemical potential of the molecules in the bulk solution and the chemical potential 

of the molecules at the interface to be equal. For insoluble or poorly soluble materials the 

bulk is rapidly saturated. This approach is widely used to form self-assembled Langmuir 

films of lipids.
54-56

 These surfactants are usually spread from an organic solvent. The solvent, 

typically chloroform or dichloroethylene, needs to fulfill two requirements: 1) it must have a 

surface tension lower than water; 2) it must be a good solvent for the molecular system to 

spread. It is worth pointing out at this stage that all the experiments described in this thesis 
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are free of organic solvents, which may have certain advantages in case the technology is 

scaled up in the future. 

Spread protein films can be prepared by contacting small aliquots of protein aqueous 

solution, drop by drop, with the air/water interface. For relatively soluble molecules, like 

globular proteins, one may expect that the material in the film would dissolve until the 

thermodynamic equilibrium is reached. However, kinetically-trapped metastable films can be 

persistent for long period: equilibration is inaccessible on experimentally accessible time 

scales, as an activation barrier, resulting from the interactions in the monolayer, prevents 

dissolution. Moreover, it has been demonstrated that protein films prepared in such a way, 

have enhanced surface excess with respect to monolayers formed by bulk adsorption from 

solutions at equivalent final bulk concentration.
 57

 In addition, these films have been shown to 

be impervious to subphase dilution
58

 and to contain approximately the 70% of the material in 

the spreading aliquot.
50 

However, a clear picture regarding the mechanism of film formation, as well as quantitative 

information about film stability and morphology, was still missing. Furthermore, the question 

of whether proteins undergo denaturation when they are in contact with the air/water 

interface is still an important topic of debate. Generally, the difference in surface tension 

observed between spread films and adsorbed layers of protein are interpreted in terms of the 

microscopic parameters of the proteins, such as the conformations that flexible proteins can 

adopt
60

 or to thermodynamic variables (chemical potential).
61

 Less is known about the 

influence of the sample history on the morphology and the density of protein molecules at the 

air/water interface. The aim of the preliminary investigation (chapter 3.1) on the properties of 

spread films and adsorbed layers of DF-HSA is to provide some new insight on this old 

problem, but from a different perspective. In particular, it will be shown that both the 

mechanical properties as well as the surface excess of DF-HSA films are dramatically 

affected by the sample handling, which results in different morphologies of spread protein 

films compared to those formed by adsorption from bulk solutions with an equivalent final 

bulk concentration. This investigation was carried out both under static conditions, inside a 

glass Petri dish, and dynamic conditions, during surface pressure vs. area experiments over 

five consecutive cycles, by the means of ellipsometry, NR, BAM and surface tensiometry 

(Wilhelmy method). 
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1.3 Surfactants 

Surfactants are small amphiphilic molecules that reduce the surface tension of water. They 

are a class of organic compounds whose structure can be rationalized as follows: a polar head 

group, bonded to one or more hydrophobic carbon chains. The nature of the polar head group 

can be zwitterionic, ionic or non-ionic. This structure allows them to adsorb spontaneously at 

the interface between a hydrophobic fluid phase (such as oil or air) and water. It is also 

thanks to their structure that the detergent properties of surfactants can be explained. Another 

useful feature of surfactants is their ability to form self-assembled supramolecular aggregates 

with well-defined internal structure in solution, whose shapes and formation depend on the 

surfactant concentration. The simplest geometry that the aggregates can adopt is the sphere, 

micelles for single-chain surfactants and vesicles for double-chained surfactants, in figure 3. 

Micelle formation occurs at a specific bulk concentration of the surfactant, known as the 

critical micelle concentration, cmc (discussed later). Surfactants find applications in many 

fields in colloid science. Detailed descriptions of their properties, applications and the 

fundamentals of surfactant solutions can be found in several textbooks.
62-64.

 

 

Figure 3 – Schematic representation of single chain surfactants and micelles (a) and double chained surfactants and vesicles 

(b). 

Spherical micelles and vesicles are not the only kinds of self-assembled supramolecular 

structures that surfactants can form. The formation of micelles with different shapes, their 

dimensions, and their structures depend on the bulk concentration and the molecular 

architecture of the surfactants. Transitions from spherical to rod-like micelles, disc-like 

micelles, or hexagonal and lamellar phases are observed. Some examples of the different 

supramolecular aggregates are shown in figure 4. 
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Figure 4 – Transition from spherical micelles (a) to elongated (b) and worm-like (c-d), up to hexagonal (e) lamellar phases 

(f) in highly concentrated surfactant solutions.  

With reference to figure 4, it is important to bear in mind that aggregates of the kinds b to f 

are formed only at very high concentrations of surfactant. In most cases, for dilute surfactant 

solutions, individual surfactant molecules and micelles are both present in solution. The 

mechanism and thermodynamics of micellization have been investigated for almost one 

century and are currently well-understood, mostly thanks to the pioneering work of 

Tanford
65,66

 and Israelachvili, Mitchel and Ninham.
67

 Tanford was the first who described the 

hydrophobic effect (discussed later). Israelachvili, Mitchel and Ninham introduced the 

concept of the molecular packing parameter (𝑚𝑝𝑝), often also referred to as the critical 

packing parameter, which dictates the shape of the primary formed micelles for a given 

surfactant. The mpp is defined as: the ratio of the volume of the chain over the effective area 

of the head group multiplied by the chain length (𝐴𝑒  × 𝑙0): 

𝑚𝑝𝑝 = 𝑉0/𝐴𝑒 × 𝑙0 (1) 

where (𝑉0) is volume of the carbon chain, 𝑙0 is its length, and 𝐴𝑒 is the effective area of the 

head group. It depends on on the repulsion term between head groups (𝛼), and it derives from 

the theory of Tanford.
65,66

 For neutral surfactants (zwitterioninc and non-ionic) 𝛼 is constant, 

while it depends on the charge density of the head group, the Debye length and the thickness 

of the electric double layer for ionic surfactants. According to this variable, one can predict 

the shape, the aggregation number and consequently also the sizes and the masses of micelles 

in solution. Typical values of the mpp are listed in table 1, together with the corresponding 

shapes. 
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Table 1 – typical values of molecular packing parameter for supramolecular surfactant aggregates with different shapes. 

Molecular packing parameter Shape 

0 < mpp < 1/3 Spherical micelles 

1/3 <mpp < 1/2 Rod-like micelles 

1/2 <mpp < 1 Bilayer vesicles (lipids) 

The bulk and surface properties of surfactant solutions are governed by thermodynamics, 

where the free surfactant molecules in solution, the micelles and the surfactant molecules at 

the any interface are in equilibrium. In the bulk, at very low concentrations of surfactant, 

micelle formation is thermodynamically unfavorable. Because of their structure, the free 

surfactant molecules are asymmetrically solvated. The hydrophilic heads are hydrated. The 

tails are surrounded by water molecules, which organize themselves into so-called ice-like 

structures. The term ice-like does not mean that the water molecules freeze around the 

hydrophobic tail. In fact, these structures are very dynamic and with a persistence time that is 

approximately comparable to that of molecular vibrations (a few picoseconds). However, the 

hydrogen bond network is strongly affected by the presence of a non-polar molecule. In these 

ice-like structures, water molecules point towards one another in such a way that the number 

of hydrogen bond network is maximized, which in turn decreases the overall entropy of the 

system as the degrees of freedom of bulk water molecules are reduced. As the surfactant 

concentration is increased, the chemical potential is increased: the more crowded 

environment promotes the contact between hydrophobic chains, thus releasing water 

molecules from the ice-like structures, and significantly increasing the overall entropy of the 

whole surfactant solution. This phenomenon is known as the hydrophobic effect, and it 

represents the driving force for surfactant association in solution and adsorption at interfaces. 

The increase in surfactant chemical potential continues until the cmc is reached, where 

micelles form. From this point on, the chemical potential remains almost constant, i.e. the 

addition of more surfactant molecules does not strongly affect the chemical potential.  

Micelle formation involves several equilibria, from dimers up to micelles. If the surfactant 

molecules are denoted with the letter 𝑁 and the micelles with 𝑀, the following chemical 

expression can be used to conceptualize them: 

𝑁 + 𝑁 ⇋ 𝑁2 + 𝑁 ⇋ 𝑁3 + 𝑁 ⇋ ⋯ ⇋ 𝑁𝑚𝑖𝑐−1 + 𝑁 ⇋  𝑀  (2) 
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Each one of the above equilibria is described by individual equilibrium constants, 𝐾𝑛 with 

𝑛 = [2;+∞[. To a first approximation, it can be assumed that only one of the 𝐾𝑛 values is 

dominant, i.e. only one of the n associative steps is important for micelle formation to occur. 

This model is known as the closed association model and according to the model, the 

equilibrium of micelle formation can be treated as: 

𝑛𝑁 ⇋ 𝑀 (3) 

Thus, the equilibrium constant becomes: 

𝐾 =
[𝑀]

[𝑁]𝑛
=

𝐶𝑚𝑖𝑐

𝐶𝑓𝑟𝑒𝑒
𝑛 (4) 

Where 𝑛 is the aggregation number. The total surfactant concentration is: 

𝐶𝑡𝑜𝑡 = 𝑛𝐶𝑚𝑖𝑐 + 𝐶𝑓𝑟𝑒𝑒 (5) 

It follows that the variation of Gibbs free energy is: 

Δ𝐺𝑚𝑖𝑐 = −𝑅𝑇 𝑙𝑜𝑔𝐾 = 𝑛𝑅𝑇 log 𝐶𝑓𝑟𝑒𝑒 − 𝑅𝑇 𝑙𝑜𝑔 𝐶𝑚𝑖𝑐 

𝐶𝑓𝑟𝑒𝑒 increases until the cmc is reached. At the cmc it, remains approximately constant (𝐶0). 

The variation of 𝐶𝑚𝑖𝑐 can be written as: 

𝑑𝐶𝑚𝑖𝑐

𝑑𝐶𝑇
=

𝐾1/𝑛

𝑛𝐾1/𝑛+
1

𝑛
𝐶𝑚𝑖𝑐

(1−𝑛)/𝑛 (6) 

Plots of 
𝑑𝐶𝑚𝑖𝑐

𝑑𝐶𝑇
 are reported in figure 5 for 𝐾 = 1 and 𝑛 = 2, 3, 30,+∞, showing that as the 

aggregation number increases, micelle formation approaches a first-order phase transition. 

 

Figure 5 – Derivative of the micelle concentration, Cm, with respect to the total surfactant concentration, Ct, for 𝑛 =
2, 3, 30,+∞ and K=1. The ideal, but unrealistic, case for n=+∞, looks like a first-order phase transition. Image reproduced 

from ref. 62. 
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Although this model is simple, it is physically unreasonable as it does not take into account 

different micelle shapes and sizes and it cannot explain the variation of aggregation number. 

In order to solve these issues, a more complicated model, which considers all the equilibria 

taking place in solution, needs to be employed. Such model is known as the multiple 

equilibrium model, in which the overall association constant is the infinite product of the n 

equilibria in Eq. 2: 𝐾𝑚𝑖𝑐 = ∏𝑘𝑛. 

The hydrophobic effect also explains the reason why surfactant molecules adsorb 

spontaneously at any interfaces. At the air/water interface, the surfactant molecules keep the 

polar heads submerged in the aqueous subphase. The release of water molecules from the ice-

like structure causes the apolar chain to become exposed to the air where they can interact 

with each other without perturbing the hydrogen bond network of the water phase. The Gibbs 

adsorption isotherm can be used to describe both the surface tension (𝛾) and the surface 

excess (Γ) of the surfactant molecules at the interface from their bulk chemical potential. For 

non-ionic surfactant: 

−𝑑𝛾 =  Γ𝑑𝜇 (7) 

where 𝜇 is the chemical potential of the surfactant. Though combination of this expression 

with the definition of bulk chemical potential, equation (7) can be re-written in the form: 

Γ = −
1

𝑓𝑅𝑇

𝛿𝜇

𝛿𝑙𝑛𝐶
 (8) 

where 𝑓 is the activity coefficient and 𝐶 is the total bulk surfactant concentration. Thus, if the 

surfactant concentration is increased, the surface tension will decrease while the surface 

excess will increase. Plots of the surface tension vs. the total surfactant concentration (figure 

6) show that the surface tension decreases as the surfactant bulk chemical potential is 

increased. This means that a further increase in the surfactant bulk concentration causes more 

and more molecules to be adsorbed at the interface, until the cmc is reached. At the cmc, the 

chemical potential of the free surfactant remains almost constant. The addition of extra 

surfactant causes the micelle to change in size and number, while the surface tension remains 

approximately constant. 
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Figure 6 – Variation of the surface tension of water/surfactant systems with respect to the total bulk surfactant 

concentration. The critical micelle concentration (cmc) is marked by a vertical dashed line. 
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1.4 Oppositely-charged polyelectrolyte/surfactant (P/S) mixtures 

1.4.1 Bulk phase behavior 

Investigations of the bulk interactions in oppositely-charged P/S systems, in terms of 

surfactant binding to the macromolecule backbone, followed on from those of the weakly 

interacting uncharged polymer/ionic surfactant systems.
68

 In the case of uncharged 

polymer/surfactant mixtures, it has been demonstrated that the binding of surfactant 

molecules to the polymer chain can be treated as a cooperative process. This means that the 

binding occurs only after the concentration of surfactant reaches a given threshold. This 

concentration is known as critical aggregation concentration (cac), which is below the 

cmc,
156,157

 and it indicates the onset of surfactant binding.
1,68

 After this point, the amount of 

bound surfactant increases sharply,
69

 until the cmc is reached. These polymer/surfactant 

complexes have a peculiar structure, in which micelle-like surfactant aggregates are wrapped 

together by individual polymer chains. For this reason, this model structure was referred to as 

“pearl necklace”.
70

 The structure of these complexes, as well as the binding itself, depend on 

the molecular weight of the polymer, as it has been demonstrated by Mészáros and co-

workers.
69

 For a given concentration of polymer segments, the long chains (high molecular 

weights) can bridge together several micelle-like surfactant aggregates. Short polymer chains 

can interact with single micelle-like structures. As the chains get shorter, the binding become 

less efficient and, consequently, the cac of the system increases. However, if the chains are 

too short, the binding of surfactant molecules can also not take place and the cac reaches the 

cmc. For the intermediate molecular weights, when the surfactant concentration is increased, 

the bound amount reaches a pseudo-plateau, as the chains become saturated. At the cmc, the 

amount of bound surfactant increases abruptly, as preformed micelles in solution start 

binding to the polymer chains at this point. Typical shapes of binding isotherms are reported 

in figure 7 together with a schematic representation of the structure of polymer/surfactant 

complexes in relation to the molecular weight of the polymer. 
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Figure 7 – (top) Plots showing the effects of the polymer molecular weight on the binding isotherms of polymer/surfactant 

mixtures with respect to the equilibrium concentration of the free surfactant in solution (Ce) in polyethylene oxide/sodium 

dodecyl sulfate (PEO/SDS) mixtures; (bottom) Schematic representation of the structure of PEO/SDS complexes for 

different polymer molecular weight M1>M2>M3. The images are taken from ref. 69. 

The bound amount, 𝐵, can be calculated by the following expression:
71,72

  

𝐵 = 𝑐 − 𝑐𝑓𝑟𝑒𝑒/𝑐𝑝𝑜𝑙 (9) 

where 𝑐 is the total bulk concentration of surfactant, 𝑐𝑓𝑟𝑒𝑒 is the equilibrium free surfactant 

concentration and 𝑐𝑝𝑜𝑙 is the concentration of the polymer repeat units. 

The general physical picture for uncharged polymer/surfactant mixtures described above is 

still valid also in the case of oppositely-charged P/S mixtures. However, some important 

differences should be pointed out. The association of an uncharged polymer with an ionic 

surfactant is driven mostly by weak forces (Van der Waals, London) and by hydrophobic 

interactions. In the case of oppositely-charged polyelectrolytes and surfactants an additional 

strong coulombic attraction has to be taken into account. The increased strength of the 

interaction is reflected on the physical properties of these systems. For instance, the cac 

values of oppositely-charged P/S mixtures are generally orders of magnitude lower than in 

the case of uncharged polymer/surfactant mixtures. Moreover, the bulk phase behavior of 

oppositely-charged P/S mixtures has marked non-equilibrium features and it varies strongly 
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with the composition. If the concentration of polyelectrolyte is kept constant, at low 

surfactant concentration the mixtures are equilibrium one-phase systems containing swollen 

complexes, formed by micelle-like supramolecular surfactant aggregates wrapped by single 

polyelectrolyte chains. These complexes are in equilibrium with the free surfactant molecules 

in solution. Aggregation of the complexes themselves is prevented since they have high 

charge density provided by the excess of polyelectrolyte segments. Besides, swollen 

aggregates with high surface charge, provided by the polyelectrolyte excess, can be formed 

due to concentration gradients present during mixing. These aggregates can persist in solution 

even for months in a kinetically-trapped state.
22,73,74

  

As charge neutrality is approached, the diminishing charge on the complexes reduces the 

electrostatic repulsion between complexes, which in turn leads to their compaction. The 

complexes lose colloidal stability and P/S aggregates involving many polyelectrolyte chains 

are formed.
75,76

 Over time, precipitation (sedimentation or creaming) occurs, and the system 

evolves to an equilibrium two-phase state (associative phase separation).
77,78

  

At higher bulk surfactant concentrations, the free surfactant molecules in solution adsorb onto 

the surface of the compact aggregates, thus providing electrostatic stability and suppressing 

further aggregation.
73,74,79

 In this region, P/S mixtures are electrostatically stabilized non-

equilibrium colloid dispersions.  

Furthermore, steady state bulk properties can be affected by the sample history, e.g. changing 

the mixing order or the mixing protocol. To this end, Mészáros et al., have thoroughly 

characterized the bulk phase behavior of oppositely-charged P/S mixtures composed of 

hyperbranched PEI and SDS by the means of several instrumental techniques.
79

 They have 

shown that the mixing order has a strong effect on the sizes and the structures of PEI/SDS 

aggregates. Some differences in the sample were detectable even by the naked eye: a turbid 

dispersion was obtained when the surfactant solution was added to the polyelectrolyte 

solution under continuous stirring, while a transparent dispersion was formed in the reverse 

case. In another study conducted on the same P/S system, Mezei and co-workers investigated 

the effects of different mixing protocols on the bulk properties of these mixtures.
22

 They 

found that both the coagulation rate as well as the size, and possibly the structure, of both 

complexes and aggregates, were different from one experimental pathway to another. 

Another parameter that has a strong influence on the bulk phase behavior of P/S mixtures is 

the ionic strength. It has been shown that with increasing ionic strength, the stability of P/S 
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mixtures can decrease continuously until a critical coagulation concentration is reached.
80

 

The phase separation region then extends to higher bulk surfactant concentrations as a result 

of the charge screening of the aggregates.
80,81

 In addition, it was shown in work on mixtures 

of NaPSS and hexadecyltrimethylammonium bromide (CTAB) that associative phase 

separation is suppressed when the ionic strength is sufficiently high.
81

 Therefore, the addition 

of inert electrolytes to aqueous P/S mixtures can be used effectively to tune the equilibrium 

versus non-equilibrium nature of these systems. 

1.4.2 Surface properties  

It has been almost fifty years since Goddard and co-workers compared the surface tension 

behavior of oppositely-charged P/S mixtures to that of weakly interacting polymer/surfactant 

mixtures. They found that the addition of a small amount of polyelectrolyte to a dilute 

surfactant solution caused a substantially larger decrease in the surface tension than for the 

case of neutral polymers.
82,83

 A few years later, the lowering of the surface tension of dilute 

P/S mixtures was attributed to the synergistic adsorption of neutral P/S layers, in equilibrium 

with their bulk.
84

 From that moment on, a lot of efforts have been put to finding a general 

description relating the bulk properties and phase behavior of P/S mixtures to their interfacial 

properties and structures with respect to the polyelectrolyte nature
85-87

. Although it has been 

well established that the non-equilibrium features of P/S systems play a crucial role with 

regards to their properties, their interfacial behavior has until recently been treated in terms of 

equilibrium adsorption of the complexes.
88-90

 However, over the last decade, there has been 

progress made on the influence of non-equilibrium effects at the air/water interface. For 

example, it has been systematically demonstrated that depletion of material at the interface 

can occur as a result of slow bulk aggregation,
91

 while enhancement can result from the 

interaction of P/S aggregates at the interface.
92

 Indeed, it has been outlined recently how 

many steady-state interfacial properties reported in the literature in fact must have been far 

from equilibrium.
93

 Furthermore, the addition of an inert electrolyte can be used to convert 

kinetically-trapped steady states to the equilibrium states.
94

 More and more studies are 

emerging where data interpretations are set in the context of a non-equilibrium physical 

framework.
95,96

 A significant contribution to the field of non-equilibrium phenomena of P/S 

mixtures has been made by Campbell, Varga and co-workers. In particular, they have 

demonstrated that the previously accepted classification, indicated by Thomas and Penfold, 

of P/S systems into type 1 and type 2 according to their surface properties,
 90

 is redundant. In 

that classification, type 1 P/S mixtures were reported to exhibit a plateau in the surface 
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tension isotherm, like NaPSS/DTAB films, 
97,98

 while type 2 P/S mixtures were characterized 

by the presence of a surface tension peak in the turbid concentration range, such as for 

Pdadmac/SDS mixtures.
99,100

 However, it has since been shown that these differences in 

surface tension behavior can be rationalized by slow precipitation in the bulk, and that the 

original experimental data in the former case could not have been at equilibrium after all, as 

originally assumed.
93

 Indeed, when surface tension measurements are performed on the 

freshly mixed P/S systems, both types exhibit a plateau in surface tension, and when 

precipitation has fully occurred the surface tension peak is produced in both types of systems. 

The same authors also showed that it is possible to predict the surface tension isotherm, i.e. 

the existence or the absence of a surface tension peak, as well as its magnitude, if one 

considers the surface of a fully precipitated P/S mixture as a depleted surfactant solution.
101

 It 

is worth underlining that some of the most relevant data recorded in the investigation of the 

surface properties of P/S mixtures have been made by the means of NR measurements, and 

the same techniques still plays a major role in this field nowadays.
102-104

 

Significant attention has been paid over the years to the mechanism of P/S film formation. 

The possibility of forming compressible,
105

 gel-like
106

 and heterogeneous
107

 molecular films 

out of equilibrium has been well established. Films have also been produced by spreading P/S 

complexes from an organic solvent onto the air/water interface.
108

 Recently, work has 

focused on film formation through the interaction of P/S aggregates from the bulk dispersions 

to the air/water interface. Two main steps of interfacial layer formation were resolved for 

refined PEI/SDS aggregates: their adsorption followed by their dissociation and spreading.
109

 

It was also discovered that on the continually-expanding surface of an overflowing cylinder, 

the majority of the material at the interface can originate from the dissociation of aggregates 

and the spreading of material, as opposed to complex adsorption.
110

 Furthermore, it was 

shown that highly charged aggregates of poly(amidoimine) dendrimers and SDS remained 

embedded intact at the air/water interface, while those with a lower charge were not 

detected.
111

 The interfacial dissociation of P/S aggregates triggered by particle-particle 

interactions to spread material at the air/water interface has also been reported.
112 

From these studies, it can be inferred that the properties of P/S mixtures at fluid interfaces are 

determined by the interaction and, in some cases, the dissociation of P/S aggregates. 

Moreover, the charge/structure of the aggregates may be used to switch on and off the 

delivery of surface active material by Marangoni spreading.
111
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The relationship between the bulk and surface properties of aqueous P/S mixtures has, 

however, been established only in moderate concentration regimes. To date, there has been 

no evidence that non-equilibrium effects persist in P/S mixtures in very dilute conditions and 

several questions remain open. In particular, since the surface properties are governed by the 

interaction of pre-formed P/S aggregates in the bulk mixtures, is it possible to exploit the 

direct interaction of these aggregates with the surface of a pure aqueous subphase to form 

stable P/S films out-of-equilibrium conditions, both in terms of surface excess and surface 

mechanical features? Is the interaction dependent on the charge/structure of the aggregates or 

does it depend on the total amount of material available? Can the nature of P/S spread films 

be tuned by varying the ionic strength of the subphase? 

In order to answer these questions, the main part of this thesis is focused on the mechanism of 

film formation of trapped P/S films by exploiting the Marangoni spreading and the fast 

dissociation of aggregates as they contact a pure air/water interface. To demonstrate their 

non-equilibrium nature, a systematic investigation of the sample history is given by 

comparing the results of spread films formed from P/S aqueous mixtures, containing 

aggregates with different charge/structure, to adsorption layers formed by diffusion-driven 

bulk adsorption of P/S complexes from solutions with equivalent final bulk compositions. 

The investigation was carried out by the means of ellipsometry, NR, BAM and surface 

tensiometry, both at the static air/water interface (constant surface area) and under dynamic 

conditions. It is thanks to this combination of surface sensitive techniques that a depth of 

information about the trapped nature of P/S spread films is revealed. 

Finally, the effects of the polyelectrolyte architecture as well as its charge density are 

investigated by comparing the results obtained for spread films from NaPSS/DTAB 

aggregate dispersions to two other systems: hyperbranched PEI/SDS and Pdadmac/SDS 

mixtures. The former polyelectrolyte not only has a different molecular architecture, 

compared to the linear backbones of both NaPSS and Pdadmac, but PEI is also a weak 

poly(base), thus its charge density is pH-dependent. This investigation was also carried out 

under both static and dynamic conditions.  
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Chapter 2: Experimental methods 

2.1 Materials and methods 

2.1.1 Materials 

All the polyelectrolytes used in the experiments described in this thesis are hydrogenous. 17-

kDa NaPSS (analytical standard; Sigma-Aldrich), 750-kDa hyperbranched PEI solution (50% 

in water, Sigma-Aldrich), 100–200-kDa Pdadmac (Sigma-Aldrich), D2O (99.9 % d-atoms; 

Sigma-Aldrich), NaCl (99.999 %; Fluka Analytical), ethanol (≥ 99.8 %; Honeywell), and 

chain-deuterated DTAB and SDS (d25-DTAB and d25-SDS; 98.7 % d-atoms; CDN Isotopes) 

were used as received. Hydrogenous DF-HSA lyophilized powder was purchased from 

Sigma-Aldrich, stored at -20°C and used as received in 50 mM SPB at pH 7.2. The DF-HSA 

stock solution was stored below 4°C to minimize protein aggregation. Acetone (> 99.5 %; 

Fisher Chemicals) was distilled once. Hydrogenous SDS (h-SDS), hydrogenous DTAB (h-

DTAB) were purchased from Sigma Aldrich and recrystallized twice, respectively, in ethanol 

and 4:1 acetone ethanol mixture, followed by drying under vacuum first at room temperature 

and then at 50°C. Purified H2O (18.2 Mohm.cm) was generated using a Milli-Q machine.  

2.1.2 Sample preparation 

DF-HSA films 

Two different protocols were used to produce protein films at the air/water interface: 

adsorbed from pre-diluted DF-HSA solutions and surface loaded onto the air/SPB interface. 

The first samples were prepared according to a rigorous methodology to remove any trapped 

material at the interface which will perturb the equilibrium of the sample.
113

 The protein was 

dissolved in SPB, then: (1) liquid was transferred to the trough by pipetting from the bulk of 

the solution, and (2) the surface of the liquid in the trough was cleaned by aspiration for 3 s. 

Surface loaded films were prepared by the drop-wise spreading of aliquots of concentrated 

(0.1 mg/ml) DF-HSA solution onto a dilute aqueous subphase of SPB. A number of droplets 

were dispensed from a glass pipette held at an angle of 45°, gently touching the center of the 

surface and avoiding their falling from a height. Ellipsometry and surface tensiometry 

measurements were performed in a Langmuir trough made of Teflon (5 cm × 20 cm, Biolin 

scientific) equipped with moving barriers. Brewster angle microscopy (BAM) measurements 

were performed in a Petri dish made of glass with 7 cm diameter. 
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P/S films 

Stock solutions of the individual components were made in purified H2O or ACMW (air 

contrast matched water; 8.1 % v/v D2O in purified H2O; zero scattering length density). 2000-

ppm polyelectrolyte stock solutions involved overnight stirring to ensure full dissolution of 

the powder and they were diluted 10-fold to prepare 200-ppm polyelectrolyte solutions. 50-

mM DTAB, cm-DTAB (contrast matched DTAB; 4.4 % v/v d25DTAB in DTAB; zero 

scattering length density) or d25-DTAB and SDS stock solutions were diluted to the required 

concentration for a given measurement prior to use. None of the stock solutions contained 

added NaCl. 

P/S mixtures were produced by rapidly mixing of equal volumes (up to 300 μL) of a 200-ppm 

polyelectrolyte stock solution and a surfactant solution at a bulk concentration of double the 

final required value, under continuous stirring for three seconds. This method was used to 

minimize concentration gradients during mixing that enhance the production of kinetically-

trapped aggregates.
73,74

 Each P/S mixture was used within 1 minute of their preparation in 

order to limit aggregate growth prior to their use. After, the P/S mixtures were dispensed 

according to surface loading protocol described for DF-HSA films. For the ellipsometry and 

BAM experiments at the static air/water interface, 100 μL of P/S mixtures were dispensed 

onto 25 mL of aqueous subphase contained in a 7-cm diameter Petri dish made of glass. For 

the stepwise addition experiments, five 100-μL aliquots were dispensed onto 25 mL of pure 

water at 5-min intervals. For the NR experiments, the spread aliquots were scaled by volume 

up to 500 μL and dispensed onto 125 mL of subphase in a Langmuir trough (Nima, Coventry, 

UK; surface area of 283 × 100 mm
2
). The BAM experiments at the dynamic air/water 

interface were performed in a larger Langmuir trough (Nima, Coventry, UK; surface area of 

900 × 100 mm
2
) and the spreading aliquot was scaled by volume to 1800 μL. The aqueous 

subphase comprised purified H2O or 0.1 M NaCl in purified H2O for the laboratory-based 

experiments and ACMW or 0.1 M NaCl in ACMW for the NR experiments. 

Adsorbed layers were prepared from pre-diluted solutions of the two components prior to 

their mixing. This approach was used to ensure that the samples remained in the equilibrium 

one-phase region, i.e. in absence of aggregates, during the whole experiment. Each pre-

diluted P/S solution was prepared in order to match the total final bulk concentration of a 

spread P/S systems so that only the sample history was varied. Specifically, each stock 

solution was pre-diluted with 12.5 mL of an aqueous subphase prior to their mixing. Finally, 
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the total liquid volume was then poured into a 7-cm diameter Petri dish, and the surface of the 

liquid was cleaned by aspiration to remove any trapped material. 

In order to emphasize the role of the polyelectrolyte, the same experiments were performed in 

absence of polyelectrolyte, i.e. by replacing the polyelectrolyte stock solutions with pure 

water. These control experiments showed that the same surface excesses were achieved with 

the two protocols; see later in figure 23. It is reasonable to infer that any differences in the 

surface excess of the spread films and adsorbed layers for the P/A mixtures therefore derive 

from the spreading of material due to the dissociation of aggregates. 

All the measurements were carried out at room temperature, 23 ± 1 °C. 

2.2 Characterization techniques 

In the following chapter, the six primary instrumental techniques (2 bulk techniques and 4 

surface-sensitive techniques) used for the characterization of the samples are described. 

2.2.1 Turbidimetry 

The turbidity (𝜏) or optical density (O. D.) of a dispersion is defined as the logarithm of the 

ratio between the intensity of the light beam passing through a reference cell (𝐼0) and the 

intensity of the transmitted from the sample cell (𝐼𝑡): 

𝑂.𝐷. = 𝑙𝑜𝑔
𝐼0

𝐼𝑡
⁄  (10) 

The intensity of the transmitted beam must decrease due to light scattering and not because of 

absorption of radiation (valence electron transitions). For this reason, it is needed to perform 

O. D. measurements away from any adsorption band of the components of a dispersion. 

The turbidity of NaPSS/DTAB solutions was measured using a Perkin-Elmer Lambda 2 UV-

Vis Spectrophotometer with a semi-micro quartz cell of 1-cm path length. The optical density 

of samples was determined at 400 nm (O.D.400). Measurements were carried out both at 5 min 

(fresh) and 1 month after mixing. Since neither the polyelectrolyte nor the surfactant has an 

adsorption band above 350 nm, increasing O.D.400 values indicate the presence of aggregates 

suspended in the samples, while a reduction in the values with time is symptomatic of 

precipitation. The turbidities of Pdadmac/SDS and PEI/SDS mixtures were obtained from the 

literature.
91-93

 

2.2.2 Electrophoretic mobility  

The electrophoretic mobility, μe, is defined as the velocity of a dispersed particle (𝑣) under 

the influence of an electric field (𝐸).  
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𝜇𝑒 = 𝑣
𝐸⁄  (11) 

For any particles, the electrophoretic mobility depends on its surface potential (휁-potential) as 

well as the viscosity of the dispersant.  

𝜇𝑒 =  (12) 

where 휀 = 휀0휀𝑚, is the product of the electric permittivity of vacuum (휀0) and the 

permittivity of the dispersant (휀𝑚), 휁 is the 휁-potential of the particle and 휂 is the viscosity of 

the medium. The electrophoretic mobility can be either positive or negative, according to the 

sign of 휁. 

The electrophoretic mobility of the complexes in freshly-mixed NaPSS/DTAB solutions was 

measured to characterize the sign of their charge and determine the point of charge neutrality. 

A Malvern Zetasizer NanoZ instrument was used on the basis of the M3-PALS technique. In 

this technique, a combination of laser Doppler velocimetry and phase analysis light scattering 

is used to determine the particle velocity. The standard error in the values of the 

electrophoretic mobility was around 10 %. 

2.2.3 Surface tensiometry  

Surface tension (𝛾) is a force exerted on the unit length of the perimeter (𝑙) of a surface (𝐴) 

which is opposed to any increase of a liquid surface (𝛿𝐴). The surface tension of a pure liquid 

phase coincides with its surface free energy.
114

 Surface tension arises from the excess of 

energy of the molecules at an interface compared to the bulk. The shape of droplets, the 

capillary forces and the capillary waves, the contact angle of a drop of liquid with a solid 

subphase (or with another immiscible liquid) as well as cohesive wetting, spreading, 

adsorption and depletion of material are all determined by changes in surface tension.  

Measurements of surface tension can either be “force measurements”, in which the pull 

exerted by the liquid meniscus on a ring
115

 or on a plate
116

 (Wilhelmy method) is measured, 

or they can be “shape-based”, in which the shape of a sessile drop or a bubble is related to the 

surface tension of a liquid.
115

 The use of light-diffraction from the capillary waves of liquid 

interfaces has also been reported.
117,118

 In this thesis work, however, only the Wilhelmy 

method is used, in which the exerted force of a liquid wetted plate is measured. A schematic 

representation of a wetted plate is given in figure 8. The plate is connected to a very sensitive 

balance. 
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Figure 8 – Schematic representation of a Wilhelmy plate at the air/water interface. h and w are the wetted height and width 

of the plate, respectively. L is the total length of the plate. 휃 is the contact angle (exaggerated for visual reasons). 

The total force acting on the plate is: 

𝐹 = 𝜌𝑝𝑙𝑎𝑡𝑒𝑤𝐿𝑡𝑔 − 𝜌𝐻2𝑂ℎ𝑤𝑡𝑔 + 2(𝑤 + 𝑡)𝛾𝐻2𝑂 cos 휃 (13) 

𝜌𝑝𝑙𝑎𝑡𝑒 and 𝜌𝐻2𝑂 are the densities of the plate and water respectively, 𝑔 is the gravitational 

acceleration, ℎ is the height of the liquid measured from the liquid surface to the bottom of 

the plate. 𝑤, 𝐿 and 𝑡 are the width, the length and the thickness of the plate. 휃 is the contact 

angle. The first term of Eq. 13 is the weight of the plate. If a plate made of filter paper is 

used, then the plate needs to be completely wet. The second term is the Archimedes pull, the 

third is the force exerted by the liquid meniscus on the plate. 

The instrument measures a surface pressure (𝜋𝑓𝑖𝑙𝑚), which has the same units of 

measurements of surface tension and it is related to the surface tension by the following 

equation: 

𝛾𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝛾𝐻2𝑂 − 𝜋𝑓𝑖𝑙𝑚  (14) 

The surface pressure is measured at constant immersion, so that the Archimedes pull as well 

as the gravitational contribution will remain constant over the whole experiment, allowing us 

to reduce Eq. 13 into the form: 

𝐹 = 2(𝑤 + 𝑡)𝛾𝐻2𝑂 cos 휃 (15) 

Moreover, since the plates are hydrophilic (usually they are made of filter paper or 

hydrophilic platinum) the contact angle is (close to) zero and equation (15) becomes finally: 

𝛾𝐻2𝑂 =
𝐹

2(𝑤+𝑡)
  (16) 
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which is typically presented in units of mN/m. 

Surface pressure and surface tension data can be recorded at constant temperature 

(isotherms). Isotherms can be of different types: they can be dynamic, when measured at 

constant bulk composition as a function of time (adsorption, desorption and, more generally, 

any processes occurring at an interface); static, when the bulk concentration is varied (a 

useful tool for the determination of the cmc of surfactants); compression, when the variation 

of the surface pressure is caused by the compression of the interface; cyclic (or surface 

pressure vs. area isotherms) when performed during consecutive compression/expansion 

cycles of the air/liquid interface. When following the surface pressure behavior with respect 

to the compression of the an insoluble monolayer, it is possible to access molecular 

parameters such as the area occupied by each single molecule (area per molecule), the phase 

transition in a monolayer (from gas-like phase to condensed phases) until the collapse of the 

monolayer, where the surface tension remains constant. The value at which the collapse of 

the monolayer is observed defines the compressibility of the monolayer: 𝛽 ∝ −
1

𝐴

𝑑𝛾

𝑑𝐴
 (A is the 

area at which the collapse is observed). Lastly, surface elasticity measurements are performed 

by perturbing the interface with an oscillatory mechanical stress, often through moving 

barriers. In this latter case, the surface complex modulus is attained:
 46,107,119,120

 

휀 = 휀′ + 𝑖휀′′ = −
𝑑𝛾

𝑑𝑙𝑛𝐴𝑡
 (17) 

where 휀′ and 휀′′ are respectively the elastic and the dissipative modulus of the interface and 

𝐴𝑡 is the total surface. 

In this thesis, the investigation of the surface tension behavior has been carried out with 

respect to the total area of a Langmuir trough, during consecutive compression/expansion 

cycles of the interface. The surface pressure was monitored through the Wilhelmy method, 

with a plate made of filter paper. 

Three different instruments with the same experimental setup have been used. The NR 

experiments and the BAM experiments have been performed on two Langmuir troughs, both 

produced by Nima (Coventry U.K.), with surface area 283 × 100 mm
2
 and 900 × 100 mm

2
 

respectively. The surface pressure measurements combined with ellipsometry were 

performed on a smaller trough (surface area 180 × 50 mm
2
) produced by Biolin scientific. 

2.2.4 Ellipsometry  

In ellipsometry, the change in polarization of polarized light upon reflection from an interface 

between two media of different refractive indices is used to investigate the thickness and the 
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dielectric properties of films present at the interface. It is a versatile and powerful tool with 

applications ranging from the characterization of electronic devices to the study of organic 

thin films. A schematic representation of an ellipsometry measurement is given in figure 9. 

 

Figure 9 – Representation of the change of polarization of a light beam upon reflection. Images taken from ref. x158 

The change in polarization is defined by the ellipticity, 𝜌, which is the ratio of the reflection 

coefficients for s and p-polarized light, 𝑟𝑠 and 𝑟𝑝: 

𝜌 =
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛Ψ𝑒𝑖Δ (18) 

The ellipsometric angles Ψ and Δ are respectively the change in amplitude of the electric 

field of the light beam and the phase shift upon reflection. These angles vary upon reflection 

from any bare interface, if any layers are present. Their contributions can be evaluated using 

an optical matrix method applied to stratified layers between ambient and bulk media. Both 

Ψ and Δ depend on the dielectric properties of all materials (i.e. refractive indices and 

dielectric functions), the wavelength of the light, the angle of incidence and the thickness of 

the layer. This is strictly valid for the reflection of light at non-transparent interfaces. For 

transparent and non-adsorbing surfaces (as the air/water interface) in the thin film limit, the 

variation of Ψ is low,
 121

 while Δ is much more sensitive to the presence of material at the 

interface and its abundance.  

The ellipticity of a layer present on a transparent interface (like the air/water interface) can be 

calculated by the following relation:
122

 

𝜌 =
𝜋

𝜆

√1+ 𝐻2𝑂

1+ 𝐻2𝑂
휂 (19) 

where 휀𝐻2𝑂 is the dielectric function of water for a given wavelength, 𝜆, of the incoming 

radiation and 휂 is the ellipsometric thickness, which should be noted as an optical thickness 

rather than an actual structural variable. For a transparent monolayer at the air/water 

interface, 휂 becomes:
113,122-124

 

휂 = ∫
[ (𝑧)−1][ (𝑧)− 𝐻2𝑂]

(𝑧)

𝑧

0
𝑑𝑧 (20) 
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휂 depends also on the phase shift of the layer, the bulk properties of the subphase and on the 

angle of incidence. The last two parameters are incorporated in a function, 𝑔(휃).
125

 

𝑔(휃) =
4𝜋√ 𝑎𝑖𝑟× 𝐻2𝑂 ×cos sin2

( 𝐻2𝑂− 𝑎𝑖𝑟)×( 𝐻2𝑂+ 𝑎𝑖𝑟)𝑐𝑜𝑠2 − 𝑎𝑖𝑟
. (21) 

휂 = Δ𝑓𝑖𝑙𝑚𝜆/𝑔(휃) (22) 

The difference in phase shift, 𝑑Δ (𝑑Δ = Δ𝑓𝑖𝑙𝑚 − Δ𝐻2𝑂), is a known parameter since both 

Δ𝑓𝑖𝑙𝑚 and Δ𝐻2𝑂. Are directly measured during a typical dynamic ellipsometry experiment. 

Finally, a relation between the ellipsometric thickness and surface excess can be derived 

using Fejiter’s equation.
121,125,126

 

Γ =
√ 𝑓𝑖𝑙𝑚− 𝐻2𝑂

𝑑𝑛/𝑑𝑐
휂 (23) 

Where 휀𝑓𝑖𝑙𝑚 is the dielectric function of the interfacial film, 휀𝐻2𝑂 is that of water, and 𝑑𝑛/𝑑𝑐 

is the refractive index (𝑛) increment. The combination of Eq. 22 and Eq. 23 gives: 

Γ =
√ 𝑓𝑖𝑙𝑚− 𝐻2𝑂

𝑑𝑛/𝑑𝑐
×

Δ𝑓𝑖𝑙𝑚×𝜆

𝑔( )
 (24) 

However, the relation between Γ and Δ𝑓𝑖𝑙𝑚 is model-dependent. In particular, two limiting 

models can be identified: 1) constant layer density and varying thickness (oil-like behavior); 

2) constant layer thickness and varying density or coverage (particle-like behavior).
127

 In the 

first model, the surface excess is linearly proportional to Δ𝑓𝑖𝑙𝑚 and by incorporating all the 

constant terms appearing in Eq. 24 : 

Γ = 𝐴 × Δ𝑓𝑖𝑙𝑚 (25) 

In the second model, 휀𝑓𝑖𝑙𝑚 varies with the coverage, and the relation between the surface 

excess and the phase shift becomes quadratic: 

Γ = 𝐵 × Δ𝑓𝑖𝑙𝑚 + 𝐶 × Δ𝑓𝑖𝑙𝑚
2
 (26) 

The parameters 𝐵 and 𝐶 can be derived from an empirical fit to a simulation of Eq. 24. It 

should be pointed out that this way of deriving the surface excess has some drawbacks. In 

detail, the technique is accurate only for single-component organic films whose dielectric 

function in the direction normal to the interface, therefore the refractive index, is isotropic. 

For ionic surfactant or mixtures of organic components, this is not always the case and the 

calculation of the dielectric properties of the interfacial films is not trivial, as any optical 

inhomogeneity decreases the accuracy of the technique.
128,129

. For this reason, it is preferred 

to calibrate the ellipsometric data by the means of other techniques, such as NR.
102
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The instrument used for all the ellipsometry experiment in this thesis is a Beaglehole 

Picometer Light ellipsometer, with a wavelength of λ = 632.8 nm, an angle of incidence of 휃 

= 50°, and a data acquisition rate of 0.2 Hz. The angle of incidence was kept below the 

Brewster angle of pure water (53.1°) because of operational reasons related to the alignment 

and sample manipulation. 

2.2.5 Brewster angle microscopy  

BAM can be thought as an application of ellipsometry for imaging the lateral inhomogeneity 

of films present on a transparent interface. The detector is a CCD camera which records 

simply the intensity of the reflected beam over a given area (usually around 1mm
2
). The 

technique is sensitive to any micron-sized optical inhomogeneity present in the plane of the 

interface. However, by taking some precaution, even a homogenous film can be detected. The 

mathematical expression for 휃𝐵 is: 

휃𝐵 = tan−1 𝑛2

𝑛1
 (27) 

where 𝑛1 and 𝑛2 are the refractive indices of the ambient and the substrate, respectively. The 

Brewster angle (휃𝐵) is also called the polarization angle, because at 휃𝐵 only the s-polarized 

component of light is reflected from a perfectly flat interface, while the p-component is fully 

transmitted. If the refractive index of the pure interface is modified, for example when a film 

of material is present, some of the p-polarized light can be reflected as well. 

Operationally, there are two ways of performing a BAM experiment. The first method 

consists of recording a background for the pure interface by using both p and s-components 

of light at a fixed low intensity. This is done by setting both the polarizer and the analyzer 

angles at relatively high values (away from p-polarization) and adjusting the amplification of 

the signal until the counts in the region of interest (ROI) are kept low enough, but still higher 

than the instrumental background (dark currents and the brightness of the environment). 

After, an image of the surface is taken and set as background. The second step is the 

correction of the focal distance, sketched in figure 10. The light-grey rectangle is the camera 

at the bottom of which the CCD sensor is located, and the green lines represent the path of 

the light. Due to the high collimation of the light, as a laser is used, only a very small portion 

of the interface (small black solid line on the interface in figure 10) will actually be at the 

correct focal distance (indicated by a dashed line). The remaining positions toward the edge 

of the image will be out of focus (red lines). Correction of the focal distance means finding 

the focal spot and setting it as the correct distance. When the auto-focusing is on, the lens of 
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the camera moves toward and away from the surface while the image is recorded continually 

so that a larger portion of the laser spot will be correctly focused. Air bubbles or dust 

particles on the surface are used, generally, to find the correct focal distance, if there are not 

specific lateral features at the start of an experiment. It is a good procedure to perform this 

step before recording the background.  

 

Figure 10 – Schematic representation of BAM. The green lines describe the optical path of light. The dashed line indicates 

the correct focal distance while the small solid line at the interface represents the area of the surface with the correct focus. 

The red lines are used to display examples of wrong focal distances. The black double-arrow indicates the direction in which 

the lens moves. 

In a third step, the analyzer angle is minimized, to get close to the p-polarization, and the 

amplification of the signal is increased until the counts in the ROI match those of the 

background. Then, an image of the sample is taken and the previously recorded background 

is subtracted. However, this procedure is not always possible at the air/water interface, 

because of the highly dynamic nature of some surface films. This represents a strong 

limitation to background subtraction when BAM is performed at the air/solution interface. 

One way to overcome this issue is to disable automatic focus correction, but in this way only 

a small portion of the image is correctly displayed. This procedure was used in the 

preliminary study on the properties of DF-HSA films at the air/SPB interface (chapter 3.1) as 

well as for NaPSS/DTAB films spread from neutral aggregates (chapter 3.2). Moreover, an 

active anti-vibration system is required. Vibrations of the interfaces destabilize the intensity 

of the signal making it oscillate rapidly. Consequently, if automatic focus correction is 

enabled, brighter and darker rectangular bands (flickering) will be displayed, overlapped with 

the image of interest. The flickering is caused by the different rates of acquisition of the 

image (the movement of the lens) and the frequency of the oscillation of the signal. 

The second method to perform BAM experiments consists of setting to zero both the 

polarizer and analyzer angles so that only p-polarized light will be used. In this way, a bare 
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interface will always be invisible (black image), regardless of the amplification of the signal. 

No background subtraction is needed. This aspect gives the technique the advantage of 

becoming sensitive also to optically homogenous layer, which will appear as a grey image. 

This approach was used to investigate the lateral features of NaPSS/DTAB films spread from 

aggregates with different charge/structure (chapter 3.3). In addition, if the signal 

amplification is kept constant, an increase in the intensity is a symptom of higher density of 

material at the interface. A drawback is represented by the fact that the intensity is, generally, 

lower and has decreased contrast compared with the first approach.  

The measurements in this thesis were made using a Nanofilm EP3 machine equipped with an 

Nd:YAG laser and a 10× objective at the Brewster angle for the air/water interface of 53.1°. 
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2.2.6 Neutron reflectometry  

As NR is the primary experimental technique used in this thesis, its description is more 

detailed than those described previously. Before, a brief and general introduction to neutron 

scattering is given in the next paragraph. 

Interaction of neutrons with matter 

The scattering of neutrons, light and X-rays follows the same mathematical description, 

although with different refractive indices, 𝑛. The difference arises from the potential of 

interaction between the probe particle and matter. Neutrons interact with nuclei and this 

interaction depends on the density of scatterers (the nuclei of a sample) as well as their 

scattering power, which is expressed by the nuclear scattering length, 𝑏. This latter quantity 

appears in the expression of the potential of interaction of neutrons with matter, known as the 

Fermi pseudo-potential. From the quantitative point of view, the Schrödinger equation must 

be used to resolve the energetics of a scattering process:
 130

 

−
ℏ2

2𝑚𝑛
∇2(Ψ) + 𝑉(Ψ) = 𝐸(Ψ) (28) 

The quantum operator −
ℏ2

2𝑚𝑛
∇2 defines the kinetic energy of the neutron (free particle), ℏ2is 

the Dirac constant and 𝑚𝑛 is the neutron mass. 𝑉 is the Fermi pseudo-potential.
131.

 

𝑉 =
2𝜋ℏ2

𝑚𝑛
𝜌𝑏 (29) 

𝜌𝑏 is the scattering length density (SLD) and it is equal to: 

𝜌𝑏 = ∑ 𝑏𝑖𝑖 𝑛𝑖 (30) 

𝑛𝑖 is number density of scatterers, i.e. the number of nuclei per unit volume, and 𝑏𝑖 is the 

scattering lengths of each nucleus in the sample. The latter quantity has been measured for 

most of the elements. As for X-ray scattering techniques, the scattered intensity is 

proportional to 𝜌 for a single scatterer. If two (or more) different scatterers are present in the 

sample, the intensity of each component with respect to the others (atoms, particles, 

surrounding medium…) is proportional to the difference in scattering length density, ∆𝜌 

(contrast), between the components. For X-rays the scattering length density is proportional 

to the electronic density, which ultimately varies with Z, the atomic number. Neutron 

scattering lengths are aperiodic along the table of elements. Moreover, since isotopes of the 

same element have different nuclear structure (different mass number), a neutron interacts 

differently with each of them. The main advantage of NR compared to X-ray reflectometry 

(XRR) comes from this peculiarity: one can enhance the contrast by substituting an isotope 
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with another (isotopic contrast variation). In addition, while the electronic density is always 

positive, the nuclear scattering lengths of neutrons can also assume negative values, like for 

the nucleus of protium, the most abundant isotope of hydrogen. Some examples of nuclear 

scattering length values for the most common elements in soft organic matter are shown in 

figure 11, divided by 10
-6

. The unit of measurement is Å-2
. 

 

Figure 11 – Nuclear scattering lengths of some of the most common nuclei in soft organic matter. The values are divided by 

10-6 Å-2. 

Thanks to this feature, it becomes also possible to match the SLD of a species to that of its 

chemical environment, making the species invisible to neutrons. The SLD of a sample 

composed of i species can be written as: 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = ∑ 𝜌𝑖𝜑𝑖𝑖  (31) 

where 𝜑 is the volume fraction that satisfies the condition: 

1 = ∑ 𝜑𝑖𝑖  (32) 

A species is said to be contrast matched when its SLD equals the one of the chemical 

environment or another species. Thus, to prepare a contrasted matched species one needs 

simply to solve equations 31 and 32 simultaneously. This procedure represents another 

advantage of neutron scattering over X-ray scattering techniques in soft condensed matter, 

structural biology and biophysics, since organic compounds are abundant in hydrogen atoms, 

as the SLDs of protium and deuterium are not only different but also opposite in sign. Thus, 

for example, CH2 groups are almost invisible to neutrons, while their deuterated analogues, 

CD2, are strong scatterers. Moreover, the wavelengths of neutrons used in scattering 

experiments (thermal neutrons, up to a few decimals of nanometers) are comparable with the 

dimensions in soft matter systems. This means that, when neutrons are scattered, the 

interference between scattered waves occurs, and the resulting diffraction patterns allow one 

to resolve the structural details of a given system. This aspect combined with the possibility 

of performing isotopic contrast variation of the samples results in the resolution and 

localization of the structure individual components in complex matrices, and by measuring 

more than one contrast it is possible to attain a detailed picture of the structure of the whole 

sample, as well as its composition. 
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Specular reflection of neutrons from flat surfaces 

Among the neutron scattering techniques, NR is one of the oldest. NR was first demonstrated 

and used by Enrico Fermi and Walter Zinn almost 80 years ago, who exploited the total 

external reflection of neutrons from bare interfaces to accurately determine the scattering 

power, i.e. the nuclear scattering lengths (consequently the SLDs), of samples. Total external 

reflection occurs below a given angle, known as critical angle θc, which is characteristic of all 

materials and is directly proportional to the square-root of difference in SLD between the two 

media as well as the neutron wavelength.  

휃𝑐 = √∆𝜌𝜆2/𝜋  (33) 

Indeed, NR has been successfully used for the characterization of the structure and the 

composition of different materials, ranging from metal layers
,132

 to magnetic films
133

; from 

semiconductors
131

 to soft organic interfaces
102,103,127

 and atmospheric chemistry
134

.  

When a neutron (wave) travels through an interface between two media with different 

refractive indices, it can get transmitted, reflected or adsorbed. A sketch of transmission and 

reflection is given in figure 12. The refractive index, 𝑛, for neutrons depends on their 

wavelength, as well as the nuclear scattering power of the interface:
 59

 

𝑛 = 1 −
𝜆2

𝜋
𝜌 (34) 

As the values of refractive indices for the short neutron wavelengths are very close to 1, it is 

more convenient to discuss in terms of SLDs. 

 

Figure 12 - left: schematic representation of reflection and transmission. The directions of propagations of the wave packets 

(neutrons) in the two media with different refractive indices are represented by a continuous arrow before reflection, a dot-

dashed arrow for the transmitted (refracted) and a dashed arrow for the specularly reflected beam; right: simulation of a 

fictitious bare interface between a medium with high SLD and air. The q_c is marked by a vertical dashed line. A fixed 

roughnes value of 4 Å was used. 
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The reflectivity (𝑅) is defined as the ratio between the intensity of the reflected beam (𝐼𝑟) 

over that of the direct beam (𝐼0), 𝑅 = 𝐼𝑟/𝐼0. The values of 𝑅 depend on the difference in SLD 

between the two media, ∆𝜌, as well as the angle of incidence, 휃, of the incoming neutron 

beam. The component of the wave vector, k, which defines the direction and the energy of a 

travelling wave packet, along the direction normal to the interface (z-direction) is defined, as: 

𝑘 =
2𝜋

𝜆
sin 휃 (35) 

NR is an elastic technique, which means that only the direction of the waves is changed upon 

the interaction with the surface and not the energy of the particles. Thus, the moduli of the 

incident and the reflected wave vectors are the same and the “momentum transfer” across the 

interface (𝑞), which is the difference between these two wave vectors (see figure 12), is 

defined from Bragg’s law. 

𝑞 = |�⃗� 𝑖 − �⃗� 𝑟| = 2𝑘 sin 휃 =
4𝜋

𝜆
sin 휃 (36) 

A neutron reflectivity measurement is, typically, performed by varying both the angle of 

incidence and the reflection angle by the same amount. Therefore, also 𝑞 is varied. If a 

monochromatic beam is used, varying the angle of incidence is the only way to scan the 

accessible reciprocal space. The reflectivity profiles are generally plotted as 𝑅 (or 𝑙𝑜𝑔𝑅) vs. 

𝑞. As an alternative, one can plot the reflectivity as 𝑅𝑞4 vs. 𝑞 in order to eliminate the 

Fresnel components and emphasize structural features at high-𝑞 values, which carry 

information about the internal structure of the investigated layer. The monochromatic option 

is always used in XRR, since all photons travel at constant speed (the speed of light, c) 

regardless of their wavelength. The instrumental resolution on 𝑞 (𝑑𝑞/𝑞), in this case, is equal 

to the uncertainty on the angle of incidence (𝑑휃/휃), due to the divergence of the beam, 

assuming that the uncertainty on 𝜆 (𝑑𝜆/𝜆) is much smaller and may be neglected. In order to 

minimize 𝑑휃 a good collimation system as well as a slow scan of 휃 are required. Because 

neutrons have mass, their speed depends on their wavelength, which can be calculated by 

using the de Broglie equation. This means that neutrons with different wavelengths will be 

detected in different times, and this allows one to perform time-of-flight (TOF) measurements 

by exploiting a pulsed (or chopped) polychromatic (or white) beam. In this case, the pulses 

are created by spinning discs with small opening, called choppers. Due to the low brilliance 

of most of the actual neutron sources, the TOF option is preferred in NR because it allows the 

possibility of acquiring data from multiple wavelengths at once. Thus, in TOF-mode only a 

small number of angles are required to scan the accessible reciprocal space before the signals 
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reaches the background value. In the leading instruments, the number of angles required for 

acquiring a full profile can be as low as 2. This represents the biggest advantage of TOF-NR 

over monochromatic NR because it reduces the time required to acquire a full-𝑞 reflectivity 

profile, thus allowing one to perform kinetics study at surfaces. However, the instrumental 

resolution is lower than the monochromatic option. 

The neutrons scattered from the sample are collected, usually, by 2D-detectors. In these 

detectors, one of the two dimensions is position-sensitive (position of the reflected neutron 

beam) while the other is the wavelength-dimension. An advantage of using such detectors 

derives from the fact that, in this way, also the scattering out of the specular position (off-

specular scattering) is detected. The off-specular scattering at the air/water interface is mostly 

due to incoherent scattering. However, it may contain information about any structure present 

in the plane of the subphase and, in some cases, can bring useful insights for the analysis of 

the specular reflectivity. The 2D-scattering patterns collected (raw data) are then reduced in 

the more useful 𝑙𝑜𝑔𝑅 vs. 𝑞 form by data reduction software. During data reduction, the 

background can be subtracted, using the off-specular scattering on one or both sides of the 

specular reflection on the 2D detector. In principle, NR data are self-normalized, since a ratio 

of intensities is in absolute units. In practice, one has to take into account that different 

instrumental setup are used to record the direct and reflected beams. Specifically, an 

oscillating slit is used to reduce the intensity of the neutrons on the detector during the direct 

beam measurements to avoid is over-saturation. It is needed therefore to normalize all the 

data collected at a given angle of incidence using a reference system (such as air/D2O) below 

the critical angle, where 𝑅 = 1.  

A reflectivity profile for a bare interface is reported in figure 12 as 𝑙𝑜𝑔𝑅 vs. 𝑞 and it can be 

described as follow. Below a critical 𝑞 value, 𝑞𝑐, total external reflection occurs, thus log R is 

equal to zero.  

The critical 𝑞-value, 𝑞𝑐   is characteristic of all materials and an expression for it can be found 

by combining Eq. 33 and Eq. 36. 

𝑞𝑐 = √16𝜋∆𝜌 (37) 

Above 𝑞𝑐, the reflectivity falls off rapidly: 

𝑅(𝑞) =
16𝜋

𝑞4
× |∫

𝑑𝜌(𝑧)

𝑑𝑧
𝑒𝑖𝑞(𝑧) 𝑑𝑧

𝑧

0
|
2

 (38) 

For a bare interface, this is reduced to 𝑅(𝑞) =
16𝜋

𝑞4 ∆𝜌2 as in figure 12. Equation 38 is an 

important result which tells that the reflectivity coincides with the square of the Fourier 
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transform of the scattering length density profile along the z-direction. The reflectivity 

profiles of a homogenous layer deposited onto a flat surface can exhibit local minima and 

maxima (Kiessig fringes), which arise from the interference between the reflection of the 

air/monolayer interface and that of the monolayer/subphase interface. The position of the 

local minima is characteristic of the thickness (𝑑) of the layer as it is proportional to 2𝜋 𝑑⁄ . 

An example is sketched in figure 13. 

 

 

Figure 13 – Left: schematic representation of neutron reflection from a monolayer present on a substrate. 𝑘𝑖 and 𝑘𝑟 stand for 

the wave vectors of the incident and reflected wave packet, respectively. The subscripts 1 and 2 indicates on which medium 

(or at which interface) the neutrons are reflected. Right: simulated reflectivity profiles for the bare air/D2O interface (dashed 

line), and 5 Å (green line), 10 Å (red line) and 20 Å layers at same interface. The small inset contains the corresponding SLD 
profiles. A constant roughness of 4 Å was applied to all the curves. 

For N layers, the description gets further complicated since the reflection and the 

transmission (with refraction) of neutrons will occur at every interface. A recursive approach 

is then used to calculate the reflectivity of the j-th interface (Parratt formalism): 

𝑋𝑗 =
𝑅𝑗

𝑇𝑗
= 𝑒(−2𝑖𝑘𝑧,𝑗)

𝑟𝑗,𝑗+1+𝑋𝑗+1𝑒
(2𝑖𝑘𝑧,𝑗+1𝑧𝑗)

1+𝑟𝑗,𝑗+1𝑋𝑗+1𝑒
(2𝑖𝑘𝑧,𝑗+1𝑧𝑗)

 (39) 

where 𝑟𝑗,𝑗+1 =
𝑘𝑧,𝑗−𝑘𝑧,𝑗+1

𝑘𝑧,𝑗+𝑘𝑧,𝑗+1
 are the Fresnel reflectivity coefficient between the interface j and 

j+1. The iteration starts with 𝑇1 = 1 (the direct beam) and 𝑅𝑁+1 = 0 (no reflection from 

below the substrate). Alternatively, the Abele’s optical matrix method can be used to analyze 

the reflectivity profile. The description, so far, is strictly valid for perfectly flat interfaces. 

The effect of roughness (𝜎) on 𝑅, to some extent, can be taken into account. It turns out that 

the reflectivity is decreased of a factor 𝑒𝜎2𝑞2
. However, such approximation is valid only for 
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Gaussian distribution of 𝜎(𝑧). Generally, the effect of roughness is damping off the 

reflectivity curves. 

Modeling of data 

Specular NR is widely used for the characterization of the structure and the composition of 

thin films at fluid interfaces.
104

 The experimental NR data are fitted to the reflectivity of a 

stratified layer model of the interface. Each layer is defined by three parameters: the layer 

thickness (𝑑), its scattering length density (𝜌) and the layer roughness (𝜎). Above and below 

the top-layer there are the two infinite media with known scattering length density, i.e. air and 

water in this thesis. The reflectivity model is then calculated by the means of the optical 

matrix method or the Parratt formalism. In reflectometry, the information about the phase is 

lost, so different models can produce the same reflectivity profile.
135

 A way to overcome this 

issue is to fit the reflectivity profiles of several isotopic contrast to the same model. This 

procedure is known as global fit of the data. Additional accuracy is achieved by the use of 

structural and/or stoichiometric molecular constraints.
136

 Once an approximated model is 

applied, the surface excess can be calculated by the following relation: 

Γ =
1

𝑁𝐴×𝐴𝑚
=

𝜌×𝑑

𝑁𝐴 ∑ 𝑏𝑖𝑖
 (40) 

where 𝑁𝐴 is the Avogadro’s number and 𝐴𝑚 is the molecular area.  

The air/water interface and the low-𝑞 approach 

All the NR experiments reported in this thesis work have been performed at the air/ACMW 

air contrast matched water (8.1 % v. D2O in H2O, 𝜌 = 0 Å−2), which is transparent to 

neutrons. Thus, any reflection from the interface occurs only if material is present. For a 

single layer at the air/ACMW interface, the reflectivity can be written as:
122

 

 𝑅(𝑞) =
16𝜋

𝑞4
𝜌𝑙𝑎𝑦𝑒𝑟

2 sin2(
𝑞𝑑

2
) (41) 

from Eq. 41, it is evident that the reflectivity of a monolayer depends on the scattering power 

of the layer (𝜌𝑙𝑎𝑦𝑒𝑟) and its thickness (𝑑). Calculations of the surface excess of single-

component monolayers are very straightforward and one needs to solve Eq. 40 for just one 

contrast using data at low-𝑞. This way of calculating the surface excess from low-𝑞 

reflectivity data is a novel approach that is gaining more and more visibility, thanks to its fast 

application to deuterated monolayers or more generally to good scattering systems. It has 

been proved that, for such system a few seconds of acquisition time (up to one minute) is 

enough to resolve the scattering of a single species at the air/ACMW interface.
104,134,137

 This 

features allows TOF-NR to be one of the most accurate and reliable technique to study the 
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evolution of a process on the liquid surface. This is done by the means of kinetic scans, 

equally spaced in time (time slab). Adsorption, desorption, the interaction of target molecules 

with a model monolayer and also chemical reactions can be followed in situ while varying 

the experimental conditions.  

For multi-component systems, like a P/S mixtures, the approach is slightly more complicated 

by the fact that, in this case, more contrasts need to be collected. The rule is one contrast for 

each interfacial component in mixed systems. This situation is illustrated in figure 14, where 

simulated reflectivity profiles of deuterated (red and blue) and hydrogenous (green dashed 

and light-blue) monolayers. Each set of curves has been constrained to have the same surface 

excess since they are contrast-variation of the same sample, but they have different density 

and thickness. The SLD and the layer thicknesses were varied within the same contrast, but 

their fitted product was kept the same. The corresponding scattering length density profiles 

are reported in the small inset with matching colors. The reflectivity of the bare interface 

(dashed line) corresponds to the background and has been set to 10
-5

.  

 

Figure 14 – Simulated reflectivity profiles of deuterated (red and blue) and hydrogenous monolayers (lightblue and green 

dashed lines) of layers with different thickness and SLD, but the same surface excess. The small inset contains the 

corresponding SLD profiles, desplayed with matching colors. 

For the simulation in figure 14, the 𝑞-range has been reduced from that of figure 12 and 

figure 13 because even the reflectivity of even a deuterated monolayer above 0.3  Å−1 falls 

rapidly below the background, even for top performing instruments.  

For the two simulations of deuterated material with different density, the reflectivity profiles 

start to diverge above 0.05  Å−1. The effect of the layer thickness starts becoming significant 

above this value, while it is not detectable for hydrogenous material, as these simulated 
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curves are well below the background in this 𝑞-range. The scattering excess, defined as the 

amount of material with respect to its SLD (with respect to the background) is equivalent for 

each set of contrasts at low- 𝑞 values, below 0.05  Å−1. In this region, the reflectivity is 

insensitive to the structural features of the chosen model. Thus, fitting of the layer thickness 

while keeping the SLD constant or vice versa, will produce the same surface excess. This 

means that only the fitted product 𝜌 × 𝑑 determines the surface excess that can be accurately 

calculated by applying Eq. 40 to different contrasts and solve the resulting system of 

equations. From these considerations it follows that the product 𝜌 × 𝑑 for a single-layer 

model containing i-species can be written as: 

(𝜌 × 𝑑 )𝑖 = 𝑁𝐴 ∙ ∑ 𝛤𝑖 ∙ 𝑏𝑖𝑖  (42) 

Note that Eq. 42 reduces to Eq. 40 when the sample is composed of a single species. Most of 

the work in this thesis was focused on P/S mixtures composed of NaPSS and DTAB. Since 

the hydrogenous surfactant have a negative SLD, it is possible to contrast match the 

surfactant to both air and ACMW. In this contrast (h-NaPSS + cm-DTAB), the contribution 

to the specular reflectivity derives only from NaPSS, which can be subtracted to the second 

contrast (h-NaPSS + d-DTAB on ACMW) by solving simultaneously Eq. 42 written as:
102 

(𝜌 × 𝑑 )1 = 𝑁𝐴 ∙ 𝛤ℎ−𝑁𝑎𝑃𝑆𝑆 ∙ 𝑏ℎ−𝑁𝑎𝑃𝑆𝑆 (43) 

(𝜌 × 𝑑 )2 = 𝑁𝐴 ∙ 𝛤ℎ−𝑁𝑎𝑃𝑆𝑆 ∙ 𝑏ℎ−𝑁𝑎𝑃𝑆𝑆 + 𝑁𝐴 ∙ 𝛤𝑑−𝐷𝑇𝐴𝐵 ∙ 𝑏𝑑−𝐷𝑇𝐴𝐵 (44) 

Nevertheless, there are quite some limitations to the applicability of the new low-𝑞 approach 

either to deuterated or to hydrogenous material and, more generally, to weakly scattering 

systems. In particular, the strongest limitation comes from the background treatment.
104,134,138

 

First, the background, which derives from the incoherent scattering of hydrogen atoms of the 

ACMW subphase, has to be as low as possible in order for NR measurements to be sensitive 

to the scattering excess (𝜌 × 𝑑) of material at the interface. As it is clear from figure 14, the 

higher the instrumental background the lower will be the minimum scattering excess with 

respect to the bare interface. Moreover, the signal of weakly scattering systems, like 

hydrogenous monolayers at the air/ACMW interface, becomes comparable with the 

background level. Thus, subtraction of the background from these data will lead to the 

introduction of a systematic positive error (overestimation) of the surface excess.
138

. These 

limitations impose to the experimentalist the need for a correct estimation of the level of the 

instrumental background. In this thesis work, a lot of efforts has been put to the improvement 

of a previously developed methodology for the data analysis of deuterated single-component 

monolayer
134,138

 and its extension to multi-component organic layers containing hydrogen 
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atoms at the air/water interface. In detail, consecutive measurements of the reflectivity of the 

bare air/ACMW interface with different acquisition times have been recorded during all the 

experiments. In a second step, the evaluation of the background was performed as follow: 1) 

approximate fitting of the background. This gave a first estimation of the instrumental 

background; 2) fitting of the thickness of a fictitious one-layer model of fixed SLD, thickness 

and roughness, while adjusting the background to the lowest value for which the fitted 

thickness of the fictitious layer was zero (i.e. no material is at the interface); 3) note the value 

of the background used that satisfies the zero-surface excess requirement; 4) repeat the 

operation for each scan of the bare interface that has been recorded, and 5) calculate the 

average value. This way of proceeding gives a fair estimation of the background value 

necessary that leads to a minimal fitted surface excess of the bare interface, while conserving 

the sensitivity of the subsequent measurement when material is present at the interface. 

However, the reflectivity of a monolayer depends also on the accessible lowest 𝑞-range for a 

given reflectometer. For instance, if the lowest accessible q-value is 0.03  Å−1 and its 

background is 10
-5

, then the reflectivity of hydrogenous material in figure 14 cannot be 

measured, since its signal will be below the background. To date, the only instrument in the 

world which satisfies the requirement to resolve the scattering excess of weakly scattering 

system is FIGARO, shown in figure 15. 

 

Figure 15 – The FIGARO reflectometer at the ILL with its main components: A) frame overlap mirrors; B) choppers; C) 

deflected mirrors; D) collimation guide and E) collimation slits; F) beam attenuator; G) sample area; H) 2D detector. Image 

is taken from ref. 137. 
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The advantages of FIGARO for kinetic or dynamic measurements at the air/water interface 

using the low-𝑞 approach are multiple. First, the high stability of the ILL reactor source 

ensures a constant neutron flux to the sample area. Second, the instrument has a low natural 

incident angle (0.62°), in combination with the possibility of relaxing the resolution in 𝑞 by 

using a chopper configuration that produces large neutron pulses. A detailed description of 

the instrument can be found in refs. 104 and 137. The development of the new low- 𝑞 data 

analysis approach would have not been possible without FIGARO. In turn, this technical 

advance has changed drastically the way the FIGARO instrument at the ILL is being used 

and it has optimized the time required for NR experiments, which is important given its high 

associated costs (ca. 20kEUR/day). Many of the scientists interested in interactions at the 

air/water interface are now structuring their beam time proposals to include a structural 

element (i.e. full 𝑞-range measurements in multiple isotopic contrasts) also with the low-𝑞 

composition analysis method (i.e. low 𝑞-range measurements in 2 specific isotopic contrasts). 

The latter method has been described thoroughly in a recent review.
104

 Published examples in 

the last year or so include the interaction of antimicrobial peptides with model lipid 

membranes,
139,140

 and interactions of an anaesthetic drug with phospholipid monolayers.
141

 

Unpublished examples of experiments that have taken place already include P/S interactions 

of relevance to foam film stability studies, interactions of surfactant monolayers with hexane 

vapor, and the interactions of fluorinated biomarkers at interfaces mediated by fluorinated 

gas. These examples include research groups from a range of EU countries. 



48 

 

Chapter 3: Results and discussions 

3.1 Preliminary study: surface-loaded films of DF-HSA  

In a preliminary study on spread films of macromolecules at the air/water interface, the 

attention is focused on the surface active defatted protein, DF-HSA. The surface excess, the 

durability and the morphology of DF-HSA films have been investigated as a function of the 

sample history, i.e. by comparing the results of films prepared by spreading concentrated 

aliquots of protein solutions on pure aqueous buffers (surface loading) with those of layers 

formed by equilibrium bulk adsorption from solutions with equivalent final bulk 

concentrations, according to the two protocols described in chapter 2.1.2.  

The reasons motivating the study of this particular system were twofold. On the one hand, the 

properties of DF-HSA spread films, and more generally of globular proteins at the air/water 

interface, have been well investigated over the last decades. Films made of DF-HSA were 

therefore excellent candidates to practice on, in order to learn about the experimental 

procedures (sample preparation, surface cleaning and instrumental techniques) that would 

need to be applied systematically later for the cases of spread films from P/S aggregates 

dispersions (see chapters 3.1–3.5). On the other hand, this preliminary investigation offered 

an opportunity to shed more light on an old problem in the field of protein films at the 

air/water interface, i.e. the effects of the sample handling on the resulting physical properties 

of kinetically-trapped protein films. The investigation was primarily carried out by 

conventional laboratory techniques, such as ellipsometry, BAM and surface tensiometry, both 

at the static air/water interface and under dynamic conditions during consecutive 

compression/expansion cycles of the interface. 

Ellipsometry is a fast and versatile tool to obtain information about the kinetics of film 

formation. However, it is often preferred to validate the ellipsometry data analysis with a 

reference from another technique, such as NR. Data for the pre-diluted DF-HSA solutions 

from ellipsometry and NR are reported in figure 16 with respect to the total bulk 

concentration of the protein. The layer thickness was obtained from independent XRR 

measurements.
127

 The NR data were modeled only at low-𝑞 in ACMW. Ellipsometry, NR 

and XRR measurements were performed after allowing the surface to equilibrate for 30 

minutes. Ellipsometry data were modeled according to a particle-like model, for which the 

relationship between the surface excess and the phase shift of the layer (∆𝑓𝑖𝑙𝑚) is quadratic. 

The relation between the surface excess and the optic phase shift was calculated to be: 
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Γ = 0.632∆𝑓𝑖𝑙𝑚 − 0.0440∆𝑓𝑖𝑙𝑚
2
 

These results and direct measurements of the surface excess measured by NR are both shown 

in figure 16. It can be noted that, at low concentration of protein, below 0.01 mg/cm
3
, the 

surface excess values measured by NR are quite scattered. These variations can be attributed 

to residual kinetically-trapped material at the interface transferred during the sample 

handling, in spite of cleaning of the surface of the liquid in the trough by aspiration. 

However, the two sets of data are in good general agreement. Therefore, the evaluation of the 

surface excess was performed using only ellipsometry for the following experiments.  

 

Figure 16- Surface excess of pre-dilutes DF-HSA solutions in standard phosphate buffer (SPB) measured using NR (green 

squares) and ellipsometry (blue diamonds); the NR measurements were carried out in ACMW (8.1% v/v D2O in H2O); line 

joining the data is a guide to the eye. 

Next, it is demonstrated that it is possible to enhance the surface excess at the air/water 

interface by using the surface loading approach. 1–5 droplets of relatively concentrated 

protein solution were spread onto the bare air/water surface in comparison with adsorption of 

protein from the bulk solution. It must be pointed out at this stage that the data presented for 

the two methods applied have the same final bulk concentrations and that only the pathway 

for preparing the films was changed. These results are shown in figure 17.  
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Figure 17 - Surface excess of aspirated DF-HSA solutions pre-diluted in SPB (blue diamonds) and of surface loaded films 

formed by 1–5 droplets of 1 mg/cm3 DF-HSA solution on SPB (red triangles) measured using ellipsometry. Lines joining the 

data are guides to the eye. 

It is evident that the surface excess is boosted when the surface loading protocol is adopted. 

Indeed, the excess of material in comparison to the case of bulk adsorption is trapped out-of-

equilibrium conditions and this can be attributed to the lateral interactions between protein 

molecules in the interfacial layer.
41

 Two mechanisms of film formation may be identified. 

The first involves the direct transfer of material from the surface of the droplets to the 

air/water interface. However, the total surface area of the droplets, approximated to spheres, 

falls roughly in the range of 0.6–3 cm
2
, corresponding to only 2–10% of the total surface of 

the trough. This mechanism alone cannot explain quantitatively the amount of extra protein 

measured at the interface, which exceeds the surface excess of the adsorbed protein films by 

up to +70%. Thus, the prevalent contribution to film formation is the Marangoni spreading of 

protein from the bulk of the droplets. These kinetically-trapped protein films remain at the 

air/water interface over extended time-scales, underlying the non-equilibrium nature of 

spread protein films. 

The effect of the protein concentration on the surface excess of films prepared according to 

the surface loaded approach was then investigated. Films were prepared at a fixed final bulk 

concentration either by spreading 1 droplet of 0.1 mg/ml DF-HSA solution or 10 droplets of 

0.01 mg/ml. The surface excess was derived from dynamic ellipsometry measurements over 

half a day, shown in figure 18. Again, it is important to bear in mind that these samples have 

identical final concentrations of DF-HAS, so the differences in the data can be attributed only 
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to the experimental pathway, highlighting the relevance of non-equilibrium effects on the 

properties of DF-HSA spread films.  

 

Figure 18- Time-resolved surface excess of (A; blue) 10 droplets of 0.01 mg/cm3 and (B; red) 1 droplet of 0.1 mg/cm3 DF-

HSA solution spread on SPB measured using ellipsometry. 

The comparison shows that the initial surface excess of the film spread from the more 

concentrated protein solution exceeds that of the lowest concentration by more than one order 

of magnitude. This information is very important as it shows that the Marangoni spreading of 

DF-HSA is suppressed if the concentration of protein in the spreading aliquot is not high 

enough, i.e. if the surface tension of the aliquot is not sufficiently low.
142

 Thus, the protein 

simply dissolves in the bulk, where it becomes available for adsorption. 

Other important features of figure 18 are the temporal fluctuations of the surface excess 

measured by ellipsometry. In general, these are more pronounced at low coverage, as 

confirmed with measurements on adsorbed DF-HSA layers.
127

These fluctuations can be 

attributed to lateral inhomogeneity in the surface layer.
143,144

 In order to see if it is possible to 

resolve lateral inhomogeneity present in both spread films and adsorbed layers of DF-HSA, 

BAM images of four different systems were acquired, shown in figure 19. The images were 

recorded at a surface age of 5 minutes. The concentrations of the protein solutions correspond 

to those of curves a and b in figure 18. BAM images revealed that the lateral inhomogeneity 

in the case of films formed by spreading 10 droplets of a dilute DF-HSA solution (figure 

19A) extend over hundreds of micrometers in a loose state with gaps of less material. In the 

case of samples spread from 1 droplet of the more concentrated DF-HSA solution (figure 

19B), for which the surface excess is roughly one order of magnitude higher, protein islands 

are more densely packed, but still, gaps or regions with less material are visible.  
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Figure 19 - BAM images of spread films from (A) 10 droplets of 0.01 mg/cm3 and (B) 1 droplet of 0.1 mg/cm3 DF-HSA 

solution on SPB, and adsorbed layers of (C) 0.00080 mg/cm3, and (D) 0.020 mg/cm3 DF-HSA in SPB; scale bar is 100 

micrometers. The corresponding surface pressures are 1, 1, 1 and 4 mN/m, respectively. 

The presence of lateral inhomogeneity was also proven in the case of a layer formed by bulk 

adsorption from solutions with equivalent final bulk concentrations, in panel c and panel d of 

figure 19. In detail, A and C, as well as B and D, have, respectively, the same concentrations. 

These data show that a textured morphology is also attained for the low bulk concentration of 

DF-HSA (figure 19 C). On the contrary, a homogenous layer is formed when adsorption 

occurs at higher concentration (figure 19 D). These data reveal some interesting features. In 

particular, they show that the morphologies of spread films and adsorbed layers at low DF-

HSA concentration (A and C) are very similar, indicating that similar films are formed. This 

is another piece of evidence that the Marangoni flow is suppressed at this low bulk 

concentration, thus both films are formed by adsorption from the respective bulk solutions. 

On the contrary, spread films and adsorbed layers are completely different at the highest 

concentration investigated, which indicates that the non-equilibrium nature of the spread 

films dictates the morphology of the trapped layer as well, and not only the surface excess of 

the protein. 

Lastly, the comparison between adsorbed layers and spread films of DF-HSA has been 

carried out under dynamic conditions during 5 consecutive compression/expansion cycles of 

the air/water interface in a surface pressure vs. area experiment. The data are shown in figure 

20 A. The red curves refer to surface loaded DF-HSA films prepared by spreading 10 

droplets 0.1 mg/ml, while the blue curves correspond to layers formed by bulk adsorption 

from solutions with equivalent final bulk concentrations. The data are shaded from light to 

dark over the consecutive cycles and the large difference can be attributed to the different 
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experimental methodologies used. In particular, the surface pressure vs. area isotherms of 

adsorbed layers of DF-HSA (a, blue curves) start at a value that is close to 0 mN/m and it 

remains almost constant over the whole first cycle. Adsorption is limited by diffusion
127

and, 

at this low concentration of protein, it takes much more time before enough material is 

present at the interface to decrease significantly the surface tension of the solution. Over the 

next cycles, the surface pressure increases steeply at high compression of the interface, which 

is consistent with slow bulk adsorption. It is worth noting that the expansion curves have 

exactly the same behavior as during the compression, which indicates that adsorption of 

protein from the bulk solution occurs on longer time scales than the cycle period and that the 

protein films are in a fluid phase. 

 

Figure 20 - (A) Surface pressure/area isotherms of 5 compression/expansion cycles on a Langmuir trough for 10 droplets of 

0.1 mg/cm3 DF-HSA in SPB both for (a) adsorption from a pre-mixed solution and (b) a spread film; the diagonal red arrows 

indicate the direction of compression/expansion in the latter case; the vertical black arrows indicate the progression of the 

data, shaded from light to dark over the cycles. (B) Corresponding time-resolved surface excess measured using 

ellipsometry. The compression rate was set to 8.2 mm/min and kept constant over the measurement. 

The surface pressure vs. area isotherms of the spread films start at 3 mN/m, and the value 

increases up to 23 mN/m during the first compression. Upon expansion, the behavior changes 

and three different surface pressure regimes can be identified. At first, the surface pressure 

relaxes quickly. Then, it reaches a pseudo-plateau and, in the end, it relaxes to lower values 
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than those during the compression of the interface, i.e. at the same surface area. After, a 

limiting cycle is reached, with the maxima in surface pressure decreasing only slightly. 

Surface pressure measurements alone were not sufficient to resolve the nature of the 

hysteresis observed during the cyclic compression and expansion of the interface. Moreover, 

since a decrease in surface pressure is observed from one cycle to the following, there was 

the possibility that there was a gradual loss of material upon compression from the interface 

to the bulk. To examine whether or not desorption of the protein molecules occurs when the 

surface is compressed, the surface excess of spread DF-HSA films was followed by the 

means of in situ dynamic ellipsometry measurements. The data are displayed in panel B of 

figure 20. The minima represent the surface excess of the fully expanded trough, while the 

missing data represent full compression; they were not accessible due to the fact that the laser 

beam hit the moving barrier. These data show clearly that the decrease in surface pressure at 

full compression over the consecutive cycles cannot be attributed to any material loss, as the 

surface excess of the fully expanded through is always at the same value. The large hysteresis 

observed may be interpreted instead in terms of the coalescence of the protein islands during 

the compression of the trapped layer and by its pulling apart during the expansion until a 

limiting behavior with higher stability is reached.  

To date, this was the first time that the surface pressure behavior under dynamic conditions 

was related to morphological features of the interface rather than thermodynamic variables. 

These results were published in 2015,
127

 and experience had been gained in the primary 

experimental methodologies and techniques ready for work on spread films from aggregates 

in oppositely-charged P/S mixtures. 
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3.2 NaPSS/DTAB spread films from neutral aggregates 

The scope to control and tune the formation of surface loaded membranes composed of 

oppositely-charged P/S mixtures by exploiting the Marangoni effect is the core idea of this 

thesis. In this particular chapter, attention is focused on surface loaded P/S films prepared by 

spreading neutral NaPSS/DTAB aggregates from aqueous media at the air/water interface. In 

order to demonstrate the non-equilibrium nature of these films, the effects of the sample 

history are investigated as well, i.e. by comparing the results of spread films from neutral P/S 

aggregate mixtures with adsorbed layers formed by bulk adsorption of pre-diluted solutions 

of the two components with equivalent total final bulk concentration. The investigation has 

been carried out under both static and dynamic conditions.  

Before the surface properties of NaPSS/DTAB spread films from neutral aggregates are 

described, a brief discussion about the charge neutrality point is needed. Figure 21 contains 

electrophoretic mobility data and O.D.400 measurements for the 100 ppm 17-kDa 

NaPSS/DTAB mixtures with respect to the surfactant concentration. The combination of 

these two techniques is a useful tool for the characterization of the bulk phase behavior and 

the extent of surfactant binding at the point of charge neutrality. 

 

Figure 21 - Electrophoretic mobility data (red diamonds) and O.D400 measurements (blue squares) of freshly mixed 

NaPSS/DTAB samples. Lines joining the data are to guide the eye. The black arrow indicates the point of charge neutrality. 

The electrophoretic mobility of the P/S aggregates changes from negative to positive as the 

surfactant concentration is increased. At charge neutrality (6.0 mM), the electrophoretic 

mobility of the aggregates is zero, as their motion is not affected by the presence of an 

electric field. At the same point, the optical density of the P/S dispersion is at its maximum, 
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indicating the formation of a large number of compact aggregates, containing many 

polyelectrolyte chains. It has been demonstrated that the surface properties of P/S mixtures 

are determined by the direct interaction of P/S aggregates with the air/water interface.
92

 This 

interaction can arise from several non–equilibrium mechanisms, such as convection,
110

 re-

dispersion
91

 and sedimentation/creaming,
145

 which can result either in depletion of surface 

active material or enhancement of the surface excesses of the components of a P/S mixture. 

In addition, it has been observed in a study conducted on a related P/S system that only 

charged aggregates were detected in the interfacial layer, while neutral aggregates were not 

detected, indicating that they spread to form a homogenous layer when in contact with the 

air/water interface.
111

 It is worth pointing out that these studies were done on relatively 

concentrated P/S mixtures, i.e. in concentration ranges comparable to that of the spreading 

aliquots used for spreading in this thesis. The aim of this chapter is to demonstrate that 

similar effects can be exploited also in highly diluted P/S systems, since films are prepared by 

spreading small aliquots of relatively concentrated P/S mixtures onto a large volume of pure 

subphase by directly contacting the neutral P/S aggregates mixtures with the bare air/water 

interface. 

Neutral P/S aggregate mixtures are not stable due to the lack of colloidal stability caused by 

the lack of charges on their surface. These aggregates grow in size from a few hundreds of 

nanometers (500 ± 50 nm) up to one micrometer within 10 minutes, as observed by dynamic 

light scattering (DLS) measurements. In figure 22, the apparent hydrodynamic diameters of 

the aggregates are reported as a function of time after mixing the components. Due to high 

turbidity of the freshly prepared NaPSS/DTAB mixtures, in order to overcome multiple 

scattering issues, the samples were diluted tenfold with 5.5 mM DTAB solution. This 

concentration corresponds to the amount of free surfactant present in the mixture, which is a 

well-defined quantity at the point of charge neutrality since it corresponds to the number of 

polyelectrolyte monomers in the mixtures (0.5 mM). Since, in this way, the chemical 

potential of the free surfactant is kept constant in the P/S mixture, the surfactant binding is 

not affected by the dilution. At the same time, the aggregation rate and the concentration of 

the aggregates decrease sufficiently to allow the characterization of hydrodynamic size of the 

NaPSS/DTAB aggregates by DLS. In detail, aliquots of the NaPSS/DTAB mixtures were 

taken at regular time intervals, diluted and the aggregate size was analyzed. 
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Figure 22 – Average hydrodynamic diameter (size) of NaPSS/DTAB aggregates with respect to the sample age (time) 

measured by dynamic light scattering measurements; the inset shows the size distributions of 4 samples as labeled in the 

main panel. The line joining the data is only to guide the eye. Each mixture was diluted with 5.5 mM DTAB solution to 

reduce multiple scattering, a procedure that did not change the physical state of the aggregates. 

To prevent further aggregation and precipitation of the formed NaPSS/DTAB aggregates, the 

freshly prepared P/S mixtures were used within one minute after mixing. 

The possibility of forming loaded NaPSS/DTAB membranes by exploiting the Marangoni 

spreading and the dissociation of the neutral aggregates was investigated by dynamic 

ellipsometry measurements at the static air/water interface of liquid contained in a 7-cm 

diameter Petri dish made of glass. The total volume of the subphase was 25 ml. 100 µl of the 

freshly mixed P/S mixtures were dispensed onto the interface, drop by drop, with a 

micropipette. To prevent the droplets falling from a height, the pipette was kept at an angle of 

45°, the droplets were collected at the tip of the pipette and spread by letting them gently 

touch the surface. In figure 23, the time-resolved surface excess of NaPSS/DTAB spread 

films from neutral aggregate mixtures (A) is compared with that of adsorbed layers formed 

by bulk adsorption of the pre-diluted components (B) mixed using the 1:1 v/v standard 

mixing approach developed previously.
113

 The final bulk concentrations were identical for the 

two different methods. In this case, to avoid significant errors that would be introduced 

through modelling the ellipsometry data, using the approach described in chapter 2.2.4, due 

to anisotropy in the dielectric profile normal to the interface, the dynamic phase shift 

measured by ellipsometry was scaled to the a direct measurement of the surface excess 

measured by NR; see later in figure 24. To emphasize the role of aggregate dissociation, 

spread films and adsorbed layers were also prepared in absence of aggregates, either by 

spreading small aliquots NaPSS/DTAB mixtures at a composition of 100 ppm NaPSS and 0.4 
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mM DTAB (C) or by adsorption from solutions of the pre-diluted components, so that the 

final bulk concentrations are again matched (D, 0.4 ppm NaPSS and 1.3 µM DTAB). To 

highlight the importance of the polyelectrolyte, the average surface excess of three 

independent measurements after spreading 100 µl of 6.0 mM DTAB solutions in absence of 

NaPSS (E) is reported as well. 

 

Figure 23 - Ellipsometry measurements of the total surface excess of NaPSS and DTAB. The values are scaled to that of 

sample A measured directly using NR. Samples A and C are spread films while samples B and D are the respective adsorbed 

layers with equivalent amounts of the components; the spread films were prepared using 100 μL aliquots of 100 ppm, 17-

kDa NaPSS with (A) 6 mM and (C) 0.4 mM DTAB dispensed on 25 mL of pure water in a static trough; sample E is the 

average of 3 repetitions of A in the absence of NaPSS. 

These data revealed some interesting points. First, a substantially higher surface excess is 

obtained by spreading (A and C) in a very short time than by adsorption from the bulk of the 

two components (B and D), which is evidence that the film formation is initiated by fast 

Marangoni spreading. In fact, the surface tension of the freshly mixed NaPSS/DTAB aliquots 

of sample A and C is roughly the same, around 44 mN/m.
93

 Equilibration with the bulk is not 

accessible on the experimental time scale, i.e. a kinetic barrier resulting from the entropic 

contribution of counter-ions released in the bulk, prevents the dissolution of the film. This 

underlines the non-equilibrium nature of P/S films prepared by spreading since the surface 

excess of the equivalent adsorbed layer increases slowly and never reaches that of spread 

films. Further pieces of evidence are given in the next chapter, where long-time ellipsometry 

measurements are reported. Second, the surface excess is boosted when aggregates are 

present in the spreading aliquot. Indeed, the initial surface excess of sample A is 4–5 times 

higher than that of sample C. This difference cannot be attributed to the additional surfactant 

in sample A (6 mM) compared to sample C (0.4 mM), as the surface excess of a film spread 
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from 6 mM DTAB solution, like in sample A but in the absence of polyelectrolyte (E), is 

minimal. Nor can it be attributed to the total concentration of polyelectrolyte since it is 

equivalent in both sample A and sample C. This means that the Marangoni effect of the 

individual components alone is not sufficient to rationalize the film formation. Instead, it 

must be the fast dissociation of P/S aggregates upon contact with the subphase that enhances 

the surface excess. As only a very small amount of materials is used to form substantial 

interfacial films, this process may be appealing in terms of industrial applications where very 

thin films of polyelectrolyte are involved. The benefits of spreading P/S mixtures could be 

significant as this approach is 1) quick, because film formation occurs on the sub-second time 

scale; 2) efficient and cost-effective, as only a very small amount of surface active material is 

required to form a trapped P/S film; 3) eco-sustainable, as the only solvent used in all the 

steps of the preparation (synthesis excluded) is water. 

In a next step, the investigation of the surface properties of NaPSS/DTAB films spread from 

neutral aggregate mixtures was performed under dynamic conditions, both in terms of surface 

pressure and surface excess of the two components. For this purpose, the surface pressure vs. 

area isotherms were recorded during 5 consecutive compression/expansion cycles of the 

air/water interface, while the surface excess was derived by in situ NR measurements using 

the low-𝑞 analysis approach. The two sets of data are reported respectively in panels a and b 

of figure 24. Note that this was the first time that the method had been applied to resolve the 

interfacial composition of a mixture during a dynamic measurement.
 

 

Figure 24 – a) Surface pressure vs. area isotherms of 5 compression/expansioncycles of NaPSS/DTAB films spread from neutral 

aggregates. The cycles are displayed progressively darker in shading. The black arrow indicates the general progression of the time, 

while the red arrows represent the progression of time in a cycle; b) stoichiometry of NaPSS/DTAB spread films derived in situ. The 

dashed line indicates the start of the compression. Full compression and expansion are marked respectively by maxima and minima. 
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The surface pressure of the films (panel a) starts at around 15 mN/m, and it increases steeply 

to 28 mN/m during the first cycle. It is worth noting that this surface pressure coincides with 

that of the spreading aliquot,
93

 which is far more concentrated (250 times) than the final total 

bulk concentration of the systems with the spread films. During the compression, as expected, 

the surface excess of both surfactant and polyelectrolyte increases. Eventually, the two values 

reach a limit, and the onset of the plateau coincides with that of the surface pressure 

(indicated by the green circle in panel b). Upon expansion, high hysteresis is observed only 

during the first cycle, after which the system relaxes to lower surface pressures than that at 

the start of the first compression. Thanks to the application of NR, this feature can be 

attributed to the squeezing out of material during the first compression. In fact, the positions 

of the following maxima of the surface excesses also shift to lower values than the first, 

indicating that some material was lost to the bulk. For the consecutive cycles, a limiting 

behavior was reached and the film behaved like perfectly insoluble monolayer. This was the 

first time that the surface excess of an organic mixture was resolved in situ during a 

Langmuir experiment.  

The loss of material that occurred upon compression was also observed in real space by 

performing BAM imaging of the air/water interface under dynamic conditions (figure 25). 

The background was subtracted and automatic focusing was disabled, due to the highly 

dynamic nature of the interface. The same gamma-correction was applied to all the images in 

order to emphasize the morphological feature.  

 

Figure 25 - BAM images of NaPSS/DTAB films spread from neutral aggregates during the compression at surface areas of 

(A) 260 cm2, (B) 160 cm2 and (C) upon expansion at a surface area of 210 cm2. The scale bars are 100 micrometers. 

These images show that a change in the morphology of the film occurs when the material is 

squeezed out from the interface. At low compression ratio (A), no lateral inhomogeneity are 

displayed and the intensity of the reflected beam is constant (grey in this image). When the 

interface is fully compressed (B), linear ripples with increasing intensity (light-grey bands) 
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appear, which are alternated to dark bands. During this phase, the monolayer buckles and 

material is lost to the bulk of the aqueous subphase. These ripples disappear during the 

expansion, as the surface pressure relaxes, and an optically homogenous film is left (C). 

These data from the applied techniques together show that non-equilibrium P/S films can be 

easily formed by exploiting the Marangoni spreading and aggregate dissociation of highly 

surface active NaPSS/DTAB mixtures, upon contact with the air/water interface. The 

presence of aggregates in the spreading aliquot is crucial, as their dynamic dissociation upon 

contact with the interface is needed to boost the surface excess of both components. In 

particular, it is important noting that, in this system, more than one-third of the 

polyelectrolyte present in the spreading aliquot has been confined to the interface, and this is 

a surprising result because of two reasons. The first is because the polyelectrolyte alone is not 

surface active and it is only encapsulated in liquid crystalline aggregates, the dissociation of 

which at the interface allows it to become trapped. The second, and more relevant reason, is 

that these experiments proved that non-equilibrium effects play a major role in the 

determination of the surface properties of P/S mixtures even in very dilute conditions, 

depending on the sample handling. Lastly, films spread from NaPSS/DTAB neutral 

aggregates are trapped in a metastable state, which can persist for a very long time after 

spreading, and the films are durable and stable even when the surface is mechanically 

perturbed. Even so, to develop this methodology for technological applications, further work 

on different systems with respect to a range of variable was clearly required. The results 

described in this chapter were published in 2016,
102

 and the work paved the way for an 

investigation on the effects of the aggregate charge/structure on the physical properties of 

PSS/DTAB. 
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3.3 Effects of aggregate charge/structure on the properties of NaPSS/DTAB films 

at the air/water interface under static and dynamic conditions. 

The effects of the aggregate charge/structure on the formation and the properties of 

NaPSS/DTAB spread films are the center of attention in this chapter. This work allows the 

establishment of a relation between the bulk phase behavior of oppositely-charged P/S 

mixtures and the resulting spread films at the bare air/water interface. Aggregates with 

different charge/structure were prepared by rapidly mixing equal volumes of 200 ppm NaPSS 

stock solution and DTAB solution over a broad range of concentrations, i.e. by keeping the 

concentration of the polyelectrolyte fixed, while varying the amount of surfactant. The 

protocols used for the production of the spread films and corresponding adsorbed layers were 

the same as those described in chapter 2.1.2 and used in the investigation of films spread 

from neutral NaPSS/DTAB aggregates in chapter 3.2. 

The surfactant concentration range was chosen in such a way to explore the whole spectrum 

of bulk phase behavior of NaPSS/DTAB mixtures. Each bulk DTAB concentration was 

selected in order to be representative of a different physical state of the 100 ppm 

NaPSS/DTAB system. For this purpose, time-dependent O.D400 measurements as well as 

electrophoretic mobility data were used. These experiments were performed by varying the 

concentration of surfactant in the spreading aliquots over the range 0.4–25 mM. The optical 

density data are reported in figure 26 for the freshly mixed NaPSS/DTAB mixtures as well as 

for the 1-month settled samples. In the latter case, the optical density measurements were 

performed on the supernatant. The latter data are quite useful to identify the regions in the 

phase diagram where kinetically-trapped aggregates are present. The range of concentrations 

in which precipitation occurs, i.e. the equilibrium two-phase region, is shaded in yellow. The 

point of charge neutrality is marked by a vertical dashed line. Note that the electrophoretic 

mobility data for the 100 ppm NaPSS/DTAB mixtures have been shown previously in figure 

21. 

Close to charge neutrality (samples D, E, F in figure 26), the optical density of freshly mixed 

NaPSS/DTAB mixtures is high due to the formation of macroscopic P/S aggregates in which 

many complexes are stuck together due to a lack of charge at their surface, and hence lack of 

electrostatic stabilization. The colloidal stability of the aggregates is compromised and the 

system evolves toward the equilibrium two-phase regime (phase separation). When these 

samples are left to settle for one month, the optical density of the supernatant decreases 

drastically until the precipitate is fully settled (yellow area in figure 26). The optical density 
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of freshly mixed samples decreases either at lower or higher bulk surfactant concentrations 

than the boundaries of the yellow area, i.e. away from the equilibrium two-phase region. In 

these regions, the species formed upon mixing have colloidal stability thanks to the excess of 

either polyelectrolyte segments, on the left of the equilibrium two-phase region (negatively 

charged), or the excess of surfactant (right side, positively charged), which inhibits 

aggregation. Consequently, the turbidity of the P/S mixtures is decreased. However, one 

month after mixing, the turbidity of NaPSS/DTAB mixtures prepared in this range of 

compositions, is still quite high due to the slow coagulation rate of these samples, which is 

directly connected to the electrostatic stability of the aggregates, provided by the excess of 

either of polyelectrolyte segments or surfactant molecules (sample B, C and G, H). 

At very low concentrations of surfactant (sample A), the turbidity is minimal, indicating that 

only individual molecular complexes of micelle-like surfactant architectures wrapped by 

individual polyelectrolyte chains are formed in this region. These structures are in 

equilibrium with the free surfactant molecules in solution, therefore here the NaPSS/DTAB 

mixtures are equilibrium one-phase systems. 

 

Figure 26 – O.D.400 of 100 ppm, 17 kDa NaPSS/DTAB mixtures vs. the total DTAB concentration for freshly mixed 

samples (blue circles) and aged for one month (green triangles). The equilibrium two-phase region is shaded in yellow. The 

vertical dashed line identifies the bulk composition of charge neutrality. The letters A to H correspond to the bulk 

compositions of mixtures used to form spread films. 

This investigation showed that for the 100 ppm 17 kDa NaPSS/DTAB mixtures, aggregates 

are produced over a broad range of surfactant concentration. By combining this information 

with the generally accepted physical picture about the bulk phase behavior of P/S 

systems,
79,90-92

 it was possible to select eight bulk compositions for preparing spread 
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NaPSS/DTAB films at the air/water interface, so that each sample was representative of a 

different physical state of the particular P/S system.  

In order to minimize the size of the aggregates formed, each spreading aliquot was used 

within one minute after mixing, as in the previous investigation on the properties of 

NaPSS/DTAB spread films from neutral aggregates the sizes of the aggregates were found to 

be approximately 500 ± 50 nm (figure 22). Here, it was assumed that the sizes of charged 

aggregates are smaller because of slower or inhibited aggregation. It is important to bear in 

mind that both the charge and the structure of the aggregates change as the surfactant 

concentration is varied. Therefore, it is not possible to distinguish between the two effects 

and, for this reason, the terminology “charge/structure” is adopted. A summary of the 

physical characteristics of the eight samples in figure 26 (labeled A–H) is shown in table 2.
 

Table 2. Summary of the physical characteristics of eight different bulk compositions of NaPSS/DTAB mixtures. 

Label [DTAB] / mM Characteristics 

A 0.43 Equilibrium one-phase region; negligible amount of aggregates; 

moderate in size; swollen in structure; high negative charge. 

B 1.0 Equilibrium one-phase region; small amount of aggregates; moderate in 

size; swollen in structure; high negative charge. 

C 2.5 Equilibrium one-phase region; moderate amount of aggregates; 

moderate in size; swollen in structure; high negative charge. 

D 4.5 Equilibrium two-phase region; large amount of aggregates that lack 

colloidal stability; becoming larger in size; becoming more compact in 

structure; low negative charge. 

E 6.0 Equilibrium two-phase region; large amount of aggregates that lack 

colloidal stability; largest in size; compact in structure; charge neutral. 

F 10 Equilibrium two-phase region; large amount of aggregates that lack 

colloidal stability; becoming smaller in size; compact in structure; low 

positive charge. 

G 15 Colloidal aggregate dispersion; large amount of stabilized aggregates; 

moderate in size; compact in structure; positive charge. 

H 25 Colloidal aggregate dispersion; large amount of stabilized aggregates; 

smallest in size; compact in structure; high positive charge. 

Next, the effects of the aggregate charge/structure on film formation as well as the resulting 

physical properties of NaPSS/DTAB spread films were investigated under static conditions 

by the means of dynamic ellipsometry measurements. Hereon, the variation of the phase shift 

with respect to the bare interface is shown instead of the surface excess. The latter quantity 

can be calculated accurately for homogenous layers. Any inhomogeneity present in the layer 
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could lead to an erroneous interpretation, even for a single component system.
128,129

 

Alternatively, one can rely on the calibration of the ellipsometry data with other techniques, 

as it has been done in chapter 3.2 of this thesis. However, here the investigation is carried out 

as a function of several experimental variables, namely the bulk surfactant concentration 

(charge/structure of the aggregates), the sample history and the sample age. Furthermore, the 

effects of each of them on the dielectric function in the normal direction to the interface are 

unknown a priori. This imposes a limitation on the use of a calibration curve for attaining 

surface excess in a reliable way. Moreover, the partial coverage of the surface and/or the 

presence of embedded aggregates in the spread films can affect the measured values either 

positively or negatively. For all of these reasons, it is preferred to report only the variation of 

the phase shift, as it still carries information about the relative surface excess anyway. The 

variations of the phase shift with respect to the bare interface are displayed in figure 27, for 

both spread films (panel a) and adsorbed layers from solutions with equivalent total final bulk 

concentrations of the two components, each one pre-diluted separately before mixing (panel 

b). Data from samples with the same final bulk concentrations, but different sample handlings 

are displayed with matching colors. Each mixture used for spreading was prepared by rapidly 

mixing the same volumes of 200 ppm NaPSS stock solution with DTAB solutions at 

concentrations equal to double of that in figure 26, from A to H. After, a 100 µl aliquot of 

each freshly mixed P/S mixture was dispensed by dropwise addition onto each bare air/water 

interface. The ellipsometry measurements were started immediately after spreading. 

From the data in figure 27, several observations can be made. First, it is demonstrated that 

over the whole composition range investigated, films with enhanced surface excess are 

formed by spreading rather than by adsorption from the bulk of solutions of the two pre-

diluted components. In particular, the relative initial surface excess of spread films is 5 to 20 

times higher than that of the corresponding adsorbed layers (small inset in panel b of figure 

27). Second, it is shown that the surface excess is boosted further when a large number of 

aggregates are present in the spreading aliquot (sample C to H). It is interesting to note that 

the relative surface excess is equivalent to that of the interface of a 250-fold concentrated 

NaPSS/DTAB mixture in the one-phase region, i.e. at the same composition of the aliquot of 

sample A, represented as a dashed line in the inset of figure 27 a. This value was taken as a 

reference for a saturated equilibrium adsorbed NaPSS/DTAB layer.  
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Figure 27   Variation of the phase shift of (a) spread films and (b) adsorbed layers of NaPSS/DTAB on pure water. Longer 

measurement of the spread film of sample H (grey) and the adsorbed layer of sample E (pale blue) are shown in the small 

inset to panel a. The reference for the saturated layer is indicated by a dashed line. The inset to panel b contains the ratio of 

the initial phase shifts of the spread films to the corresponding adsorbed layers. 

It may be noted that most of the data in figure 27 b have not reached equilibrium during the 

30-minute measurements. For this purpose, the phase shift of the corresponding adsorbed 

layer of sample E was monitored for 8 hours (light blue curve) and compared to the reference 

for a saturated layer (dashed line), in the small inset in figure 27 a. This proved that the 

exploitation of the quick dissociation of aggregates upon contact with interface, in 

combination with the fast Marangoni spreading, is not simply a very fast and efficient way of 

producing P/S films with enhanced surface excess at the air/water interface, but it also results 

in kinetically-trapped films, which are very stable over time. 

Through a closer look at the data presented in figure 27, some differences in the signals of 

films spread from negatively charged/swollen aggregates (sample D) and those of films 

spread from positively charged/compact aggregates (sample F to H) can be spotted. 

Specifically, the ellipsometric signals up to sample D were stable in time, while those of 

sample F to H exhibit temporal fluctuations, which become more and more marked as the 

charge of the aggregates increases. Such fluctuations may be attributed to large domains of 

extended structures at the air/water interface, such as multilayer P/S stacking or reservoirs of 

surface active material, or possibly to intact aggregates embedded in the surface film. Due to 

the highly mobile nature of the interface, such extended structures would be detected only 

when they pass through the region of the interface sampled by the laser spot (a few mm
2
) and 
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by passing in and out of this area, they would cause the temporal fluctuations of the 

ellipsometric signal as it has been observed previously for different P/S systems.
92,113

 It can 

be noted as well that the general trend of the signals of samples F to H indicates a constant 

decrease in time, which is more marked in sample H. This behavior can be attributed to a 

continual loss of material from the interface to the bulk, until a more stable state is reached. 

In order to investigate the kinetics of relaxation of the surface excess, 8-hour ellipsometry 

measurements of sample H were performed. This sample was chosen as it did not relax fully 

over 30-minute measurements. These data are represented by the grey line in the small inset 

of figure 27 a. A stable signal is attained almost five hours after spreading, with the phase 

shift decreasing continually and with visible fluctuations until then. Surprisingly, the 

variation of the phase shifts of films spread from highly positive charged/compact aggregates 

exceeds that of an equilibrium saturated layer (dashed line in the same inset), indicating that, 

effectively, the surface excess can be boosted even more when positively charged/compact 

aggregates are present in the spreading aliquot, or that aggregates embedded in the films 

contribute to the signal. 

 

Figure 28 - Surface excess of DTAB in spread films prepared from NaPSS/DTAB mixtures on pure ACMW measured using 

NR for three different surface ages: 6 min (open black circles), 8 min (open red triangles), and 10 min (open blue squares). 

The monolayer coverage is represented by the horizontal dashed line. The small black arrow indicates the general flow of 

time. 

Lastly, the accurate quantification of the DTAB surface excess was attained by kinetic NR 

measurements, which are displayed in figure 28 for three different surface ages. These 

samples were measured on FIGARO using a larger Langmuir trough which contained 125 ml 

of subphase, in this case ACMW to tune the isotopic contrast to the needs of the experiment. 
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Therefore, the spreading aliquots were rescaled by volume up to 500 µl in order to keep 

constant the final bulk concentrations.  

To resolve the composition of the spread films, only two contrasts, i.e. hydrogenous 

polyelectrolyte + deuterated surfactant in ACMW (h-NaPSS and d-DTAB) and hydrogenous 

NaPSS + contrast matched surfactant (h-NaPSS and cm-DTAB) in ACMW were needed. The 

contribution to the scattering of the first contrast comes from both components, while it 

depends only on the h-NaPSS content since the cm-DTAB as well as the ACMW are made 

invisible to neutrons. Due to the higher scattering of the first contrast than that of the second, 

one-minute kinetics scans were sufficient to collect quantitative data on the surfactant, while 

two-minute scans were needed to resolve the polyelectrolyte contribution. The surface excess 

of the surfactant was derived by solving simultaneously Eqs. 43 and 44. 

NR data are in good agreement with those attained from ellipsometry and besides providing a 

direct measurement of the surface excess of the surfactant, they carry two important 

confirmations. The first is that the monolayer coverage is exceeded only when compact 

aggregates with high positive charge are spread. Second, the material is lost from the 

interface with time. The surface excess of the surfactant decreases continually, as indicated 

by the black arrow in figure 28. Furthermore, these data are evidence that film formation is 

optimal when a large number of aggregates are present in the spreading aliquots. 

In order to investigate further the influence of the charge/structure of the aggregates on the 

properties of spread P/S films, and to see if there are other differences in terms of aggregates 

spreading and dissociation, 5 stepwise additions, each one of 100 µl and equally spaced in 

time of 5 minutes, were performed for spread films from aggregates with different 

charge/structure, specifically samples D, F, G and H. The investigation was carried out once 

more at the static air/water interface by the means of dynamic ellipsometry measurements. 

The data are shown in figure 29. The value of the phase shift of the bare interface is zero. 
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Figure 29 - Ellipsometric phase shift of five additions of aliquots containing aqueous aggregates with different 

charge/structure on pure water. Each addition is marked with an arrow and a number. 

This experiment showed that 5 additions of P/S aliquots containing aggregates with either 

low negative charge (sample D) or low positive charge (F) do not cause a significant increase 

of the ellipsometric signal, which always remains close to the reference value for a saturated 

monolayer. The situation changes dramatically when compact aggregates with high positive 

charge are used (samples G and H). The successive additions of these mixtures cause the 

successive loading of the interface with big fluctuations of the ellipsometric signals. It may 

be inferred that small compact aggregates with high positive charge embedded in the 

monolayer trigger the formation of extended structures of surface active material.  

To see if it was possible to visualize these extended structures in the real space, BAM images 

of sample H were recorded for 5 different surface ages (figure 30). 
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Figure 30 - BAM images of (a) a bare air water/interface, and (b–f) a spread film prepared by spreading a 100 μL of sample 

H. The sample ages for the films are (b) 5 min, (c) 15 min, (d) 1 h, (e) 2 h and (f) 15 h. The scale bars are 100 µm. 

These experiments were carried out by using only the p-component of the polarized laser 

beam. In this way, background subtraction was not needed. Moreover, since the bare 

interface does not reflect this component, an optically homogeneous layer will be visible 

through the variation of the signal intensity. The bare interface is shown in panel a as 

reference. Immediately after spreading, the intensity of the reflected beam was too high to 

visualize any inhomogeneity. Five minutes later (panel b), bright domains with round 

contours start appearing. These domains are surrounded by an optically homogenous P/S 

layer, visible in grey in the images. The high brightness of these domains indicates that those 

regions contain more material than the gaps. The round shapes can be attributed to the nature 

of the spreading process. The material is spread radially by Marangoni flow from the location 

where the droplets touch the subphase. As the addition proceeds drop by drop, the process 

creates consecutive waves of material that result in the irregular round shape of the domains 

of extended structures. As time passes and the material is lost from the interface to the bulk, 

the intensity of the reflection decreases and the shapes of the domains vary. In particular, 

smaller worm-like domains start to appear after 15 minutes (panel c), and a few hours later 

(panel d and e) the round domains are not visible anymore. A homogeneous layer, within the 

micrometer resolution of the technique, is formed 15 hours after spreading (panel f). It is 
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worth pointing out that similar extended structures in P/S systems had already been observed 

in concentrated mixtures of carboxymethyl-cellulose with cationic surfactants.
146

 However, 

the study presented in this thesis demonstrates that extended structures can persist even in 

very dilute conditions, depending on the sample history. 

In chapter 3.2, the mechanical properties of NaPSS/DTAB spread films from neutral 

aggregates were investigated and it was found that they behave as perfectly insoluble 

membranes, despite the high solubility of the two components in aqueous media at the same 

low final bulk concentrations. What remained to investigate were the effects that the 

aggregate charge/structure would have and if the formation of extended structures can be 

induced by compressing the interface. Thus, 5 consecutive compression/expansion cycles of 

the interface were performed for films spread from sample D and F. It is worth remembering 

that these two samples represent two different aggregation states, negatively charged/swollen 

and positively charged/compact aggregates, respectively. Sample F was chosen over sample 

G and sample H as its phase shift was almost stable after spreading at the static air/water 

interface on experimentally accessible time scales. In addition, small fluctuations of the 

signal were detected when 5 consecutive aliquots were spread at the interface, indicating that 

extended structures are formed also for this sample. During the 5 cycles of the interface, the 

surface pressure was monitored continuously and the surface excess of the two components 

was derived from in situ NR kinetic scans, thanks to the low-𝑞 analysis approach. The data 

are shown in figure 31. Maxima and minima in the surface excess (panel a and panel c) mark 

full compression and full expansion, respectively, of the samples spread from negatively 

charged aggregates (sample D, panel a) and positively charged aggregates (sample F, panel 

c). Surface pressure data and the DTAB surface excess during the first compression are 

plotted together in panels b and d. The small insets to panels a and c contain the surface 

pressure data of the whole 5 cycles. 
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Figure 31 - Surface excesses of NaPSS (blue circles) and DTAB (red squares) during 5 compression/expansion cycles of a 

film spread on ACMW from aggregates of (a) sample D and (c) sample F. The surface pressure data are shown in the insets. 

The surfactant surface excess (red squares) and surface pressure (black line) during the first compression are shown in panel 

b and d, respectively. 

The surface pressure behavior of films spread from negatively charged/swollen aggregates 

(sample D) is very similar to that of spread films from neutral aggregates (chapter 3.2) with 

the surface pressure reaching its plateau value at around 29 mN/m as well as a plateau in 

surface excess at around 3.2 µmol/m
2
 (figure 31 b). These data are consistent with the 

presence of a monolayer of surfactant molecules bound to polyelectrolyte segments in a 1:1 

molar ratio. Another common feature of figure 31 a and the data attained for spread films of 

neutral aggregates is that the excess of material is squeezed out during the first compression, 

and consequently the maxima in the surface excess plot are shifted to lower values. Upon 

expansion, both surface pressure and surface excess relax to a lower value than those 
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achieved upon compression. From the second cycle, a limiting behavior is reached and the 

films behave like an insoluble monolayer.  

Films spread from positively charged/compact aggregates (sample F) behave in a different 

way, both in terms of their surface mechanical properties and surface excess. During the 

compression of the interface, they also reach a plateau in surface pressure at around 29 

mN/m, but this time the surface excess keeps increasing even when the surface pressure has 

leveled off at its plateau value (figure 31 d). Moreover, the surface excess values of these 

films, immediately after spreading, are comparable to that of sample D at full compression, 

indicating that more material is delivered at the interface when positively charged/compact 

aggregates are used for the film preparation. These features can be explained in terms of the 

formation of extended structures of both components, in contrast to the formation of 

polyelectrolyte loops beneath a surfactant layer, which is unfavorable because of the low 

ionic strength of the system. Upon expansion, a significant delay in the relaxation of the 

surface pressure is observed (green arrow in the small inset to panel c). This hysteresis can be 

attributed to the fast resupply of surface active material from the extended structures, which 

in this sense behave as reservoirs of material. Over the remaining cycles, only a minimal 

decrease in surface excess is observed, while the hysteresis upon expansion persists, 

indicating that the formation of the extended structures continually occurs during the 

successive compressions of the interface. The stoichiometry of the interface is consistent with 

the one-to-one molar charge ratio, as observed for film spread from negatively charged and 

neutral aggregates. However, a small deviation from this ratio is observed at full expansion. It 

may be inferred here that this deviation is caused by the presence of embedded aggregates 

with high surfactant content in the surface layer. 

Once more, the formation of the extended structures was observed in real space by the means 

of BAM. These images are shown in figure 32 for six different surface areas, upon 

compression. The investigation was carried out on spread films from sample F. In this case 

higher compression of the surface, i.e. lower value of the total surface, was achieved by using 

a longer Langmuir trough. 
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Figure 32 - Brewster angle microscopy images of a NaPSS/DTAB film spread from aggregates of sample F with surface 

areas of: (a) 700 cm2, (b) 400 cm2, (c) 250 cm2, (d) 180 cm2, (e) 100 cm2 and (f) 85 cm2.  

The BAM images show that a homogeneous layer is formed upon spreading, or at least no 

optical inhomogeneity was detected in the surface layer immediately after spreading (a). 

However, the intensity of the reflected beam was higher than that of the bare interface, 

consistent with the presence of a homogenous monolayer. Upon compression, the intensity of 

the reflection increases in a consistent way with the formation of a denser layer (b). The 

extended structures start to be visible as alternate bright and dark bands, perpendicular to the 

direction of compression, at values of the surface area between that of panel b and c, which is 

close to the compression ratio used in the NR experiments. Further compression resulted in a 

higher intensity of the reflected beam from the extended structures (c to f). Similar 

morphologies have been reported already for multilayer and/or extended structure formation 

in different systems at the air/water interface.
147,148

 Since the composition of both 

components in films spread from aggregates with different charge/structure under dynamic 

conditions are similar to some extent, and the total bulk concentrations of the systems are 

highly dilute (250-fold), it is reasonable inferring that the formation of extended structures, in 

which the amount of the two components exceeds that of a full monolayer, is activated only 

when compact/positively charged aggregates are embedded in the surface films. 
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To summarize, in this chapter the investigation of film formation in spread films from 

NaPSS/DTAB aggregate dispersions has been extended to the effects of the aggregate 

charge/structure. It has been shown that spread films from NaPSS/DTAB aggregates 

dispersions are out of equilibrium, regardless of the charge/structure of the aggregates in the 

spreading aliquots. Indeed, the relative surface excess of films prepared by spreading is 

always above that of adsorbed layers from solutions with equivalent final bulk 

concentrations. However, the charge/structure of the aggregates has a strong impact on both 

the surface excesses of the two components as well as on the mechanical properties and 

lateral morphology of the resulting spread films. In particular, it has been demonstrated that 

the spreading of negatively charged/swollen NaPSS/DTAB aggregates results in the 

formation of a homogeneous monolayer at the air/water interface, whose surface excess never 

exceeds that of a saturated monolayer, either under static conditions by successive additions 

or under dynamic conditions by surface compression. The picture changes when positively 

charged/compact aggregates are used, as they have been shown to nucleate the formation of 

extended structures that ultimately act as reservoirs of surface active material, as confirmed 

by a range of surface sensitive techniques, performed simultaneously, under both static and 

dynamic conditions. Thus, it is possible to control and tune the formation of extended P/S 

structures from the charge/structures of the aggregates used for film preparation. Such control 

over the formation of extended structures was not demonstrated, until now. Lastly, it has been 

demonstrated that polyelectrolyte segments and surfactant molecules bind at the air/water 

interface in the spread films prepared on pure water in a 1:1 molar charge ratio. 

These results were published along with those in chapter 3.4 in 2018,
103

 and the work 

provided the basis for a parallel study on spread films prepared on a subphase with elevated 

ionic strength. 
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3.4 Effects of subphase ionic strength on the properties of NaPSS/DTAB films at 

the air/water interface under static and dynamic conditions. 

In this chapter, attention is turned to an investigation of the effects of the subphase ionic 

strength on the properties of spread NaPSS/DTAB films. In this case, aggregate dispersions 

were dropped onto a 100 mM NaCl aqueous subphase. The protocols used for the preparation 

of the films as well as the experimental techniques used in this chapter are the same as in 

chapter 3.2 and 3.3, with the only difference being the ionic strength of the subphase. No 

inert salt was added to the NaPSS and DTAB stock solutions used to prepare the aggregate 

dispersions. Once more, the results are presented with respect to the sample history. This 

investigation was motivated by the fact that the ionic strength is a critical variable regulating 

the electrostatic interaction between polyelectrolyte and surfactant, both in the bulk
22,80

 and at 

the surface of their mixtures,
94

 which may ultimately allow tuning the non-equilibrium vs. 

equilibrium properties of spread P/S films.  

 

Figure 33 - Variation of the phase shift of (a) spread films and (b) adsorbed layers of NaPSS/DTAB on 100 mM NaCl 

aqueous. Longer measurement of the spread film of sample H (grey) and the adsorbed layer of sample E (pale blue) are 

shown in the small inset to panel a. The reference for the saturated layer is indicated by a dashed line. The inset to panel b 

contains the ratio of the initial phase shifts of the spread films to the corresponding adsorbed layers. 

The variations of the phase shift for spread films prepared from NaPSS/DTAB aggregates 

with different charge/structure as well as that of adsorbed layers from pre-diluted solutions 

with equivalent final bulk concentrations are displayed with matching colors, in figure 33a 

and figure 33b respectively. The sample labels refer to those of figure 27 and table 2. 
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These data suggest that spread films all exhibit a very similar surface excess, indicating that 

at this high ionic strength the aggregates dissociate to produce very similar films, regardless 

of their charge/structure. No temporal fluctuations of the signal are observed, which is 

indicative of the formation of a homogenous monolayer, in which neither extended structures 

nor embedded aggregates are present (within the detection limits of the technique). The only 

exception is represented by the films spread from sample H, for which the phase shift 

decreases abruptly a few seconds after spreading. This behavior can be attributed to the rapid 

loss of material to the bulk solution. It is important to point out that the same sample H 

showed a smoother temporal dependency of the phase shift when prepared on pure water. In 

that case, it took five hours for the phase shift to become stable (see earlier in figure 27) 

The relative surface excesses of the corresponding adsorbed layers (figure 33b) are minimal 

on a short timescale. However, longer ellipsometry measurements (inset to figure 33a) 

showed that, when enough time has passed, both spread films and adsorbed layers have the 

same amount of material, i.e. they exhibit the same phase shift, corresponding to that of a 

saturated NaPSS/DTAB layer in 0.1 M NaCl (dashed line in the same inset). This means that 

high ionic strength favors the thermodynamic equilibrium between the interface and the bulk 

of the system, thus the non-equilibrium features of spread films are switched off. 

Nevertheless, the equilibrium is still reached faster upon spreading rather than adsorption 

from the bulk, due to the localization of surface active material at the interface following its 

spreading by Marangoni flow. The ratio of the initial phase shift for the spread films, with 

respect to the adsorbed layers (inset to figure 33b), shows that the relative surface excess 

achieved by spreading is 5 to 11 times higher than upon adsorption. This represents a big 

potential advantage of the spreading protocol if the methodology is further developed in the 

future for technological applications. 

Confirmation of the above description was given by the application of the low-𝑞 analysis 

approach for NR kinetics scans at the static air/water interface, performed on FIGARO. The 

data are reported in figure 34 for three different surface ages with respect to the bulk 

surfactant concentration in each spreading aliquot. The data analysis was carried out in the 

same way as described in chapter 3.3. These data show clearly that the surface excess values 

of DTAB in the spread films are very close to each other over a broad range of surfactant 

concentration in the spreading aliquots. In particular, only a small increase in surface excess 

is observed with increasing bulk surfactant concentration in the spreading aliquot. The 

resulting films are also stable over time, as the surface excess remained almost constant for 
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all of the three different sample ages. These measurements suggest that extended structures at 

the interface are absent even at the highest bulk surfactant concentration, as the DTAB 

surface excess is always below the saturated monolayer coverage. 

 

Figure 34 – Surface excess of DTAB of spread films prepared from NaPSS/DTAB mixtures on 100 mM ACMW measured 

using NR for three different surface ages: 6 min (open black circles), 8 min (open red triangles), and 10 min (open blue 

squares). The reference for the saturated monolayer is represented by the horizontal dashed line.  

The last part of the investigation on NaPSS/DTAB films spread on 100 mM NaCl aqueous 

subphase is focused on their physical properties under dynamic conditions. Thus, the same 5 

compression/expansion cycles as described above were performed in a Langmuir trough. The 

surface pressure was monitored continuously with a Wilhelmy plate, while in situ NR kinetic 

scans, performed on FIGARO, were used to resolve the interfacial composition for three 

films spread from aggregates with different charge/structure, namely negatively 

charged/swollen aggregates (sample D), neutral/compact aggregates (sample E), positively 

charged/compact aggregates (sample F). The data are shown in figure 35. The surface 

excesses of the two components for the films spread from sample D, E and F are respectively 

in panel a, panel c and panel e of the same figure. The small insets to those panels contain the 

respective surface pressure data, in which each cycle is shaded from light-grey to black, 

respectively. Plots of the DTAB surface excess (red squares) and surface pressure data (black 

line) with respect to the trough area, during the first compression of the interface, are shown 

in panel b, panel d and panel f of figure 35. 
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Figure 35 - Surface excesses of NaPSS (blue circles) and DTAB (red squares) during 5 compression/expansion cycles of a 

film spread on 100 mM NaCl ACMW from aggregates of (a) sample D, (c) sample E and (e) sample F. The surface pressure 

data are shown in the insets. The surfactant surface excess (red squares) and surface pressure (black line) during the first 

compression are shown respectively in panel b, d and f. 
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The similarity between the three different sets of data is striking, both in terms of mechanical 

properties and surface excesses of the two components. Indeed, the surface pressure plots as 

well as those relative to the surface excess look effectively the same regardless of the 

composition of the aggregates used for spreading. This is strong evidence that the high ionic 

strength of the subphase promotes thermodynamic equilibrium. In detail, all of the spread 

films reach a plateau in surface pressure around 29 mN/m already at low compression ratio of 

the interface and, upon further compression, the excess of surfactant is lost to the bulk of the 

system, as the DTAB surface excess becomes constant as well. Deviation from the 1:1 molar 

charge binding ratio, with a greater amount of polyelectrolyte than surfactant at the interface 

is also observed for the three samples, and this difference is more evident at high 

compression of the interface. This behavior can be explained by taking into account the 

formation of polyelectrolyte loops as the surface is compressed, which causes an effective 

increase of the density of polyelectrolyte segments at the interface, therefore an increase in 

the surface excess of NaPSS. In fact, at high ionic strength, the release of counterions to the 

bulk of the system, to which the origin of the kinetic barrier trapping the P/S layer is 

attributed, is less favorable. In this case, the counterions can replace the DTAB molecules in 

the layer, which has a twofold consequence on the properties of P/S films. On the one hand, 

the counterions in the surface layer act as an electrostatic shield, thus reducing the interaction 

between the polyelectrolyte and the surfactant molecules. On the other hand, the presence of 

counterions reduces the difference in osmotic pressure between the surface layer and the bulk 

solution and, consequently, the polyelectrolyte segments can get closer to each other and 

form loops. However, since also the surface excess of the polyelectrolyte also reaches a 

plateau, it can be concluded that some of it is lost to the bulk upon compression as well. 

During the expansion, some of the material is re-adsorbed at the interface, while the surface 

pressure drops dramatically, indicating that although adsorption of surface active material 

from the subsurface region occurs, the process is diffusion-limited, causing the large 

hysteresis in the surface pressure between compression and expansion. In addition, this 

proves that extended structures of NaPSS/DTAB, acting as reservoirs of surface active 

material, are neither present at the interface, nor are formed upon compression. Otherwise, 

the same fast resupply mechanism observed in chapter 3.3 for films spread from compact and 

positively charged aggregates (sample F) would be expected to occur and a delay in the 

relaxation of the surface pressure would have been observed. 
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For the following cycles, the behavior does not show significant variations in the shape of 

both surface pressure and surface excess isotherms. Only a small decrease in the surface 

pressure values at full compression is observed, which is caused by the gradual loss of 

material, as the maxima in the DTAB surface excess shift to lower values as the experiment 

proceeds.  

To summarize, it has been demonstrated that the subphase ionic strength is a crucial 

parameter in determining the physical properties of NaPSS/DTAB spread films at the 

air/water interface. In particular, it was shown that the high ionic strength promotes 

thermodynamic equilibrium between the surface and the bulk of the mixtures. Nevertheless, 

equilibrium is reached faster upon spreading, showing that the Marangoni spreading of P/S 

aggregates is still a very efficient approach for producing films containing polyelectrolytes at 

the air/water interface, even though the surface loading mechanism is not activated. In 

addition, it was shown that, due to the less favorable counterion release into the bulk of the 

system, formation of polyelectrolyte loops, when the surface are is compressed, is preferred 

to the formation of extended structures of both components under dynamic conditions. 

Therefore, it can be concluded that there is scope to tune the physical properties of P/S spread 

films, switching from the formation of reservoirs of both components to formation of 

polyelectrolyte loops by modifying the charge/structure of the aggregates, the subphase ionic 

strength, and the compression rate of the films. 

These results were published along with those of chapter 3.3 in 2018,
103

 and together the 

work laid the foundations for a comparison behavior of spread NaPSS/DTAB films with 

those formed from other P/S mixtures. 
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3.5 Comparison with other P/S systems 

There are two questions that are particularly important to answer in order to generalize the 

spread films methodology to different P/S systems: what is the impact of the molecular 

architecture of the polyelectrolyte backbone on the properties of P/S spread films? Is it 

possible to tune equilibrium vs. non-equilibrium properties of P/S spread films by adjusting 

the pH of the subphase? For this purpose, in this part of the thesis, the results attained for 

spread NaPSS/DTAB films (chapters 3.2–3.4) are compared with films spread from neutral 

aggregates in two new systems, Pdadmac/SDS and hyperbranched PEI/SDS. Pdadmac is a 

linear strong polyelectrolyte, like NaPSS, but with the opposite charge (polycation). 

Pdadmac/SDS aggregates have much lower water content than NaPSS/DTAB aggregates, 

which makes them more compact. PEI is amphoteric, i.e. the charge density of the 

polyelectrolyte backbone, and consequently the binding of surfactant molecules, can be tuned 

by varying the pH of its solutions. The chosen surfactant was SDS for two reasons: 1) it is the 

most used surfactant in industry worldwide and 2) its tails are the same as those of DTAB, 

therefore the effects of the surfactant can be excluded from the investigation. All the attention 

is focused on spread films from neutral P/S aggregate mixtures. Charge neutrality was chosen 

as the reference because a large number of aggregates are present, and trapped films with 

enhanced surface excess are formed only when a lot of aggregates are present in the 

spreading aliquot, as it was demonstrated in chapters 3.2 and chapter 3.3. The effects of the 

sample history are also discussed, in order to validate the mechanism of film formation as 

well as to confirm the general non-equilibrium nature of P/S spread films.  

It is important to bear in mind that this investigation about the physical properties of 

Pdadmac/SDS and PEI/SDS spread films from neutral aggregate is only at a preliminary 

stage. In particular, NR measurements on these systems could not be realized during this 

Ph.D. project because of an unexpected long shutdown of the reactor at ILL between April 

2017 and March 2018. Therefore, the FIGARO instrument, which is essential to perform the 

low-𝑞 analysis in order to derive information about the surface stoichiometry, was 

unavailable during this entire period. 



83 

 

3.5.1 Pdadmac/SDS spread films from neutral aggregates 

Mixtures of neutral Pdadmac/SDS aggregates were prepared as described in chapter 2.1.2. 

The composition of charge neutrality for 100 ppm Pdadmac/SDS mixtures is reached at a 

bulk SDS concentration of 0.82 mM.
92,149

 This concentration is very close to the composition 

of stoichiometric charge mixing (0.62 mM), in contrast to neutral aggregates in 

NaPSS/DTAB mixtures, for which a large amount of free surfactant (5.5 mM) in solution is 

required to neutralize the aggregates formed upon mixing. To minimize the coagulation of the 

aggregates, as above the Pdadmac/SDS mixtures were spread one minute after mixing. 

Spread films and adsorbed layers were prepared as previously described, respectively by 

dropwise additions onto the water surface or adsorption from the bulk of P/S solutions 

prepared by mixing equal volumes of the pre-diluted components. The investigation has been 

carried out both under static and dynamic conditions, by the means of ellipsometry and 

surface pressure vs. area isotherms.  

Static condition 

The effects of the sample history (spread vs. adsorbed) and the subphase ionic strength (pure 

water and 0.1 M NaCl) onto the properties of Pdadmac/SDS films are compared to the case 

of NaPSS/DTAB spread films from neutral aggregates. An estimation of the relative surface 

excess is given, once more, by ellipsometry measurements. Figure 36 summarizes the results 

for the Pdamac/SDS spread films from neutral aggregates (panel a) and NaPSS/DTAB (panel 

b). The curves for spread films and adsorbed layers with the same ionic strength of the 

subphase are displayed with matching colors. It is important to bear in mind that the 

comparison between these two systems is only qualitative since the quantification of the 

surface stoichiometry of Pdadmac/SDS spread films from neutral aggregates by NR was not 

performed. 
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Figure 36 – (a) Variation of the phase shift of Pdadmac/SDS spread films from neutral aggregates in pure water (black 

curve) and on 100 mM NaCl (red curves). The corresponding adsorbed layers from solutions with an equivalent final bulk 

concentration in pure water (blue curve) and in 100 mM NaCl (turquoise). (b) Variation of the phase shift for NaPSS/DTAB 

films. Sample with the same sample history and ionic strength are displayed with matching colors. 

These data show that there is some similarity between the two systems. In pure water, 

spreading neutral aggregates of Pdadmac/SDS results in the formation a trapped film, whose 

phase shift is 7–9 times higher than adsorbed layers from pre-diluted solutions with 

equivalent final bulk concentrations, similarly to the case of NaPSS/DTAB films. It is worth 

noting that the relative surface excess of Pdadmac/SDS spread films 5 minutes after 

spreading is in agreement with the data available in the literature for this system.
92

 

An important difference between the data for spread films on pure water between figure 36a 

and figure 36b is that in the case of films spread from neutral NaPSS/DTAB aggregates, the 

phase shift was stable over time immediately after spreading, but for films spread from 

Pdadmac/SDS aggregates, the phase shift increases over the first few minutes. A similar 

behavior was observed for films spread from compact/highly charged NaPSS/DTAB 

aggregates (see chapter 3.3). The explanation may be that neutral aggregates of 

Pdadmac/SDS are more stable than NaPSS/DTAB aggregates when in contact with the 

air/water interface. Increased stability may be attributed to a more compact structure of 

neutral Pdadmac/SDS aggregates than those of NaPSS/DTAB, because of their lower water 

content. If so, the slightly slower approach to a stable state of dynamic phase shift for 

Pdamac/SDS spread films on pure water may be explained by the presence of some compact 

aggregates embedded in the film, which dissociate relatively slowly to give a stable 

monolayer over the course of few minutes. 



85 

 

The addition of an inert salt to the subphase results in the achievement of the final monolayer 

quicker than for Pdadmac/SDS films spread on pure water, which can be interpreted in terms 

of the relative instability of the aggregates, embedded initially in the spread films, as the 

higher concentration of counterions promotes their dissociation. A similar effect was 

observed in the fast decrease of the relative surface excess of NaPSS/DTAB spread films 

from compact/positively charged aggregates on 0.1 M NaCl (see chapter 3.4). 

Dynamic condition 

An investigation of the surface properties of Pdadmac/SDS spread films from neutral 

aggregates on pure water was carried out during 5 consecutive compression/expansion cycles 

of the interface. The data are shown in figure 37. Panel a refers to Padadmac/SDS spread 

films from neutral aggregates and panel b to those spread from NaPSS/DTAB neutral 

aggregates (repeated for ease of comparison with figure 24 a). The cycles are shaded in dark 

from black to light-grey as the experiments proceed. The x-axis ranges differ due to the fact 

that two different Langmuir troughs were used.  

 

Figure 37 – Surface pressure vs. area isotherms during five consecutive compression/expansion cycles of the interface for 

(a) Pdadmac/SDS and (b) NaPSS/DTAB spread films from neutral aggregates.  

There is a striking difference in the maximum surface pressure of the films (39 mN/m for 

Pdadmac/SDS vs. 29 mN/m for NaPSS/DTAB), indicating that full monolayers of 

Pdadmac/SDS lower the free energy of the interface more effectively than those of 

NaPSS/DTAB films. It is worth noting that the surface pressure values for these two P/S 

spread films correspond to those reported in literature for full monolayers formed by bulk 

adsorption from concentrated P/S mixtures, i.e. at compositions matching those of the 

respective spreading aliquots.
92-94

 This demonstrates once more the high efficiency of the 
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spreading protocol over bulk adsorption both in terms of time required for film formation as 

well as potential savings in the economic cost of the process, since films produced by 

spreading require only a minimal amount of starting material. However, the shapes of the 

isotherms are very similar, which indicates that similar phenomena are exhibited for these 

two P/S systems. The main difference is that the surface pressure of Pdadmac/SDS spread 

films reaches a plateau at a higher compression ratio than those of NaPSS/DTAB. It can also 

be observed that the delay in the relaxation of the surface pressure during the expansion of 

NaPSS/DTAB spread films decreases steadily as the cycles proceed, while it remains marked 

for Pdadmac/SDS films even upon successive cycles (green arrows). A similar behavior was 

observed for spread films from compact and positively charged NaPSS/DTAB aggregates, for 

which it was concluded that compact P/S particles can remain embedded in the monolayer, 

acting as nucleation germs for the formation of reservoirs of surface active material. The 

delay in the relaxation was attributed to the fast resupply of material from the subsurface 

regions and this was fully supported by BAM images as well as by the analysis of the surface 

composition derived from NR data analysis (chapter 3.3). It was only through the 

simultaneous application of all of these surface sensitive techniques that the mechanism of 

reservoir formation was confirmed. Unfortunately, the present investigation of the dynamic 

properties of Pdadmac/SDS spread films from neutral aggregates lacks complementary 

information so far. Therefore, to make such a conclusion would be premature. In particular, 

measurements of the surface excesses of the two components using NR are missing and these 

measurements proved to be decisive in the quantification of the interfacial composition when 

the amount of material exceeded the monolayer coverage. These measurements, as well as 

the real space investigation of the surface morphology through BAM, are planned for the near 

future in an extension of this Ph.D. project. 

To summarize, a comparison between the Pdadmac/SDS and the NaPSS/DTAB systems has 

shown that kinetically-trapped, stable P/S films with enhanced surface excess can be readily 

formed by spreading on pure water neutral aggregates composed of oppositely-charged linear 

strong P/S mixtures, whether the polyelectrolyte is a polyanion or a polycation. Under static 

conditions, it has been shown that stable NaPSS/DTAB films are formed immediately after 

spreading, while a steady increase of the relative surface excess is observed for 

Pdadmac/SDS spread films over the first two minutes after spreading. This difference may be 

attributed to the higher compactness of the neutral Pdadmac/SDS aggregates compared to 

neutral NaPSS/DTAB aggregates, which makes the former aggregates dissociate slower upon 
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contact with the air/water interface. The influence of the ionic strength on film formation 

under static conditions has been investigated as well. This investigation showed that spread 

films of Pdadmac/SDS are formed quicker than in pure water. Less information may be 

concluded at this stage about the non-equilibrium vs. equilibrium nature of these films, as 

long measurements of the relative surface excess by ellipsometry are missing.  

Under dynamic conditions, both systems exhibit similar behavior, indicating that similar 

phenomena are occurring when the interface is mechanically perturbed by continuous 

compression/expansion cycles. Nevertheless, some important differences have been 

observed. In particular, Pdadmac/SDS spread films are more compressible than the 

equivalent NaPSS/DTAB films. Moreover, Pdadmac/SDS spread films exhibit higher values 

of surface pressure at full compression than that of NaPSS/DTAB films, which can be related 

to the different abilities of the full monolayers to lower the free energy of the interface, rather 

than aspects specifically related to the spreading of material from aggregates. Another 

important difference is observed upon expansion, where Pdadmac/SDS films exhibit a more 

marked delay in the relaxation of the surface pressure. Nevertheless, NR data and BAM 

images, which are planned for the near future, are necessary to provide a more 

comprehensive characterization of this system. 
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3.5.2 Hyperbranched PEI/SDS spread films from neutral aggregates: effects of the pH 

and molecular architecture 

In the last part of the experimental chapters of the thesis, attention is turned on the effects of 

both molecular architecture and ionization degree of the polyelectrolyte backbone on the 

properties of P/S spread films from neutral hyperbranched PEI/SDS aggregates. The mixing 

protocols, as well as the concentration of the polyelectrolyte in the spreading aliquot were the 

same as for NaPSS/DTAB and Pdadmac/SDS systems. In this case, there was the rapid 

mixing of 200 ppm polyelectrolyte stock solution in pure water with an equivalent volume of 

a 1.90 mM aqueous solution of SDS to prepare neutral aggregates of 100 ppm PEI and 0.95 

mM SDS.
110

 The pH of the PEI stock solution was around 10 and it was freshly prepared 

before every experiment in order to minimize the adsorption of CO2, which causes the 

lowering of the pH. The freshly prepared P/S mixtures were then spread onto an aqueous 

subphase at pH 4 and 10, prepared by diluting 0.1 M stock solutions of HCl and NaOH 

respectively. None of the stock solutions of PEI and SDS used in these experiments contained 

either HCl or NaOH. As the charge density of PEI varies with the pH, any difference in the 

samples can be related to the protonation state of the polyelectrolyte at the surface in the 

resulting spread film, which is highly protonated at low pH values and only partially at high 

pH. In particular, the two pH values in this investigation were chosen because 1) pH 10 

matches the pH of the PEI stock solution and 2) the ionic strength for both pH 4 and 10 is 

equal (0.1 mM). 

Another important difference between the PEI/SDS systems and the previously discussed 

case is the molecular architecture of the polyelectrolyte. While NaPSS and Pdadmac are 

linear polyelectrolytes, the data presented in this chapter are relative to hyperbranched PEI. 

The interfacial properties of the surface of NaPSS/DTAB and Pdadmac/SDS spread films 

showed rather similar behavior, which was attributed to the formation of kinetically-trapped 

films, at low ionic strength. In the former case, extended structures can be formed either by 

consecutive spreading or by compressing the interface. At high ionic strength, the 

thermodynamic equilibrium was favored and no extended structures were observed. To see if 

this physical picture can be extended also to the case of oppositely-charged hyperbranched 

P/S spread films, a preliminary investigation on the surface properties of PEI/SDS films is 

reported with respect to the sample history and the subphase ionic strength, both under static 

and dynamic conditions. 
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Static condition 

pH 4 

For the PEI/SDS system, it has been demonstrated that the pH has a major influence on the 

stability of PEI/SDS aggregates in bulk
22

 as well as on their interaction at the air/water 

interface.
110,121

 In particular, it was observed that PEI/SDS aggregates can persist intact at the 

air/water interface when the pH of their solution was low, while they were not detected at 

high pH.
121

 As the presence of aggregates at the interface is essential to determine the 

properties of P/S films, which ultimately depends on the pH of the subphase, it remained 

open to investigate if such an effect can be also exploited to form trapped layers on an 

extremely dilute (P/S-free) subphase.  

Long dynamic ellipsometry measurements were used once more to investigate the possibility 

of forming kinetically-trapped P/S films at the air/water interface. Data for the PEI/SDS 

system are shown in figure 38a. The variation of the phase shift was monitored over 15 hours 

for two different sample histories, i.e. spreading small aliquots of neutral PEI/SDS aggregate 

mixtures (black curve) vs. bulk adsorption from pre-diluted solutions of the two components 

(red curve).  

 

Figure 38 – (a) Variation of the phase shift of a PEI/SDS spread film (black) and adsorbed layers (red) on pH 4 aqueous 

subphase over an extended time. (b) Variation of the phase shift of 5 consecutive additions PEI/SDS aliquots on pH 4 

aqueous subphase. Each color corresponds to independent measurements. 

As it was observed for the two previous P/S systems, the Marangoni spreading of P/S 

aggregate mixtures allows one to prepare a surface loaded films with enhanced surface 

excess, which are not in equilibrium with the bulk on experimentally accessible time scales. 

However, some differences with both the NaPSS/DTAB and the Pdadmac/SDS systems are 
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noticeable. In particular, PEI/SDS spread films show a long stabilization time, during which 

the dynamic phase shift decreases slowly over 12 hours. This behavior is indicative of 

gradual loss of material from the interface to the bulk of the system until a more stable state is 

reached. In addition, temporal fluctuations of the signal during the first 3 hours are observed, 

which can be attributed to the presence of extended P/S structure and/or embedded 

aggregates in the films.  

Next, 5 consecutive additions, using the same stepwise approach described in chapter 3.3, 

were performed in order to investigate further the aggregate dissociation at the interface as 

well as to see if it is possible to boost further the relative surface excess measured by 

ellipsometry. These data are reported in figure 38b for three independent measurements and 

they show that the step-wise approach causes only a slight increase of the phase shift and 

does not affect the amplitude of the oscillation significantly. Such behavior can be attributed 

to the fast spreading and dissociation of aggregates to form a homogeneous layer at this 

pH,
110

 although the small temporal fluctuations may be caused by the presence of compact 

aggregates in the spread layer or to the transient formation of extended structures that quickly 

are lost to the bulk.  

pH 10 

The investigation was then extended to PEI/SDS films formed either by spreading or 

adsorption, on a subphase with high pH, by using the same experimental protocols. Long 

dynamic ellipsometry measurements are reported in figure 39a for PEI/SDS films spread 

from neutral aggregates (black and red curves) and PEI/SDS adsorbed layers from pre-diluted 

solutions of the two components with equivalent final bulk concentrations (blue curve). The 

red and the black curve in figure 39a represent to two independent measurements of the 

variation of the phase shift after spreading. The reason to report both the curves is to 

highlight the reproducibility of the relative surface excess behavior with respect to time. 
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Figure 39 - (a) Variation of the phase shift of PEI/SDS spread films (black and red) and an adsorbed layer (blue) on pH 10 

aqueous subphase over an extended time. (b) Variation of the phase shift of 5 consecutive additions PEI/SDS aliquots on pH 

10 aqueous subphase. Each color corresponds to independent measurements. 

These data show that there are some changes in the nature of films spread on a subphase with 

pH 10. On the one hand, the long dynamic phase shift of the spread films (red curve and 

black in panel a of figure 39) always exceeds the signal of the adsorbed layers from pre-

diluted solutions, confirming once again that P/S spread films prepared on a subphase at low 

ionic strength are not in equilibrium with the bulk of the system; on the other hand some 

differences are observed for both spread films and adsorbed layers. For spread films at pH 10, 

big temporal fluctuations of the signal are observed over the first 4 hours after spreading. 

After this time, the signal starts decreasing and becomes stable after around 8 hours. These 

observations suggest that either extended structures in the surface layer are present or that a 

large amount of aggregate remains intact upon spreading at pH 10. This result is coherent 

with the data published by Tonigold and co-workers,
113

 in which fluctuations of the 

ellipsometric signal of PEI/SDS mixtures at pH 10 were interpreted in terms of intact 

aggregates embedded in the surface layer.  

When 5 aliquots of P/S aggregate dispersions are consecutively added (stepwise protocol in 

chapter 3.3) onto the surface, more and more material can be delivered at the interface as 

shown in figure 39 b, where five independent measurements are reported and displayed with 

different colors. It can be seen that not only the number but also the amplitude of the 

fluctuations of the phase shift is increased after each addition. Thus, the pH of the subphase 

affects the stability of neutral PEI/SDS aggregates: they are more stable at pH 10 were the 

protonation state of the polyelectrolyte is less affected. The formation of extended structures 
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at high pH for 750-kDa hyperbranched PEI/SDS mixtures has been already reported by 

Penfold and co-workers for the static air/water interface.
150,151

 Also, Tonigold et al. showed 

that PEI/SDS aggregates can remain trapped at the air/water interface when the pH of their 

mixtures is high.
113

 It is important noting that the study in ref. 113 was carried out on the 

surface of concentrated PEI/SDS mixtures, i.e. at a concentration close or equivalent that of 

the spreading aliquots used for the preparation of spread films in this thesis. It would be 

perhaps surprising if neutral PEI/SDS aggregates were to at the interface persist many hours 

even when the system has been highly diluted. However, it is not possible to distinguish the 

formation of extended structure and the presence of aggregates in the spread film, as useful 

complementary information from BAM and NR are missing to date. These measurements are, 

however, planned for the near future in a continuation of this Ph.D. work. 

The adsorption of PEI/SDS is also affected. At pH 10 the adsorption becomes faster and, 

apparently, more material is present at the interface after that the system has reached 

equilibrium than in the corresponding measurements at pH 4. This can be attributed to the 

protonation state of the polyelectrolyte at the two different pH values, as at pH 10 PEI is 

more hydrophobic due to the decreased electric charge on its backbone. 

Dynamic condition 

The dynamic properties of PEI/SDS films spread from neutral aggregates were investigated 

by the means of 5 consecutive compression/expansion cycles of the interface. These 

measurements proved to be very useful in order to understand the mechanical properties of 

NaPSS/DTAB and Pdadmac/SDS spread films at the air/water interface. The surface pressure 

vs. area isotherms of films spread from neutral PEI/SDS aggregates on pH 4 and 10 

subphases are reported in figure 40, respectively in panel a and in panel b. These results 

reveal interesting differences in the mechanical properties with respect to the subphase pH, 

indicating that the strength of the interaction in the resulting spread films can be used 

effectively to tune their mechanical properties. 
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Figure 40 – Surface pressure vs. area isotherms of PEI/SDS spread films from neutral aggregates on (a) pH 4 and (b) pH 10 

aqueous subphase. The cycles are shaded from black to light-grey as the experiment proceeds. 

First, the surface pressure value at full compression for films spread on pH 10 (panel b) is 

around 44 mN/m, while that of films spread on pH 4 (panel a) aqueous subphase is around 40 

mN/m. These values correspond to those of saturated P/S layers of concentrated 

solutions.
150,151

 Secondly, the shapes of the two isotherms in figure 40, upon compression and 

expansion, are rather different. These differences demonstrate that the P/S interactions in the 

spread films are affected by the degree of protonation of the polyelectrolyte. In particular, the 

P/S films spread on pH 4 aqueous subphase (panel a) exhibit higher compressibility and they 

reach only a pseudo-plateau upon compression, in which the surface pressure further 

increases gradually from 30 mN/m to 40 mN/m. During the expansion of the interface, the 

surface pressure decreases, first steeply, but then it reaches a second pseudo-plateau, before 

decreasing to 5 mN/m. Hysteresis is observed between compression and expansion and a 

limiting behavior is reached already during the second compression. A similar behavior was 

described in the preliminary experiment about the properties of DF-HSA spread films 

(chapter 3.1). In that case, the hysteresis was attributed to the strong lateral interactions 

between protein molecules at the air/water interface, while the limiting cycle was attributed 

the mechanical annealing of the protein layer into a more stable morphology. For the 

PEI/SDS spread films on a subphase at pH 4, the increased electrostatic attraction between 

polyelectrolyte segments and surfactant molecules at the interface, due to the higher charge 

density of the polyelectrolyte at low pH, may also result in increased lateral interactions in 

the surface layer. However, the investigation of the morphology of the interface through 

BAM as well as a direct measurement of the surface excess measured by NR are still missing. 
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When neutral PEI/SDS aggregates are spread on a subphase at pH 10, the surface pressure of 

the resulting films increases until a plateau (44 mN/m) is reached during the compression of 

the interface. Upon expansion, the surface pressure initially decreases monotonically down to 

a value of 15 mN/m. During the second compression of the interface, the surface pressure 

goes back to its plateau value, though at a higher compression of the interface. The situation 

changes during the second expansion, where the relaxation of the surface pressure exhibits 

three different slopes. The surface pressure first relaxes abruptly going from 43 mN/m to 37 

mN/m, then it reaches a second pseudo-plateau, and lastly a steeper drop is observed during 

the expansion. On the one hand the re-adsorption of material from any extended structure 

formed by compressing the interface may explain this behavior upon expansion; on the other 

hand it cannot easily explain why the shape of the isotherms changes from the first to the 

second expansion. A possible explanation may be that the stability of any extended structures 

reduces with time. However, even their presence has yet to be confirmed by NR 

measurements. A limiting behavior is reached during the third cycle, which is indicative of 

the formation of a stable layer. 

Lastly, the surface pressure vs. area behavior of PEI/SDS spread films on aqueous subphase 

at pH 4 or pH 10 is very different to those of strong linear P/S spread films. It is known that 

the dynamic surface properties at the air/water interface of linear P/S films are influenced by 

the rigidity of the polyelectrolyte backbone.
86,87

 In these studies, although some differences in 

the surface activity of different P/S systems were pointed out, which were correlated to foam 

film stability, the overall shapes of the isotherm for linear polyelectrolyte showed marked 

similarity, indicating that the same phenomena were occurring at the interface, regardless of 

the rigidity of the polyelectrolyte backbone. The same trend has been observed and described 

at the beginning of the present chapter of this thesis as well, where the results attained for the 

NaPSS/DTAB spread films were compared to those of Pdadmac/SDS. Therefore, the 

different shape of the isotherms for spread films of neutral aggregates of the hyperbranched 

PEI/SDS system appear to be related to the different molecular architectures involved rather 

than simply to the different electrostatic interaction. 

In this chapter, it has been shown that the pH of the subphase on which weak P/S films are 

spread is a crucial parameter in determining the properties of the resulting films. Under static 

conditions, the relative surface excess of films spread on subphase at high pH showed big 

temporal fluctuations, which can be attributed either to the presence of intact aggregate 

embedded in the spread layer or to the formation of extended structures formed by dropwise 
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addition of material on the surface. At low pH, this behavior was not observed and, 

apparently, only a P/S monolayer can be achieved. Under dynamic conditions, it has been 

shown that the pH of the subphase can be effectively used to tune the interaction in the P/S 

spread films. Moreover, this study has demonstrated once again that spread P/S films spread 

from neutral aggregates have a non-equilibrium nature regardless of the nature of the 

components used for film preparation, even though the surface mechanical properties depend 

on the molecular architecture of the polyelectrolyte backbone. 

Further work is required before the nature of spread filoms prepared from P/S aggregates may 

be generalized to different systems. Indeed, a comprehensive investigation about the 

properties of P/S spread films in this thesis has been completed only for the NaPSS/DTAB 

systems to date. A thorough characterization of the effects of the aggregates charge/structure 

as well as the ionic strength of the subphase was carried out by the application of several 

surface sensitive techniques and it was only through the simultaneous combination of all of 

these techniques that the mechanism of film formation as well as the presence of extended 

structures was revealed. The preliminary results on Pdadmac/SDS and hyperbranched 

PEI/SDS systems described in this chapter represent a promising start in the process to 

generalize the physical properties of spread P/S films to different types of system. Work on 

films prepared from aggregates with different charge/structure using various techniques, 

including NR, are foreseen. While it was not possible to apply NR to the Pdadmac/SDS and 

PEI/SDS systems during this Ph.D. project, awards amounting to a value of > 100.000 € have 

been made in the project and two NR experiments are planned for later in 2018 to continue 

this work. 
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Chapter 4: Conclusions and outlooks 

The aim of this Ph.D. thesis was to shed light on the preparation of macromolecular films 

with enhanced surface excess at the air/water interface by exploiting non-equilibrium effects. 

For this purpose, a systematic investigation of the sample history of films created in a range 

of systems was carried out. In detail, two different sample handling protocols were adopted 

for the preparation of the films at the air/water interface: spreading aqueous mixtures 

containing water-soluble macromolecules vs. adsorption from the bulk of pre-diluted 

solutions with equivalent final bulk concentrations. The final total bulk concentration of the 

samples with different histories was kept constant so that the chemical potential of the species 

in the system was not varied by the sample handling. To avoid the interference of any trapped 

material at the interface, the surface of all of the pre-diluted systems was cleaned by 

aspiration. The surface properties have been studied both at the static air/water interface, in a 

Petri dish made of glass, and during consecutive compression/expansion cycles in a 

Langmuir trough. It is through the combination of several surface sensitive techniques, in 

cases performed simultaneously, that the non-equilibrium nature of spread films of 

macromolecules has been revealed. In particular, in situ NR, ellipsometry and BAM 

measurements in combination of surface pressure monitoring have proved to be essential 

tools for this work. 

The focus of the preliminary investigation (chapter 3.1) was a study of the mechanism of film 

formation, the durability and the morphology of spread films of DF-HSA. This work 

provided new insight on an old problem in interfacial science. It was demonstrated that 

spread films of DF-HSA can be trapped at the air/water interface only when the concentration 

of protein in the spreading aliquot is sufficiently high, i.e. when its surface tension is low 

enough to activate Marangoni flows. When this condition is achieved, the proteins molecules 

spread from the bulk of the droplets to the air/water interface on the sub-second time scale, 

allowing the fast formation of a spread film. These films exhibit boosted surface excess and 

enhanced surface properties compared with those formed by diffusion-driven bulk 

adsorption. The surface loaded protein films remain stable on experimentally accessible time 

scales under static conditions. This proved that a kinetic barrier preventing the 

thermodynamic equilibration between the surface and the bulk of the systems is prevalent. 

This kinetic barrier comes as a result of the attractive lateral interactions between adjacent 

macromolecules at the interface. Moreover, it has been proven that DF-HSA films are very 

resistant and durable. They are shown to be impervious to mechanical perturbation of the 
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interface, as the surface excess monitored by in situ ellipsometry measurements did not vary 

over consecutive compression/expansion cycles of surface. At the same time, the surface 

pressure vs. area isotherms showed marked hysteresis and the images obtained by BAM 

evidenced the lateral inhomogeneity in the film. This behavior is not related to 

thermodynamic equilibration of the surface, but to the mechanical annealing of the interface 

to a more durable morphology. This work provided essential experience in the methodologies 

and experimental techniques that were to be used subsequently. 

The core of the thesis concerned the mechanism of film formation and the properties of P/S 

films spread from self-assembled oppositely-charged P/S aggregates in aqueous media onto a 

pure aqueous subphase. In this case, the polyelectrolyte alone is not surface active and it is its 

encapsulation into a liquid crystalline matrix with oppositely-charged surfactants that allows 

its exploitation. Such a film formation methodology may have reduced cost, improved 

activity and a more eco-friendly nature since all the steps involved in the preparation of P/S 

spread films by exploiting aggregates dissociation are free of organic solvents. Once more, 

the comparison of different sample histories was crucial to resolve the equilibrium vs. non-

equilibrium features of the films formed at the air/water interface. In this direction, the first 

study focused on forming trapped NaPSS/DTAB films by spreading from neutral aggregates 

mixtures (chapter 3.2). It was demonstrated that film formation occurs by the quick spreading 

by Marangoni flow combined with the fast dissociation of the P/S aggregates in the spreading 

aliquot upon contact with air/water interface. A kinetic barrier prevents the dissolution of the 

excess of material, as confirmed by ellipsometry measurements. The main contribution to this 

activation barrier is the entropic gain of counterion release as soon as the aggregates are put 

in contact with the pure water subphase (mixing entropy). In addition, one has to take in 

account the fact that macromolecule desorption has to occur at once; as long as a segment (or 

monomer) remains attached to a surface, the whole molecule is still adsorbed. The probability 

that the sudden desorption of all segments occurs simultaneously decreases with increasing 

number of polymer segments.  

The durability of NaPSS/DTAB films spread from neutral aggregate dispersions was 

characterized by surface pressure vs. area isotherms, and the surface excesses of both 

components were derived by in situ NR measurements. It was found that a plateau in surface 

pressure is reached at a value of 28 mN/m, corresponding to the surface pressure of saturated 

NaPSS/DTAB films in a concentrated mixture, i.e. with the same concentration of the 

spreading aliquot. Upon further compression, the excess of material with respect to a full 
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monolayer was expelled from the film. Upon expansion, the hysteresis of the surface pressure 

with a delay in relaxation was observed. From the first compression to the second, a big 

decrease in the extent of the plateau was observed, while the diminution was much smaller 

for the following cycles. It was only through the simultaneous application of NR during 

surface pressure measurements that it was possible to rationalize such behavior. In particular, 

a minimal loss of both components was observed between the first and second cycles, which 

is the clear evidence that the decrease in the extent of the plateau is related to the loss of 

surface active material. However, from the second cycle to following ones, the surface excess 

of both components remained constant: both the maxima (full compression) and minima (full 

expansion) of the plots of the surface excess vs. area did not vary. This result demonstrated 

the elastic and insoluble nature of the formed film. 

This was also the first time that the surface excesses of the polyelectrolyte and surfactant 

were derived in such a mixture during mechanical perturbations of the interface. This result 

was achieved thanks to the significant instrumental improvements achieved in NR during the 

last 10 years, particularly with the commissioning of the FIGARO reflectometer at ILL, and 

the development of the novel low-𝑞 approach, which allows one to follow the evolution of a 

process on time scales ranging from one second to some minutes. As a consequence, it has 

been resolved that polyelectrolyte monomers and surfactant molecules bind at the interface in 

a 1:1 molar charge ratio, regardless of the compression state of the formed films as long as 

the ionic strength of the subphase is kept low. This result is in support of assumptions made 

in this field 20 years ago by Langevin and co-workers, which until now lacked clear 

experimental evidence. 

In the next steps, the effects of the charge/structure of NaPSS/DTAB aggregates (chapter 3.3) 

as well as the ionic strength of the subphase (chapter 3.4) were investigated, again both under 

static and dynamic conditions. In the former case, the terminology “charge/structure” is used 

as both parameters change with varying bulk composition. It has been found that the 

formation of extended structures with reservoirs of surface active material is triggered by the 

presence of compact/positively charged P/S aggregates that remain embedded in the spread 

film, while the swollen/negatively charged aggregates are not able to activate the same 

mechanism.It has been shown that the higher the charge of the aggregates, the higher is the 

surface excess, and the slower is the relaxation of the surface pressure thanks to the fast 

resupply of surface active materials from extended P/S structures. Therefore, the 

charge/structure of the aggregates has a big impact on the formation of extended P/S 
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structures. Similar consideration of reservoir dynamics can be made for lung surfactants, in 

which protein molecules nucleate the formation of reservoirs of material upon compression 

and the fast resupply of material to the interface upon expansion of the alveoli, although there 

are important differences between the systems as well. Nevertheless, the data shown in this 

Ph.D. thesis demonstrates clearly that it possible to tune the formation of extended structures 

(in terms of amount of material and morphology) through a fine control of several 

experimental variables, namely the charge/structure of the aggregates, the sample history, the 

surface area, and the subphase ionic strength. This was the first time that such a control over 

extended structures at the air/water interface was achieved. 

The ionic strength of the aqueous subphase was also shown to play an important role in the 

balance between kinetic vs. thermodynamic control of the properties of spread NaPSS/DTAB 

films. One the one hand, the addition of inert salt into the bulk promotes (slow) equilibration 

between the bulk and the interface. In fact, both spread films from concentrated P/S mixtures 

and adsorbed layers from pre-diluted P/S solutions reach the same surface excess. 

Nevertheless, the spreading approach was more efficient (i.e. quicker) to reach equilibrium, 

since it took two hours for the dilute P/S system to reach equilibrium by diffusion and 

adsorption of bulk complexes at the air/water interface, while it was visually immediate for 

the spread films. 

The composition of the interface is strongly affected by the subphase ionic strength, and the 

differences become clear as the surface is compressed. At full compression the 

polyelectrolyte surface excess is always significantly above that of the surfactant, indicating 

that the relative amount of polyelectrolyte at the interface is gradually increasing as the 

surface is compressed. This feature is explained in terms of formation of polyelectrolyte 

loops at high ionic strength. With added salt in the system, the release of counterions into the 

bulk of the solution becomes less favorable and the counterions can now replace the 

surfactant molecules in the spread film when they are squeezed out of the film. This effect 

decreases both the electrostatic repulsion between polymer segments and the difference in 

osmotic pressure between the inside of the macromolecule coil and the medium, allowing the 

polyelectrolyte chain to form loops. 

In order to turn the spreading approach into a viable technological technique, the mechanism 

of formation of P/S films was tested with two other systems, involving neutral aggregates of 

Pdadmac/SDS and hyperbranched PEI/SDS, in an initial preparatory study using ellipsometry 

and surface pressure vs. area isotherms (chapter 3.5). The object of the investigation was 
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extended to the influence of the molecular structure and the charge density on the 

polyelectrolyte backbone, the latter achieved by varying the pH of the subphase on which the 

mixtures of neutral PEI/SDS aggregates were spread. This was the first time that the 

influences of these parameters have been investigated for spread P/S films. It has been found 

again that the criterion to form surface loaded P/S films by spreading is the low ionic strength 

of the subphase. Moreover, the behavior of the surface properties of NaPSS/DTAB and 

Pdadmac/SDS films exhibit strong similarities, both under static and dynamic conditions, 

while different mechanical behavior was observed for PEI/SDS spread films. From these 

data, it was inferred that the mechanical properties of the interface are controlled by the 

molecular architecture of the polyelectrolyte as well as its charge density. However, NR data 

for these two systems are missing, so more work is required in order to generalize the 

behavior of spread P/S to different kinds of system. Indeed, the formation of extended 

structures or reservoirs of surface active material reservoirs has been confirmed only for the 

NaPSS/DTAB systems. A general picture that takes into account the effects of the 

polyelectrolyte charge density, as well as its molecular architecture, will be accessible only 

with NR and BAM experiments on the Pdadmac/SDS and hyperbranched PEI/SDS spread 

films. This extension of the Ph.D. project is already planned for later in 2018 with 2 

allocations of NR beam time already awarded. 

As concerns longer-term extensions of this Ph.D. project, several direction for future research 

are possible. It was pointed out that the formation of extended structures in spread films of 

NaPSS/DTAB has some analogy to the reservoir formation in lung surfactants, which are 

mixtures of lipids and proteins, noting, however, the big difference in biocompatibility 

between the synthetic P/S systems investigated to date and that of lung surfactant. Therefore, 

a natural course of this project will move toward understanding the behavior of spread films 

of known biocompatible P/S systems, such as DNA
152

, hyaluronic acid derivatives
153

 and 

dialkylammonium bromide (DAB), like dioctadecyldimethylammonium bromide 

(DODAB),
152,154

 for instance.  

A second posiible extension of this project involves the Marangoni spreading oppositely-

charged inorganic nanoparticle/surfactant systems (NP/S), in order to investigate the 

possibility of forming/controlling the formation of extended structures at the air/water 

interface. Nanoparticles and surfactants are essential building blocks in modern colloid 

science and their interaction has attracted attention during the last decades.
62,64

 Stable 

nanoparticle dispersions are, generally, attained by electric stabilization, i.e. by charging up 
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their surface. Thus, they are macroions, like polyelectrolytes. The interest in investigating 

NP/S mixtures is multifold. On the one hand, they are promising candidates in biomedical 

science because, according to their design and composition, can be used both for diagnostic 

purpose as well as therapeutic (theranostic).
155

 On the other hand, it is relatively easy to tune 

the size/shape/charge of inorganic NPs by modifying the synthetic pathway, and this gives 

the great advantage of design NPs with pre-designed characteristics. 

A third possible extension of this project is the investigation of the properties of spread films 

from natural lung surfactant at the air/water interface in order to bridge the gap from the 

behavior of synthetic P/S and NP/S systems to these biologically relevant systems. Lung 

surfactants are mixtures of phospholipids, like dipalmitoylphosphatidylcholine (DPPC), and 

proteins. The role of the protein is to activate the storage of surface active material in the sub-

surface region upon compression and to release it back in the monolayer upon expansion. It is 

because of the extremely low surface tension of lung surfactant
159

 that the continuous 

compression/expansion of the alveoli can occur, preventing the rupture of their membranes 

and allowing us to breathe. The deficiency of lung surfactant is very common in prematurely 

born babies, but it can affect any individual regardless of ages. Lack of lung surfactants 

causes severe respiratory distress syndrome (SRDS),
160

 which can bring to death. The 

treatment for lung surfactant deficiency consists in the inhalation of lung surfactant extracted 

from animal origin and, to our knowledge, the use of synthetic lung surfactants has not been 

fully achieved yet. In this direction, the findings about the controlled reservoir formation in 

P/S spread films and the information attained from the future studies on biocompatible P/S 

systems with synthetic origin and NP/S may lead to a contribution in this field, by helping in 

the rational design of novel P/S systems for novel drug formulations. 
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