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Abstract

Fatty acids are anionic surfactants under their deprotonated forms. They are surfactants with
both biodegrability and low toxicity. Fatty acid molecules can self-assemble under various
shapes in aqueous solution. These self-assembled structures can respond to stimuli such as
pH, CO; and temperature due to changes occurring at the molecular level. These specificities
make them surfactants of special interest to tune the properties at the macroscopic scale. The
aim of this article is to review the recent advances in the creation and in the understanding of
responsive self-assemblies obtained from fatty acid molecules in aqueous solution. The links
between the microscopic, mesoscopic and macroscopic scales are described. The alkyl chain
melting phenomenon triggered by temperature at the molecular level leading to

thermoresponsive interfaces and foams at the macroscopic scale is highlighted.

1. Introduction

Soft materials which respond to stimuli are on the leading edge of materials research and
have recently been a subject of growing interest to many scientists [1]. The macroscopic
responsiveness relies on the ability to react at microscopic or mesoscopic scales. Stimuli-
responsive surfactants that can change their structure in response to a trigger such as pH,
temperature, light or magnetic field have attracted great attention due to their versatile
applications in various fields (e.g.pharmaceutical, biomedical, nanotechnology, etc.) [2]. A
change in the molecular structure of the surfactant activated by stimuli can affect the self-
assembled structure in water and the interfacial activity, which can in turn tune the properties

at the macroscopic scale such as viscosity, emulsion and foam stability [2].

In the current context of sustainable development, the surfactant industry has increasingly
turned its attention for the search of environmentally safer surfactants from renewable sources
to replace petrochemical based products. Fatty acids are anionic surfactants under their
deprotonated forms coming from renewable sources and have many advantages due their
availability in large amount in nature and their biocompatibility [3]. They could be used for
applications in various field from washing, material recovery processes, environmental clean-
up to encapsulation and drug delivery. Fatty acid molecules have an aliphatic tail and a polar
headgroup. As a function of the medium conditions, the alkyl tail can be in crystalline or
liquid state and the headgroup can be in its protonated (-COOH) or deprotonated (-COQO")

state. Due to these intrinsic properties, fatty acid molecules are responsive surfactants under
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the action of pH, CO, and temperature. The modifications occurring at the molecular level
under stimuli lead to modifications of the fatty acid self-assembled structures in aqueous
solution at the mesoscopic scale. Recently, some studies have focused on the use of the
structural transformations of self-assemblies based on fatty acids occurring at the mesoscopic
level to finely control the physical properties at the macroscopic scale. Original macroscopic
properties have been found, such as thermoresponsive foams and interfaces [4-6], which

cannot be achieved by conventional low molecular weight synthetic surfactants.

In the present short topical review, we will describe the recent results which highlight the
interest of using fatty acids as responsive surfactants to tune the properties at the macroscopic
scale under stimuli. At the outset of this review, we will provide a brief overview on the
molecular nature of fatty acids, how to disperse them in water and the general factors at
microscopic scale leading to various self-assembled morphologies at mesoscopic scale in
dilute aqueous medium. We will then describe how modifications at the molecular level
triggered by pH, CO, and temperature can tune the self-assemblies based on fatty acids at
mesoscopic scale. In the third part, we will focus on the link between these structural
transformations and the macroscopic properties: rheological properties, interfacial properties,
foam and emulsion stability. In particular, the role of the chain melting process at the
molecular level triggered by temperature will be examined in details and demonstrated as a

tool to control the responsiveness at the macroscopic scale in a reversible manner.

2. Fatty acid molecules as anionic surfactants: Fundamentals

2.1) Fatty acid at molecular state

From a chemical structure viewpoint, fatty acids are amphiphilic molecules with an aliphatic
tail, which is either saturated or unsaturated, and with a polar headgroup which can be in its
protonated (-COOH) or deprotonated (-COQO") state. The aliphatic tail can have some
additional groups such as hydroxyl group [7]. Fatty acids are usually obtained by hydrolysis
of oils from various oleochemical sources such as animal, marine and vegetable [3]. The
source of the oils determines the composition of the fatty acid mixture. Most of the animal
sources are characterized by a high concentration of saturated fatty acids, whereas marine
sources such as fish oils provide long chain and unsaturated acids. For oils coming from
vegetable sources, the fatty acid composition is linked to the plant origin and sort. Usually,

fatty acids are classified as a function of the aliphatic chain length [3]. Fatty acids with



aliphatic tails fewer than six carbons are called “short-chain” fatty acids. Between 6 and 12
carbons, they are called “medium-chain” fatty acids. From 14 up to 22 carbons, fatty acids are
classified as “long-chain” fatty acids. Above 22 carbons in the aliphatic tails, they belong to
the “very long chain” fatty acids category. Fatty acids become anionic surfactants under their
deprotonated form [3]. It is well recognized that anionic surfactants tend to be biodegradable
and less toxic compared to the cationic ones [8]. Fatty carboxylates can be degraded by -
oxidation and completely mineralized or incorporated into biomass [9]. Fatty acids can be
qualified as anionic surfactants with both low toxicity and biodegradability. The main
drawbacks to use fatty acid molecules as surfactant are linked to their low solubility in
aqueous solution and their high sensitivity to divalent and trivalent ions in solution. For
example, alkali ions form strong ion pairs with fatty acids which decrease their solubility in

water [10, 11].

2.2) Self-assemblies based on fatty acids in aqueous solution

Fatty acid properties (solubility, surface activity, self-assembly, etc.) are directly linked to the
molecular structure: types and length of the hydrophobic tails, nature of the hydrophilic
groups (ionized or non-ionized), presence of additional groups on the alkyl chain and the
binding with counter-ions. For all surfactants, the solubility depends on the Krafft point which
corresponds to the temperature at which the concentration of maximal solubility equals the
critical micellar concentration (CMC) [12]. For fatty acids, the Krafft point is directly linked
to the molecular structure and increases rapidly with the increase of the alkyl chain length.
This increase of the Krafft point, corresponding to a decrease in solubility, prevents the use of
long chain fatty acids in many applications. Various physical-chemistry approaches have been
designed to decrease the Krafft point temperature in order to disperse efficiently long chain
fatty acids over a wide range of temperatures in aqueous solution [13]. Obviously, chemical
modifications of fatty acids can yield to an increase of fatty acid solubility but others methods
can be applied without any modification of the fatty acid molecule [3]. More than 40 years
ago, Gebicki and Hicks reported the dispersion of oleic acid in vesicles in an aqueous solution
[14]. The bilayer of these vesicles is formed by both the non-ionized and ionized forms of the
fatty acid molecule. These two forms interact by lateral hydrogen bonding [15]. The ionized
form corresponds to the negatively charged surfactant. The formation and stability of the
vesicles depends on the protonation/ionization ratio of the terminal carboxylic acid which

governs the formation of hydrogen bonds [16]. This approach was then extended to disperse

4



various saturated fatty acids under the form of vesicles [16]. Another method consists in
mixing fatty acids with cationic surfactants to obtain catanionic systems [17]. The
electrostatic interactions between the fatty acid and the oppositely charged cationic surfactant
enable to disperse the fatty acid in aqueous solution by giving rise to catanionic surfactant
pairs with amphiphilic properties. The use of a large organic counter-ion provides another
effective method to enhance the solubility of fatty acids by ion-pairing [18]. An interesting
point is that the method used to successfully disperse the fatty acid controls the fatty acid
properties such as its limit of solubility and the self-assembly [13]. The self-assembly type

can be predict by using the concept based on molecular shape and called the packing

v . \ :
parameter defined as p = T where a is the effective headgroup area and V is the volume
a*lc

of the hydrophobic chain possessing maximum effective length / [12]. In surfactant systems, it
is known that for p<1/3, there is a tendency to form spherical micelles. For 1/3<p<1/2, worm-
likes micelles (WLMs) can be present. When 1/2<p<1, bilayers or vesicles are obtained. The
nature of the fatty acid and the approach used to disperse it lead to various values of p giving
a large variety of fatty acid self-assemblies in aqueous dilute medium (>90 wt.% water) from
usual self-assembled morphologies (spherical micelles, worm-like micelles, vesicle and
bilayer) to unusual morphologies such as tubes [19], nanodiscs [20], icosahedra [21], buckled

membranes [22] or cones [23].

An important parameter to take into account with fatty acid molecules is the pKa [24, 25].
The pKa value represents the ionic environment of the solution where 50% of hydrogen atoms
are removed from the carboxylic group by the existing OH™ ions in solution [26]. Most of the
short-chain fatty acids such as acetic acid (C2) or propionic (C3) acid have a pKa value
around 4.8 [26]. The pKa value can increase by increasing the carbon chain length of fatty
acids [27]. For example, pKa values around 9 have been found for the palmitic acid (C16)
[27]. The increase of the chain length of fatty acids leads to an increase of the hydrophobic
interactions between the chains of adjacent molecules, which gives rise to an increase of the
pKa value [26-28]. In the same way, the pKa value decreases in presence of unsaturation for
long chain fatty acids since the intermolecular distance increases and the area per molecule
increases [26]. The environmental conditions have a drastic effect on the pKa value. When
fatty acid molecules are embedded in the self-assembly, the pKa values are modified. For
example, it has been determined for lauric acid (C12) that the pKa value changes from 7.6 to

4.9 when lauric acid is embedded in anionic (SDS) and cationic (DoTAC) micelles,



respectively [29]. As a result, all the modifications of the environmental conditions such as
pH or temperature have an impact on the pKa of the fatty acid molecules embedded in the
self-assembly, which is important to take into account to produce responsive systems [30, 31].
The environmental conditions can tune the fatty acid molecules at the microscopic scale such
as the effective headgroup area and effective length of the alkyl chain, which in turn modify
the packing parameter. As discussed below, fatty acid self-assembled structures can transit
from one morphology to another by modifying the medium conditions such as pH, CO, and

temperature.

3. Effect of stimuli at molecular level on the fatty acid self-assembled
structures at the mesoscopic scale

3.1) pH effect

Surfactants responsive to pH changes are a subject of growing interest owing to their wide
potential in novel applications, as pH variations can control the molecular self-assembly [2].
Fatty acid headgroup has carboxylic group and the pH of the aqueous medium tunes the
degree of ionization between the protonate (-COOH) and deprotonated (-COQO") forms. Fatty
acids are a simple class of pH-responsive surfactants. When the pH is varied, the effective
area of headgroup is modified at the microscopic scale. The deprotonated form possesses a
bigger effective headgroup area than the protonated form. The corresponding p value for the
deprotonated form is reduced in comparison to the protonated form approaching values close
to 1/2-1/3, which favors the formation of worm-like or spherical micelles. By finely tuning
the pH, the ratio between the protonated and deprotonated forms can be adjusted which
modifies in turn the packing parameter, the hydrogen bonding and electrostatic interactions
[32]. Just by changing the protonation/ionization ratio of the carboxylic acid, a wide range of

fatty acid aggregates can be reversibly obtained at the mesoscopic scale.

It has long been known that saturated or unsaturated fatty acids can form vesicles or
liposomes near the apparent pKa value, where the protonated and deprotonated forms exist in
similar fractions leading to the formation of hydrogen bonding between fatty acid molecules.
By adding NaOH, the pH increases leading higher ratio of ionized to protonated molecules

and micelles are the dominant self-assembly [14, 33, 34]. When the pH is decreased by



adding HCI, oil droplets are obtained due to higher ratio of protonated to ionized molecules.
The pH range for vesicles formation varies as a function of the fatty acid molecules pKa,
which is linked to their chemical nature [16]. A modification of the pH medium by adding
NaOH or HCI can lead to other kinds of fatty acid self-assemblies than only vesicles or
spherical micelles. For example, erucic acid (unsaturated long chain fatty acid), which is one
of the most important kind of vegetable ®-9 fatty acid, can be used as pH-responsive
surfactant to obtain a pH-switchable worm-like micellar system [35]. The addition of NaOH
leads to the saponification of erucic acid molecules in aqueous solution forming sodium

erucate, which is an anionic surfactant (Fig. 1.a).
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Figure 1: (a) Schematic illutrating the chemical principles of the pH-switchable wormlike micelles obtained

with the erucic acid. (b) Snapshots showing the evolution of the 100mM erucic acid solution as a function of the

carbon dioxide bubbling time. Reprinted and adapted from [35, 36] with permission.

Under a low pH environment, only few erucic acid molecules can be neutralized into sodium
erucate which can be dissolved in aqueous medium as erucate ions. By increasing
progressively the pH, more and more sodium erucate molecules are obtained leading to an
increase of surfactant monomers in water. When the concentration of erucate surfactant
molecules is high enough, the molecules self-assemble under spherical micelles. By the
progressive pH increase, the aggregates evolve from spherical micelles to WLMs. When the
pH value is decreased, erucate ions are converted again into non-ionic erucic acid molecules

leading to the loss of the function of surfactant. The decrease of monomer surfactants disrupts



progressively the surfactant aggregates. This pH-responsive behavior is reversible when the

pH values are cyclically increased and decreased.

Another class of fatty acid systems called “true” catanionic systems has been extensively
studied due to its pH response. These systems are obtained from a mixture of fatty acids with
cationic surfactants in their hydroxide form. The counter-ions used are only H" and OH™ and
no excess salt is formed by mixing the two surfactants since OH" react with H' to form water
[17]. The main parameter in these systems is the molar ratio between the two components. An
excess of fatty acid in the mixture means that a part of the fatty acid molecules are still under
protonated forms. In an excess of the cationic surfactant in the hydroxide form, all fatty acids
are under their deprotonated forms and OH’ ions can be present in slight or in large excess in
the aqueous solution. A simple change of the molar ratio modifies the pH of the aqueous
medium. In these catanionic systems, a pH modification leads to a change of both the degree
of ionization of the fatty acid and the molecular electrostatic interactions with the cationic
component [13]. Many studies have been done by the Hao’s research group about fatty acid
catanionic systems. For example, in the system composed by lauric acid with
trimethyltetradecylammonium hydroxide (TTAOH), in presence of TTAOH in excess, all
fatty acid molecules are under deprotonated forms and micelles are obtained at 25°C [37]. At
equimolarity between the two components, vesicles are present. The transition between
micelles and vesicles occurs due to a change of the surface charge density governed by the
molar ratio. In the case of the catanionic system obtained with myristic acid and
cetyltrimetylammonium hydroxide (CTAOH) various usual and unusal structures have been
obtained by modifying the molar ratio [13]. When the cationic surfactant is in large excess,
the pH is high due to an excess of OH  leading to the formation of WLMs. When the
catanionic surfactant is in slight excess, corresponding to intermediate pH values, nanodiscs
are formed and the excess of cationic surfactants forms their edges [20]. When the fatty acid
is in excess, the pH decreases and facetted vesicles and icosahedra are obtained due to the

segregation of the excess of fatty acid molecules [21].

Recently, studies from Olvera de la Cruz’s research group have highlighted how both the self-
assembled structures at the mesoscopic scale and the crystalline order within fatty acid
bilayers at the microscopic scale can be easily controlled by pH (by using NaOH) in a
catanionic fatty acid system [22, 38, 39]. They studied palmitic acid in the presence of a
cationic component comprising a trivalent cationic headgroup made of three lysine amino

acids associated to a hydrophobic palmitoyl tail [39]. The key parameter in this catanionic
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system is the headgroups stoichiometric ratio. At equimolarity between fatty acid and cationic
component, the charge ratio is +3/-1. At low pH, faceted vesicles are obtained with a two-
dimensional hexagonal molecular arrangement of the ionic molecules inside the bilayer. At
this pH, the cations are fully charged and the degree of ionization of the fatty acid is very low.
The electrostatic attractions between the headgroups are expected to be weak and the
molecular tails pack into a hexagonal lattice. By increasing the pH to intermediate values,
ribbons are obtained with a rectangular C-structure for the molecular arrangement inside the
bilayer. At this intermediate pH range, both the palmitic acid headgroups and the trilysine
cationic molecules are expected to be nearly fully charged. This results to an enhancement of
electrostatic interactions, leading to a higher packing density of the molecular tails inside the
bilayer, which requires orientational ordering of the alkyl tails. The change of electrostatic
interactions between the headgroups modifies the packing density which leads to a distortion
of the hexagonal lattice into a 2D rectangular-C lattice. This crystalline transition induced by
the electrostatic interactions at the microscopic scale opens the closed membranes of the
faceted vesicles into ribbons at the mesoscopic level. At high pH, faceted vesicles are present
with a two-dimensional hexagonal lattice as for low pH. At high pH, the degree of ionization
of the fatty acid is high and the cation is not fully charged contrary to -low pH range. The
solution pH tunes the degree of ionization of the amphiphiles, modifying their molecular
electrostatic interactions which in turn control the molecular packing and the crystalline
phases of the ionic membranes at molecular scale. This results to a change of the self-
assembled morphology. The pH-driven ionization of the two amphiphilic components within
the bilayers enables to obtain various self-assembled morphologies made of bilayer at the
mesoscopic scale: closed unilamellar and multilamellar faceted vesicles, open sheets or

ribbons.

3.2) CO, as a tool to tune the pH

A fine variation of pH is offered by using CO, with the advantage of avoiding contamination
and modification of the medium solution by the addition of other chemical components such
as NaOH or HCI [36]. Many examples of such control have been published for various types
of surfactants [2]. Up to date, only one example is described in the literature on the use of
CO; to tune fatty acid properties as surfactant [36]. The WLMs obtained from erucate solution
at high pH described in the previous section have been used to study the effect of CO, as a
trigger [36]. When CO; is injected by bubbling into the WLMs solution, carbonic acid is
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produced within a few seconds and the pH decreases (Fig. 1.b). The H+ concentration
increases which favors the formation of erucic acid molecules. By increasing the time of
bubbling, more and more anionic surfactant molecules (sodium erucate) are converted into
erucic acid molecules decreasing the surfactant molecules concentration. Surfactants are
going away from the WLMs which result into a transition from WLMs to spherical micelles
or free monomers. Usually, a common way to deplete carbon dioxide is to inject nitrogen by
bubbling in order to reversibly switch the systems [40, 41]. However in this system, bubbling
nitrogen cannot make a reversible process since the increase of pH is not high enough to re-
initiate the formation of WLMSs. This first example using CO, as a trigger highlights the
potential of this simple, inexpensive, non-toxic and biocompatible method to tune self-
assemblies based on fatty acids in aqueous medium. This study has established the ‘proof-of-
concept’ of such control and we believe that CO, can be used as stimulus for various fatty
acid systems. Moreover, the reversibility offered by this trigger by bubbling nitrogen could be

achieved in systems for which the structural transition occurs at enough low pH.

3.3) Temperature effect

In contrary to other stimuli such as pH, the temperature can lead to reversibility over system
characteristics without changes in chemical composition. Temperature is known to strongly
affect the fatty acid self-assembled structure due to the chain melting process [13]. “Chain
melting” means that the hydrocarbon chains of lipids lose their ordered crystalline state to
gain a disordered liquid crystal state. The chain melting occurs above a characteristic
temperature called melting transition temperature Ty, [42]. Ty, is influenced by many factors
such as the alkyl chain length, pH value, ion binding, etc. [43-45]. This melting process
between the crystalline and the liquid state can occur at a precise temperature or span over a
wide range of temperatures. Ty, corresponds to the beginning of the melting process. In the
case of a progressive chain melting over a wide range of temperatures, the chain melting
process begins at Ty, and the crystallized chains melt progressively until all the chains reach
the liquid state. This progressive melting can be determined by coupling Differential Scanning
Calorimetry (DSC) and Wide angle X-ray scattering (WAXS) experiments [13]. The chain
melting process can induce reversible phase structural transitions. When the melting process
occurs at a precise temperature, a single structural self-assembly modification is observed. In
the case of a progressive chain melting, consecutive and complex multiple structural

modifications can occur at the mesoscopic scale. The importance of the chain melting process
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on fatty acid self-assembled structures can be illustrated by the 12-hydroxystearic acid (12-
HSA) multilamellar tubes system [19]. The 12-HSA tubes of micron length are obtained via
ion-pairing of the 12-hydroxystearic acid monomers with various alkanolamines [46]. For
equimolar ratio between 12-HSA and ethanolamine, the chain melting process is progressive
[13]. This phenomenon begins at T,,~47°C and finishes at around 70°C. Below Ty, the 12-
HSA tubes average dimensions are 10 um in length and 0.6 pm in diameter. Such tubes
exhibit multiple morphological structural transitions with temperature due to the progressive
chain melting process. The outer tube diameter starts to rapidly increase when the melting
process begins (T;,~47°C), reaching its maximum value of ~ 3-5 um around 50°C (Fig. 2).
Then, the tubes diameter decreases again upon a further increase of temperature back to the
same initial value (D ~ 0.6 pm) probably in mixture with spherical micelles [19]. Finally, at
the end of the melting process (T~70°C), when 12-HSA chains are all in liquid state, only

spherical micelles are present in solution.
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Figure 2: Evolution of the viscosity of the 12-HSA tubes solution as a function of temperature for three different
shear rates. The 12-HSA tubes structural evolution occurring in bulk with temperature is illustrated by the
schematic and the corresponding pictures obtained by phase contrast microscopy. Adapted from [46, 47] with
permission from American Chemical Society and The Royal Society of Chemistry. Copyright 2011 American

Chemical Society.
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All these structural modifications between micron size tubes with temperature tunable
diameter and spherical micelles triggered by the chain melting are completely reversible. For
12-HSA tubes, T, can be easily tuned by the medium conditions (ionic strength, pH and
nature of the alkanolamines) [46, 48]. In excess of ethanolamine, the chain melting process
occurring for the 12-HSA tubes occurs at a unique temperature [13]. 12-HSA tubes transit
directly into spherical micelles at Ty, (T,~42°C) without any change of the tubes diameter.
Similar structural transitions triggered by temperature have been obtained in salt free fatty
acid catanionic systems such as transitions from vesicles to lamellar networks [44] or facetted
to unilamellar vesicles [43]. Depending on the molar ratio between fatty acid and cationic
surfactant, the melting process can be progressive, spanning over a large range of

temperatures, or occurring at a single well-defined temperature [43].

Another effect of the temperature inducing structural transitions at the mesoscopic scale is
linked to counter-ion binding. This effect has been illustrated in the catanionic system
obtained from lauric acid and TTAOH. For concentration of lauric acid higher than 3.25
w.t%, when TTAOH is in excess, lamellar phases are obtained at room temperature. This
excess of cationic component leads to the presence of small quantity of free OH™ counterions
in solution [49]. Some of the OH™ ions can exist near the bilayer and create a negative charge
lowering the surface charge of the bilayer. By increasing the temperature, these negative
charges can progressively move away from the bilayer which can in turn be more positively
charged. This continuous motion of the OH™ counter-ions increases the curvature by
modifying the packing parameter and induces the transition from lamellar phases to micelles.
With exactly the same system but at lower lauric acid concentration, the presence of an excess
of TTAOH yields to a transition between micelles and vesicles by increasing the temperature.
In this case, the mechanism at the origin of this structural transition is not linked to a
modification of counter-ion binding but can be explained by the variation of components
involved in the self-assemblies. At room temperature, micelles are present containing an
excess of cationic surfactant. TTAOH has a much higher CMC than the surfactant ion pair
formed by TTA+ and lauric acid molecule under deprotonated form. This higher CMC for the
cationic component can lead to a gradually dissociation of TTAOH in solution by increasing
temperature. This dissociation process decreases the surface charge density of the aggregates
modifying the packing parameter which in turn induces a transition from spherical micelles to

vesicles [49].
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Temperature can lead to different modification inside the self-assembly at the molecular
scale: chain melting, counter-ion binding and variation of the components concentration. All
these phenomena triggered by temperature then induce reversible structural transitions at the

mesoscopic scale.

4. Responsive self-assemblies based on fatty acids: effect on the

macroscopic properties
4.1 Solution rheological properties : effect of chain melting with temperature

All the structural transformations occurring at the mesoscopic scale described in Section 3
under the action of pH, CO; and temperature might modify the rheological properties. Indeed,
it is well known that solutions of spherical micelles yield low viscosities, whereas the
formation of WLMs or vesicles can have strong effects on the rheological properties
providing in some cases highly viscous solutions [35, 36, 50, 51]. In literature, most of the
reported studies deal with single structural modification induced by an external stimulus
leading to only one major change in the rheological properties. However, multiple structural
transformations can occur with temperature for fatty acid aggregated structures due to the
progressive chain melting process spanning over a wide range of temperatures. This
progressive phenomenon occurring at molecular level leads to non-trivial and even non-
monotonous changes in the rheological properties of the solution. The changes occurring in
the rheological properties during the progressive chain melting process have been studied for
two systems: the facetted vesicles obtained from the catanionic mixture made of myristic acid
and CTAOH [43] and the 12-HSA self-assembled tubular structures obtained with
ethanolamine as counter-ion in equimolar ratio [47]. In the case of the facetted vesicles, the
progressive chain melting begins at T,;,~43°C and finishes at 53°C as determined by DSC
[43]. This process induces a transition from facetted vesicles towards unilamellar vesicles
(Fig. 3.a). Below and above this temperature range (43°C-53°C), the bulk viscosity is low
(Fig. 3.b). In the melting transition region, there is a strong increase in the viscosity within a
few degrees. This increase in bulk viscosity can be explained in terms of structural
reorganization and metastable coexistence of liquid and crystalline domains in faceted

vesicles bilayers at the microscopic scale (Fig. 3.c).
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Figure 3: (a) Heat capacity scan obtained by DSC showing the progressive chain melting occuring from 43°C to
53°C leading to the transition between faceted vesicles to unilamellar vesicles. (b) Evolution of the bulk
viscosity as a function of temperature measured at 6.28 rad s™ of catanionic vesicles (® = 0.1 wt%). (c)
Schematic showing the possible intermediate states between facetted polyhedra and unilamellar vesicles
occurring during the chain melting and at the origin of the rheological behavior. The thick lines symbolize the
ordered chains, while the fine, curved lines stand for the disordered chains. Adapted from [43] with permission.

Copyright 2004 American Chemical Society.

For the 12-HSA tubes with a temperature tunable diameter which transit into spherical
micelles at around 70°C, the multiple transformations due to the progressive chain melting
from 47°C to 70°C lead to unusual non-monotonous evolution of the bulk viscosity in this
range of temperature (Fig. 2) [47]. The fine tuning of the tubes diameter with temperature and
the transition from micron-size tubes to spherical micelles at high temperature leads to several
rheological behaviors ranging from a simple shear-thinning fluid, to a yield stress fluid or to a
Newtonian fluid; note that such strong changes are obtained within a relatively small
temperatures range (from 47 to 70°C) [47]. It is important to notice the closed link between
the chain melting process occurring at the molecular scale level inside the self-assembled
structures with these drastic modifications of the rheological behavior at the macroscopic
scale. These two examples highlight how reversible non-monotonous changes of rheological
properties can be easily triggered by temperature from simple self-assembled structures based

on fatty acid molecules.
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4.2 Interfacial properties: effect of pH and temperature

It 1s well known that pH has a drastic effect on the characteristics of fatty acids monolayer
self-organized at the air/water interface [52]. As in bulk, a pH modification of an aqueous
phase covered by a fatty acid monolayer leads to changes of the fatty acid molecules
ionization state [27]. At low pH, the adsorbed layer contains fatty acid molecules under
protonated forms whereas at high pH, fatty acid molecules at the interface are totally
deprotonated. When the molecules are deprotonated, ionic repulsions between the polar
groups occur and increase the intermolecular distance and the area per molecule. At pH close
to the pKa, there is a coexistence of the two forms (deprotonated and protonated) at the
interface. They interact by hydrogen bonding and decrease the intermolecular distance.
Consequently, the interfacial properties evolve with pH due to a change of interactions
between the molecules. The surface tension, which is linked to the molecular packing and the

molecular area at the interface, is consequently tuned by the pH [53].

Similar effects have been observed at the oil/water interface. The link between surface tension
and pH have been used to produce self-propelled oil droplets from fatty acids molecules (Fig.
4.a) [54]. To obtain these self-propelling droplets, two phases are in contact: oil droplets
containing oleic anhydride precursor and an aqueous phase containing fatty acid micelles at
alkaline pH. At the droplet interface, when a patch of fresh oil becomes exposed to the water,
the hydrolysis of the oleic anhydride precursor occurs. In the presence of alkaline aqueous
solution, the oleic anhydride precursor is hydrolyzed to form two oleic acid molecules. The
oleic acid molecules produced through hydrolysis within a basic environment result in
acidification of the environment close to the oil droplet. A local pH gradient is self-generated
in the solution close to the interface affecting the interfacial tension between oil and water.
Such difference in the interfacial tension leads to the motion of the oil droplet. The droplet
moves away from this acid product into fresh unmodified alkaline water zone. This system
perfectly illustrates the pH effect on fatty acid molecules at interfaces which can lead to

motion at the macroscopic scale.
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Figure 4: (a) Self-propelling droplet motion observed by phase contrast microscopy (A—D). The droplet moves
from the bottom to the top and each frame is captured at 2 s intervals. The scale bar is 100 pm. Reproduced from
[54] with permission. Copyright 2007 American Chemical Society. (b) Schematic illustration of the structural
and dynamic properties of the 12-HSA tubes at the air/water interface with temperature determined by neutron
reflectivity experiments. Reproduced from [4] with permission. Copyright 2011 American Chemical Society. (¢)
Schematic illustrating the adsorption phenomenon occurring in catanionic vesicles obtained with myristic acid

with time. Reproduced from [6] with permission. Copyright 2013 American Chemical Society.

This pH response concerns only the interfacial properties of fatty acid monolayers, but it has
been highlighted recently that some self-assembled structures are also able to adsorb at the
air/water interface below a monolayer, forming thick layer of few hundred nanometers [4, 6].
The properties of these aggregated structures at the interface can be tuned by temperature due
to the chain melting process, as described in the previous section for the bulk properties. The
12-HSA tubular system with a temperature tunable diameter (see part 3.3) illustrates this
phenomenon. By neutron reflectivity experiments, it has been shown that the 12-HSA tubes
can adsorb at the air/water interface below a fatty acid monolayer with similar structural
characteristics than in bulk [4]. The presence of the very dense monolayer with low
equilibrium surface tension (25 mN/m) protects the tubes and they are not destroyed when
they come to the interface. The monolayer is very dense because of strong intermolecular
interactions induced by hydrogen bonding between the hydroxy groups of the 12-HSA
molecule [47]. An increase of temperature induces the same structural modifications of 12-
HSA tubes at the interface than in bulk which arise from the progressive chain melting
process (Fig. 4.b). Upon heating, when the chain melting process begins, the tubes diameter

increases in bulk, leading to an increase of the tubes diameter at the interface. When tubes
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begin to be in closed contact to each other at the interface, they unfold to form a multi-
lamellar layer. Upon further heating, the tubes diameter decreases in bulk and tubes are
reformed at the interface. At high temperature, when the chain melting process finishes, the
tube-to-micelle transition occurs in bulk and only the 12-HSA monolayer remains at the
interface. Tubes can form again just by decreasing the temperature. The structural
modifications of the 12-HSA tubes adsorbed at the interface with temperature are reversible
and have an impact on the interfacial properties [47]. The viscoelastic properties are directly
linked to the aggregated structures adsorbed at the interface, which are controlled by the
progressive chain melting process occurring at molecular level. The presence of the tubes
below the fatty acid monolayer confers a “solid-like” behavior, but when tubes are unfolded
or tubes transit into micelles a “fluid-like” behavior is observed. This system has several
reversible consecutive modifications between “solid-like” to “fluid-like” regimes in a few
degrees. Another system made of myristic acid and cetyltrimethylammonium chloride, which
forms catanionic vesicles in bulk, has been shown to exhibit thermoresponsive interfacial
properties [6]. The formation of a very dense and very elastic catanionic monolayer with a
low equilibrium surface tension (29 mN/m) at the interface prevents the vesicles rupture
yielding to the presence of several layers of intact vesicles underneath (Fig. 4.c). At low
temperature, vesicles bilayers are in crystalline state and extremely rigid with both high
compression and bending moduli conferring a solid-like behavior at the interface. Around the
chain melting transition temperature of the vesicle bilayers in bulk, the transition between the
“solid-like” to “fluid-like” behavior occurs at the interface. Above T, the catanionic
monolayer and the vesicles layers lost their solid and rigid characteristics inducing changes of
the interfacial dynamical properties. This temperature-dependent behavior at the interface is
again completely reversible. From these two examples, it seems that the presence of a dense
monolayer is a prerequisite to allow and preserve self-assembled structures localized in the
vicinity of an interface. The thermoresponsive behavior at the interface highlights the
importance of the chain melting phenomenon at molecular scale which gives reversible

structural transitions both in bulk and at the interface.

4.3 pH- and Thermo-responsive Foams

An aqueous foam is a dispersion of gas bubbles in a fluid phase, usually water. A foam is a
thermodynamically unstable system and any foam vanishes with time. The foam is

destabilised by three coupled mechanisms: drainage, coalescence, and coarsening. Stable
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foams correspond to foams for which these destabilization mechanisms are drastically slowed
down. Responsive foams are foams for which the stability can be switched from low to high
stability under an external stimulus. One of the prerequisite to obtain a foam is to have a
stabilizer which can adsorb at the gas/liquid interface. Fatty acids are surfactants known to
easily produce foams. As detailed previously, the interfacial properties of fatty acids can be
triggered by pH which has been shown to affect the foamability and foam stability [27]. The
optimal foaming properties are obtained for pH close to the pKa since the fatty acid
monolayer is dense and close packed at the interface, due to hydrogen bonding. A pH
modification leads to changes of fatty acid ionization states both in bulk and at the interface
which tunes the foaming properties at the macroscopic scale. For example, from oleate/oleic
acid solution, micelles are present at high pH leading to weak foam stability [55]. At low pH,
most of the fatty acid molecules are under protonated forms giving oil droplets in bulk and a
foam is almost impossible to produce. The fatty acid oil droplets lead to the almost
instantaneous destruction of the film between bubbles by acting as defoamers. At intermediate
pH close to pKa, both the presence of vesicles in bulk inside the foam liquid channels and the
dense layer at the interface produce relatively stable foams. Thus, a simple change of the pH
solution modify the foamability and foam stability [55]. However, this method does not
induce reversible changes of the foam stability and the solution composition is modified by

addition of either base or acid component.

Recently, responsive foams reacting to external stimuli and made from solutions containing
self-assemblies based on fatty acids have been reported. These foams are based on the
structural transitions occurring both in bulk and at the interface with temperature in a few
seconds [5, 56]. Thermoresponsive foams have been obtained from the 12-HSA tubes
described previously. Foams produced from these 12-HSA tubes solution are outstandingly
stable over months and described as “ultra-stable” [5]. The origin of this stability comes from
both the presence of tubes in the foam liquid channels and at the air/water interface, which
prevent the foam destabilization by reducing drainage, coalescence and coarsening [5]. These
tubes transit into micelles when the chain melting process, triggered by temperature, is over.
Fatty acid micelles are known to give foams with weak stability [57]. By using the
temperature-response of this self-assembly both in bulk and at the interface, the production of
responsive foams has been for the first time achieved. This phenomenon is shown in the

Figure 5.a.
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Figure 5: (a) Evolution of the foam volume as a function of the temperature for foam produced with 12-HSA
tubes showing the thermoresponse of the foam. Foams are ultrastable when tubes are present inside the foam
liquid channels. The tubes to micelle transition at 60°C induced a drastic decrease of the foam volume. By
decreasing the temperature at 20°C, tubes are reformed in the foam and the foam volume remains constant again
with time. Reproduced from [5] with permission. (b) Illustration of the ability of 12-HSA foam with magnetic
particles to respond to different external stimuli: temperature, UV irradiation and magnetic field. Reproduced

from [56] with permission from The Royal Society of Chemistry.

Foams produced at 20°C are stable due to the presence of the 12-HSA tubes. Upon heating
the foam above the tubes-to-micelles transition temperature, the foam volume decreases
quickly. The foam is less stable in the absence of tubes. Remarkably, by decreasing the foam
temperature below the transition temperature between tubes and micelles, tubes are reformed
and the foam destabilization is completely stopped. The ultra-stable behavior is recovered.
This phenomenon is almost instantaneous and completely reversible. The origin of the foam
responsiveness at macroscopic scale is directly linked to the modification of self-assembled
structures at the mesoscopic scale triggered by temperature, which is in turn controlled by the
alkyl chain state at the molecular level. Later, to obtain responsive foams from this system but
avoiding the direct contact with the foam, light has been used as external stimulus. Indeed, it

is known that light offers significant advantages as stimulus compared to the temperature.
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Light can be applied at a precise location without direct contact with the foam. In this aim, the
12-HSA tubes have been combined with carbon black particles (CPB) which are able to
convert light stimulus to heat by photothermal conversion effect [56]. Both CPB and 12-HSA
tubes are trapped in the liquid channels leading to ultrastable foams. Under UV or solar
illumination, CPB particles absorb light causing an increase in temperature inside the foam
liquid channels above the temperature transition from tubes to micelles. This results into very
fast foam destabilization (Fig. 5.b). The foam can be destabilized multiple times without
modification of the system that guaranteed the reversibility. This approach leading to photo-
thermo-responsive foams has been extended to magnetic particles giving rise to the first
foams exhibiting stability which can be tuned by three stimuli: temperature, light and
magnetic field (Fig. 5.b).

Up to date, it is the first example of foams produced from self-assemblies based on fatty acids
for which the stability can be switched reversibly from stable to unstable under external
stimuli. However, other fatty acid aggregated structures could be efficient to produce similar
foams [58-61]. For example, foams produced from myristic acid and
cetyltrimethylammonium chloride have already been studied at room temperature [58]. In this
case, foams are very stable due to the presence of catanionic vesicles both in the foam liquid
channels and in the films separating bubbles. These vesicles can adsorb at the interface and
exhibit thermoresponsive behavior due to the chain melting process [6]. All these information
let us assume that responsive foams could be obtained from these catanionic vesicles and

from other systems which could exhibit similar features.

4.4. From thermoresponsive foams to thermoresponsive emulsions?

Contrary to foaming properties, only one fatty acid aggregated system has been shown to
adsorb at oil/water interface leading to the long term stabilization of emulsion at room
temperature [62, 63]. The Zemb’s research group has produced the first Pickering emulsion
stabilized by catanionic discs of myristic acid and CTAOH. These discs act as particles at the
interface which results to the emulsion stabilization. As described previously for various
systems at the air/water interface, the discs first rupture in the presence of a bare interface
leading to the formation of dense monolayer. Then, discs adsorb and stack below this
monolayer. These discs are known to transit into other aggregated structures with temperature

due to the chain melting process in aqueous solution [20]. From these observations, it can be
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expected changes of emulsion stability triggered by the chain melting process with

temperature. However, this hypothesis has still to be demonstrated.

Summary, conclusion and outlook

This review brings evidence that fatty acid molecules can be used as natural and responsive
surfactants to tune aggregation structure, viscosity, surface activity and foam stability. Most
of the recent studies deal with pH or temperature as stimulus. A pH modification can be
obtained by using CO, as trigger which seems to be very promising. In all cases, the change
occurring at molecular level, either the ionization state of the headgroup or the state of the
alkyl chains, leads to drastic modifications of the properties at the mesoscopic and
macroscopic scales. It is important to point out that the responsiveness at macroscopic scale,
such as demonstrated for foams, is obtained due to the link between the microscopic and the

mesoscopic scales.

The use of sodium and potassium carboxylates surfactants is widespread, especially in
household and personal cleaning products. The response obtained under stimuli from fatty
acid co-assembly systems described in this review could be used for specific applications in
various fields from washing, material recovery processes and environmental clean-up. These
systems can be highly biocompatible which strongly supports their applicability in customer
end products [64]. Some of the systems described in this review are already studied to be used
for encapsulation and drug delivery [65, 66]. It is clear that a major part of self-assemblies
based on fatty acids research for years to come will be focus on the use of fatty acids

assemblies as soft responsive particles with specific properties.
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