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Abstract: The assembly in solution of the cationic polymer poly(diallyldimethylammonium chloride)
(PDADMAC) and two different anionic surfactants, sodium lauryl ether sulfate (SLES) and sodium
N-lauroyl-N-methyltaurate (SLMT), has been studied. Additionally, the adsorption of the formed
complexes at the water—vapor interface have been measured to try to shed light on the complex
physico-chemical behavior of these systems under conditions close to that used in commercial
products. The results show that, independently of the type of surfactant, polyelectrolyte-surfactant
interactions lead to the formation of kinetically trapped aggregates in solution. Such aggregates drive
the solution to phase separation, even though the complexes should remain undercharged along the
whole range of explored compositions. Despite the similarities in the bulk behavior, the equilibration
of the interfacial layers formed upon adsorption of kinetically trapped aggregates at the water-vapor
interface follows different mechanisms. This was pointed out by surface tension and interfacial
dilational rheology measurements, which showed different equilibration mechanisms of the interfacial
layer depending on the nature of the surfactant: (i) formation layers with intact aggregates in the
PDADMAC-SLMT system, and (ii) dissociation and spreading of kinetically trapped aggregates after
their incorporation at the fluid interface for the PDADMAC-SLES one. This evidences the critical
impact of the chemical nature of the surfactant in the interfacial properties of these systems. It is
expected that this work may contribute to the understanding of the complex interactions involved in
this type of system to exploit its behavior for technological purposes.

Keywords: polyelectrolyte; surfactants; kinetically trapped aggregates; interfaces; surface tension;
interfacial dilational rheology; adsorption

1. Introduction

The study of polyelectrolyte oppositely charged surfactant solutions, either in bulk or close to
interfaces (fluid and solid ones), has grown very fast in the last two decades [1], mainly as result of
its interest for a broad range of technological and industrial fields, e.g., drug delivery systems, food
science, tertiary oil recovery, or cosmetic formulations [1-9]. Most of such applications take advantage
of the chemical nature of the compounds involved, structural features of the formed complexes, and
the rich phase diagrams appearing in this type of system [10-12].

Despite the extensive research, the description of the physico-chemical behavior of these colloidal
systems remains controversial, in part because the self-assembly processes of polyelectrolytes and
surfactants bearing opposite charges leads to the formation of non-equilibrium complexes [10,13-16].
They are expected to impact significantly on the properties of the solutions and in their adsorption at
the interfaces [7]. This makes it necessary to pay attention to aspects such as the polymer-surfactant
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mixing protocol, the elapsed time from the preparation of solutions until their study, or the addition
of inert electrolytes when comparisons between different studies are performed [17-19]. The role
of the above-mentioned aspects in the physico-chemical properties and the phase diagrams of
polyelectrolyte-surfactant solutions have been the focus of many studies, which have evidenced
the complex behavior of polyelectrolyte-surfactant solutions [6,8,17-19]. It is worth mentioning
that the non-equilibrium nature of the complexation process of polymer-surfactant solutions has an
extraordinary impact on the interfacial properties of such solutions, as was recently stated by Campbell
and Varga [20].

The role of the presence of non-equilibrium aggregates on the adsorption of polymer-surfactant
solutions at fluid interfaces was already evidenced by the seminal works of the groups of Campbell and of
Meszaros, focused on the analysis of the surface tension of polyelectrolyte-surfactant solutions [7,21-23].
However, it was necessary to use neutron reflectometry, which provides information on the composition
and structure of the interfaces to deepen the most fundamental aspects of the physico-chemical behavior of
these systems [24-26]. The studies of Penfold’s group were a preliminary step toward the understanding
of the correlations existing between the aggregation occurring in polyelectrolyte-surfactant solutions
and the behavior of these complexes’ fluid interfaces [27-31]. However, such works used an extended
Gibbs formalism to describe the adsorption at fluid interfaces, i.e., provide a thermodynamic description.
This approach was able to account for the non-regular dependences of the surface tension on the
bulk concentration (surface tension peaks), even though it neglects the impact of non-equilibrium
aspects [32,33]. More recently, Campbell et al. [17,18,34-39], using surface tension measurements and
neutron reflectometry combined with ellipsometry, Brewster angle microscopy, and different bulk
characterization techniques, tried to link the interfacial properties of the solutions to the bulk phase
behavior, paying special attention to the role of the non-equilibrium effects. Their physical picture takes
into account the role of the depletion of the interface as a result of the aggregation in the bulk [40], and
the enrichment of the interface in virtue of direct interactions of the formed aggregates [19].

Most studies that analyze the behavior of the adsorption of polyelectrolyte-surfactant solutions at
fluid interfaces only consider the interfaces as static systems. However, a comprehensive description
of their behavior requires taking into consideration the response of such systems against mechanical
deformations, i.e., the rheological response of the interfaces [7,41-45]. The understanding of such aspects
is essential because most technological applications of interfacial systems, e.g., foam stabilization [42],
rely on the response of the interfaces against mechanical perturbations [43]. The seminal studies on the
rheological characterization of polyelectrolyte-surfactant layers at the water-vapor interface done by
Regismond et al. [26,46] pointed out the strong synergetic effect on the interfacial properties as result
of the influence of the bulk complexation process in the interfacial properties. More recent studies
by Bhattacharyya et al. [47] and Monteux et al. [48] correlated the interfacial rheological response of
polyelectrolyte-surfactant solutions with their ability to stabilize foams. They found that the formation
of gel-like layers at the interface hindered destabilization processes such as bubble coalescence and
foam drainage. Deepening the understanding of the rheological response of polyelectrolyte-surfactant
solutions, Noskov et al. [26,42,43,45,49] showed that the mechanical behavior of the interface is
controlled by the heterogeneity of layers, which is reminiscent of the structure of the complexes formed
in solution.

It is worth mentioning that most studies in the recent literature deal with solutions containing
relative low polymer concentrations, which hold limited interest from an industrial point of view. It is
expected that polymer concentration can present an important contribution in both the complexation
process and the interfacial properties of polyelectrolyte-surfactant solutions [19,41,43]. Previous studies
have shown that, whereas in diluted polyelectrolyte-surfactant solutions, equilibrium between free
surfactant molecules and complexes is always present in solution, the role of the free surfactant
is rather limited when polymer concentration is increased. For the latter, the binding degree of
surfactant molecules to the polymer chain reach values above 90%, which makes it possible to assume
that they are mostly complexes that are presented in solution, even for compositions in the vicinity
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of the onset of the phase separation region [50]. The differences in the complexation phenomena
occurring in concentrated and diluted mixtures may significantly affect the interfacial assembly of
polymer-surfactant solutions, with concentrated mixtures leading to the formation of interfacial layers,
with composition mirroring the composition of the bulk solutions. The latter is far from the scenario
found for diluted solutions [50,51].

This work presents a comparative study of the equilibrium and dynamic properties of
interfacial layers formed upon adsorption at the water—vapor interface of solution formed by
poly(diallyldimethylammonium chloride) (PDADMAC) and two different anionic surfactants: sodium
lauryl-ether sulfate (SLES) and sodium N-lauroyl-N-methyltaurate (SLMT). PDADMAC was chosen
as the polymer because of its common utilization as a conditioner in cosmetic formulations for hair
care and cleansing. Furthermore, SLES and SLMT have been recently included in formulations of
shampoos to replace sodium dodecylsulfate (SDS) due to their softness and mildness, which limits
skin and mucosa irritation [1].

The main aim of this work is to unravel the different interfacial behavior appearing in
polycation-oppositely charged surfactant mixtures. The adsorption at the water—vapor interface is
studied by surface tension measurements obtained with different tensiometers. It is worth mentioning
that although polyelectrolyte-surfactant may be out of equilibrium, for simplicity we will refer to
the effective property measured in this work as surface tension. In addition to the steady state
measurements of the surface tension, we will follow the adsorption kinetics of the complexes at the
water—vapor interface by the time evolution of the surface tension (dynamic surface tension) and the
mechanical performance of the interfaces against dilation using oscillatory barrier experiments in a
Langmuir trough [52]. The obtained results will be combined with the information obtained from the
study of the self-assembly phenomena taking place in solution. This will provide a comprehensive
description of the equilibration processes occurring during the formation of interfacial layers in this
type of system. It is expected that the results contained here may help to shed light on the complex
physico-chemical behavior of these systems.

2. Materials and Methods

2.1. Chemicals

PDADMAC, with an average molecular weight in the 100-200 kDa range, was purchased as a
20 wt.% aqueous solution from Sigma-Aldrich (Saint Louis, MO, USA), and was used without further
purification. SLES was supplied by Kao Chemical Europe S.L. (Barcelona, Spain) as an aqueous solution
of surfactant concentration 70 wt.% and was purified by lyophilization followed by recrystallization of
the obtained powder using acetone for HPLC (Acros Organics, Hampton, NH, USA) [50]. SLMT was
synthetized and purified following the procedures described in a previous study [50]. Scheme 1 shows
the molecular formula for PDADMAC and the two surfactants used in this work.
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Scheme 1. Molecular formula of the three surfactants used in this work: PDADMAC (a), SLMT (b)
and SLES (c).
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Ultrapure deionized water used for cleaning and solution preparation was obtained using a
multicartridge purification system AquaMAX™.-Ultra 370 Series. (Young Lin, Anyang, Korea).
This water presents a resistivity higher than 18 M()-cm, and a total organic content lower than 6 ppm.
Glacial acetic acid and KClI (purity > 99.9%) purchased from Sigma-Aldrich were used to fix the pH
and the ionic strength of solutions, respectively.

2.2. Preparation of Polyelectrolyte-Surfactant Solutions

The preparation of polyelectrolyte-surfactant solutions was performed following a procedure
adapted from that proposed by Llamas et al. [53]. Firstly, the required amount of PDADMAC aqueous
stock solution (concentration 20 wt.%) for obtaining a solution with polyelectrolyte concentration of
0.5 wt.% was weighted and poured into a flask. Then, KCl up to a final concentration of 40 mM was
added into the flask. The last step involved the addition of the surfactant and the final dilution with an
acetic acid solution of pH~5.6 to reach the final composition. The addition of surfactant was performed
from stock aqueous solutions (pH~5.6) with a concentration one order of magnitude higher than that
in the final solution. In this work, polyelectrolyte-surfactant solutions with surfactant concentration, c,
in the range 107°~10 mM were studied. Once the solutions were prepared, these were mildly stirred
(1000 rpm) for one hour using a magnetic stirrer to ensure the compositional homogenization of the
solutions. Samples were left to age for 1 week prior to their use to ensure that no phase separation
appeared in samples within the aging period [52].

2.3. Techniques

2.3.1. Turbidity Measurements

The turbidity of the solutions was evaluated from their transmittance at 400 nm, obtained using a
UV-Visible spectrophotometer (HP-UV 8452, Hewlett Packard, Palo Alto, CA, USA). The turbidity of
the samples was determined by the optical density at 400 nm (ODypp = [100 — T(%)]/100, where T is the
transmittance). It is worth mentioning that neither the polyelectrolyte nor the surfactant present any
absorption band above 350 nm.

2.3.2. Binding Isotherm

The binding isotherm of the anionic surfactant to the polycation PDADMAC was determined
by potentiometric titration using a surfactant selective electrode model 6.0507.120 from Metrohm
(Herisau, Switzerland). The binding degree of surfactant 3 was estimated from the potentiometric
measurements, as was proposed by Mezei and Meszaros [22]
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where c; ¢ and Cponomer are the concentrations of free surfactant in solution and charged monomers of
the polyelectrolyte chains, respectively. This method of determining the binding isotherm provides
information about the amount of free surfactant remaining in the solution.

2.3.3. Surface Tension Measurements

Surface tension measurements as functions of the surfactant concentration (SLMT or SLES) for
pure surfactant and polyelectrolyte-surfactant solutions were performed using different tensiometers.
In all the cases, the adsorption was measured until the steady state conditions were reached. Special
care was taken to limit the evaporation effects. Each value was obtained as an average of three
independent measurements. All experiments were performed at 25.0 + 0.1 °C. From the results of the
experiments, it is possible to define the surface pressure as I1(cs)=vg — v(cs), where v is the surface
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tension of the bare water-vapor interface and y(cs) is the surface tension of the solution—-vapor interface.
Further details on surface tension experiments can be obtained from a previous study [23].

e  Surface force tensiometers. Two different surface force tensiometers were used to measure the
equilibrium surface tension: a surface force balance from Nima Technology (Coventry, UK)), fitted
with a disposable paper plate (Whatman CHR1 chromatography paper) as a contact probe; and a
surface force tensiometer Kriiss K10 (Hamburg, Germany), using a Pt Wilhelmy plate as a probe.

e  Drop profile analysis tensiometer. A home-built drop profile analysis tensiometer in pendant
drop configuration allowed determination of the surface tension of the water-vapor interface.
This tensiometer enabled evaluation of the time dependence of the surface tension during the
adsorption process, thus providing information related to the adsorption kinetics.

2.3.4. Dilational Rheology

A Nima 702 Langmuir balance from Nima Technology equipped with a surface force tensiometer
was used to measure the response of the surface tension against sinusoidal changes in the surface area.
Thus, it is possible to obtain information about the dilational viscoelatic moduli of the water-vapor
interface e* = ¢’ + ie”, with ¢’ and ¢” being the dilational elastic and viscous moduli, respectively, in the
frequency range of 107!~10~2 Hz and at an area deformation amplitude Au = 0.1, which was verified
to be an appropriate value to ensure results within the linear regime of the layer response [52].

3. Results and Discussion

3.1. PDADMAC-Surfactants Assembly in Solution

The equilibrium condition implies that the chemical potential of all the species in both the bulk and
at the interfaces are the same. Therefore, any physical understanding of the latter implies knowledge
of the behavior of the different species in the bulk. Figure 1a shows the surfactant-binding isotherms
deduced from electromotive force (EMF) measurements. Comparing the curves of EMF obtained
for surfactants and PDADMAC-surfactant solutions, it is possible to obtain the binding isotherms
for the corresponding surfactant to PDADMAC chains following the approach described by Mezei
and Meszaros [50]. The results point out a high degree of binding over the whole range of studied
compositions, providing an additional confirmation of the high efficiency of PDADMAC in binding
anionic surfactants. Campbell et al. [38] found for PDADMAC-SDS solutions binding degrees of
surfactant to PDADMAC close to 0.3 in the vicinity of the isoelectric point (surfactant concentration
around 0.2 mM). The extrapolation of such results in similar conditions to those considered in this
work, i.e., polymer concentration 50-fold the one used by Campbell et al. [38,52], and assuming that the
binding is not significantly modified either for the surfactant structure or for the differences in the ionic
strength, takes the binding degree at charge neutralization to a value <1%. This is just the situation
found here, where binding isotherms evidence that the amount of free surfactant in solution remains
below 10%, even for the highest surfactant concentrations. The low concentration of free surfactant in
solution allows us to assume hereinafter that the bulk has a negligible free-surfactant concentration.

Figure 1b shows the dependence of the optical density of the samples on the surfactant
concentration for the solutions of PDADMAC and the two surfactants. Similar qualitative concentration
dependences of the optical density were found for both polyelectrolyte-surfactant systems. It may
safely be expected that all of the studied compositions for PDADMAC-surfactant solutions fall in an
equilibrium one-phase region, showing optically transparent solutions. This comes from the fact that
the number of surfactant molecules available in solution is not high enough to neutralize the charge of
all the monomers in the polyelectrolyte chains, thus leading to the formation of undercompensated
cationic complexes in solution. Indeed, considering the high polymer concentration, simple calculations
suggest the existence of around 36 monomers for each surfactant molecule for a surfactant concentration
of approximately 1 mM. Therefore, assuming the complete binding of surfactant molecules to the
polymer chains, around 35 monomers remain positively charged in the complexes, supporting the
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formation of transparent samples within the entire concentration range. However, contrary to what
was expected for solutions with compositions far from the neutralization, the solutions formed by
undercompensated complexes show an increase of the turbidity for the highest surfactant concentration.
Therefore, for such concentrated solutions, the system should get close to the onset of where the two
phase region occurs, even though no signature of charge neutralization was found from electrophoretic
mobility measurements. This results from the mixing protocol used for solution preparation, which
proceeds during the initial step by mixing a concentrated polymer solution with a concentrated
surfactant solution. This precursor solution is them diluted up to the stated bulk composition. It may
be expected that this methodology leads, due to the Marangoni stress created, to the formation of
persistent kinetically-trapped aggregates that persist even upon dilution, leading to the appearance of
a two-phase system far off the real neutralization point of the system [7,54]. These results contrast
with those reported in other mixtures studied in the literature. In such systems, the increase on
the optical density of the samples results from the formation of charge compensated complexes.
The last is associated with the transition from a composition region, in which the charge of the
complexes is governed by the excess of charged monomers to another region, in which the excess
of bound surfactant to the polymer chain controls the charge of the formed complexes, i.e., a charge
inversion transition [20,38,55]. The above results show that the production of kinetically-trapped
aggregates during mixing can lead to turbid mixtures far from the real equilibrium phase separation [3].
Preliminary results have shown that the above discussed scenario changes significantly when the
interaction of PDADMAC with betaine derived surfactants is considered. In such systems, even the
polyelectrolyte-surfactant interactions occur through the negatively charged group in the terminal
region of the polar head, the formation of kinetically-trapped aggregates is hindered, probably as a
result of the electrostatic repulsion associated with the positively charged groups in the zwitterionic
surfactant [56].
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Figure 1. (a) Binding isotherms for surfactants on PDADMAC as a function of the initial concentration
of surfactant in bulk. (b) Surfactant concentration dependences of the optical density of the solution,
measured at 400 nm. Note: (O0) = PDADMAC-SLMT, (@) = PDADMAC-SLES solutions. Lines are
guides for the eyes. The results correspond to PDADMAC-surfactant mixtures containing a fixed
PDADMAC concentration of 0.5 wt.%, and left to age for one week prior to measurement.

3.2. Equilibrium Adsorption at the Water—Vapor Interface

The evaluation of the surface pressure of solutions containing surface active compounds helps to
understand the mechanisms involved in the equilibration of the water—vapor interface. Figure 2a shows
the surface pressure dependences on the surfactant concentrations and on the PDADMAC concentration
for the adsorption of the two surfactants and the polymer at the water—vapor interface (note that all
solutions were prepared with the same pH and inert salt concentration as the polyelectrolyte-surfactant
solutions). The results show that the surface activity of PDADMAC is negligible, at least up to
concentrations that are 20-fold the one used in our work. This is in good agreement with the previous
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study by Noskov et al. [57] and with the negligible surface excess found for PDADMAC using neutron
reflectrometry [38].
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Figure 2. Results obtained using a drop profile analysis tensiometer: (a) Surface pressure dependence on
surfactant concentration for the adsorption of pure SLES (O) and SLMT (m) at the water—vapor interface;
cmc for both surfactants is marked. The inserted panel represents the surface pressure dependence
on PDADMAC concentration for the adsorption of pure PDADMAC at the water—vapor interface.
(b) Surface pressure dependence of SLMT concentration for pure SLMT (m) and PDADMAC-SLMT
(O) solutions. (c) Surface pressure dependence of SLES concentration for pure SLES (O) and
PDADMAC-SLES (@) solutions. The lines are guides for the eyes. The results for PDADMAC-surfactant
mixtures correspond to mixtures containing a fixed PDADMAC concentration of 0.5 wt.%, and left to

age for one week prior to measurement.

The adsorption behavior of SLMT and SLES is the expected for typical ionic surfactants. The IT
increases with the bulk concentration up to the point that the surfactant concentration overcomes the
threshold defined by the critical micellar concentration (cmc). Afterwards, IT remains constant with
further increases of surfactant concentration. It is worth mentioning that the results obtained using
different tensiometers (surface force tensiometer with Pt Wilhelmy as a probe plate and drop profile
analysis tensiometer) agree within the combined error bars for the adsorption of both surfactants at
the water—vapor interface. The surface pressure isotherms allow one to estimate the cmc of the pure
surfactants, which showed values of around 102 and 10~! mM for SLES and SLMT, respectively.

The comparison of the results obtained for the adsorption of pure surfactants at the water—vapor
interface with those obtained for the adsorption of PDADMAC-surfactant solutions shows that
for the lowest surfactant concentrations the surface pressure values are similar for pure surfactant
and polyelectrolyte-surfactant solutions. This is the result of the low coverage of the interface
(see Figure 2b,c). In such conditions, the surface excess is not high enough to produce any significant
change in the surface free energy, and hence the Il values remain close to those of the bare water—vapor
interface. The increase of the surfactant concentration leads to the increase of I1 for both surfactant
and polyelectrolyte-surfactant solutions. This increase starts for surfactant concentrations around
one order of magnitude lower when polyelectrolyte-surfactant solutions are considered, which is a
signature of the existence of a synergetic effect for the increase of the surface pressure as a result of
the interaction in the solution of the polyelectrolyte and the surfactant. This is in agreement with
previous results reported in the literature for several polyelectrolyte-surfactant systems [3,31,50,58].
The above-mentioned synergetic effects do not influence the adsorption behavior of solutions formed
by PDADMAC and zwitterionic surfactants derived from the betaines, as was shown in preliminary
results. This could be ascribed to the aforementioned differences in the aggregation process occurring
in the bulk [56].



Coatings 2019, 9, 438 8 of 16

The study of the surface tension isotherms obtained for polymer-surfactant mixtures using different
tensiometric techniques can help to understand the complexity of the interfacial behavior appearing
when faced with these systems. Figure 3a,b shows that the surface tension isotherms obtained using
different tensiometers reveal different features for PDADMAC-SLMT and PDADMAC-SLES solutions.
PDADMAC-SLES solutions show similar surface pressure isotherms within the combined error bars,
independent of the tensiometer used, and no evidences of the appearance of non-regular trends, either
as surface tension peaks [38] or surface tension fluctuations [7], on the dependence of the surface
pressure with the surfactant concentration were found. This contrasts with the results obtained for
PDADMAC-SLMT solutions, in which the use of a surface force tensiometer with a Pt Wilhelmy plate
as probe led to results that were significantly different to those obtained using the other tensiometers.
The existence of such differences was previously reported in a study by Noskov et al. [31].

¢, (mM)

Figure 3. Surface pressure isotherms for solutions of PDADMAC with the two surfactants, obtained
using different tensiometers. (a) Isotherms for PDADMAC-SLMT solutions. (b) Isotherms for
PDADMAC-SLES solutions. Note: (O and m) Surface force tensiometer with Pt Wilhelmy plate
as contact probe; (O and @) surface force tensiometer with paper Wilhelmy plate as contact probe;
(A and A) drop profile analysis tensiometer. The lines are guides for the eyes. The results correspond to
PDADMAC-surfactant mixtures containing a fixed PDADMAC concentration of 0.5 wt.% left to age for

one week prior to measurement.

The differences found in the tensiometric behavior of PDADMAC-SLES and PDADMAC-SLMT
solutions are correlated to differences in the equilibration mechanism of the interface. Assuming that
the assembly of the polyelectrolyte-surfactant in solutions leads to the formation of kinetically trapped
aggregates in both cases, this can evolve following different mechanisms upon adsorption at fluid
interfaces. For PDADMAC-SLMT solutions, the appearance of surface tension fluctuations far from
the phase separation region may be associated with the fact that upon adsorption at the water-vapor
interface of the kinetically trapped aggregates can remain as isolated aggregates embedded at the
interface. These do not dissociate spontaneously to form a kinetically trapped film at the interface.
As a consequence, the trapped aggregates may adsorb onto the rough surface of the Pt Wilhelmy plate,
changing its contact angle, which results in non-reliable surface tension values for the considered
aggregates. This scenario is in agreement with the neutron reflectometry results obtained by Llamas
et al. [50]. Their results showed a monotonic increase of the surface excess at the interface with
the surfactant concentration, confirming that the surface tension fluctuations do not result from
fluctuations of the interface composition. The behavior changes significantly when the adsorption
of PDADMAC-SLES solutions is considered. In this case, the absence of surface tension fluctuation
or significant differences in the results obtained using different tensiometers suggests the existence
of dissociation and spreading of the kinetically trapped aggregates upon adsorption at the interface.
Thus, the equilibration of the interface after the adsorption of the kinetically trapped aggregates occurs
because of its dissociation, which is followed by the spreading of the complexes across the interface
as a result of Marangoni flow associated with the lateral heterogeneity of the interface [38,42,50,59].
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The differences in the adsorption mechanisms of PDADMAC-SLES and PDADMAC-SLMT complexes
at the water—vapor interface may be explained on the bases of the molecular structures of the surfactant
and the possibility to establish a cohesion interaction with the surrounding media. SLMT presents
a hydrophobic tail formed by an alkyl chain, which tends to minimize the number of contact points
with water, which favors the formed aggregates remaining as compact aggregates at the water—vapor
interface upon adsorption. On the contrary, the presence of oxyethylene groups in SLES makes
the dissociation and spreading of the complexes easier as a result of the possible formation of
hydrogen bonds of the surfactant molecules with water. Surprisingly, studies on the adsorption of
PDADMAC-SLES and PDADMAC-SLMT mixtures onto solid surfaces have evidenced a scenario
compatible with that described for the adsorption at the fluid interfaces, where PDADMAC-SLES films
present a topography reminiscent of the formation of extended complexes attached to the interface,
whereas PDADMAC-SLMT films present a higher lateral heterogeneity [51,60]. Further confirmation
of the discussed mechanisms may be obtained from the analysis of the adsorption kinetics at the
water—vapor interface of the polyelectrolyte-surfactant solutions.

3.3. Adsorption Kinetics at the Water—Vapor Interface

The analysis of the adsorption kinetics of polymer-surfactants at the water-vapor interface is
a powerful tool for deepening the understanding of the mechanistic aspects of the adsorption of
complexes. This is done by studying the time evolution of the surface pressure (dynamic surface
pressure) during the adsorption process. The adsorption kinetics have been measured using a drop
shape analysis tensiometer. As expected, the adsorption of polymer-surfactant solutions at fluid
interfaces is slower than that corresponding to pure surfactant [16,50]. Figure 4 shows the dynamics
surface pressure obtained for the adsorption of PDADMAC-SLMT and PDADMAC-SLES solutions at
the water-vapor interface.
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Figure 4. (a) Dynamic surface pressure for PDADMAC-SLMT solutions with different surfactant concentrations.
(b) Dynamic surface pressure for PDADMAC-SLES solutions with different surfactant concentrations. The results
correspond to PDADMAC-surfactant mixtures containing a fixed PDADMAC concentration of 0.5 wt.%, and
left to age for one week prior to measurement.

The analysis of the adsorption kinetics show clearly that the increase of the surfactant concentration
leads to the faster increase of the surface pressure, due to the higher hydrophobicity of the formed
complexes. A more detailed analysis points out that whereas the adsorption of PDADMAC-SLMT is
characterized by the monotonous increase of the surface pressure with time over the whole concentration
range, the adsorption of PDADMAC-SLES presents an induction time that is reduced as the SLES
concentration increases. Such differences are due to the differences in the processes involved in the
equilibration of the interface.
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The induction time in the adsorption of PDADMAC-SLES is explained considering that the
equilibration of the interface proceeds following a two-step mechanism, as occurs for protein adsorption
at fluid interfaces [61]. Firstly, polymer-surfactant complexes attach to the water—vapor interface
as kinetically trapped aggregates until the surface excess overcomes a threshold value, after which
point the adsorbed complexes undergo a dissociation and spreading process, which is responsible
for the surface pressure increase [41,59]. It is worth mentioning that the decrease of the induction
time with the increase of surfactant concentration results from the faster saturation of the interface,
i.e., the shortening of the time needed to overcome the surface excess threshold, which leads to a
prior surface pressure rise. The scenario found for PDADMAC-SLMT solutions is different to that
described for PDADMAC-SLES, and the absence of the induction time is a signature of a difference in
the equilibration mechanism of the interfacial layer. For PDADMAC-SLMT, the increase of the surface
pressure is associated with the adsorption of isolated kinetically trapped aggregates that coalesce as
the surfactant concentration increases. In this case, the adsorbed complexes remain compact without
any significant dissociation. The above discussed results point out the existence of differences in
the mechanisms for the equilibration of the interface of the polycation-anionic surfactant solution
as result of the differences in the type of surfactant. The first one involves the dissociation and
spreading of the pre-adsorbed kinetically trapped aggregates (PDADMAC-SLES), whereas the second
one relies directly on the saturation of the interface with kinetically trapped aggregates. This proves
that the adsorption of PDADMAC-SLMT leads to appreciable modifications of the surface pressure
for surfactant concentrations one order of magnitude higher than PDADMAC-SLES as a result of the
negligible effect of the isolated aggregates over the surface pressure of the bare water-vapor interface
until their concentration is high enough. On the contrary, for PDADMAC-SLES, the dissociation and
spreading of the aggregates enables the distribution of surface active material along the whole interface,
and consequently the surface pressure starts to increase for lower surfactant concentrations as a result
of the formation of interfacial layers in which complexes are extended along the interface.

3.4. Interfacial Dilational Rheology

The above discussion was devoted to the study of the adsorption at interfaces with fixed surface
areas. However, from a technological point of view, the understanding of the response of the interface
against external mechanical perturbations is essential because this provides important insights into the
relaxation processes involved in the equilibration of interfacial layers [25,48,62,63]. The dependences of
the dilational viscoelastic moduli (¢” represents the dilational elastic modulus and ¢” the viscous modulus)
on the surfactant concentration and the deformation frequency provide complementary information for
the better understanding of the complexity of the mechanism involved in the equilibration of the interfaces,
helping to give a more detailed picture of the physical processes governing the formation of adsorption
layers from polymer-surfactant solutions [64]. It must be stressed that for both PDADMAC-SLMT and
PDADMAC-SLES solutions, the values of ¢” are negligible in relation to those of ¢’, with the ratio
¢”/e’ decreasing as the surfactant concentration increases. Hence, for the sake of simplicity only the
behavior of ¢’ will be discussed. Figure 5 shows the concentration dependences of the elastic modulus
for PDADMAC-SLMT and PDADMAC-SLES layers.

Theresults indicate that the dependence of ¢’ on the frequency is expected for the formation of layers
at fluid interfaces, with ¢’ increasing with the deformation frequency. Furthermore, the concentration
dependence of ¢’ is similar to that found for layers of surface active materials at fluid interfaces [46],
with ¢’ increasing with the surfactant concentration from the value corresponding to the clean interface,
reaching a maximum and then dropping down again to quasi-null values for the highest surfactant
concentrations. A careful examination of the values obtained for the elasticity modulus for each system
indicate that PDADMAC-SLES layers present values that are more than twice those obtained for
PDADMAC-SLMT solutions independent of the considered frequency. This is again indicative of
the different features of the interfacial layers. For PDADMAC-SLES layers, the spreading of material
along the interface leads to the formation of extended complexes that can build a cross-linked network,
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increasing the elastic modulus of the interfacial layers. This cross-linking process is not possible when
the interfacial layer is formed by compact kinetically trapped aggregates, as in PDADMAC-SLMT
layers, leading to lower values of the elastic modulus of the interface.
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Figure 5. (a) Concentration dependences of the elastic modulus for PDADMAC-SLMT adsorption
layers as were obtained from oscillatory barrier experiments performed at different frequencies.
(b) Concentration dependences of the elastic modulus for PDADMAC-SLES adsorption layers, obtained
from oscillatory barrier experiments performed at different frequencies. Note: (0 and m) v = 0.01 Hz;
(O and @) v =0.05 Hz; (A and A) v = 0.10 Hz. The lines are guides for the eyes. For the sake of clarity,
only results corresponding to some of the explored frequencies (v) are shown, with the other frequencies
presenting similar dependences. The results correspond to PDADMAC-surfactant mixtures containing
a fixed PDADMAC concentration of 0.5 wt.%, and left to age for one week prior to measurement.

The frequency dependences of the elasticity modulus can be described in terms of the rheological
model proposed by Ravera et al. [64,65] (see Figure 6a for an example). According to this model
the frequency dependence of the viscoelastic modulus accounts for the initial adsorption of the
polymer-surfactant complexes at the water-vapor interface as a diffusion-controlled process that is
coupled to a second step associated with the internal reorganization of the adsorbed layers. Thus,
taking into account the aforementioned framework, it is possible to describe the complex viscoelastic
modulus with the following expression:

1 i 14iA
o — + &+ €0+ (e1— €0) +

__TreTie 2
1428 + 282 1+ A% @

where £ = Vvp/v, with vp and v being the characteristic frequency of the diffusion exchange and
the frequency of deformation, respectively, and A = v1/v, with v; being the characteristic frequency
of the extra relaxation process. Additionally, ¢y and &1 represent the Gibbs elasticity and the high
frequency limit elasticity within the frequency range considered, respectively. The validity of the
discussed model, beyond confirming the complexity of the mechanisms involved in the equilibration
of the interfacial layers formed by polyelectrolyte-surfactant solution, provides a description of the
processes involved. It is expected that the equilibration of the interfacial occurs in the first stage by
the diffusion-controlled adsorption of the kinetically trapped aggregates, and then such complexes
undergo different reorganization processes depending on their nature. The existence of a two-step
mechanism is in agreement with the picture proposed by Noskov et al. [45] for the equilibration of
adsorption layers of PDADMAC-SDS at the water-vapor interface.

Figure 6b,c show the concentration dependences for the characteristic frequencies of the two
dynamic processes appearing for the interfacial layers. As may be expected considering the different
nature of the dynamic processes involved in the equilibration of the interfacial layer, v;, which is
the frequency corresponding to the interfacial relaxation process, presents higher values than those
associated with the diffusional transport, vp, for both PDADMAC-SLMT and PDADMAC-SLES
solutions. This behavior can be explained by assuming that the interfacial relaxation process, involving
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the reorganization of materials at the interface, occurs only when a certain degree of material is
adsorbed at the interface.

The results show that both vp and v; increase in concentration for both studied systems.
This increase can be explained in the case of vp as a result of the enhanced surface activity of
the kinetically trapped aggregates, as the surfactant concentration increases due to their higher
hydrophobicity. Furthermore, the values of vp are in a similar range for PDADMAC-SLMT and
PDADMAC-SLES, which is in agreement with the similar origin of the process in both systems and the
similarities of the complexes formed according to the above discussion. The slightly smaller values
of vp found for PDADMAC-SLMT than for PDADMAC-SLES may result from different sizes of the
complexes formed in the solution. The dependence of v; is assumed to be because of the increase of
surfactant in solution leading to an increase of the surface excess of complexes at the interface, which
facilitates their reorganization within the interface. The higher values of v; for PDADMAC-SLMT
solution than PDADMAC-SLES solutions, at almost one order of magnitude, are ascribable again to the
differences in the structure of the interfacial layers. Thus, the diffusion of extended complexes within
the interface can occur across longer distances within the interface than that of compact aggregates,
and consequently this process involves longer time scales.
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Figure 6. (a) Examples of frequency dependences of the elastic modulus for interfacial layers of
PDADMAC-SLMT (O0) and PDADMAC-SLES (@) and for solutions with surfactant concentration
of 0.1 mM. Symbols represent the experimental data and the lines are the theoretical curves
obtained from the analysis of the experimental results in term of the theoretical model described by
Equation (2). (b) Concentration dependences of vp for PDADMAC-SLMT (O0) and PDADMAC-SLES (m).
(c) Concentration dependences of v1 for PDADMAC-SLMT (O) and PDADMAC-SLES (@®). (b,c) Symbols
represent the experimental data and the lines are guides for the eyes. The results correspond to
PDADMAC-surfactant mixtures containing a fixed PDADMAC concentration of 0.5 wt.%, and left to
age for one week prior to measurement.

4. Conclusions

The mechanisms involved in the equilibration of interfacial layers formed by adsorption of
PDADMAC and two different anionic surfactants (SLMT and SLES) have been studied by surface
tension (equilibrium and dynamics) and interfacial dilational rheology measurements. The combination
of the interfacial characterization with studies on the association phenomena occurring in solution
has evidenced that even the formation of kinetically trapped aggregates in the bulk occurs following
similar patterns in both studied systems. These evolve following mechanisms depending of the specific
chemical nature of the surfactant involved.

The equilibration of the interfacial layers formed by polyelectrolyte oppositely charged surfactants
can be explained on the basis of a two-step mechanism. The first step is common to the different
systems studied and is related with the diffusion-controlled incorporation of kinetically trapped
aggregates at the water—vapor interfaces. Such aggregates can remain as compact aggregates at the
interface, as in PDADMAC-SLMT solutions, or can undergo dissociation and spreading along the
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interface due to Marangoni flows, as in PDADMAC-SLES solutions. These different mechanisms
result from differences in the hydrophobicity of the formed aggregates and the possibility to establish
a cohesion interaction, such as a hydrogen bond, with the interface. On the basis of the obtained
results, it can be concluded that there are no general laws governing the equilibration of the interfacial
layers formed by the adsorption of polyelectrolyte-surfactant solutions at the fluid interface, with the
process being primarily controlled by the specific nature of the chemical compounds involved and the
interactions involved in the equilibration of the interface. This study contributes to the understanding
of the fundamental basis describing the interfacial behavior of polyelectrolyte-surfactant solutions in
conditions similar to that used in industrial application. Thus, the obtained result can help to exploit
the interfacial behavior of these systems in technologically relevant conditions.
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