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Abstract

:

Self-Consistent Mean-Field Calculations (SCF) have provided a semi-quantitative description of the physico-chemical behavior of six different polyelectrolyte-surfactant mixtures. The SCF calculations performed showed that both the formation of polymer-surfactant in bulk and the adsorption of the formed complexes onto negatively-charged surfaces are strongly affected by the specific nature of the considered systems, with the polymer-surfactant interactions playing a central role in the self-assembly of the complexes that, in turn, affects their adsorption onto interfaces and surfaces. This work evidences that SCF calculations are a valuable tool for deepening on the understanding of the complex physico-chemical behavior of polyelectrolyte-surfactant mixtures. However, it is worth noting that the framework obtained on the basis of an SCF approach considered an equilibrium situation which may, in some cases, be far from the real situation appearing in polyelectrolyte-surfactant systems.






Keywords:


polyelectrolyte; surfactants; mixtures; complexes; adsorption; calculations












1. Introduction


Mixtures formed by polyelectrolytes and surfactants have attracted the interest of many researchers during the last two decades [1,2,3,4,5,6,7,8,9]. This is due to the multiple applications of these systems, which range from the preparation of drug delivery systems to cosmetic products for hair care and conditioning, and from paints to different biotechnological products [10,11]. Despite the extensive development of studies involving polyelectrolyte-surfactant mixtures, there is an important lack of knowledge related to the relationships existing between the chemical nature and structure of the polyelectrolytes and surfactants and the complexation processes, as well as between the physico-chemical properties of such complexes and their adsorption at interfaces, with the understanding of the adsorption processes being essential in many of the applications of polyelectrolyte-surfactant mixtures [2,10,11]. This is because many of such applications, including the performance of hair care and conditioning formulations, mineral flotation, or drug delivery, rely on the interaction between polyelectrolyte-surfactant complexes and negatively-charged surfaces [2,12,13].



The most important drawback which restricts the progress of the understanding of the behavior of polyelectrolyte-surfactant mixtures is the strong controversy associated with the physico-chemical nature of the complexes formed in solution: equilibrium versus kinetically-arrested states [14,15,16,17,18,19,20,21,22,23]. It is worth mentioning that recent studies have suggested that the nature of the complexes may be related to the incorporation of counterions within the aggregates, with their absence favoring the formation of equilibrium complexes [24,25,26].



The general picture describing the complexation processes occurring in a mixture of a polyelectrolyte and a surfactant bearing opposite charges assumes that the addition of the charged surfactant to the oppositely-charged polyelectrolyte leads to the compensation of the polymer charges as a result of the binding of the surfactant molecules. This proceeds until the formation of polyelectrolyte-surfactant complexes, in which the charges of the polyelectrolyte chains are neutralized by the surfactant molecules; at this point, the poor colloidal stability of the neutral complexes drives the system to a phase separation region. It would be expected that the addition of surfactant amounts beyond the neutralization threshold would lead to a charge overcompensation, and hence to the re-dissolution of the complexes [8,27,28,29]. The above discussion relies on a complexation mechanism involving the existence of a true equilibrium upon mixing the polyelectrolyte and the surfactant [5]. However, there are some cases where the aggregation through a neutralization-overcompensation mechanism is not guaranteed, and the onset in the phase separation region occurs for compositions that are far from the neutralization threshold, with the polyelectrolyte-surfactant mixing protocol playing a key role in this type of phase separation [5,22,23,30,31,32,33,34,35,36,37]. This is associated with the formation of kinetically trapped aggregates, i.e., non-equilibrium complexes which evolve slowly towards the equilibrium state [5]. The formation of such kinetically trapped aggregates is the result of local surfactant concentration gradients (Marangoni stresses) that lead to the formation of compact aggregates, with a core which is supposed to be neutral, even though their net charge remains undercompensated [22,38,39]. Thus, such aggregates remain dispersed in the aqueous medium, with their sedimentation being slower than that corresponding to the true equilibrium complexes [18,19,38].



The formation of kinetically trapped aggregates may present a strong impact in the applications of these mixtures, enabling the shifting of the onset of the phase separation to compositions involving lower surfactant concentrations than those corresponding to the true equilibrium phase separation. This may be beneficial, from economic and eco-sustainability points of view, for applications involving the deposition of phase-separated aggregates, e.g., the performance of hair care and conditioning in cosmetics [2]. Despite the potential interest of kinetically trapped aggregates, their formation makes it difficult to introduce a thermodynamic description of the behavior of polyelectrolyte-surfactant mixtures, with theoretical calculations being a promising alternative for deepening on the thermodynamic bases, driving the aggregation and adsorption onto surfaces of polyelectrolyte-surfactant mixtures.



It is worth mentioning that given the strong controversy mentioned above about the origin of the complexation in a polyelectrolyte-surfactant mixture, theoretical calculations based on a Self-Consistent Mean-Field (SCF) approach can help give a better understanding of the physico-chemical framework describing the complexation process under conditions in which the thermodynamic equilibrium is ensured [40,41,42,43,44,45,46]. SCF calculations have allowed an understanding of the interactions occurring between polyelectrolytes and surfactants in aqueous medium, and the adsorption of the formed complexes onto negatively-charged solid surfaces [47]. In particular, SCF calculations for pseudo-binary mixtures formed by poly(diallyl-dimethylammonium chloride) (PDADMAC) and up to five different surfactants, with such surfactants presenting different chemical nature (anionic, zwitterionic, and non-ionic) have been performed. The specific choice of the mixtures of PDADMAC and different surfactants is related to the interest of these systems in the cosmetic industry, and in particular in the fabrication of hair care and conditioning products. Furthermore, the adsorption of such mixtures onto negatively-charged surfaces is important because hair, upon bleaching or weathering, presents a negative surface charge, which is the substrate of cosmetic product. This makes it necessary to analyze the adsorption of polyelectrolyte-surfactant mixtures onto model surfaces, which might help with the comprehension of the physico-chemical bases underlying the performance of cosmetic formulations. Therefore, the incorporation of a molecularly detailed model for both the surfactants and the polymers may provide important insights on the physico-chemical bases of the performance of cosmetic formulations. For this purpose, the Scheutjens–Fleer SCF theory, which provides a coarse-grained description of polymers and surfactants presenting complex architecture without loss of molecular and relevant realistic details, has been used [46,48]. It may be expected that these SCF calculations may be used as a semi-quantitative prediction tool for unravelling the most probable structures of pseudo-binary polyelectrolyte-surfactant systems in the bulk and upon adsorption onto a solid substrates [5,45]. This work shows that the SCF is a versatile tool for the prediction of the behavior of a wide range of polyelectrolyte-surfactant mixtures, regardless of the structure and properties of the surfactant.




2. Methods


The SCF theory is a powerful tool enabling the description of the self-assembly of complex colloidal structures [49,50,51,52,53] based on the minimization of a mean-field free-energy functional, which requires the introduction of three parameters (see Table 1 for values) as input of the model: (i) the short-range interaction parameters (Flory–Huggins parameters χ) between segments of molecules, (ii) the relative dielectric permittivity (ε), and (iii) the valence (ν). The dielectric permittivity and the valence account for the electrostatic contributions, whereas the Flory–Huggins parameters are key for the formation and stability of the self-assembly colloids. The values of the Flory–Huggins parameters were adapted from Postmus et al. [54], and those corresponding to the relative dielectric permittivities were chosen to ensure a proper representation of the heterogeneities in the hydrophobicity existing within the polyelectrolyte-surfactant complexes. The calculations performed took into account the molecular detail, the pH, and the ionic strength. In the following, the most fundamental aspects related to the use of SCF theory for the theoretical prediction of the self-assembly in solution of polyelectrolyte-surfactant complexes and their adsorption onto negatively charged surfaces will be included. Further details about the use of the SCF theory can be found elsewhere [43,46,48,54,55].



The use of SCF calculations relied on the discretization of the molecules, following the scheme proposed by Scheutjens and Fleer [43,46,48]. This was done in terms of, lattice size, i.e., the size of the atoms which composed the molecules, which was fixed at a = 0.3 nm [56,57]. The central idea of SCF calculations is to replace the interactions occurring within an ensemble of molecules by the interaction of an effective molecule within a field, thus approximating a many-body problem as a one-body problem. The mean-field free-energy functional can be written in terms of the molecule’s segment density profiles for a specific segment type, φX(z), and the conjugate segment potential profiles, uX(z), with X referring to a segment type and z indicating the spatial coordinate. The model introduced the water hydrogen-bonding capability, mainly with oxygen and hydroxyl groups of sugar rings, using a five-site description of water molecules, and negative Flory–Huggins parameters that ensured the solubility of the considered species. For the sulfonate groups, a five-sites representation was also used, as well as for cationic groups of PDADMAC and zwitterionic surfactant, i.e., N. The inclusion of a detailed molecular structure, and especially those aspects related to the hydrogen bonding of the complexes, played an important role for a proper description of the phase behavior of polyelectrolyte-surfactant complexes, as was recently stated by Ali et al. [58]. The optimization process was based on a numerical SCF procedure which allowed us to relate the volume fractions and the potentials following the basic principles described in the literature [43,51,56,57]. It is worth mentioning that the volume fraction presents a key role in the development of the SCF calculation because it allows one to derive other parameters, including the electrostatic potential, the charge distribution, and the local dielectric permittivities [51].



The molecular partition functions for single chains play a central role in the mean field free-energy. From an operational point of view, it was convenient to use the dimensionless form of the Edward diffusion equation [59]:


    ∂ G  (  z , s  )    ∂ s   =  1 6     ∂ 2  G  (  z , s  )    ∂  z 2    − u  (  z , s  )  G  (  z , s  )  ,  



(1)




where s and u(z,s) refer to the number of segments and the volume fraction for a given segment potential, respectively. G(z,s) represents the end-point distribution for a chain segment, which provides information about the probability that the end point of a walk formed by s segments ends up at position z. G(z,s) can be assumed to be the Boltzmann weight of the field [41]. Equation (1) is solved using as boundary conditions: (i) a hydrophilic surface exists at z = 0, and (ii) the behavior of the mixture is similar to that found in the bulk at large z values. The SCF approach requires the use of freely-jointed chains (FJC) to map the Edward’s equation over a lattice, i.e., considers freely rotating bonds with the same length [60]. The use of this FJC model is preferred because it allows one to obtain the partition function and the volume fraction for a given segment potential u(z,s) [41].



The segment potentials can be computed when the volume fractions are available. The Flory–Huggins-like interaction parameter and a contribution to ensure the compressibility of the system were used to calculate the interaction energy of a segment at a specified location. The estimation of the number of segment-segment contacts was calculated using the Bragg–Williams mean-field approximation [61]. Furthermore, terms accounting for the long-range electrostatic interactions must be included in the segment potential, which makes it necessary to solve the Poisson equation:


    ∂ ε  ( z )    ∂ z     ∂ ψ  ( z )    ∂ z   = − q  ( z )  ,  



(2)




where ε(z) and     ∂ ψ  ( z )    ∂ z     represent the dependences of the dielectric constant on the position and the electrostatic potential Ψ(z) gradient, respectively. q(z) defines the charge density q(z) = ∑φX(z)evX, where e denotes the elementary charge and vX the valence, including the sign for the segment X (see Table 1). As aforementioned, at z = 0 a hydrophilic negatively-charged solid surface is placed as substrate for the adsorption from the bulk. The analysis of the adsorption onto the surface required initially performing the optimization of the bulk composition and aggregation following the methodology described by Banerjee et al. [57]. Thus, the calculation procedure can be summarized in the following two steps: (i) building of binding isotherms, considering the binding of polyelectrolyte chains to spherical micelles, and (ii) equilibration of the binary polyelectrolyte-surfactant mixture at fixed chemical potentials with a negatively-charged silica surface (~200 mC/m2, the surface is referred to as Si in Table 1). For the spherical micelles, the grand potential of the composite system was kept fixed at a value higher than that associated with the formation of the first micelle, i.e., all the calculations were performed for surfactant concentrations above the critical micelle concentration (cmc). All the calculations were performed for charge ratio f < 0.5, fixing the PDADMAC concentration at 0.2 wt % and increasing the surfactant concentration in the micelles. The latter involved polymer concentration in the complexes also increasing. It should be noted that the value of the grand potential per micelle does not affect significantly the extracted conclusions; higher values would give rise to a lower micelle concentration, whereas a lower one would be associated with a higher micelle concentration. It is worth mentioning that the change in the micelle concentration had little effect on the surfactant chemical potential, on the micelle size and stability, or on the capacity for PDADMAC-surfactant binding. From the calculations, the volume fraction profiles for all the segments of type i at coordinate z,    ϕ i   ( z )        may be obtained, with the adsorption being quantified in terms of the excess adsorption    θ i σ  =   ∑   z = 1  M   [   ϕ i   ( z )  −  ϕ i b   ]     , where    ϕ i b    is the volume fraction in the bulk obtained from SCF optimization calculations [56].



The procedure described above was used for describing the behavior of mixtures formed by PDADMAC containing 100 monomers, and different surfactants: (i) three anionic, namely sodium laureth sulfate (SLES), di-rhamnolipid (di-RL), and mono-rhamnolipid (mono-RL), (ii) the zwitterionic cocobetaine (CB), and (iii) the neutral alkyl polyglucoside (APG), under conditions in which the ionic strength was fixed by the addition of KCl and the pH at 5.6. This work paid interest to the study of the polyelectrolyte-surfactant mixtures where the ionic strength was fixed using KCl. However, it should be expected that the nature of the counterions may present a decisive impact in the interactions between the polymer and the surfactant molecules [62]. This may lead to changes in the complexation process, which allow one to tune the nature of the aggregates formed upon mixing the polyelectrolyte and the surfactant, as was stated by different works [15,18,19,20,21,24,25,30]. Figure 1 summarizes the chemical structures of the polyelectrolyte and the studied surfactants.




3. Results and Discussion


3.1. SCF Calculations of Pseudo-Binary Polyelectrolyte-Surfactant Mixtures in the Bulk


SCF calculations can help give a better understanding of the self-assembly of pseudo-binary polyelectrolyte-surfactant mixtures in solution. The model assumed that the formation of polyelectrolyte-surfactant (P-S) complexes occurs as result of the binding of polymer chains to preformed surfactant micelles, i.e., the formed complexes may be considered as surfactant micelles decorated with PDADMAC chains. Therefore, it was expected that the hydrophobic groups of the surfactants would remain in the inner region (core) of the aggregates, whereas the polar hydrophilic heads of the surfactants would form a corona in whose edges were placed the PDADMAC chains [63] (see Figure 2a).



Figure 3 shows the binding isotherms for mixtures of PDADMAC with SLES (Figure 3a) and CB (Figure 3b). These isotherms considered the formation of polyelectrolyte-surfactant complexes where spherical micelles of the surfactant formed a core surrounded by the polyelectrolyte chains, as is sketched in Figure 2a. It is worth mentioning that other geometries for the micelles, which also lead to stable complexes (cylindrical for all the mixtures and lamellar structures when mixtures including rhamnolipids are concerned), were considered. However, for the sake of simplicity, this work is focused on mixtures where the surfactant concentration is not high enough to distort the spherical geometry of the micelles and the discussion will be focused on this particular geometry. On the basis of the binding isotherms, it is possible to evaluate the assembly process of polyelectrolyte-surfactant complexes in terms of the evolution of the aggregation number of the surfactant in the complexes, gS, and the degree of polyelectrolyte-surfactant binding, gPS, i.e., the ratio between the number of monomers and surfactant charges, with the increase in the chemical potential of the polymer, μP, i.e., the polymer concentration [56].



The results show differences in the aggregation behavior depending on the surfactant nature, which may be the result of the differences existing in the formation of polyelectrolyte-surfactant complexes, depending on the nature of the surfactants [39]. The aggregation number of surfactants in the complexes increased with the chemical potential of the polymer μP for mixtures of PDADMAC with both surfactants until a threshold value of μP, which depended on the surfactant nature. The initial increase was a signature of the cooperative binding of the polymer chains to the surfactant micelles, i.e., an increase in the polymer concentration increases progressively with the number of surfactant molecules in the complexes [57]. This may be rationalized by considering that as the polymer concentration in the complexes increases the number of molecules needed for obtaining neutral complexes also does. Paying attention to the dependence of the surfactant aggregation number for PDADMAC-SLES mixtures, it was found that close to the charge neutralization, i.e., for a stoichiometric composition of the mixture, gS started to decrease with the increase in the chemical potential of the polymer. This is explained by considering that the spherical shape of the surfactant micelles starts to be compromised and, as a consequence, the colloidal stability may be lost when the polyelectrolyte-surfactant binding overcomes the threshold value of 1 (see Figure 3b). This is the result of the adsorption of the PDADMAC chains at the outer shell of the micelles, as evidenced by the radial volume fraction profiles, φ (see Figure 4), with the hydrophobic core presenting a homogeneous density of about 1, and the charged groups, including those corresponding to PDADMAC, remaining located at the periphery. The polymer binding did not affect significantly the profile of the micelle, and only in PDADMAC-SLES mixtures could a slight penetration of some segments of the polymer to the inner region of the micelles be expected. Thus, the existence of loops and tails on the PDADMAC chains in the outer shell of the micelle enabled the bridging between neighboring micelles, which prevented colloidal stability. Therefore, the increase of the polymer-surfactant binding up to values well above 1 was compatible with the formation of PDADMAC-SLES complexes in which some polymer chains could be shared between more than one micelle, and micelles can act as bridges between several polymer chains (see Figure 2b), in agreement with the experimental findings by Hoffman et al. [64,65] for the assembly of oppositely-charged polyelectrolytes and surfactants. The above described bridging phenomenon suggests that each polyelectrolyte chain does not compensate the charges corresponding to a single SLES micelle, and different segments of the PDADMAC chains may protrude from the outermost region of the micelle, where they are bound, to the solution. This enables the binding of a polymer chain to several micelles, which may be considered analogous to the formation of a pearl-necklace-like structure.



The scenario found for the PDADMAC-CB mixtures (see Figure 3b) was qualitatively analogous to that occurring in mixtures containing SLES, even though some subtle modifications associated with the different characteristics of the surfactant were found. For mixtures containing CB, the degree of binding remained well below 1, even for the highest values of μP, which may be considered a signature of an electrostatically-hindered binding, probably associated with the zwitterionic character of CB [66]. This may be considered a signature of the formation of complexes where each polymer chain is only bound to one micelle (see Figure 2c). The influence of the electrostatic repulsion was also clear from the increase of the binding at higher values of the polymer concentration than in PDADMAC-SLES mixtures. Despite the absence of real charge compensation in PDADMAC-CB mixtures, a reduced colloidal stability was also found with the increase of μP.



The analysis of the radial volume fraction (φ(z)) profiles (see Figure 4) obtained for the two pseudo-binary mixtures showed that despite the polyelectrolyte chains adsorbed at the outermost region of the micelles (average diameter around 7 nm and 9 nm for mixtures containing SLES and CB, respectively), some polymer segments, mainly in PDADMAC-SLES mixtures, could penetrate inside the micelle, resulting in the formation of complexes with a fuzzy structure. This justifies the binding between the polyelectrolyte and the surfactant in such a way that several polyelectrolyte chains can be attached to one micelle when the polymer concentration increases (gPS > 1). The dimensionless charge density (ξ(z) = q(z)/e) profiles (inset in Figure 4) show the absence of real neutralization of the polyelectrolyte charges due to the binding of CB, whereas a stronger interaction was found for PDADMAC–SLES mixtures. This agrees with the experimental scenario found for pseudo-binary PDADMAC-SLES and PDADMAC-CB mixtures, with the former one showing a clear binding of the anionic surfactant to the charged monomer of the PDADMAC from the lowest values of the surfactant concentration [66,67], whereas for PDADMAC-CB mixtures the electrostatic hindered the association process up to surfactant concentrations close to the critical micelle concentration of the CB [66].



SCF calculations also gave access to the size of the self-assembled structures. Figure 5 reports the hydrodynamic radius, Rh, corresponding to polyelectrolyte–surfactant complexes and to surfactant micelles in the absence of polyelectrolyte as a function of the free energy associated with the formation of micelles (grand potential Ω). Rh was not significantly affected as a result of the increase in the grand potential. This may be explained as a consequence of the formation of spherical aggregates with a size defined by the maximum effective packing (optimal size) to ensure their stability.



The results show that CB micelles are bigger than those of SLES. Therefore, a more important role of the electrostatic repulsion between the heads may be expected for the zwitterionic of CB than for SLES, which leads to the increase in the micellar size. This should play a main influence in the self-assembly process of polyelectrolyte–surfactant mixtures. It is worth mentioning the absence of qualitative agreement between the values of the hydrodynamic radius obtained on the basis of the SCF calculations and those obtained experimentally using dynamic light scattering [39,66,67]. This apparent discrepancy may be explained by considering that the hydrodynamic radius obtained by SCF calculations was actually the measurement of the minimum distance in which it is likely to find two micelles decorated with polymers. This distance was lower for PDADMAC–SLES than for PDADMAC–CB mixtures, which may have resulted from the higher trend of the former system to self-assembly, leading to the formation of aggregates involving several polyelectrolyte chains. The above results provide evidence of the importance of the surfactant nature, and the interactions involved in the assembly of polymer-surfactant complexes, as well as the semi-quantitative agreement between the SCF calculations and the previous studies on the bulk aggregation of similar systems [39,66,67,68]. Deepening on this aspect, the binding isotherms obtained for other polyelectrolyte-surfactant mixtures will be discussed in the following.



Figure 6 shows the isotherms obtained for mixtures of PDADMAC and a neutral surfactant APG. On the contrary to that found either with SLES or CB, no electrostatic interactions between PDADMAC and APG can be expected, which make it necessary to consider the role of the interactions between the hydrophobic tails of APG and the hydrophobic domains within the PDADMAC backbone. As a result, a clear non-cooperative association between the polyelectrolyte and the surfactant was found for PDADMAC-APG mixtures, as evidenced by the strong decrease of gS with the chemical potential of the polymer. The difference in the cooperativity character of the binding between mixtures of PDADMAC with the anionic SLES and the zwitterionic CB and those of PDADMAC with APG may be related to the different nature of the interactions involved in the process. Thus, it would be expected that electrostatic interactions may enhance the cooperativity of the binding in relation to that which happens for those cases where non-electrostatic binding is the dominating factor. The change in the nature of the interactions driving the self-assembly of the polyelectrolyte-surfactant aggregates may lead to changes in the structure, as is expected from the different binding isotherms [69].



The lack of electrostatic interactions is clearly evidenced from the absence of electroneutralization in the complexes, i.e., gPS did not reach the value of 1, even though there was a continuous increase in the binding with the chemical potential of the polymer. A deeper understanding of this may be obtained from the analysis of the radial volume fraction profile shown in Figure 7. This shows that the polyelectrolyte always remained at the outer shell of the spherical micelles, even though the mostly positive values found for the dimensionless charge density profiles (inset in Figure 7) are a clear confirmation of the absence of real charge compensation, as is expected from the neutral character of APG, in agreement with previous experimental results [38]. Thus, the presence of some uncompensated charges makes the formation of stable complexes possible over a longer composition range than those involving a charged surfactant such as SLES, yielding a behavior similar to PDADMAC-CB mixtures. Even though the stability of complexes is almost guaranteed in a wider range of compositions, the increase in polymer in the complexes can lead to a worsening of the stability, as a result of the depletion of the surfactant from the micelles, or by a bridging phenomenon through the formation of hydrogen-bonds between the head groups of APG.



A detailed analysis of the radial volume fraction profiles (see Figure 7) suggests that PDADMAC-APG complexes present the sugar rings at the periphery of the aggregates, and the association occurs through hydrophobic interactions between the alkyl tail of the surfactant molecules and the methyl groups surrounding the ammonium group of PDADMAC. This may enable the formation of complexes where different polymer chains are incorporated as a result of the hydrogen bonds formed between the hydroxyl groups of different surfactant molecules bound to some polymer chain. The scenario found for mixtures containing APG is slightly modified when this surfactant is replaced by a surfactant in which the sugar hydrophilic head presents a charged group as occurs when di-RL is concerned. It would be expected an aggregation with reminiscences of the behavior of a surfactant containing a negatively charged surfactant, such as SLES, and APG.



Figure 8 shows the binding isotherm for mixtures involving the di-RL. The results show clearly that even though the surfactant contained a charged group, a clear non-cooperative binding was also found, which makes the association process different to that found for mixtures of PDADMAC with SLES or CB. However, the strong increase in gPS with the increase in μP is a clear signature of the existence of micelles bridging several polymer chains when the di-RL is combined with PDADMAC. From the results discussed above, it is clear that di-RL combines in its association some features of the charged surfactants with others typical of neutral ones.



The analysis of the radial volume fraction profiles and the density of the dimensionless charge density shown in Figure 9 evidences that the structure of the formed complexes for the di-RL was similar to that found for PDADMAC-SLES mixtures, even though some participation of the hydrogen bonds between the sugar rings may also contribute to the stabilization of the complexes. The increase in the hydrophobicity of the rhamnolipid by changing the two rhamnose rings of the hydrophilic head with a single one (mono-RL, see results in Figure 10) shows that the increase in the hydrophobicity only shifts slightly up to higher values of the concentration of surfactant needed for obtaining the complexes involving several polymer chains, which agrees with the experimental framework discussed in our previous publication [38].




3.2. SCF Calculations of Polyelectrolyte-Surfactant Mixture Adsorption onto a Solid Interface


SCF calculations were used in the study of the adsorption of two of the mixtures, those of PDADMAC with CB and SLES, onto negatively-charged solid surfaces. Figure 11 shows the adsorption isotherms corresponding to the polymer–surfactant mixtures.



The dependences in the coverage on the grand potential Ω and the f-ratio (the ratio between the number of monomers and the number of surfactant molecules) confirmed the trend found for the total adsorbed amount, as was observed using ellipsometry in our previous study [66], i.e., the adsorbed amount with the surfactant concentrations. However, SCF calculations predicted higher adsorptions for PDADMAC-CB mixtures than for PDADMAC-SLES ones, which differs from the experimental findings. This may result from the fact that the calculated adsorption isotherms were based on the equilibration of polyelectrolyte-surfactant aggregates where surfactant micelles were decorated by surfactant, and hence the deposition occurred through the deposition of such structures directly onto the surface. This led to a situation where the electrostatic interactions between the surface and the polymer at the outermost region of the micelles was the driving force for the deposition, with this deposition mechanism resulting in a higher deposition as the size of the complexes increased. Similar conclusions may be extracted from the volume fraction profiles shown in Figure 11c, where it is clear that layers containing CB were extended to larger distances from the surface than those formed by PDADMAC-SLES mixtures.





4. Conclusions


This work analyzed, using SCF calculations, the self-assembly in solution of polyelectrolyte-surfactant mixtures, and the adsorption of the formed complexes onto negatively-charged surfaces. The obtained predictions correspond to systems in which the minimum Gibbs free energy has been achieved, with this being a situation which in many cases was far from the experimental scenario, as a result of the frequently found non-equilibrium character of the assembly of polyelectrolyte-surfactant systems. However, this study showed that even though the real situation may not be a true equilibrium, SCF calculations give a semi-quantitative prediction of the framework found in experimental studies dealing with the physico-chemical behavior of pseudo-binary polyelectrolyte-surfactant mixtures, both in the bulk and upon adsorption at the solid-liquid interface. SCF calculations showed that both electrostatic and non-electrostatic interactions may influence the assembly of polyelectrolyte-surfactant complexes in solution, which facilitates the formation of complexes between PDADMAC and anionic, zwitterionic, and non-ionic surfactants. However, the nature of the surfactant impacts decisively on both the complexation mechanism and the physico-chemical properties of the obtained complexes, with this latter governing the deposition of the complexes onto negatively-charged surfaces. Furthermore, the formation of complexes where surfactant micelles act as bridges between different PDADMAC chains was expected, according to results obtained from the performed calculations. More detailed models are required for obtaining a quantitative comparison between experiments and calculations. However, SCF allowed predictions to be made which can be useful for the development of in silico approaches for designing new products based on polyelectrolyte-surfactant mixtures.







Author Contributions


conceptualization, F.L. and E.G.; methodology, F.L., E.G. and L.F.-P.; software, F.L. and E.G.; validation, F.L., E.G., A.M.R., A.R. and G.S.L..; formal analysis, F.L. and E.G.; investigation, F.L., E.G., L.F.-P., A.M.R., A.R. and G.S.L.; resources, F.L., A.R. and G.S.L.; data curation, E.G.; writing—original draft preparation, E.G.; writing—review and editing, F.L., E.G., L.F.-P., A.M.R., A.R. and G.S.L.; visualization, E.G.; supervision, G.S.L. and A.R.; project administration, A.R.; funding acquisition, E.G.; G.S.L. and A.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by L’Oréal S.A, and by MINECO under grant CTQ2016-78895-R and by Banco Santander-Universidad Complutense grant PR87/19-22513.




Acknowledgments


We are grateful to C.A.I. Espectroscopia y Correlación from the UCM for the use of their facilities. Authors acknowledge to Francisco Ortega and Ramón G. Rubio their careful reading of the manuscript and their helpful comments.




Conflicts of Interest


G.S.L. and F.L. are employees of L’Oréal. The rest of authors are from Complutense University, having received financial contributions from L’Oréal for this study.




References


	



Guzmán, E.; Llamas, S.; Maestro, A.; Fernández-Peña, L.; Akanno, A.; Miller, R.; Ortega, F.; Rubio, R.G. Polymer–surfactant systems in bulk and at fluid interfaces. Adv. Colloid Interface Sci. 2016, 233, 38–64. [Google Scholar] [CrossRef] [PubMed]

	



Llamas, S.; Guzmán, E.; Ortega, F.; Baghdadli, N.; Cazeneuve, C.; Rubio, R.G.; Luengo, G.S. Adsorption of polyelectrolytes and polyelectrolytes-surfactant mixtures at surfaces: A physico-chemical approach to a cosmetic challenge. Adv. Colloid Interface Sci. 2015, 222, 461–487. [Google Scholar] [CrossRef] [PubMed]

	



Bain, C.D.; Claesson, P.M.; Langevin, D.; Meszaros, R.; Nylander, T.; Stubenrauch, C.; Titmuss, S.; von Klitzing, R. Complexes of surfactants with oppositely charged polymers at surfaces and in bulk. Adv. Colloid Interface Sci. 2010, 155, 32–49. [Google Scholar] [CrossRef] [PubMed]

	



Nylander, T.; Samoshina, Y.; Lindman, B. Formation of polyelectrolyte–surfactant complexes on surfaces. Adv. Colloid Interface Sci. 2006, 123-126, 105–123. [Google Scholar] [CrossRef]

	



Varga, I.; Campbell, R.A. General Physical Description of the Behavior of Oppositely Charged Polyelectrolyte/Surfactant Mixtures at the Air/Water Interface. Langmuir 2017, 33, 5915–5924. [Google Scholar] [CrossRef]

	



Li, P.; Penfold, J.; Thomas, R.K.; Xu, H. Multilayers formed by polyelectrolyte-surfactant and related mixtures at the air-water interface. Adv. Colloid Interface Sci. 2019, 269, 43–86. [Google Scholar] [CrossRef]

	



Thomas, R.K.; Penfold, J. Thermodynamics of the Air–Water Interface of Mixtures of Surfactants with Polyelectrolytes, Oligoelectrolytes, and Multivalent Metal Electrolytes. J. Phys. Chem. B 2018, 122, 12411–12427. [Google Scholar] [CrossRef]

	



Chiappisi, L.; Hoffmann, I.; Gradzielski, M. Complexes of oppositely charged polyelectrolytes and surfactants—Recent developments in the field of biologically derived polyelectrolytes. Soft Matter 2013, 9, 3896–3909. [Google Scholar] [CrossRef]

	



Kizilay, E.; Dinsmore, A.D.; Hoagland, D.A.; Sun, L.; Dubin, P.L. Evolution of hierarchical structures in polyelectrolyte–micelle coacervates. Soft Matter 2013, 9, 7320–7332. [Google Scholar] [CrossRef]

	



Szczepanowicz, K.; Bazylińska, U.; Pietkiewicz, J.; Szyk-Warszyńska, L.; Wilk, K.A.; Warszyński, P. Biocompatible long-sustained release oil-core polyelectrolyte nanocarriers: From controlling physical state and stability to biological impact. Adv. Colloid Interface Sci. 2015, 222, 678–691. [Google Scholar] [CrossRef]

	



Lindman, B.; Antunes, F.; Aidarova, S.; Miguel, M.; Nylander, T. Polyelectrolyte-surfactant association—From fundamentals to applications. Colloid J. 2014, 76, 585–594. [Google Scholar] [CrossRef]

	



Lee, K.S.; Lee, J.H. Hybrid. Enhanced Oil Recovery using Smart Waterflooding; Gulf Professional Publishing: Houston, TX, USA, 2019. [Google Scholar]

	



Aguilar, Z.P. Nanomaterials for Medical Applications; Elsevier: Amsterdam, The Netherlands, 2012. [Google Scholar]

	



Bernardes, J.S.; Piculell, L.; Loh, W. Self-Assembly of Polyion-Surfactant Ion Complex Salts in Mixtures with Water and n-Alcohols. J. Phys. Chem. B 2011, 115, 9050–9058. [Google Scholar] [CrossRef] [PubMed]

	



dos Santos, S.; Gustavsson, C.; Gudmundsson, C.; Linse, P.; Piculell, L. When Do Water-Insoluble Polyion-Surfactant Ion Complex Salts "Redissolve" by Added Excess Surfactant? Langmuir 2011, 27, 592–603. [Google Scholar] [CrossRef] [PubMed]

	



Janiak, J.; Piculell, L.; Olofsson, G.; Schillen, K. The aqueous phase behavior of polyion-surfactant ion complex salts mixed with nonionic surfactants. Phys. Chem. Chem. Phys. 2011, 13, 3126–3138. [Google Scholar] [CrossRef]

	



Svensson, A.; Norrman, J.; Piculell, L. Phase behavior of polyion-surfactant ion complex salts: Effects of surfactant chain length and polyion length. J. Phys. Chem. B 2006, 110, 10332–10340. [Google Scholar] [CrossRef] [PubMed]

	



Bali, K.; Varga, Z.; Kardos, A.; Meszaros, R. Impact of local inhomogeneities on the complexation between poly (diallyldimethylammoniumchloride) and sodium dodecyl sulfate. Colloids Surf. A 2019, 574, 21–28. [Google Scholar] [CrossRef]

	



Bali, K.; Varga, Z.; Kardos, A.; Varga, I.; Gilanyi, T.; Domjan, A.; Wacha, A.; Bota, A.; Mihaly, J.; Meszaros, R. Effect of Dilution on the Nonequilibrium Polyelectrolyte/Surfactant Association. Langmuir 2018, 34, 14652–14660. [Google Scholar] [CrossRef]

	



Bodnar, K.; Fegyver, E.; Nagy, M.; Meszaros, R. Impact of Polyelectrolyte Chemistry on the Thermodynamic Stability of Oppositely Charged Macromolecule/Surfactant Mixtures. Langmuir 2016, 32, 1259–1268. [Google Scholar] [CrossRef]

	



Plazzotta, B.; Fegyver, E.; Meszaros, R.; Pedersen, J.S. Anisometric Polyelectrolyte/Mixed Surfactant Nanoassemblies Formed by the Association of Poly (diallyldimethylammonium chloride) with Sodium Dodecyl Sulfate and Dodecyl Maltoside. Langmuir 2015, 31, 7242–7250. [Google Scholar] [CrossRef]

	



Naderi, A.; Claesson, P.M.; Bergstrom, M.; Dedinaite, A. Trapped non-equilibrium states in aqueous solutions of oppositely charged polyelectrolytes and surfactants: Effects of mixing protocol and salt concentration. Colloids Surf. A Physicochem. Eng. Asp. 2005, 253, 83–93. [Google Scholar] [CrossRef]

	



Naderi, A.; Claesson, P.M. Association between poly (vinylamine) and sodium dodecyl sulfate: Effects of mixing protocol, blending procedure, and salt concentration. J. Dispers. Sci. Technol. 2005, 26, 329–340. [Google Scholar] [CrossRef]

	



Ferreira, G.A.; Piculell, L.; Loh, W. Addition of n-Alcohols Induces a Variety of Liquid-Crystalline Structures in Surfactant-Rich Cores of Dispersed Block Copolymer/Surfactant Nanoparticles. ACS Omega 2016, 1, 1104–1113. [Google Scholar] [CrossRef]

	



Ferreira, G.A.; Piculell, L.; Loh, W. Hydration-Dependent Hierarchical Structures in Block Copolymer−Surfactant Complex Salts. Macromolecules 2018, 51, 9915–9924. [Google Scholar] [CrossRef]

	



Santore, M.; Dias, R.D.; Piculell, L. Editorial Overview—Polynucleotides. Curr. Opin. Colloid Interface Sci. 2016, 26, A1. [Google Scholar] [CrossRef]

	



Nizri, G.; Lagerge, S.; Kamyshny, A.; Major, D.T.; Magdassi, S. Polymer-surfactant interactions: Binding mechanism of sodium dodecyl sulfate to poly (diallyldimethylammonium chloride). J. Colloid Interface Sci. 2008, 320, 74–81. [Google Scholar] [CrossRef]

	



Nizri, G.; Magdassi, S.; Schmidt, J.; Cohen, Y.; Talmon, Y. Microstructural characterization of micro- and nanoparticles formed by polymer-surfactant interactions. Langmuir 2004, 20, 4380–4385. [Google Scholar] [CrossRef]

	



Mezei, A.; Meszaros, R. Novel method for the estimation of the binding isotherms of ionic surfactants on oppositely charged polyelectrolytes. Langmuir 2006, 22, 7148–7151. [Google Scholar] [CrossRef]

	



Amalia, M.; Pojjak, K.; Robert, M. Nonequilibrium features of the association between poly (vinylamine) and sodium dodecyl sulfate: The validity of the colloid dispersion concept. J. Phys. Chem. B 2008, 112, 9693–9699. [Google Scholar] [CrossRef]

	



Mezei, A.; Meszaros, R.; Varga, I.; Gilanyi, T. Effect of mixing on the formation of complexes of hyperbranched cationic polyelectrolytes and anionic surfactants. Langmuir 2007, 23, 4237–4247. [Google Scholar] [CrossRef]

	



Llamas, S.; Guzman, E.; Akanno, A.; Fernandez-Pena, L.; Ortega, F.; Campbell, R.A.; Miller, R.; Rubio, R.G. Study of the Liquid/Vapor Interfacial Properties of Concentrated Polyelectrolyte-Surfactant Mixtures Using Surface Tensiometry and Neutron Reflectometry: Equilibrium, Adsorption Kinetics, and Dilational Rheology. J. Phys. Chem. C 2018, 122, 4419–4427. [Google Scholar] [CrossRef]

	



Llamas, S.; Fernandez-Pena, L.; Akanno, A.; Guzman, E.; Ortega, V.; Ortega, F.; Csaky, A.G.; Campbell, R.A.; Rubio, R.G. Towards understanding the behavior of polyelectrolyte-surfactant mixtures at the water/vapor interface closer to technologically-relevant conditions. Phys. Chem. Chem. Phys. 2018, 20, 1395–1407. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, R.A.; Arteta, M.Y.; Angus-Smyth, A.; Nylander, T.; Noskov, B.A.; Varga, I. Direct Impact of Nonequilibrium Aggregates on the Structure and Morphology of Pdadmac/SDS Layers at the Air/Water Interface. Langmuir 2014, 30, 8664–8674. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, A.; Kardos, A.; Mezei, A.; Campbell, R.A.; Varga, I. Effects of Ionic Strength on the Surface Tension and Nonequilibrium Interfacial Characteristics of Poly(sodium styrenesulfonate)/Dodecyltrimethylammonium Bromide Mixtures. Langmuir 2014, 30, 4970–4979. [Google Scholar] [CrossRef]

	



Angus-Smyth, A.; Bain, C.D.; Varga, I.; Campbell, R.A. Effects of bulk aggregation on PEI-SDS monolayers at the dynamic air-liquid interface: Depletion due to precipitation versus enrichment by a convection/spreading mechanism. Soft Matter 2013, 9, 6103–6117. [Google Scholar] [CrossRef]

	



Campbell, R.A.; Arteta, M.Y.; Angus-Smyth, A.; Nylander, T.; Varga, I. Effects of Bulk Colloidal Stability on Adsorption Layers of Poly(diallyldimethylammonium Chloride)/Sodium Dodecyl Sulfate at the Air-Water Interface Studied by Neutron Reflectometry. J. Phys. Chem. B 2011, 115, 15202–15213. [Google Scholar] [CrossRef]

	



Fernández-Peña, L.; Guzmán, E.; Leonforte, F.; Serrano-Pueyo, A.; Regulski, K.; Tournier-Couturier, L.; Ortega, F.; Rubio, R.G.; Luengo, G.S. Effect of molecular structure of eco-friendly glycolipid biosurfactants on the adsorption of hair-care conditioning polymers. Colloids Surf. B 2020, 185, 110578. [Google Scholar] [CrossRef]

	



Guzmán, E.; Llamas, S.; Fernández-Peña, L.; Léonforte, F.; Baghdadli, N.; Cazeneuve, C.; Ortega, F.; Rubio, R.G.; Luengo, G.S. Effect of a natural amphoteric surfactant in the bulk and adsorption behavior of polyelectrolyte-surfactant mixtures. Colloids Surf. A 2019, 124178. [Google Scholar] [CrossRef]

	



Fleer, G.J.; Skvortsov, A.M. Reconciling lattice and continuum models for polymers at interfaces. J. Chem. Phys. 2012, 136, 134707. [Google Scholar] [CrossRef]

	



Fleer, G.J. Polymers at interfaces and in colloidal dispersions. Adv. Colloid Interface Sci. 2010, 159, 99–116. [Google Scholar] [CrossRef]

	



Fleer, G.J.; Leermakers, F.A.M. Statistical thermodynamics of polymer layers. Curr. Opin. Colloid Interface Sci. 1997, 2, 308–314. [Google Scholar] [CrossRef]

	



Fleer, G.; Cohen-Stuart, M.A.; Scheutjens, J.; Crosgrove, T.; Vincent, B. Polymer at Interfaces; Chapman and Hall: London, UK, 1993. [Google Scholar]

	



Israels, R.; Scheutjens, J.; Fleer, G.J. Adsorption of Ionic Block-Copolymers-Self-Consistent-Field Analysis and Scaling Predictions. Macromolecules 1993, 26, 5405–5413. [Google Scholar] [CrossRef]

	



Evers, O.A.; Scheutjens, J.M.H.M.; Fleer, G.J. Statistical thermodynamics of block copolymer adsorption. Part 2.—Effect of chain composition on the adsorbed amount and layer thickness. J. Chem. Soc. Farady Trans. 1990, 86, 1333–1340. [Google Scholar] [CrossRef]

	



Scheujtens, J.M.H.M.; Fleer, G.J. Statistical theory of the adsorption of interacting chain molecules. 1. Partition function, segment density distribution, and adsorption isotherms. J. Phys. Chem. 1979, 83, 1619–1635. [Google Scholar] [CrossRef]

	



Llamas, S.; Guzmán, E.; Baghdadli, N.; Ortega, F.; Cazeneuve, C.; Rubio, R.G.; Luengo, G.S. Adsorption of poly(diallyldimethylammonium chloride)—Sodium methyl-cocoyl-taurate complexes onto solid surfaces. Colloids Surf. A 2016, 505, 150–157. [Google Scholar] [CrossRef]

	



Scheutjens, J.M.H.M.; Fleer, G.J. Statistical theory of the adsorption of interacting chain molecules. 2. Train, loop, and tail size distribution. J. Phys. Chem. 1980, 84, 178–190. [Google Scholar] [CrossRef]

	



Li, F.; Schellekens, M.; de Bont, J.; Peters, R.; Overbeek, A.; Leermakers, F.A.M.; Tuinier, R. Self-Assembled Structures of PMAA–PMMA Block Copolymers: Synthesis, Characterization, and Self-Consistent Field Computations. Macromolecules 2015, 48, 1194–1203. [Google Scholar] [CrossRef]

	



Leermakers, F.A.M.; Scheutjens, J.M.H.M. Statistical thermodynamics of association colloids. 2. Lipid vesicles. J. Phys. Chem. 1989, 93, 7417–7426. [Google Scholar] [CrossRef]

	



Postmus, B.R.; Leermakers, F.A.M.; Cohen Stuart, M.A. Self-Consistent Field Modeling of Poly (ethylene oxide) Adsorption onto Silica:  The Multiple Roles of Electrolytes. Langmuir 2008, 24, 1930–1942. [Google Scholar] [CrossRef]

	



Postmus, B.R.; Leermakers, F.A.M.; Cohen Stuart, M.A. Self-Consistent Field Modeling of Adsorption from Polymer/Surfactant Mixtures. Langmuir 2008, 24, 6712–6720. [Google Scholar] [CrossRef]

	



Li, F.; Tuinier, R.; van Casteren, I.; Tennebroek, R.; Overbeek, A.; Leermakers, F.A.M. Self-Organization of Polyurethane Pre-Polymers as Studied by Self-Consistent Field Theory. Macromol. Theory Simul. 2016, 25, 16–27. [Google Scholar] [CrossRef]

	



Postmus, B.R.; Leermakers, F.A.M.; Stuart, M.A.C. Self-Consistent Field Modeling of Non-ionic Surfactants at the Silica−Water Interface:  Incorporating Molecular Detail. Langmuir 2008, 24, 3960–3969. [Google Scholar] [CrossRef]

	



Leermakers, F.A.M.; Scheutjens, J.M.H.M. Statistical thermodynamics of association colloids: V. critical micelle concentration, micellar size and shape. J. Colloid Interface Sci. 1990, 136, 231–241. [Google Scholar] [CrossRef]

	



Banerjee, S.; Cazeneuve, C.; Baghdadli, N.; Ringeissen, S.; Leermakers, F.A.M.; Luengo, G.S. Surfactant-polymer interactions: Molecular architecture does matter. Soft Matter 2015, 11, 2504–2511. [Google Scholar] [CrossRef]

	



Banerjee, S.; Cazeneuve, C.; Baghdadli, N.; Ringeissen, S.; Lénforte, F.; Leermakers, F.A.M.; Luengo, G.S. Modeling of Polyelectrolyte Adsorption from Micellar Solutions onto Biomimetic Substrates. J. Phys. Chem. B 2017, 121, 8638–8651. [Google Scholar] [CrossRef]

	



Ali, S.; Bleuel, M.; Prabhu, V.M. Lower Critical Solution Temperature in Polyelectrolyte Complex Coacervates. ACS Macro Lett. 2019, 8, 289–293. [Google Scholar] [CrossRef]

	



Edwards, S. The Statistical Mechanics of Polymers with Excluded Volume. Proc. Phys. Soc. Lond. 1965, 85, 613–624. [Google Scholar] [CrossRef]

	



Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: New York, NY, USA, 2003. [Google Scholar]

	



Hill, T. An. Introduction in Statistical Thermodynamics; Wesley Publisher: London, UK, 1960. [Google Scholar]

	



Khan, N.; Brettmann, B. Intermolecular Interactions in Polyelectrolyte and Surfactant Complexes in Solution. Polymers 2018, 11, 51. [Google Scholar] [CrossRef]

	



Szilagyi, I.; Trefalt, G.; Tiraferri, A.; Maroni, P.; Borkovec, M. Polyelectrolyte adsorption, interparticle forces, and colloidal aggregation. Soft Matter 2014, 10, 2479–2502. [Google Scholar] [CrossRef]

	



Hoffmann, I.; Heunemann, P.; Prévost, S.; Schweins, R.; Wagner, N.J.; Gradzielski, M. Self-Aggregation of Mixtures of Oppositely Charged Polyelectrolytes and Surfactants Studied by Rheology, Dynamic Light Scattering and Small-Angle Neutron Scattering. Langmuir 2011, 27, 4386–4396. [Google Scholar] [CrossRef]

	



Hoffmann, I.; Prévost, S.; Medebach, M.; Rogers, S.; Wagner, N.J.; Gradzielski, M. Control of Rheological Behaviour with Oppositely Charged Polyelectrolyte Surfactant Mixtures. Tenside Surfactants Deterg. 2011, 48, 488–494. [Google Scholar] [CrossRef]

	



Akanno, A.; Guzmán, E.; Fernández-Peña, L.; Ortega, F.; Rubio, R.G. Surfactant-Like Behavior for the Adsorption of Mixtures of a Polycation and Two Different Zwitterionic Surfactants at the Water/Vapor Interface. Molecules 2019, 24, 3442. [Google Scholar] [CrossRef]

	



Akanno, A.; Guzmán, E.; Fernández-Peña, L.; Llamas, S.; Ortega, F.; Rubio, R.G. Equilibration of a Polycation–Anionic Surfactant Mixture at the Water/Vapor Interface. Langmuir 2018, 34, 7455–7464. [Google Scholar] [CrossRef]

	



Guzmán, E.; Fernández-Peña, L.; Akanno, A.; Llamas, S.; Ortega, F.; Rubio, R.G. Two Different Scenarios for the Equilibration of Polycation—Anionic Solutions at Water–Vapor Interfaces. Coatings 2019, 9, 438. [Google Scholar] [CrossRef]

	



Liu, Z.H.; Lv, W.J.; Zhao, S.L.; Shang, Y.Z.; Peng, C.J.; Wang, H.L.; Liu, H.L. Effects of the hydrophilicity or hydrophobicity of the neutral block on the structural formation of a block polyelectrolyte/surfactant complex: A molecular dynamics simulation study. Comput. Cond. Matter 2015, 2, 16–24. [Google Scholar] [CrossRef]








[image: Polymers 12 00624 g001 550] 





Figure 1. Molecular structures for the polyelectrolyte and the surfactants used in this study, n for SLES assumes a value of 5 and for APG, di-RL, and mono-RL a value of 10. 
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Figure 2. (a) Scheme representing the model assumed for Self-Consistent Mean-Field Calculations (SCF) calculations. (b) Scenario for those systems in which micelles bridge several polymer chains (formation of multichain complexes, gPS > 1). (c) Scenario for those systems in which micelles do not bridge polymer chains (gPS < 1). 
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Figure 3. Dependences of the aggregation number of surfactants in the complexes (gs, left axis) and the degree of polyelectrolyte–surfactant binding (gPS, right axis) on μP for mixtures of PDADMAC with SLES (a) and with CB (b). 
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Figure 4. Radial volume fraction (φ(z)) profiles for the inner hydrophobic core and the charged corona of polyelectrolyte–surfactant complexes. The polyelectrolyte had a length of 100 segments and a segment valence νp = 1. The inset represents the dimensionless radial charge density (ξ) profiles for the complexes. 
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Figure 5. Grand potential Ω dependences of the hydrodynamic radius, Rh, for the polymer–surfactant complexes and the surfactant micelles in absence of polyelectrolyte. 
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Figure 6. Dependences of the aggregation number of surfactants in the complexes (gs, left axis) and the degree of polyelectrolyte–surfactant binding (gPS, right axis) on μP for mixtures of PDADMAC with APG. 
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Figure 7. Radial volume fraction (φ(z)) profiles for the inner hydrophobic core and the charged corona of PDADMAC-APG complexes. The polyelectrolyte had a length of 100 segments and a segment valence νp = 1. The inset represents the dimensionless radial charge density (ξ) profiles for the complexes. 
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Figure 8. Dependences of the aggregation number of surfactants in the complexes (gs, left axis) and the degree of polyelectrolyte–surfactant binding (gPS, right axis) on μP for mixtures of PDADMAC with di-RL. 
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Figure 9. Radial volume fraction, φ(z), profiles for the inner hydrophobic core and the charged corona of PDADMAC-di-RL complexes. The polyelectrolyte had a length of 100 segments and a segment valence νp = 1. The inset represents the dimensionless radial charge density (ξ) profiles for the complexes. 
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Figure 10. (a) Dependences of the aggregation number of surfactants in the complexes (gs, left axis) and the degree of polyelectrolyte–surfactant binding (gPS, right axis) on the chemical potential of the polymer μP for mixtures of PDADMAC with mono-RL. (b) Radial volume fraction (φ(z)) profiles for the inner hydrophobic core and the charged corona of PDADMAC-mono-RL complexes. The polyelectrolyte had a length of 100 segments and a segment valence νp = 1. The inset represents the dimensionless radial charge density (ξ) profiles for the complexes. 






Figure 10. (a) Dependences of the aggregation number of surfactants in the complexes (gs, left axis) and the degree of polyelectrolyte–surfactant binding (gPS, right axis) on the chemical potential of the polymer μP for mixtures of PDADMAC with mono-RL. (b) Radial volume fraction (φ(z)) profiles for the inner hydrophobic core and the charged corona of PDADMAC-mono-RL complexes. The polyelectrolyte had a length of 100 segments and a segment valence νp = 1. The inset represents the dimensionless radial charge density (ξ) profiles for the complexes.



[image: Polymers 12 00624 g010]







[image: Polymers 12 00624 g011 550] 





Figure 11. (a) Grand potential (Ω) dependence of the coverage, θads, for different polyelectrolyte–surfactant mixtures. (b) f-ratio, which defines the ratio between the number of monomers and the number of surfactant molecules, dependence of the coverage, θads, dependences for different polyelectrolyte–surfactant mixtures. (c) Volume fraction profiles, φ(z), as a function of the distance z from the surface for the different studied mixtures. 
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Table 1. Flory–Huggins interaction parameters, χ, between various pairs of segments, relative dielectric constant, ε, and valence, ν, of the segment types, as used in the SCF calculations. Note that the segment type X denotes the deprotonated segment of a carboxylic group, and Si and w denote the surface and the water, respectively.
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	χ
	w
	C
	O
	S
	N
	K
	Cl
	OH
	X
	Si
	ε
	ν





	w
	0
	1.6
	−0.6
	0
	0.5
	0
	0
	−0.6
	0
	1
	80
	0



	C
	1.6
	0
	1.6
	2
	2
	2
	2
	2
	2
	0
	2
	0



	O
	−0.6
	1.6
	0
	0
	0
	0
	0
	0
	0
	0
	1.5
	0



	S
	0
	2
	0
	0
	0
	0
	0
	0
	0
	0
	3.4
	−0.2



	N
	0.5
	2
	0
	0
	0
	0
	0
	0
	0
	0
	7
	0.2



	K
	0
	2
	0
	0
	0
	0
	0
	0
	0
	0
	6.1
	1



	Cl
	0
	2
	0
	0
	0
	0
	0
	0
	0
	0
	6.1
	−1



	OH
	−0.6
	2
	0
	0
	0
	0
	0
	0
	0
	0
	1.5
	0



	X
	0
	2
	0
	0
	0
	0
	0
	0
	0
	0
	1.5
	−0.2



	Si
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	5
	−0.1
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