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Abstract

:

This study investigates the effect of an inert salt (NaCl) on the equilibrium interfacial tension and dilatational modulus of Pluronic F-68 copolymer, a triblock copolymer consisting of two terminal blocks of poly(ethylene oxide) and a less hydrophilic central block of poly(propylene oxide). Interfacial tension measurements were carried out using a surface force balance and a drop shape tensiometer, while rheological measurements were carried out in two different frequency ranges. This involved the use of the oscillatory barrier/droplet method and electrocapillary wave measurements, complemented by an appropriate theoretical framework. This work aimed to elucidate the influence of NaCl on the interfacial behavior of Gibbs monolayers of Pluronic F-68. In addition, this study highlights some of the technical and theoretical limitations associated with obtaining reliable dilatational rheological data at high frequencies (<1 kHz) using electrocapillary wave measurements. The results provide valuable insights into the interplay between salt presence and interfacial properties of Pluronic F-68 and highlight the challenges of obtaining accurate dilatational rheological data under specific measurement conditions.






Keywords:


dilational rheology; electrocapillary waves; interfacial tension; ionic strength; copolymer; water/air interface












1. Introduction


Poly(ethylene oxide)n–b-poly(propylene oxide)m–b-poly(ethylene oxide)n—or PEO–PPO–PEO—triblock copolymers, commonly referred to as Pluronics or Synperionics, are a family of polymeric materials that has gained a lot of attention in both scientific and manufacturing fields. These copolymers are known for their excellent biocompatibility and are used for making coatings, drug delivery devices, and thickeners, among many other applications. Their distinct structure, made up of ethylene oxide and propylene oxide blocks, allows for a wide range of functions, making them extremely valuable in numerous technological areas, including cosmetics, pharmaceuticals, food science, catalysis, and materials science [1,2,3,4,5,6,7]. The multifaceted utility of Pluronic copolymers derives from their distinctive surfactant properties, which enable them to modify surface interactions and stabilize different types of systems, including emulsion droplets, colloidal particles, capsules, or liposomes [8,9,10,11]. In addition, their remarkable versatility enhances material properties, including drug solubility, mechanical strength, and biodegradability in various matrices. One of the most fascinating features of Pluronics is their capacity to reduce protein adsorption on solid surfaces. This has significant implications, notably in biomedical applications where avoiding undesired protein adsorption (biofouling) is critical for implantable devices, biosensors, and drug delivery systems [12,13].



To date, several studies have provided comprehensive insights into the intricate phase behavior of Pluronic solutions [14,15,16,17]. These studies have meticulously outlined the rich phase diagrams exhibited by these systems, revealing the existence of a wide range of phases including isotropic liquid, spherical, and rod-like micellar phases, as well as lamellar and gel phases [18,19,20]. It is worth noting that adding salt, which increases the ionic strength of the solution, does not impact the fundamental structure of the phase diagram. In fact, it remains qualitatively unaltered, providing a consistent framework under different conditions. However, the introduction of salts modifies the specific area occupied by each phase within the system [16,20,21,22]. For instance, the addition of ionic salts can reduce the solubility of Pluronic molecules in water and disrupt the micellar structure [23]. These modifications, intricately linked to the Hofmeister series but also to the specific ratio between the number of monomers in the poly(ethylene oxide) and poly(propylene oxide) blocks, establish a relationship between the behavior of ions as promoters or disruptors of water’s structural stability, depending on their ability to remain hydrated [22,24,25]. Such intricate correlations between ionic properties and phase changes within Pluronic solutions continue to foster further investigations to unravel the underlying mechanisms governing these complex systems [23,24,26]. This has revealed that some ions can interact with the polymer chains in a very specific way, leading to behavior that cannot be explained by the Hofmeister series [27,28]. In fact, several studies have suggested that ions act only locally on the water structure [29,30,31].



Many of the applications of Pluronics involve complex mixtures containing salts, e.g., those in biological systems, in some cases at non-negligible concentrations, and rely on the ability of this type of copolymer to adsorb at fluid–fluid interfaces. Understanding the effect of salts on the interfacial behavior of Pluronic solutions is, therefore, essential to exploiting the full potential of this family of polymers [3,32,33]. However, to date, the effect of salt on the formation of Pluronic layers at the air/solution interface and the properties of such layers have been less explored, and only a few works can be found in the literature [34,35,36]. These works suggest that the effect of salts in Pluronic-laden interfaces responds to a complex interplay between the modification of the water structure at the copolymer/water interface and the adsorption of ions on the hydrophobic part of the copolymer. This has a dramatic effect on the interfacial properties with respect to salt-free solutions [36,37,38].



In a previous work [36], we have shown that the effect of Li+ ions on the air/solution interface when Pluronic layers are present does not follow the Hofmeister series due to the specific interaction of lithium cations with the ether groups of PEO. In fact, the polydentate character of PEO allows the coordination of Li+ ions through the oxygen [39,40]. This does not occur with other cations such as Na+ and K+, which have a direct interaction with the ether group of PEO blocks but no evidence of a true coordination is reported [41]. Therefore, the work by Llamas et al. [36] cannot be used to shed light on the effect of ionic strength alone. It is expected that the ionic strength will modify the solubility of Pluronics in the subphase, thus changing the formation of loops and tails in pure water at low frequencies [42]. This phenomenon was also observed in insoluble polystyrene–PEO–polystyrene monolayers [38].



This work aims to investigate the influence of an inert salt (NaCl) on the equilibrium interfacial tension and the dilatational modulus of Pluronic F-68 copolymer, a triblock copolymer with two lateral blocks of poly(ethylene oxide) formed by 76 monomers (3.35 kDa) and a central block of poly(propylene oxide) composed of 29 monomers (1.7 kDa). For this study, the combination of interfacial tension measurements and rheological measurements in two different frequency ranges obtained by combining the oscillatory barrier/droplet method and electrocapillary wave measurements with an appropriate theoretical background was applied. This allows one to elucidate the role of salt in the interfacial behavior of Pluronic F-68-laden interfaces as well as to point out some of the technical and theoretical limitations in obtaining reliable dilational rheological data at high frequencies (in the range 50 Hz–1 kHz) using electrocapillary wave measurements.




2. Materials and Methods


2.1. Chemicals


Pluronic F-68, with an average molecular weight of 8.4 kDa, and NaCl with purity > 99.9% were supplied by Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure deionized water of Milli-Q grade, with a resistivity higher than 18 MΩ∙cm and a total organic content (TOC) of less than 6 ppm, was used for all experiments and material cleaning purposes. To achieve this level of purity, a Young Lin Instrument Co., Ltd. (Gyeonggi-do, Republic of Korea), AquaMAX™-Ultra 370 Series multi-cartridge purification system was used. All solutions were prepared by weight using an analytical balance accurate to ±0.01 mg. Throughout the experiments, temperature was maintained at 23.0 °C with an accuracy of ±0.1 °C.




2.2. Experimental Methods


2.2.1. Equilibrium Interfacial Tension Measurements


The interfacial tension of the air/solution interface was measured by using two different surface force tensiometers and a drop shape tensiometer. The measurements obtained with each tensiometer agreed within the combined error bar (approximately ±1 mN/m). For all the measurements, the temperature was controlled by using a thermostatic bath set at 23 °C. Each experimental data point reported was an average of at least three independent measurements. The experiments were conducted for a long enough time to ensure that a steady state was reached.



	
Surface force tensiometer: A surface force tensiometer, specifically a K10T Digital Tensiometer (KRÜSS GmbH, Hamburg, Germany), fitted with a platinum Wilhelmy plate contact probe of 40.5 mm in perimeter. Between each measurement, the platinum plate was cleansed using ethanol and Milli-Q water and then burnt with an ethanol torch to eliminate any remaining residue of organic matter. For the measurements, the samples were poured into a glass cell, previously cleaned with ethanol and Milli-Q water.






Additionally, we used a NIMA PS4 surface force tensiometer manufactured by Nima Technology (Coventry, UK) fitted with disposable Wilhelmy paper plates (Whatman CHR1 chromatography paper, Merck, Darmstadt) of 20.6 mm in perimeter. A fresh paper plate was used for each measurement to prevent any potential modifications to the plate surface caused by material adsorption. The same glass cells used for the measurements obtained using the KRÜSS K10T Digital Tensiometer (KRÜSS GmbH, Hamburg, Germany) were used in this case.



	2.

	
Shape profile analysis tensiometer: The interfacial tension of the air/solution interface was also measured by a drop profile analysis tensiometer designed and fabricated at the University of Granada. This device was based on the Axisymmetric Drop Shape Analysis (ADSA) method, which is described in detail elsewhere [43]. The setup, including the image capturing, the microinjector, the ADSA algorithm, and the fuzzy pressure control, was managed by a Windows-integrated program (DINATEN(R)) [44]. For the experiments, a solution microdroplet (15 μL) was formed at the tip of a PTFE capillary (0.2 cm) introduced in a thermostatized glass cuvette (Hellma GmbH & Co. KG, Müllheim, Germany). This led to experiments characterized by a Worthington number, Wo, above 0.4, which guaranteed good precision of the experimental results [45].








2.2.2. Interfacial Dilational Rheology Measurements


Three different experimental techniques were used to study the dilational rheological response of the Gibbs monolayers of the Pluronic F-68 in two different frequency (ν) ranges. In the low-frequency range (10−3–10−1 Hz), two different techniques were used: (i) oscillating barrier measurements in a Langmuir balance (model 702 from Nima Technology, Coventry, UK) with a total area of 700 cm2 (70 cm length × 10 cm width) and (ii) oscillating drop measurements, using a deformation amplitude of 8%, in the same drop profile analysis tensiometer used for equilibrium interfacial tension measurements. For obtaining data on the dilational response at higher frequencies (in the range of 10–103 Hz), a homemade electrocapillary wave device has been used [46,47]. In order to minimize the effect of shear on the results obtained using the oscillatory barrier method, the experiments were carried out using a relatively small deformation amplitude (5%). In addition, the paper Wilhelmy plate was placed parallel to the barrier movement in the center of the trough and the barrier oscillations were performed far enough from the contact probe to avoid any possible role of unintended flows in the dilation response.



The three techniques and the methods for calculating εr from the raw data have already been described in detail previously [48,49]. It should be noted that the imaginary component of the dynamic interfacial elasticity (εi) related to the viscous loss (loss modulus) remained below 5% of the real component or storage modulus (εr) in all measurements. As a result, the detailed discussion of the imaginary part provides limited insight into the clarity of the work and is, therefore, not discussed here. It is worth noting that the low values obtained for the loss modulus in this study agree with previous results for adsorption layers formed by different copolymers of the Pluronic family at fluid interfaces [37,50].




2.2.3. Bulk Viscosity Measurements


A capillary-based method (Ubbelohde viscometer) was used to measure the bulk viscosity of the samples. The liquid was introduced into a glass viscometer thermostatized at 23 °C and pumped up through a capillary and a measuring bulb and the time taken for the liquid to fall through the bulb was recorded. The viscometer was calibrated against filtered Milli-Q water and each sample was filtered before entering the viscometer. The determination of viscosity is based on the assumption that the flow time is directly proportional to the viscosity and inversely proportional to the density of the solution.






3. Results and Discussion


3.1. Interfacial Tension Isotherm


Figure 1 shows the interfacial tension (γ) isotherm for the Gibbs monolayers obtained by the adsorption of aqueous solutions of Pluronic F-68 (ionic strength: 0 mM) at 23 °C to the air/solution interface. The results show that after the initial sharp decrease in interfacial tension with Pluronic F-68 concentration (c), from values close to those corresponding to the pristine air/solution interface, the interfacial tension isotherm enters a less steep reduction region, commonly defined as a pseudo-plateau, for concentrations in the range 10−4–10−2 mM; this can be seen more clearly in the surface pressure representation (see inset of Figure 1). The existence of such a pseudo-plateau has been observed in previous studies on the adsorption properties of Pluronic F-68 at the air/solution interface, and it is commonly ascribed to the transition from a dilute interfacial layer to a brush organization of the Pluronic F-68 at the interface [36,48,51]. Once the pseudo-plateau region is overcome, the interfacial tension starts to decrease again with the Pluronic F-68 concentration. It is worth noting that in the present study, the investigated concentration range remains below the critical micelle concentration (CMC) of Pluronic F-68 (around 10 mM) [52,53] in agreement with the continuous decrease in interfacial tension recorded. It should be noted that for the investigated region, the interfacial tension values obtained are in agreement with the interfacial tension isotherms reported in the literature for the same copolymer under similar conditions [36,54].



Figure 2 shows a sketch of the different configurations of Pluronic F-68 at the air/solution interface as a function of interfacial density. At high interfacial tensions, corresponding to high surface pressures and low surface excesses, the chains are placed at the interface forming a layer of 2D stretched chains. Then, for intermediate interfacial tensions, corresponding to the pseudo-plateau of the isotherm, the copolymer molecules start to reorganize at the interface and undergo stretching into the aqueous phase. Finally, at the lowest values of surface tension, most of the copolymer molecules adopt a brush organization to form a 3D structure [50].



Considering that the main aim of this work is to elucidate how the change in the ionic strength (I) of the solution by the addition of NaCl affects the equilibrium properties and dilational rheological response of Gibbs monolayers of Pluronic F-68, interfacial tension measurements were performed for solutions with different copolymer concentrations by varying I. Figure 3 shows the dependence of the interfacial tension on the ionic strength of the solution for the adsorption of Pluronic F-68 with different copolymer concentrations at the aqueous air/solution interface. The results show that an increase in ionic strength produces a very marked decrease in surface tension, compared to the Gibbs monolayers in the absence of salt. This is exactly the opposite behavior to that expected for the change in interfacial tension at the air/water interface due to salt addition (see Appendix A). However, this is not an unexpected result, as previous studies with different copolymers belonging to the Pluronic family have shown that the addition of electrolytes to Pluronic solutions induces a salting-out phenomenon, which enhances the surface activity of the copolymer and, thus, leads to a strong decrease in the interfacial tension [16,36]. This can be understood by the fact that the electrolytes disrupt favorable PEO–water interaction, leading to a dehydration of the hydrophilic blocks, which in turn results in an increase in the hydrophobicity of the copolymer and enhances their adsorption efficiency to the air/solution interface.



A detailed analysis of the dependence of the interfacial tension on the ionic strength evidences that the salting-out produced by NaCl addition is almost negligible for low salt concentrations, independent of the copolymer concentration. However, when I reached values ≥ 1 M, the presence of the electrolyte leads to a significant enhancement of the surface activity of Pluronic F-68, corresponding to an increase in copolymer surface excess, and the higher the copolymer concentration, the greater the effect. It is worth noting that the observed effect of ionic strength is only evidenced for NaCl concentrations above those typically studied in most of the work in the literature.




3.2. Low-Frequency Dilational Rheology


The first step in the evaluation of the interfacial response against dilational deformations was carried out at low frequencies (in the range of 10−3–10−1 Hz). For this purpose, oscillatory barrier and oscillatory droplet experiments were performed. The results obtained by both techniques show good agreement within the combined error bars (see Figure 4a). Figure 4b,c shows the frequency dependences of the dilational storage modulus obtained for Gibbs monolayers of Pluronic F-68 at different ionic strengths.



The obtained results evidence, independently of the Pluronic F-68 concentration and the ionic strength, a similar qualitative behavior characterized by the increase in the dilational storage modulus with the deformation frequency. This frequency dependence suggests the existence of a relaxation process for a frequency around 10−2–10−1 Hz which agrees with previous results by Rivillon et al. [38] for Gibbs monolayers of Pluronic copolymers. The emergence of this relaxation process can be ascribed to the diffusion process of the Pluronic F-68 from the bulk to the interface.



Further considering the dilational storage modulus dependences on the concentration of Pluronic F-68 and ionic strength, it can be observed that the variation in the ionic strength within the range 0-1 M does not present any strong impact on the values of the dilational modulus at low frequencies, even though for an ionic strength of 1 M and polymer concentration of 10−3 mM, a slight increase in the storage modulus is observed. However, this does not occur for the Gibbs monolayers obtained by the adsorption of solutions of higher concentration (10−1 mM) where the dilational storage modulus remains unchanged by increasing the ionic strength of the aqueous phase. This is clearer from Figure 5a where the dependence of the storage modulus on the ionic strength at a fixed frequency of 5 × 10−2 Hz is displayed. The explanation for this different effect of the salt depending on the copolymer concentration can be understood from the data shown in Figure 3. Indeed, for the lowest concentration of Pluronic F-68 (10−3 mM), a strong change in interfacial tension is observed with the ionic strength, whereas for solutions with a concentration of 10−1 mM, the change is almost negligible. This suggests a salt-induced conformational change in the former case, which increases the value of the dilatational storage modulus. This is in agreement with previous studies on the influence of ionic strength on the rheological properties of polymer-loaded interfaces [55].



The Pluronic F-68 concentration also affects the relaxation spectrum in the considered frequency range. This is better understood with Figure 5b where the frequency dependence of the dilational storage modulus at a fixed ionic strength of 100 mM is reported for the two concentrations of Pluronic F-68. The results evidence that the increase in the Pluronic F-68 concentration from 10−3 mM to 10−1 mM shifts the relaxation process found within the considered frequency range to higher values of the characteristic frequency. This is clearer from the analysis of the experimental data in terms of the Lucassen–van den Tempel model given by the following equation [56]:


  ε ( ν ) =   ε   0     1 + ζ + i ζ   1 + 2 ζ + 2   ζ   2     ,  



(1)




where   ε   ν   =   ε   r     ν   + i   ε   i     ν   =   ε   r     ν   + i 2 π ν κ   is the interfacial dilational viscoelastic modulus, with   κ   defining the interfacial dilational viscosity, and ε0 is the Gibbs elasticity, and   ζ =     ν   D     ν     is a parameter defining the exchange of matter between the interface and the adjacent bulk phase, with     ν   D     being the characteristic frequency of the relaxation process. Figure 6 reports the best-fit parameters obtained from the analysis in terms of the Lucassen–van den Tempel model for the studied Gibbs monolayers.



The dependence of ε0 on the ionic strength of the Pluronic F-68 solutions agrees with the above dependence of the values of εr. On the other hand, the dependences of the characteristic frequencies of the relaxation process on the ionic strength appear more interesting (see Figure 6b). Firstly, the results confirm the above-discussed scenario related to the increase in the value of the characteristic frequency as the copolymer concentration increases from 10−3 mM to 10−1 mM. In fact, the results evidence an increase of about one order of magnitude for the characteristic relaxation frequency. This indicated that the exchange process between the bulk and the interface occurs with a higher probability at higher concentrations, which is the expected result. In addition, independent of the copolymer concentration, the increase in the ionic strength leads to an increase in the characteristic relaxation frequency. This can be explained by considering the worsening of the solvent quality of the subphase for Pluronic F-68 with the increase in the ionic strength. This is expected to favor the surface adsorption of the copolymer molecules and a corresponding decrease in the characteristic diffusion time.




3.3. High-Frequency Dilational Rheology: Electrocapillary Wave Damping Measurements


The evaluation of the damping of capillary waves excited by electric fields as a result of the presence of Pluronic F-68 Gibbs monolayers at the air/solution interface allows one to obtain information on the dilational interfacial rheological response at higher frequencies (above 50 Hz) than typical oscillatory rheology. Therefore, the combination of electrocapillary wave damping measurements with the above-discussed results contribute to expanding the accessible frequency region of the dilation spectrum. It should be noted that electrocapillary wave experiments were performed in the frequency range of 80–400 Hz. It was not possible to perform experiments over 400 Hz due to the strong decrease in the intensity of the signal that significantly reduced the sensibility of the measurements.



3.3.1. Study of Propagation of Capillary Waves as Pluronic F-68-Laden Interfaces


For a capillary wave excited in a point of the interface (xy plane) defined by the coordinate x = 0, it is possible to define its spatial profile in terms of damped cosine according to the following expression:


    u   z   =   u   z   0     e   − β x   c o s ⁡     2 π   λ   x + φ   ,  



(2)




with     u   z   0     being the wave amplitude and β, λ, and   φ   the damping coefficient, the characteristic capillary wavelength, and the phase lag, respectively. Figure 7 shows the frequency dependence of the parameters β and λ for the two studied Pluronic F-68 concentration and different ionic strengths.



The results show that at a fixed frequency, the capillary wavelength, λ, slightly decreases as the ionic strength increases, independently of the Pluronic bulk concentration. This is particularly evident when the NaCl concentration overcomes the threshold value of 1 M. These results can be rationalized by considering Kelvin’s law (    λ   3   =   2 π γ   ν ρ    , where ρ accounts for the bulk density) [57], although it must be taken into account that this equation is only valid for low-viscosity simple liquids. The decrease in λ becomes stronger in the region where the variation in γ with the ionic strength is higher (above NaCl concentration around 1M). On the other hand, Gibbs monolayers obtained from solutions of Pluronic F-68 concentration = 10−1 mM exhibit lower values of λ than when the copolymer concentration is 10−3 mM. This may be also rationalized considering the reduction in the interfacial tension with the increase in Pluronic F-68 concentration (see Figure 3).



Interpretations of the dependencies of the damping coefficient are less straightforward (see Figure 7b,d). As occurred for the capillary wavelength, the effect of salt in the damping coefficient is almost negligible when ionic strength is below 1 M, whereas an increase in the ionic strength above such a threshold slightly increases the damping coefficient values. This can be rationalized as a combination of two different factors. First, the increase in the ionic strength results in an increase in the bulk viscosity of the solution (see Appendix A), which according to the Stokes’ law must lead to an increase in the damping coefficient [57]. The second factor that influences the increase in β is the increase in the surface excess as a result of the salting-out phenomenon. It should be noted that the increase in the damping coefficient with the concentration of Pluronic F-68 should be ascribed to the higher amount of surfactant adsorbed at the interface, because the viscosity of Pluronic F-68 solutions does not significantly change within the studied concentration range.



A more detailed analysis of the frequency dependences of the capillary wavelength and damping coefficient shows that the experimental data can be described in terms of simple scaling laws ω∼qa and β∼ωb, where ω = 2πν defines the angular frequency and q = 2π/λ is the wavevector. In this study, the value obtained for the exponent a is around 1.46 for all the studied conditions, which is similar to that predicted from Kelvin’s law:   ω ~   q   3 / 2    . On the contrary, the value of the exponent for the scaling law describing the frequency dependence of β differs from the one that can be derived from Stokes’ law (b = 1), and the differences increase with the ionic strength [57]. This suggests the possible existence of viscoelastic loss in the monolayer in agreement with previous studies on Pluronic monolayers in the absence of salt [54]. It should be noted that for the highest frequencies evaluated for Gibbs monolayers obtained from solutions with copolymer concentration of 10−1 mM, the damping coefficient values diverge from the general tendency which can be ascribed to a worsening of the signal quality.



To obtain information about the dilational response of the monolayer from electrocapillary wave experiments, we need to numerically solve the dispersion equation, D(q, ω) = 0, which provides a relation between the characteristic parameters associated with the propagation of the transversal waves (frequency ω, wavelength λ, and damping coefficient β) and the constitutive parameters of the monolayer (interfacial tension γ, dilational storage modulus ɛr, and dilational viscosity κ) [58,59].


  D   q , ω   = T   q , ω , γ   L   q , ω , ε   + C   q , ω   = 0 .  



(3)







This indicates that the dilational rheological response of monolayers at the air/water interface is described by the coupling between the transversal or capillary   T   q , ω , γ     and the longitudinal or dilational   L   q , ω , ε     terms of the dispersion equation [60]. The solution of the dispersion equation provides a dilational modulus that is defined as


  ε   ω   =   ε   r     ω   +   ε   i     ω   =     −     η ω   q   −   m       2     γ   q   2     +   i η ω   q   +   m     −     ρ   q     ω   2     − i η ω   q + m       q   2     ,  



(4)




where q is the complex wavevector, defined as


  q =   2 π   λ   − i β ,  



(5)




and m is the capillary penetration depth (Re(m) > 0)


  m =    q   2   + i ω   ρ   η    .  



(6)








3.3.2. Accuracy of the Characterization of the Dilational Rheology by Electrocapillary Wave Measurements: The Resonance Condition


The extraction of the constitutive parameters of the monolayers from electrocapillary wave measurements is always challenging. This is mainly related to the change in the sensibility of capillary waves as response to the dilational properties of the interface. The resonance condition indicates that the frequency of the dilational modes is very close to that corresponding to the capillary ones, providing the highest sensibility of capillary waves for the determination of ɛr and κ values. At a first approximation, the resonance occurs for the following interval:


        ε   γ       R   =       q   η   2     γ ρ       1 / 4   ≈ 0.10 − 0.15 ,  



(7)




where the subindex R indicates the resonance condition. The resonance condition is of paramount importance for the determination of the dilational parameters from electrocapillary wave experiments. In fact, as the     ε   γ     ratio differs from the resonance condition, the dilational parameters extracted from the analysis of the experimental data are affected by a high uncertainty. Figure 8 shows the ε/γ ratio for all the analyzed samples.



The results show that for the most diluted solution (concentration = 10−3 mM), the     ε   γ     ratio differs significantly for the resonance condition. This indicates that small variations in the input parameters γ and η introduce a high uncertainty in the determination of ɛr and κ. The situation is better, or at least when the values of the ionic strength are lowest, when the concentration of Pluronic F-68 is increased up to 10−1 mM. In this case, the values of the     ε   γ     ratio are closer to the resonance condition. In particular, for an ionic strength below 1M, the     ε   γ     ratio enters the resonance region. Therefore, the determination of the viscoelastic modulus is less affected by slight changes in γ and η. Further considering the variation in the     ε   γ     ratio with the ionic strength, it is clear that an increase in the ionic strength takes the monolayer behavior, independent of the copolymer concentration, far from the resonance condition. This is reflected in the value of the     ε   γ     ratio but also in the increase in the uncertainty of this ratio. Therefore, the results point out that both bulk concentration and surface excess present a critical impact in the applicability of electrocapillary waves in the determination of the dilational properties of monolayers at the air/water interface in agreement with previous results by Maestro et al. [47].



Further considering the effect of the ionic strength on the value of the     ε   γ     ratio, it is clear that the salting-out phenomenon, leading to an increase in the surface excess, increases the uncertainty of electrocapillary wave measurements for an accurate determination of the dilational behavior of Pluronic F-68 Gibbs monolayers. In fact, the higher the ionic strength, the higher the value of the     ε   γ     ratio and the greater the distance from the resonance condition. In addition, the uncertainty in the determination of the true value of the     ε   γ     ratio also increases as evidenced by the increase in the error bars. However, the increase in the surface excess alone cannot be considered as the only effect worsening the quality of the determination of the dilational properties of the interface by electrocapillary wave measurements as evidenced the better quality of the results obtained for the highest studied concentration (10−1 mM).




3.3.3. Dilational Spectrum: Combination of Oscillatory Rheology and Electrocapillary Wave Measurements


The combination of rheological experiments allowing one to assess the dilational properties of interfaces in different frequency ranges is a very powerful tool for obtaining information of whole mechanical relaxation spectrum for molecules attached to fluid/fluid interfaces [46,47]. Figure 9 displays the dependence of the storage modulus ɛr on the frequency for Gibbs monolayers obtained by adsorption of solutions with two different concentrations of copolymer and different ionic strengths.



The relaxation spectrum obtained by combining oscillatory dilational rheology and electrocapillary wave experiments is in good qualitative agreement with the results obtained only by using the measurements at a low frequency, with the storage modulus reducing its value across the whole frequency range as the Pluronic F-127 concentration increases from 10−3 mM up to 10−1 mM. Deepening on the analysis of the experimental results, it is confirmed that the storage modulus results obtained for conditions far from the resonance situation are affected by higher uncertainty. This is clear from the huge errors bars associated with the results obtained for Gibbs monolayers corresponding to a bulk concentration of 10−3 mM. On the contrary, the error bars are less important for experiments obtained from the adsorption of Pluronic F-68 solutions with concentration = 10−1 mM, where the     ε   γ     ratio is closer to that corresponding to the resonance. This is clearer for the storage results obtained for an ionic strength below 1000 mM, where an overlapping of the     ε   γ     ratio with the resonance region was found. However, the increase in the ionic strength worsens the accuracy of the determination of the storage modulus as evidenced by the bigger error bar. However, the latter remains below the uncertainty of the determination of the storage modulus for Gibbs monolayers obtained from Pluronic F-68 solutions of concentration = 10−3 mM. The above discussion is clearer from the results in Figure 10 where the values of the storage modulus obtained from electrocapillary wave experiments in the frequency range of 80–400 Hz are depicted for Gibbs monolayers obtained at two different bulk copolymer concentrations and different ionic strengths. The results evidence that in the case of Gibbs monolayers obtained from solutions with concentration = 10−3 mM, the uncertainty associated with the determination of storage modulus values is huge, making it difficult to obtain any dependence of the storage modulus on the ionic strength on the subphase. On the other hand, the results obtained by electrocapillary wave experiments do not evidence any dependence of the storage modulus on the frequency for the Gibbs monolayer obtained from solutions at concentration of 10−3 mM. The situation changes when the copolymer concentration is increased. In this case, the values of the storage modulus tend to increase with the ionic strength of the solution in agreement with the results reported by Llamas et al. [36] in systems containing lithium salts. In addition, the increase in the ionic strength above 1 M introduces a frequency dependence on the storage modulus, which indicates the existence of a relaxation mechanism with a characteristic frequency in the range of 102–103 which can be ascribed to the reorganization of the copolymer molecules within the interface.



Based on the above results, it is clear that the best theoretical representation of the dilational response of Pluronic F-68 Gibbs monolayers at the lowest concentration of copolymer studied in this work (10−3 mM) is the Lucassen–van den Tempel model (see Equation (1)). This also provides a good representation for the dilation relaxation spectrum of Gibbs monolayers obtained from solutions with concentration = 10−1 mM, at least at the lowest ionic strengths. However, when the ionic strength reaches a value of 1 M, a second contribution must be included to describe the dilational spectrum [36,46,60]. For this purpose, we followed the procedure introduced by Ravera et al. [46,60] which provides a description for an interfacial relaxation spectrum characterized by the presence of diffusion-controlled adsorption and interfacial relaxation according to the following expression:


  ε =   1 + ζ + i ζ   1 + 2 ζ + 2   ζ   2         ε   0   + (   ε   1   −   ε   0   )   1 + i χ   1 +   χ   2       ,  



(8)




where     ε   1     is the high-frequency limit of the dilational elasticity and   χ =     ν   1     ν     a parameter describing the interfacial relaxation process, with     ν   1     being the characteristic frequency of the interfacial relaxation process. Figure 11 shows the best fits obtained for the dilational spectrum of Gibbs monolayers obtained from the adsorption of Pluronic F-68 solutions with different concentration and a fixed ionic strength.



The above results evidence that the Lucassen–van den Tempel model or its combination with an additional relaxation process provides a suitable description of the dilational spectrum of Gibbs monolayers of Pluronic F-68. Table 1 reports the limit elasticities,     ε   0     and     ε   1    , and the characteristic frequencies of the relaxation processes,     ν   D     and     ν   1    , obtained from the fitting of the experimental data across the whole frequency range to the Lucassen–van den Tempel model or to its extension by including an additional process occurring within the interface. Notice that the Lucassen–van den Tempel model accounts for the rheological response of Gibbs monolayers obtained from Pluronic solutions with concentration = 10−3 mM, independent of the ionic strength, whereas in the case of monolayers obtained from the adsorption of solutions with concentration = 10−1 mM, one needs to use an extension of the Lucassen–van den Tempel model including the additional interfacial process.






4. Conclusions


This work evaluates the effect of ionic strength on the interfacial tension and dilatational rheology of Gibbs monolayers of Pluronic F-68 solutions with different NaCl concentrations. This was made possible by combining several well-established experimental techniques that allowed us to evaluate the equilibrium isotherms and the interfacial dilational rheology of the formed monolayers. The results evidenced that the addition of salt significantly affects the interfacial tension while its impact on the dilational rheological response of the Pluronic F-68 Gibbs monolayers appears less important.



The effect of the ionic strength on the equilibrium isotherm is ascribed to a salting-out phenomenon that reduces the solubility of the hydrophilic blocks of the copolymer in the aqueous phase, enhancing its adsorption at the air/solution interface. This enhances the surface activity of Pluronic F-68, which results in a higher surface excess and stronger ability to lower the interfacial tension. However, this salting-out phenomenon, even though it is independent of the copolymer concentration, appears as a most important contribution to the surface activity of Pluronic F-68 when the NaCl concentration overcomes a threshold value around 1000 mM. The effect of such high concentrations of salt are rarely studied in works dealing with the adsorption of surface-active molecules at fluid interfaces.



On the contrary to that what was found for the impact of the ionic strength on the equilibrium properties of the Gibbs monolayers, the results obtained by low-frequency oscillatory experiments showed that the ionic strength has only a reduced effect on the modification of the relaxation processes, modifying the characteristic frequencies in such a way that can be interpreted in terms of the enhanced surface activity induced by the addition of salt. However, the extension of the accessible frequency range by including results obtained using measurements based on the evaluation of the damping of interfacial capillary waves excited by the application of an electric field evidenced that the rheological response of the Gibbs monolayers can be modified by the ionic strength, especially at high copolymer concentrations and high ionic strength. However, most interesting is the fact that the variation in the ionic strength and the copolymer bulk concentration helps in understanding of the limits of the characterization of interfacial rheology by electrocapillary wave experiments. The results have evidenced that these limits are not only a result of the surface excess and interfacial tension and deserve a deeper study to exploit the whole potential of electrocapillary waves for evaluating the dilational rheology properties of interfacial films at the air/water interface.
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Appendix A. Bulk Viscosity, Density, and Interfacial Tension


Table 1 reports the salt concentration dependence of the bulk viscosity, η, obtained using a capillary viscometer (Ubbelohde) and the bibliographic densities [61] and interfacial tensions [62] for aqueous NaCl solutions.





 





Table A1. Viscosity η and density ρ of aqueous NaCl solutions at 23 °C.






Table A1. Viscosity η and density ρ of aqueous NaCl solutions at 23 °C.





	NaCl [mM]
	η (mPa⋅s)
	ρ (g/cm3) 1
	γ (mN/m) 2





	0
	0.90 ± 0.03
	0.998
	72.72



	100
	0.91 ± 0.03
	1.002
	-



	1000
	1.05 ± 0.03
	1.038
	73.77



	2000
	1.15 ± 0.03
	1.075
	74.94



	3000
	1.30 ± 0.03
	1.111
	76.61







1 Data extracted from reference [61]. 2 Data extracted from reference [62].











It should be noted that the addition of Pluronic F-68 to salty water does not provoke any significant modification in the bulk viscosity in relation to that of aqueous NaCl solutions. For instance, the bulk viscosity of a solution of Pluronic F-68 with concentration = 10−1 mM and a NaCl concentration of 3000 mM was about 1.3 mPa⋅s, which is equivalent to that obtained for a NaCl solution of the same concentration. In the case of the density, a strong change in the density is not expected in relation to NaCl solutions for the diluted solutions studied in this work (Pluronic F-68 bulk density assumes a value of about 1.06 g/cm3).
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Figure 1. Interfacial tension as a function of concentration (c), at 23 °C, for Gibbs monolayers of Pluronic F-68 at the air/solution interface. Inset corresponds to interfacial pressure (  Π =   γ   0   − γ )  , where     γ   0     is the pure water surface tension at the same temperature. The line is a guide for the eyes. 
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Figure 2. Sketch of the different conformations of Pluronic F-68 at the air/solution interface. (a) High interfacial tension values. (b) Intermediate interfacial tension values (pseudo-plateau region). (c) Low interfacial tension values. The central poly(propylene oxide) blocks are indicated in blue and the lateral poly(ethylene oxide) blocks are represented in red. 
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Figure 3. Ionic strength (I) dependence of the interfacial tension (γ) at 23 °C for the adsorption of Pluronic F-68 solutions of different concentrations at the air/solution interface. The symbols correspond to the experimental data, and the lines are guides for the eyes. 
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Figure 4. (a) Frequency dependence of the storage modulus (εr) obtained by oscillatory barriers and oscillating drop measurements at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of concentration 10−3 mM and a fixed ionic strength of 0 mM. (b) Frequency dependence of the storage modulus (εr) at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of c = 10−3 mM and different ionic strengths at the air/solution interface. (c) Frequency dependence of the storage modulus (εr) at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of c = 10−1 mM (b) and different ionic strengths at the air/solution interface. 
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Figure 5. (a) Dependence of the storage modulus at a fixed frequency of 5 × 10−2 Hz on the ionic strength for Gibbs monolayers of Pluronic F-68 at two different bulk concentrations. The symbols correspond to the experimental data, and the lines are guides for the eyes. (b) Frequency dependence of the storage modulus (εr) for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of two different concentrations, c = 10−3 mM and c = 10−1, and at a fixed ionic strength (100 mM). The symbols correspond to the experimental data, and the lines corresponds to the best fit obtained using the Lucassen–van den Tempel model. 
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Figure 6. Dependence of the best fit parameters obtained using the Lucassen–van den Tempel model, ε0 (a) and     ν   D     (b), on the ionic strength for Gibbs monolayers of Pluronic F-68 at two different bulk concentrations. The symbols correspond to the experimental data, and the lines are guides for the eyes. 
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Figure 7. Frequency dependences of the wavelength (λ) and damping (β) for monolayers obtained from the adsorption of solutions of two different Pluronic F-68 concentrations at different ionic strengths. (a,b) λ and β values, respectively, for Pluronic F-68 solutions with a concentration of 10−3 mM and (c,d) λ and β values, respectively, for Pluronic F-68 solutions with a concentration of 10−1 mM. The lines are guides for the eyes. 
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Figure 8. Frequency dependences of the     ε   γ     ratio for monolayers obtained from solutions of two different Pluronic F-68 concentrations at different ionic strengths. (a) Pluronic F-68 solutions with a concentration of 10−3 mM and (b) Pluronic F-68 solutions with a concentration of 10−1 mM. The highlighted region corresponds to the expected resonance region, and the lines are guides for the eyes. 
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Figure 9. Frequency dependence of the storage modulus (εr) at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of two different concentrations, c = 10−3 mM (a) and c = 10−1 mM (b), and different ionic strengths at the air/solution interface. In the panels, the data correspond to oscillatory rheology and electrocapillary wave (ECW) experiments. The grey region indicates the different regions of accessible frequencies with the used devices. 
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Figure 10. Frequency dependence of the storage modulus (εr) at 23 °C for Gibbs monolayers obtained by electrocapillary wave experiments for the adsorption of Pluronic F-68 solutions of two different concentrations, c = 10−3 mM (a) and c = 10−1 mM (b), and different ionic strengths at the air/solution interface. The lines are guides for the eyes. 
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Figure 11. Frequency dependence of the storage modulus (εr) at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of two different concentrations, c = 10−3 mM (a) and c = 10−1 mM (b), and a fixed ionic strength of 1000 mM. In the panels, the symbols correspond to the experimental data obtained by oscillatory rheology and electrocapillary wave (ECW) experiments, and the lines are the best fit to the theoretical model described by Equations (1) and (8). 
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Table 1. Summary of the limit elasticities,     ε   0     and     ε   1    , and the characteristic frequencies of the relaxation processes,     ν   D     and     ν   1    , obtained from the fitting of the experimental data across the whole frequency range to the Lucassen–van den Tempel model or to its extension by including an additional process occurring within the interface.
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c (mM)

	
10−3

	
10−1




	
I (mM)

	
     ε   0      (mN/m)

	
    10 3    ν   D      (Hz)

	
     ε   0      (mN/m)

	
    10 2    ν   D      (Hz)

	
     ε   1      (mN/m)

	
    10  − 2     ν   1      (Hz)






	
0

	
15.6 ± 0.2

	
2.5 ± 0.4

	
7.7 ± 0.1

	
1.5 ± 0.2

	
-

	
-




	
100

	
14.1 ± 0.2

	
3.7 ± 0.8

	
7.4 ± 0.2

	
1.3 ± 0.3

	
-

	
-




	
1000

	
18.5 ± 0.4

	
6 ± 1

	
7.1 ± 0.3

	
1.2 ± 0.3

	
14 ± 1

	
3.6 ± 0.7
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