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Surface morphology and thickness of a multilayer film composed of strong and weak polyelectrolytes: Effect of the number of adsorbed layers, concentration and type of salts
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Introduction

Functional films with targeted properties can be produced by the layer-by-layer adsorption technique. This self-assembled method is based on the alternate adsorption of oppositely charged polyelectrolytes on charged surfaces [1]. Versatility, simplicity and flexibility of the build-up process are the main advantages of this deposition technique. Numerous substrates (colloid particle, silicon wafer, glass slide, metal) are suitable for the growth of multilayered film. Incorporation of small species such as conductive polymers, dyes, proteins and inorganic particles in polyelectrolyte multilayer leads to functional film for potential applications in optics, biosensors, microelectronics… [START_REF] Decher | Multilayers Thin Films[END_REF] Moreover, multilayered film can be used directly as a composite membrane for filtering with no additional material [START_REF] Dubas | [END_REF][4][5][6]. Polyelectrolyte multilayered membranes have many applications in pervaporation, ion permeation, water purification… [7][8][9][10][11] Ouyang et al. [12] recently showed the importance of controlling film properties on the final permeation capacity of membranes composed of five bilayers of poly(stryrene sulfonate) and poly(allylamine hydrochloride). The separation performance was optimised by the controlling pH and supporting electrolyte concentration when preparing the film. Encapsulation is another way to use multilayered film where the choice of the polyelectrolytesand especially the charged chemical functionis essential in the final application [13,14]. An example of this is the release of encapsulated material, which depends mainly on the capacity of the polymer chain network to evolve when a change in pH is applied [15,16]. Targeted film properties are therefore linked with the preparation process.

In the present work, we investigate the effect of several physicochemical parameters on the morphological properties of a multilayered film composed of a strong cationic polyelectrolyte (poly (trimethylammonium ethyl methacrylate chloride)) and a weak anionic polyelectrolyte (poly(acrylic acid)). Effect of the number of adsorbed layers, sodium salt concentration and the nature of the ion of the electrolyte was examined using in-situ optical fixed-angle reflectometry, ellipsometry and atomic force microscopy (AFM). Adsorbed amount, refractive index and thickness were calculated from reflectometric measurements and compared to those obtained by ellipsometry. Topographical AFM images of the multilayer surface deposited onto silicon substrate were carried out before and after drying. Physicochemical parameter adjustment was found to lead to morphological film variation.

Experimental details

Materials

Quaternized poly(dimethylaminoethyl methacrylate chloride) (MADQUAT) (Mw: 30 000 Da) and poly(acrylic acid) (PAA) (Mw: 10 000 Da), illustrated in Fig. 1, were synthesized by COATEX (France). MADQUAT is a strong cationic polyelectrolyte whereas PAA is a weak anionic polyelectrolyte, with an intrinsic ionization pK of 5 in 10 -3 M NaCl solution and an ionization ratio about 0.25 at the experimental pH 5.5 [17]. The refractive index increment (dn /dc where n is the refractive index of the solution and c the concentration of polymer) of each polyelectrolyte in water was determined with a Mettler Toledo refractometer RE50. It was equal to 0.192 cm 3 g -1 for MADQUAT and 0.201 cm 3 g -1 for PAA. NaCl, BaCl 2 and ZnCl 2 salts were purchased from Aldrich. Polyelectrolyte solutions at a concentration of 10 mg L -1 were prepared immediately prior to each experimental series. All experiments were carried out at pH 5.5 and 20 °C.

Multilayer deposition

A silicon wafer (ACM, France) covered with a thin silicon oxide layer of variable thickness was used as a substrate. The wafers were cleaned with piranha solution (7:3 v/v H 2 SO 4 98% and H 2 O 2 32% mixture) prior to polyelectrolyte adsorption, extensively washed with ultrapure water (18.2 MΩ cm) and stored in water until use. Multilayers were built in the reflectometer cell by alternative injection of polyelectrolyte solution every 10 min. There was no washing between deposition cycles. Due to the negative charge of silicon oxide surface at pH 5.5, MADQUAT was always injected first.

Spectroscopic ellipsometry

A spectroscopic phase-modulated ellipsometer (Jobin Yvon, Model UVISEL) was used to measure thickness of the silicon oxide layer and the multilayered film after drying. Thickness was determined from the experimental values Ψ and Δ, where Ψ is the azimuth angle of the amplitude ratio for polarized parallel and normal to the plane of incidence and Δ is the relative phase difference. Experiments were carried out at a 70°incidence angle in the spectral range.

Optical fixed-angle reflectometry

A homemade optical fixed-angle reflectometer equipped with an impinging jet cell [18,19] was used to investigate in-situ alternate polyelectrolyte adsorption. Signals recorded during the injection of polyelectrolyte-free solution and polyelectrolyte solution are symbolized respectively by S 0 and S. The relative variation of the reflectometric signal (S -S 0 )/S 0 represents, at least semi-quantitatively, the variation of the adsorbed amount [20]. In a previous study we demonstrated that the reflectometric signal of multilayers adsorbed onto gold substrate was proportional to the surface excess up to about 10 mg m -2 [21].Ina subsequent study, we determined the precise amount adsorbed onto silicon substrate [22]. The basic principle of the method we used was to perform similar deposition experiments (i.e. assumed similar deposited amounts) onto substrates of a same chemical nature but with different thicknesses. Experiments were then carried out under the same experimental conditions on silicon wafers coated with silicon oxide substrates of different thicknesses (52.9, 98.7, 138.5, 163.5 nm). The refractive index and the thickness of the adsorbed layer were determined from the reflectometric signals ΔS /S 0 and the polymer uptake was deduced using De Feijter's formula [23].

Atomic force microscopy

The scanning probe microscope used was a commercial Atomic Force Microscope manufactured by NT-MDT with a measuring head SMENA. The probe had a curvature of about 10 nm, a tip 10-20 µm in height and a cone angle less than 22°. The resonant frequency of the cantilever was 255 kHz. AFM images of the multilayer surfaces were obtained in the liquid state, directly after the build-up of multilayers in the reflectometer. The samples were then dried and scanned again. Images were captured in contact mode for the liquid state and in tapping mode for the dry state.

Results and discussion

Effect of the number of adsorbed layers

Reflectometry and ellipsometry investigations

The amount of polymer adsorbed onto silicon oxide substrate was first tuned by changing the number of adsorbed layers. Fig. 2 depicts this effect on reflectometric output (ΔS / S 0 ) for 24 MADQUAT/PAA bilayers adsorbed on silicon oxide surface. After each injection of polymer solution a common reflectometric signal, i.e. an increase of the signal which tends to a plateau, was recorded up to deposition of ten bilayers. This corresponds to a progressive increase in adsorbed polymeric materials at the silicon oxide/solution interface. From this point on, ΔS / S 0 decreased in spite of the expected polyelectrolyte adsorption and globally oscillates in function of the number of adsorbed layers. The same was observed during multilayer adsorption onto silicon oxide film 52.9, 138.5, and 163.5 nm thick. In order to determine the refractive index and the thickness of the deposited polyelectrolyte film, our substrate thickness method, based on experimental reflectometric signal comparison, was applied for the first ten bilayers. Indeed, reflectometric signals do not reach a plateau during the output oscillationsespecially during MADQUAT adsorption; this induces experimental uncertainty on calculated values. A gradual increase in the refractive index from the first to the tenth bilayer was found from a value close to the water refractive index (1.333) to the value of 1.441 (see Fig. 2). Moreover, the refractive index of the film cannot exceed the value of mixture of the two bulky polymers. Refractometry measurements (Mettler Toledo RE 50) of a polyelectrolyte solution concentrated at 210 g L -1 showed a refractive index of 1.382 for MADQUAT solution and 1.412 for PAA solution. These values concur with the refractive index of 1.45, generally given in the literature as a reference for the refractive index of a polymeric layer; this index is commonly used in optical models to determine the thickness of polymer film from mono-wavelength ellipsometric measurements [24,25]. In order to ascertain the thickness of the polymer-layered film up to 20 layers, spectroscopic ellipsometry measurements were performed on dry samples. Fig. 3 shows the evolution of a non linear thickness along the build-up of 40 deposited layers. Reflectometry measurements indicated the same thickness as that obtained by ellipsometry.

Oscillations of the reflectometric signal (S) are due to the dependence of the phase difference on both the thickness and the refractive index of the adsorbed layer, which change in the course of the multilayer construction. In fact, the S signal is proportional to the ratio of the parallel (R p ) and perpendicular (R s )r e flectivities of the interface [18] which depend on the cosine of the phase difference (Φ a ) in the adsorbed layer, given by:

Φ a = 2π Á d a Á n a : cosθ a λ
where d a and n a are respectively the thickness and the refractive index of the adsorbed layer and λ is the laser wavelength. The θ a angle can be calculated from the incidence angle using Snell's law. Considering a maximum threshold for the refractive index of the adsorbed layer, reflectivity and hence reflectometric signals become a periodical function of film thickness, which leads to oscillations in the recorded signal for thick multilayers. Other works using in-situ techniques such as optical waveguide lightmode spectroscopy have also shown a stabilisation of the refractive index for poly(L-lysine)/ hyaluronic acid multilayers [26] and for a mixture of poly(glutamic acid)-poly(styrene sulfonate)/poly(allylamine hydrochloride) multilayers [27]. Experimentally, diffusion of the laser beam becomes more and more visible along the multilayer adsorption, which explains the decrease in signal oscillations. Diffusion can be due to several factors such as increased surface roughness or a variation in the refractive index within the film (aggregates).

Atomic force microscopy investigations

The progressive aspect of film topography between 5 and 20 bilayers after drying was investigated by AFM measurements in a previous study [28]. The same liquid state observations allowed us to exclude the drying step in the formation of the surface morphology (Fig. 4a andb). As mentioned in our previous article, imaging of the surface after adsorption of 5 bilayers revealed numerous small peaks. With the increase of adsorbed layers (10 to 20 bilayers), the peaks became wider and the film progressively smoother as the valleys filled in. Nevertheless, a few cavities remained. A mechanism based on patches of polyelectrolyte adsorption was proposed to explain this multilayer morphology [29]. Similar pictures taken by Picart et al. [26] showed a progressive transition from an island-like structure to a uniform film after a six-bilayer deposition of a poly(L-lysine)/ hyaluronic acid pair on a glass substrate.

In the present paper, AFM observations provide information on results monitored by reflectometric measurements, especially on refractive index variation. Indeed, for 5 deposited bilayers, the "optical layer" investigated by laser beam is composed by polymeric peaks surrounded by water, leading to a small value of the refractive index. Thickness measurements from reflectometry and ellipsometry corroborate AFM images exhibiting peaks of 18 nm in height. When the number of adsorbed layers increases, the valleys are progressively filled by polymer and the refractive index increases due to the decrease in water content in the "optical layer". For 20 bilayers, the "optical layer" is composed almost completely of polymer, which gives it a value of 1.44 close to that of a "pure" layer of polymeric material. The number of adsorbed layers is a simple physical parameter to adjust deposited film properties. MADQUAT/PAA multilayered film with high surface roughness can be obtained when few polyelectrolyte layers are deposited. At the opposite, thick multilayered film (around 400 nm) exhibits a low surface roughness.

Effect of NaCl concentration

To explore the variation in adsorbed amounts in function of physicochemical parameters, the build-up of multilayers was examined by varying NaCl concentration. Fig. 5a andb represent refractive index and thickness variations during the build-up of 5 MADQUAT/PAA bilayers. Refractive indexes evolve exponentially at a salt concentration of 10 -3 Ma n d1 0 -2 M whereas a quasi-linear evolution is observed at 10 -1 M. The increase in film thickness at 10 -3 M is similar to that at 10 -1 M, but greater at 10 -2 M NaCl. Generally speaking, variation in film thickness seems to vary linearly with the number of adsorbed layers whatever the salt concentration. De Feijter's formula [23] was used to calculate polymer uptake from thickness and refractive index values for 10 adsorbed layers. A maximum of 10.8 mg m -2 of adsorbed polymer uptake was found for the 10 -2 M NaCl solution, 8.3 and 3.3 mg m -2 for 10 -1 Ma n d1 0 -3 M NaCl solutions respectively.

Salt concentration is known to have a strong effect on polymer adsorption [30]. On the one hand, due to a screening of polymer charges by salt ions, the conformation of the polymer chain in solution changes from an extended to a globular shape with an increase in salt concentration [START_REF] Fleer | Polymers at Interfaces[END_REF]. On the other hand, adsorption of charged polyelectrolytes is kinetically limited by an electrostatic barrier that takes place between the previously deposited molecules and the incoming macromolecules [START_REF] Hoogeveen | [END_REF]. At high salt concentration, more molecules are needed to reach the barrier due to the screening of polymer charges. The increase in polymer uptake of MADQUAT/PAA multilayer built with a NaCl concentration of 10 -2 Mconfirms these findings. However above a salt concentration threshold between 10 -2 Ma n d1 0 -1 M, adsorption governed by electrostatic interactions decreases despite the increase in salt concentration. With a high salt concentration, polyelectrolyte adsorption probably depends on the competition between the small ions of the electrolyte and the ionized groups of the polyelectrolyte in order to bind with the charged groups on surface. This type of effect was reported in a previous paper addressing the effect of pH and monovalent ions on the charge densities in each layer; here, we showed that the charge balance revealed a large ratio of compensation of PAA with Na + in the case of film built-up at 10 -1 M NaCl [29].

Atomic force microscopy investigations showed the same salt concentration threshold (Fig. At 10 -3 M, the surface was covered with small peaks 30 nm high, while the build-up at 10 -2 M lead to a vermiculated morphology with peaks 37 nm high and about 1 µm wide. Films prepared at 10 -1 M showed a granular texture with a few globular peaks (2-3 µm wide) dispersed on the surface. The observed changes in surface morphology were also reflected in the multilayer surface roughness. From 10 -3 to 10 -2 M, film roughness increased but then decreased for 10 -1 M. McAloney et al. [33] observed a progressive increase in surface roughness during PDDA/PSS multilayer formation in function of salt concentration, but no diminution after a salt concentration threshold. This is probably due to the polyelectrolyte couple used: a strong/strong polyelectrolyte pair. In our experiments, PAA was a weak polyelectrolyte with a very low charge density at pH 5.5 (pKa ≈ 5 depending on salt concentration). For the same salt concentration and at pH 5.5, PAA adopts a more globular coil conformation than PSS due to the charge density difference. Schoeler et al. showed the influence of both charge densities and salt concentration on the growth and surface topography of multilayers using different cationic polymer with charge densities from 100% to 25% [34]: an increase in both salt concentration and charge density produced thicker and rougher films.

The unusual evolution of the amount adsorbed according to salt concentration can be explained by the difference in behaviour between MADQUAT and PAA, especially their conformation in the bulk polyelectrolyte solution before adsorption, when the same salt concentration is used.

Effect of divalent salt

The last physicochemical parameter studied was the nature of the counterion and more precisely the effect of divalent cations on multilayer adsorption. In a previous paper addressing the effect of monovalent counterions on polyelectrolyte multilayer adsorption, we observed that polymer uptake was linked to the place of counterion in the Hofmeister series, hence to the ability of the counterion to screen polyelectrolyte charges. To improve screening, low concentrations (10 -3 M) of divalent salts were used. The reflectometric signal variations depicted in Fig. 7a show divalent ions to have a strong influence on the amount of polymer adsorbed. Whatever the nature of the divalent ion (Ba 2+ or Zn 2+ ), output signals are higher than for sodium counterions. Our substrate thickness method was applied to quantify these variations in the case of experiments carried out in the presence of BaCl 2 . The amount adsorbed (Fig. 7b) after 5 deposited bilayers of MADQUAT/PAA was 23.7 mg m -2 with Ba 2+ compared to 3.3 mg m -2 in the presence of Na + . Polymer uptake is therefore multiplied by seven when barium ions are used as counterions. We also observed that the output signal did not reach a plateau after the 6th adsorbed layer for Zn 2+ or the 8th for Ba 2+ , due to a set adsorption time. The adsorption kinetics differed in the presence of divalent cations and the electrokinetic barrier was not reached after 10 min. Increased injection time for each step would probably lead to a higher adsorbed amount.

This noteworthy effect can be attributed to a stronger interaction between the anionic polyelectrolyte (PAA) and the cationic ions. From the ratio between the bound Ba 2+ ions and the concentration of polyacrylate ions, Pochard et al. [35] showed that the complex between them is bidentate. Therefore, divalent ions are more efficient than monovalent ions. However ionic charge cannot explain the difference in adsorption when barium or zinc ions are used. Multilayer adsorption is lower when Ba 2+ is used. Interactions between PAA charges and divalent ions seem to vary with the nature of the ions. Koda et al. [36] used Raman spectroscopy to confirm that interactions between Zn 2+ and poly(acrylic acid) are stronger than for Ba 2+ and PAA. Interaction with Zn 2+ is dominated by specific interactions with bond formation whereas electrostatic interactions are dominant in the case of Ba 2+ .

Images of multilayer built-up with Ba 2+ counterions show a relatively planar surface with holes 40 nm deep (Fig. 8a). Zn 2+ produces the same effect but with a decrease in the number of holes (Fig. 8b). As opposed to the effect of salt concentration and in spite of the increase in adsorbed amount, the root-mean-square roughness showed a gradual surface smoothing in the following counterion series: Na + N Ba 2+ N Zn 2+ . The use of divalent ions therefore seems to act like the number of adsorbed layers. Fewer adsorbed layers are needed with divalent ions for a similar surface morphology. However multilayered film remains thicker when only the number of adsorbed layers changes.

AFM observations coupled with the substrate thickness method support these results. A low refractive index was determined for 5 deposited MADQUAT/PAA bilayers with 10 -3 MN a C l( n = 1.36 for a thickness of 26.5 nm). Conversely, the refractive index reached a value of 1.45 and a thickness of 39.5 nm for BaCl 2 . In the latter case, the layer investigated by laser beam was more compact and had a low percentage of entrapped water leading to a high refractive index close to the value encountered in the literature for bulky polymer.

Conclusion

Reflectometric measurements and AFM analysis were used to investigate the effect of experimental physicochemical parameters on multilayered film properties composed of a strong cationic polyelectrolyte (MADQUAT) and a weak anionic polyelectrolyte (PAA). These parameters were: the number of adsorbed layers, sodium chloride salt concentration and type of salts (monovalent or divalent ions). During the build-up of polyelectrolyte multilayers up to 24 bilayers, reflectometric output exhibits a special trend directly linked to the variation in the refractive index of the film. The refractive index changes progressively from a value close to that of water to a reference value for bulk polymeric materials. This variation is corroborated by one of our previous AFM studies showing extensive modification in surface morphology from peaks covering the surface to a smoother film. Adsorbed amount and film surface morphology both can be tuned by adjusting the number of adsorbed layers. Salts added in polymer solution influence electrostatic interactions and then modify the construction of the film. This induces a change in the refractive index, thickness and morphology of the film. While 20 alternate deposition steps are necessary to obtain a smooth film with a refractive index close to a pure polymer layer, only 5 bilayers are necessary in the presence of barium ions. Therefore the increase in ionic concentration increases polymer uptake to a lesser degree. Even if these films built-up in several experimental conditions exhibit different surface morphologies and refractive indexes, further investigation is needed to examine their stability and permeability.
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 1 Fig. 1. Structural formulas of the cationic polymer quaternized poly(dimethylaminoethyl methacrylate chloride) (MADQUAT) and the anionic polymer poly(acrylic acid) (PAA).
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 2 Fig. 2. Reflectometric output variation recorded during the build-up of 24 MADQUAT/PAA bilayers onto silicon oxide (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 , C NaCl 10 -3 M).
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 3 Fig. 3. Thickness variation for MADQUAT/PAA multilayered film deposited onto silicon oxide (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 , C NaCl 10 -3 M).
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 4 Fig. 4. AFM topographical images (25 × 25 µm 2 ) of 5 MADQUAT/PAA bilayers before (a) and after (b) drying (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 , C NaCl 10 -3 M).

Fig. 5 .

 5 Fig. 5. Evolution of (a) refractive index and (b) thickness from reflectometric measurements and our substrate thickness method for MADQUAT/PAA bilayers builtup from different NaCl concentrations. Experimental uncertainty for the refractive index is +/-0.002 and +/-1.5 nm for thickness (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 ).
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 6 Fig. 6. AFM topographical images (30 × 30 µm 2 ) of 5 MADQUAT/PAA bilayers built-up from different NaCl concentrations (10 -3 M, 10 -2 M and 10 -1 M). R rms represents the root-mean-square roughness (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 ).
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 7 Fig. 7. Effect of divalent cations on the adsorption of 5 MADQUAT/PAA bilayers: (a) reflectometric and (b) polymer uptake variations. Experimental uncertainty for adsorbed amount is +/-0.5 mg m -2 (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 , C salt 10 -3 M).
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 8 Fig. 8. AFM topographical images (15 × 15 µm 2 ) of 5 MADQUAT/PAA bilayers deposited onto silicon oxide from 10 -3 M in BaCl 2 (a) and ZnCl 2 (b). R rms represents the rootmean-square roughness (d SiO 2 98.7 nm, pH 5.5, Cp 0.01 g L -1 ).