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Abstract:

 Layer-by-layer (LbL) films were prepared over an aperture (diameter 1–5 mm) on a glass plate to study ion permeation across free-suspended LbL films. LbL films were prepared by depositing alternating layers of poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) on the surface of a glass plate with an aperture filled with an alginate gel, followed by dissolution of the alginate gel. PAH-PSS films prepared in this way showed permeability to inorganic salts, depending on the size and charge. Permeability to alkali metal chlorides depended on the Stokes radius of the alkali metal cations. The effect of the type of halide was negligible because of the halides’ smaller ionic radii. Permeation of multivalent ions such as Ru(NH3)63+ and [Fe(CN)6]3− was severely suppressed owing to Donnan exclusion.
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1. Introduction

Much attention has been devoted to the development of polyelectrolyte layer-by-layer (LbL) films in polymer science and technology. LbL thin films can be prepared by alternating deposits of polymeric materials through the electrostatic forces of attraction, hydrogen bonding, and biological affinity [1,2,3,4]. The polymeric materials employed for this purpose include synthetic polymers and nanotubes [5,6], proteins [7,8], and polysaccharides [9,10]. LbL films have been used for constructing molecular architectures [11,12,13], stimuli-sensitive systems [2,14,15,16,17], optical and electrochemical devices [5,10,18,19,20,21,22], and controlled release systems [23,24,25,26,27,28].

The construction of separation and purification membranes for ions and molecules has also been studied using LbL films and related systems [29,30,31,32]. LbL films composed of poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS), which were deposited on the surface of porous supports (pore diameter 20–200 nm), exhibited a high flux of monovalent ions while the flux of multivalent ions was significantly suppressed as a result of enhanced Donnan exclusion, as well as hindered diffusion in the film [33,34,35]. The selective permeation of organic compounds has also been reported [31]. These results suggest that LbL films hold promise for future application to selective separator layers. Previously, LbL films were deposited on solid supports with micro-pores to study their permeability due to their fragile nature [33,34]. However, evaluation of the ion permeability of support-free LbL films would be of significant importance. In this context, Ono and Decher recently prepared free-standing LbL films composed of PAH and PSS using a decomposable sacrificial thin layer consisting of poly(acrylic acid) (PAA) and poly(ethylene glycol) (PEG) [36]. Robust LbL films can be produced by cross-linking polymer chains [37]. However, the ion permeability of such free-standing LbL films has not yet been evaluated, probably due to their fragility. We recently prepared LbL films on the surface of glass supports with 1 or 3 mm apertures and reported the preliminary results of the ion permeability of the films [38]. The effective surface area of the LbL films was significantly higher than that of LbL films deposited on porous supports. In the present paper, we report the permeability of alkali metal halides across free-suspended PAH-PSS films, which were prepared using an alginate scaffold. We found size- and charge-dependent permeability of alkali metal halides across the free-suspended PAH-PSS films.



2. Experimental Section


2.1. Materials

An aqueous solution (20%) of poly(allylamine hydrochloride) [PAH; MW, ~150,000] was obtained from Nitto Bouseki Co. (Tokyo, Japan). Poly(styrene sulfonate) [PSS; MW, ~5,000,000] was purchased from Scientific Polymer Products, Inc. (New York, NY, USA). Sodium alginate (ALG) was purchased from Sigma-Aldrich Co. (St. Loius, MO, USA). Fluorescein-modified PAH (F-PAH) was synthesized from the reaction of 100 mg PAH and 16.2 mg fluoresceinisothiocyanate, as previously reported (about 3 mol % amino groups in PAH were modified by a fluorescein residue, as determined by UV-visible spectrometry) [39]. All other reagents used were of the highest grade available.



2.2. Preparation of LbL Films

LbL films were prepared using a glass disk (diameter, 20 mm; thickness, 1 mm) with an aperture of diameter, 1, 3, or 5 mm. The aperture of the glass disk was filled with an ALG gel as the scaffold was prepared from a mixture of 2% ALG solution and 10% CaCl2 solution. The ALG gel-filled glass disk was then immersed in 2 mg/mL PAH solution (0.1 M Tris-HCl buffer containing 1% CaCl2, pH 7.0) for 15 min to cover the ALG gel surface with a PAH layer through electrostatic affinity, and rinsed in working buffer for 5 min. In a similar manner, the next PSS layer was deposited on the ALG gel by immersing the PAH-covered ALG gel in 2 mg/mL PSS solution (0.1 M Tris-HCl buffer containing 1% CaCl2, pH 7.0) for 15 min and rinsing in the working buffer for 5 min. Alternate deposits of PAH and PSS layers were used to construct LbL films with the desired number of layers. It is noted here that PAH and PSS solutions used contained 1% CaCl2 to keep the ALG gel stable. Added CaCl2 did not affect undesirable effect on the film deposition. The glass disk was then immersed in 0.2 M ethylenediaminetetraacetic acid solution for 30 min to dissolve the ALG scaffold [39]. Finally, the LbL film deposited on one side of the glass disk was carefully removed. The procedure for preparing free-suspended LbL film was schematically illustrated in our previous paper [38].



2.3. Absorption Spectra of LbL Films

F-PAH-PSS LbL films were prepared in a similar manner on a glass plate (1 × 9 × 40 mm3) with an aperture (diameter 5 mm) for recording the absorption spectra. One side of the glass plate was coated with black paint, prior to use to block out incidental light so that the absorption spectrum of the LbL films located over the aperture was recorded accurately. The absorption spectra of LbL films were recorded in 0.1 M Tris-HCl buffer containing 1% CaCl2, pH 7.0, using a UV-visible absorption spectrophotometer (UV-3100PC, Shimadzu Co., Kyoto, Japan).



2.4. Ion Permeation

Figure 1 shows the apparatus used for measuring ion permeation. One of the chambers contained salt solution (50 mL, source phase) and the other chamber was filled with distilled water (50 mL, receiving phase). Both solutions in the source and receiving phases contained only salts to be transported, except for the solutions used for evaluating the effects of pH. The concentration of salt transported across the film was estimated by the conductivity of the solution in the receiving phase using a conductivity cell (3552-10D, Horiba Co., Kyoto, Japan). Both source and receiving phase solutions were gently stirred to minimize concentration polarization at the film-solution interfaces. The effect of osmotic flow on the solution volume was negligible under the experimental conditions. All measurements were carried out under ambient temperature (ca. 20 °C).

Figure 1. U-shaped glass cell for measuring ion permeation: (A) Source phase (50 mL); (B) Receiving phase (50 mL); (C) Conductivity cell. A conductivity cell was immersed in the receiving phase to monitor the concentration of salt transported.



[image: Polymers 05 00696 g001 1024]










3. Results and Discussion


3.1. Preparation of Free-Suspended LbL Film

The free-suspended LbL films were prepared on the glass disk with a 5 mm aperture using F-PAH and PSS, and UV-visible absorption spectra were measured (Figure 2). The films exhibited absorption maxima around 500 nm originating from a fluorescein moiety in F-PAH. The intensity of the peaks increased with increasing number of deposits, suggesting that F-PAH and PSS were successfully deposited in a layer-by-layer fashion. The film deposition was visualized more clearly in UV-visible absorption spectra using F-PAH, as compared with monitoring based on the absorption of PSS [40]. A similar result has been previously reported for LbL films prepared over a 1 mm aperture [38]. The deposition of at least three bilayers, (F-PAH-PSS)3, was a prerequisite for constructing free-suspended LbL film due to the fragility of the thinner films. Figure 3 shows photographs of the glass disk with a 5 mm aperture before and after formation of PAH-PSS film. These data clearly show that free-suspended LbL films composed of PAH and PSS can be prepared by the present protocol.

Figure 2. Absorption spectra of layer-by-layer (LbL) films composed of Fluorescein-modified-poly(allylamine hydrochloride) (F-PAH) and poly(styrene sulfonate) (PSS). The number of (F-PAH-PSS) bilayers: (a) 3; (b) 5; (c) 7; (d) 10; and (e) 0 (film-free glass disk).
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Figure 3. Photographs of a glass disk with a 5 mm aperture (a) before and (b) after (PAH-PSS)5 film formation.
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3.2. Ion Permeation

The U-shaped glass cell illustrated in Figure 1 was used to evaluate the ion permeability of free-suspended LbL films. The concentration of salts in the receiving phase was monitored by conductivity changes in the solution. We found that the conductivity of the receiving phase increased linearly with increasing time in all cases, showing that salt concentration in the receiving phase increased linearly with time. This implies that changes in the salt concentration in the source phase were negligible during the measurements. In fact, judging from the conductivity, less than 2.5 µmol of ions was transported across the film within the experimental time scale (i.e., 120 min), which corresponds to ca. 0.05% of the amount of salts added to the source phase. Consequently, we were able to estimate the ion permeability of the salts across the LbL film from the slope of a linear plot of salt concentration in the receiving phase vs. time.

Figure 4 shows the permeability of alkali chlorides across (PAH-PSS)5 and (PAH-PSS)5PAH films (film diameter, 1 mm). The permeability of alkali chlorides increased in the order of LiCl < NaCl < KCl < RbCl < CsCl for both the (PAH-PSS)5 and (PAH-PSS)5PAH films, suggesting the size of alkali metal cations plays a key role. The result shows that alkali metal chlorides, consisting of cations with smaller Stokes radii, are transported faster than salts with cations of larger Stokes radii. Stokes radii of alkali metal cations were reported to be in the order of Cs+ ≤ Rb+ < K+ < Na+ < Li+ [41,42]. A similar trend in the permeability of alkali metal chlorides has been reported for poly(vinylamine)-PSS LbL films deposited on a porous support [43].

Figure 4. Permeability of alkali chlorides across (PAH-PSS)5 (open column) and (PAH-PSS)5PAH films (filled column) with a 1 mm diameter. The average values for the three measurements are reported.
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The permeability of NaCl, NaBr, and NaI was measured in a similar way to evaluate the effects of type of anionic species. Figure 5 shows permeability of the salts across (PAH-PSS)5 and (PAH-PSS)5PAH films. The permeation rates of the salts were in the range of (0.73 − 0.85) × 10−6 and (0.64 − 0.80) × 10−6 mol h−1 for (PAH-PSS)5 and (PAH-PSS)5PAH films, respectively. Thus, permeability did not depend on the type of anion because the anions had smaller Stokes radii compared with the Na+ ions [41,42]. These results also support the view that the permeation rate of alkali chlorides depends on the Stokes radii of the cationic species. It has been reported that NaCl, NaBr, and NaI exhibit comparable permeability across LbL films deposited on a porous support [44].

Figure 5. Permeability of alkali halides across (PAH-PSS)5 (open column) and (PAH-PSS)5PAH films (filled column) with 1 mm diameter. The average values of three measurements are reported.
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For all salts tested, average values in the permeation rate for (PAH-PSS)5 film were slightly higher than those for (PAH-PSS)5PAH film. The suppressed permeation of the (PAH-PSS)5PAH film may be related to Donnan exclusion of the cations at the positively charged surface due to PAH and/or enhanced film thickness by the addition of a terminal PAH layer. Thus, one possible barrier to ion permeation across the LbL film may be due to Donnan exclusion of the ions at the surface of the film because the outermost surface always contains excess charge. It is likely that alkali metal cations undergo Donnan exclusion at the positively charged surface of the (PAH-PSS)5PAH film, resulting in suppressed permeation. To verify the effects of the surface charge of the film, the permeability of NaCl was measured across (PAH-PSS)5 and (PAH-PSS)5PAH films at pH 4.0, 7.0, and 9.0. The density of the positive charges on the surface of (PAH-PSS)5PAH film would depend on the pH of the solution because the amount of positive charge on the outermost PAH layer depends on the environmental pH. It has been reported that the degree of protonation of PAH chains in PAH-poly(methacrylic acid) complex is about 0.75, 0.50, and 0.45 at pH 4.0, 7.0, and 9.0, respectively [45]. Figure 6 shows the pH-dependent permeation of NaCl across LbL films. The permeability of NaCl across the (PAH-PSS)5PAH film was significantly lower at levels of pH 4.0 than at pH 7.0 and 9.0. These results suggest that Na+ cations undergo Donnan exclusion more effectively at acidic pH, where PAH chains are highly protonated on the film surface. In contrast, NaCl permeation across (PAH-PSS)5 film was suppressed to a lesser extent in acidic pH. This is probably due to the enhanced protonation of PAH chains located in the film interior, which would disturb the diffusion of Na+ ions in the film. These results demonstrated that the surface charge has a significant role in determining the permeability of salts.

Figure 6. Efects of pH on the permeability of NaCl across (PAH-PSS)5 (open column) and (PAH-PSS)5PAH films (filled column) with a 3 mm diameter. The average values of three measurements are reported.



[image: Polymers 05 00696 g006 1024]





To characterize further the effects of Donnan exclusion, the permeability of [Ru(NH3)6]Cl3 and K3[Fe(CN)6] across (PAH-PSS)5 and (PAH-PSS)5PAH films was compared. The effects of Donnan exclusion may be more clearly observed for multivalent ions. Figure 7 shows the permeability of the salts across the films. The permeability of [Ru(NH3)6]Cl3 across (PAH-PSS)5 film was higher than that across (PAH-PSS)5PAH film. On the other hand, the opposite trend was observed for K3[Fe(CN)6], suggesting that the surface charge of the LbL film had a predominant effect. It is reasonable to assume that Fe(CN)63− ions undergo significant Donnan exclusion at the negatively charged surface of the (PAH-PSS)5 film. The addition of a terminal PAH layer cancelled the Donnan effect, resulting in enhanced permeability of Fe(CN)63− ions. Harris and coworkers also reported that Donnan exclusion played a significant role in ion transport across LbL films prepared on porous supports [33].

Figure 7. Permeability of [Ru(NH3)6]Cl3 and K3[Fe(CN)6] across (PAH-PSS)5 (open column) and (PAH-PSS)5PAH films (filled column) with 1 mm diameter. The average values of three measurements are reported.
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4. Conclusions

We have demonstrated that free-suspended LbL films with 1, 3, and 5 mm diameters can be prepared using ALG gel scaffold. The LbL films exhibited higher permeability to alkali metal cations with smaller Stokes radii. The surface charge of the films significantly affected the permeation rates of salts. The results can be rationalized by the suppressed permeation of ions with the same charge, owing to Donnan exclusion. Thus, the free-suspended LbL films prepared in this study exhibited similar ion permeability as LbL films deposited on a porous support. The protocol reported here would be useful for the construction of LbL films for selective layers in sensors and separators without porous supports. The mechanical fragility of the free-suspended films may be improved by cross-linking the polymer chains for the practical use of the films.
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