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A library of 16 digitally encoded polyanions was used in a layer-by-layer (LbL) polyelectrolyte assembly to nanofabricate thin films containing digitally coded strata. The polyanions were digital polyphosphodiesters (d-PPDE) prepared via an automated phosphoramidite process. Each component of the library contained 10 bytes of ASCII-encoded text (i.e. 80 coded monomers); thus the entire library allows the writing of a full sentence, which can be stored in a multilayer film as a sequence of sequences. To prepare fully segregated digital domains, non-coded layers composed of poly(allylamine hydrochloride) (PAH)/poly(sodium 4styrenesulfonate) (PSS) were included between the d-PPDE coded layers as an intermediate barrier. Detailed analysis of the film homogeneity indicated formation of 70 nm-thick films in which digital layers are kept apart from another by non-coded interlayers. As a result, the sequence-coded polymer library could be piled-up in a defined sequence of layers.

It was shown in recent years that the monomer sequence of copolymers can be used to store information. [1] Polymers having such a property are called information-containing macromolecules,[1b] or more specifically digital polymers when they store digital information. In DNA, for example, the four nucleotides of the genetic alphabet can be used to write binary messages, as shown in several recent reports.[2] Alternatively, molecular information can be encrypted in the comonomer sequence of non-biological polymers.[3] The information stored inside the polymer chains can be recovered using a sequencing technique, such as highthroughput Illumina sequencing, nanopore sequencing, or tandem mass spectrometry.[4] Some strategies for erasing or rewriting coded monomer sequences have also been reported. [3c, 5] Thus, it is now clearly demonstrated that information sequences can be stored, manipulated, and retrieved at the single-polymer-chain level. Yet, beyond these interesting discoveries, there is currently very little research about the spatial organization of man-made coded matter. In the bulk, digital polymers contain a very large amount of uniform chains having all the same sequence-encoded message. However, potential applications of these polymers, for example, data storage, will probably require the development of organized polymer libraries in which a piece of information can be stored in a defined region of space. For nucleic acids memories, commercial DNA microchips are usually purchased and used as such, [2a,c] which is easy but probably not an optimal solution. Indeed, modern materials science offers many other opportunities to organize soft matter at the nanoscale. For instance, the 2D or 3D organization of digital polymer libraries could be attained via surface patterning, directed self-assembly, co-crystallization, layer-by-layer (LbL) deposition, or by a combination of some of these approaches.

In this context, we report herein the LbL preparation of multilayered thin films containing segregated digital domains. During the last two decades, the LbL process has been shown to be an extremely simple and versatile platform for preparing structured nanomaterials. [6] In the original version of it, oppositely charged polyelectrolytes (that is, polyanions and polycations) are repeatedly deposited on a charged substrate with a nanometer precision to form a thin film containing alternating polyanion/polycation layers. However, the LbL concept has been afterwards extended to many other types of associating polymers and materials, [START_REF] Seyrek | Polymer Science: A Comprehensive Reference[END_REF] thus enabling preparation of a broad variety of nanostructured materials including colloids, organic/inorganic composites and bio-hybrid structures.[8] Furthermore, the deposition process can be facilitated through the use of automated dipping, spin-or spray-assisted assembly.

[9] Yet, although it was already realized in the early days of LbL-assembly that a given sequence of different dipping solutions leads to a unique layer sequence,[6a,10] many people in the field continued to prepare LbL-films containing only two components in strictly alternating fashion. In the present work, a library of digitally encoded polyelectrolytes was used to our knowledge for the first time for the fabrication of LbL films in which each digital layer contains a different piece of coded information (Figure 1). In other words, the information stored in these materials is determined by the monomer sequence of a given digital polymer in a given layer but also by the sequential arrangement of the coded layers in the entire film. The formation of such a "sequence of sequences" was studied herein using ellipsometry, atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). Digital polyphosphodiesters (d-PPDE) were selected in the present work as coded polyanions. As recently described,[3b] these polymers are obtained via a solid-phase phosphoramidite chemistry approach in which two different phosphoramidite monomers are used as a binary alphabet (Figure 1a). Following previously established conventions, monomers containing a propyl and a 2,2-dimethylpropyl spacer are defined as 0-and 1-bit, respectively. [11] Thus, the synthesis and sequencing of long digital polyphosphodiesters has been previously demonstrated.

[12] Herein, a library of 16 different d-PPDEs was synthesized. This library encodes a citation from the French chemist Marcellin Berthelot: "La chimie crée son objet. Cette faculté créatrice, semblable à celle de l'art lui-même, la distingue essentiellement des sciences naturelles et historiques." (Supporting Information, Figure S1). [START_REF] Berthelot | La Synthèse Chimique[END_REF] This sentence contains 160 characters, including spaces and quotation marks. Thus, using extended ASCIIencoding, it was decomposed into 16 different polymers P1-P16 containing each 10 bytes of information (Supporting Information, Table S1; Figure 1a).[14] Each polymer contained therefore 81 monomers, that is, 80 binary monomers (one byte of information corresponds to 8 monomers) and one thymidine nucleoside (T) coming from the porous glass solid support. All these polymers were synthesized on an automated synthesizer and their structural uniformity was assessed by HPLC (Supporting Information, Figure S2a) and NMR (Supporting Information, Figure S3). Furthermore, two homopolymers H0 and H1 with the same chainlength as the copolymers of the library but containing only 0 or 1 units were synthesized and characterized (Supporting Information, Figures S2b andS3). The LbL assembly process was first studied with the model homopolyanions H0 and H1, using poly(allylamine hydrochloride) (PAH) as a counter-polycation (Figure 1b). These first experiments were performed to assess the influence of the nature of the coded monomer on film formation. Another important aspect of the present work was to avoid non-linear LbL growth, which has already been observed with some polyphosphates. [START_REF] Cini | [END_REF] Indeed, superlinear growth leads to an enhanced diffusion process and therefore to the migration of polyelectrolyte between layers. [16] Such a behavior would not be ideal for the present study in which coded digital layers should be completely segregated from another. Thus, H0 and H1 were first studied to identify experimental conditions, in which the films grow homogenously and linearly. The polyelectrolyte films were constructed on a modified silicon wafers by a manual dipping method and their growth was followed by ellipsometry (Supporting Information, Figure S4). First, a simple alternating process (Route 1 in Figure 1c) was investigated in which a PAH cationic layer was added in between each d-PPDE layer. These experiments showed that the molecular structure of the homopolymers has an influence on LbL growth and on the properties of the resulting films. When using H0 as a polyanion (Supporting Information, Figure S4a), LbL growth followed a linear regime for all investigated concentrations. For instance, after depositing 10 PAH/H0 layers at a polyelectrolyte concentration of 0.04%, thin films with an overall thickness of 5 nm and a root-mean-square (RMS) roughness of 1.1 nm were obtained. In contrast, a superlinear growth was observed for films prepared with H1 (Supporting Information, Figure S4b). [START_REF] Porcel | For detailed information about linear and superlinear growth in LbL assembly[END_REF] After 10 PAH/H1 depositions at a concentration of 0.04%, ellipsometry evidenced formation of films with an overall thickness of 38 nm, thus suggesting extended and well-hydrated structures, in which chain migration between layers might occur. [16,[START_REF] Porcel | For detailed information about linear and superlinear growth in LbL assembly[END_REF] Film inhomogeneity was confirmed by AFM measurements, which indicated an RMS roughness of about 5.7 nm. These results underline that, despite the small structural differences between monomers 0 and 1 (that is, two protons instead of two CH3 groups), the composition extremes found in H0 and H1 lead to different LbL behaviors. Furthermore, when H0 and H1 were both mixed in the same film (Supporting Information, Figure S5), non-linear growth was still observed, thus confirming the dominating role of H1.

To minimize these discrepancies, a second deposition strategy (Route 2 in Figure 1c) was investigated with H0 and H1. In this approach, a complementary polyanion, poly(sodium 4styrenesulfonate) (PSS) was also used (Figure 1b), thus enabling to include non-coded PSS/PAH interlayers between coded d-PPDE layers. PSS was chosen as a copolyanion because PSS/PAH is a widely investigated and well understood polyelectrolyte pair in the LbL field.[6a, 9c] XPS measurements that were performed on model surfaces, on which PSS, PAH, and a d-PPDE homopolymer were successively deposited are shown in the Supporting Information, Figure S6. These results show that H0 and H1 can be deposited on PSS/PAH interlayers. Furthermore, when inserting one PSS interlayer between two d-PPDE layers (that is, using a four-step deposition cycle as shown on Figure 1b), a linear growth was observed with both homopolymers H0 and H1 (Supporting Information, Figure S7). For instance, after performing 10 cycles, both homopolymers led to comparable film having a thickness of 45 nm and a RMS roughness of 2 nm. Hence, Route 2 prevents non-linear LbL growth and was therefore selected for the preparation of digital multilayers. The digital multilayers were first prepared by a conventional dipping LbL process as shown on Figure 2a.[6a] Following Route 2, a four-step PSS/PAH/d-PPDE/PAH deposition cycle was used. Consequently, 63 consecutive layers were deposited to include the 16 coded polyanions P1-P16 of the d-PPDE library (Supporting Information, Table S1). The sequence of coded layers was arbitrarily arranged from the top to the bottom of the film. In other words, d-PPDE deposition started with P16 and finished with P1 (that is, following the reverse order of Table S1). The LbL dipping approach was first performed manually to carefully study film formation. Yet, an important aim of the present work was to demonstrate that the preparation of digital films can also be automated. Thus robotic LbL dipping was also studied and compared to the manual approach. In both cases, similar polyelectrolyte deposition protocols were used. Figure 2a shows the evolution of film thickness determined by ellipsometry as a function of the number of deposited d-PPDE layers for both manual and robotic dipping approaches. As previously observed with homopolymers H0 and H1, a linear growth was observed in all cases. It shall be specified that the molar fraction F0 of comonomer 0 in copolymers P1-P16, is in a range 0.46-0.63 (Supporting Information, Table S1), which is intermediate as compared to the previously studied extremes H0 and H1. It is therefore expected that copolymers follow a similar LbL trend as homopolymers, even though a defined sequence of layers was created using P1-P16. Furthermore, the film thicknesses measured by ellipsometry at all stages of the LbL growth were similar for manual and robotic approaches, thus confirming that automated deposition can be safely employed to prepare digital films. Altogether, the ellipsometry results of Figure 2a suggest that there is limited polyelectrolyte diffusion between layers and that d-PPDE are physically segregated from another. This assumption was further supported by the AFM analysis of film morphology (Figure 2b,c; Supporting Information, Figure S8a). The manual and robotic LbL protocols led to final films (that is, films containing 63 polyelectrolyte layers including 16 d-PPDE coded layers) of similar morphology with comparable RMS roughness values of 2 and 1.8 nm, respectively. The slightly lower RMS value obtained for the robotic protocol may be explained by its more precise sample treatment, eliminating unnecessary manipulations and reducing the probability of scratches or other film damage. For both manual and robotic approaches, the film morphologies appeared homogenous for the whole area studied by AFM, which is in agreement with the small thickness error values estimated by ellipsometry. Furthermore, AFM "scratching" (Figure 2c; Supporting Information, Figure S8a) was used to measure final film thickness. For instance, for the digital films prepared via the robotic approach (Figure 2c), an overall thickness of 70 nm was measured, which is in good accordance with the ellipsometry estimations (75 nm). Hence, the AFM data suggest a controlled inter-distance of about 3 nm between each d-PPDE layer. If needed, this distance can be, of course, enlarged by increasing the number of PSS/PAH non-coded interlayers. The fabrication of digital multilayers was also investigated using spin-assisted deposition, which is an efficient method for facilitating deposition and reducing preparation times.[9b] The films were formed by sequentially dropping polyelectrolyte and rinsing solutions on a modified silicon wafer placed on a spinning unit (Figure 2d,top). Route 2 (Figure 1c) was used to form the multilayers and a short spinning time of 30 s was used for each polyelectrolyte deposition. The LbL deposition was studied at different rotational speeds (1000, 3000, and 5000 rpm). As evidenced by ellipsometry monitoring (Figure 2d, bottom), all resulting films showed linear growth. However, the spinning speed influenced the thickness, homogeneity and roughness of the resulting materials. First of all, overall film thickness increased with decreasing rotational speed, which is due to a longer contact time between polyelectrolyte solution and substrate at slow rotation rates. Regarding film homogeneity, a fast spinning rate (5000 rpm) led to a marked decrease of film thickness at the central point of the sample due to the limited contact time of the polyelectrolyte solution at the midpoint of the substrate. On the other extreme, the use of a slow spinning rate (1000 rpm) results in a poor spreading of polyelectrolyte solutions on the substrate and therefore in the formation of nonhomogeneous films (see errors bars in Figure 2d). Optimal results were obtained with an intermediate spinning speed of 3000 rpm, at which rotation was fast enough to homogenously distribute the polyelectrolyte solutions while maintaining comparable solution-surface contact time over the entire surface area. At this rate, homogenous films with a RMS roughness of only 1.4 nm were obtained (Supporting Information, Figure S8). Thus, spinassisted LbL assembly is a suitable approach for the preparation of digital multilayers. Furthermore, this method is overall much faster than dipping approaches. Indeed, the fabrication of thin films containing 16 coded d-PPDE layers required about 1 h by spin-assisted deposition, whereas it takes about one day by dipping. Yet, the formed films are thinner (40 nm at 3000 rpm) than those prepared by the dipping approach and therefore the interdistance between two coded layers is only of about 2 nm. Of course, as pointed out above, this distance could likely be increased by the use of additional PSS/PAH layers. In summary, thin films containing segregated layers of digitally encoded polymers were prepared by LbL and characterized. An ASCII-encoded sentence of 160 bytes was stored in these films using a library of 16 different digital polyanions. The storage multilayers were prepared using various LbL methods such as manual dipping, robotic dipping, and spinassisted deposition. All three approaches allowed synthesis of thin films with controlled thickness, roughness, and morphology. However, it was found in this work that the use of noncoded PSS/PAH intermediate layers is mandatory to isolate efficiently coded digital layers from another. Overall, this work opens up very interesting new avenues in fundamental and applied polymer science. From a fundamental point of view, the present results highlight for the first time that abiotic coded matter can be organized in precise nanoscale morphologies. Moreover, the formation of a "sequence of sequences" increases coding possibilities in synthetic materials. For instance, out of the 16 16 possible multilayers that could have been created using a set of 16 digital polymers in 16 coded layers, only the sequence reported here gives access to Berthelot's quote (assuming film directionality). Regarding potential applications, the strategies described here could be relevant for the development of molecular archives and other data storage applications. For instance, the combination of 2D patterning (x-y organization) with LbL growth (z-organization) could lead to storage materials with unprecedented storage densities. Yet, digital polymers have been barely studied in materials science and nanotechnology so far and many scientific aspects still have to be addressed. For instance, the development of sequencing methods allowing spatial decoding of coded libraries is an exciting new challenge in polymer analytics. In the case of digital LbL films, decoding could be achieved using depth profiling mass spectrometry methods such as time-of-flight secondary ion mass spectrometry (TOF-SIMS) or desorption electrospray ionization (DESI). [18] ASSOCIATED CONTENT
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Full experimental part: detailed experimental procedures. Supplementary Figures S1-S7.
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 1 Figure 1. General strategy studied in this work for the preparation of digital multilayers. a) Synthesis of a library of sequence-coded polyanions by solid-phase phosphoramidite chemistry. Experimental conditions: i) phosphoramidite coupling: RT, acetonitrile, tetrazole; ii) oxidation: RT, I2, pyridine, THF/H2O; iii) capping: RT, acetic anhydride, N-methylimidazole; iv) DMT deprotection: CCl3-COOH; CH2Cl2; v) cleavage: MeNH2, NH4OH, H2O, RT. The blue square on the right side represents a porous glass solid support. The decabyte monomer sequences of the homopolymers (H0 and H1) and copolymers (P1-P16) synthesized in this work are listed on the right. b) Molecular structures of non-coded polyanions and polycations that were used in the layer-by-layer process. c) Preparation of digital multilayers. Route 1: alternating deposition of coded d-PPDE (red) and noncoded PAH (blue). Route 2: four-step PSS/PAH/d-PPDE/PAH deposition cycle.

Figure 2 .

 2 Figure 2. Characterization of digital multilayers prepared by dipping and spin-assisted LbL approaches. a) top: representation of the dipping protocol (route 2, Figure 1c); bottom: ellipsometry monitoring of film thickness for multilayers prepared by either manual (•) or robotic (○) LbL dipping. The studied films contained 16 coded d-PPDE layers (Supporting Information, Table S1); that is, 63 layers in total. Ellipsometry measurements were made after each d-PPDE deposition. The error bars represent standard deviation values of three independent measurements performed at different surface points. b) AFM characterization of the surface morphology of the final film prepared by robotic dipping. The size of AFM images is 1.5×1.5 mm and Z scale is 15 nm. c) AFM cross-section measured for the final film obtained by robotic dipping. d) top: representation of the spin-assisted assembly protocol (route 2, Figure 1c); bottom: ellipsometry monitoring of film thickness for films prepared spin-assisted LbL assembly at different rotational speeds. The films contained 16 d-PPDE layers and the ellipsometry measurements were made after each d-PPDE deposition. Errors bars were estimated as in (a).
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