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Introduction

Molecularly Imprinted Polymers (MIP's) [1,2] are strongly crosslinked polymer materials where selective binding sites have been created by running polymerization in the presence of the target molecule. According to the original concept introduced by Wulff, [3,4] the target molecule is a template for polymerization; removal of the latter leaves a "cavity" having the size and shape of the target molecule, creating a site for its selective adsorption. The classical design of MIP's uses a functional monomer associated with a high amount of cross-linker ( 50 %), so that polymerization freezes motions at a molecular scale. Various applications are in areas where selective adsorption definitely matters: analytical chemistry, [1,5,6] catalysis, [7] chemical sensors, [8] biochemical processes, [9] … The requirements for such materials are (i) strong rigidity of the polymer material brought about by tight cross-linking and (ii) high density and accessibility of binding sites coming from large specific area and controlled porosity. MIP's are often stated as mimicking nature because the selective molecular recognition relies on host-guest interactions based on molecular shape. It is claimed that selective adsorption looks like that to enzymes. [1012] In this latter case, a low crosslinking density by disulfide bridges holds the secondary and tertiary structures of enzymes, the shape of molecular recognition sites being set by hydrogen bonding, hydrophobic and electrostatic interactions. So, a high density of cross-linking is not mandatory for keeping molecular imprints.

A new way for freezing hostguest interactions is presently introduced by combining the effects of polymer chain stiffness and binding a thin polymer film to a solid surface. Chemical crosslinking is replaced by strong lateral interactions between stiff macromolecules leading to their quasi-crystallization inside a thin polymer film. Polymer materials known as undergoing easy crystallization are made of rigid linear macromolecules, especially polyconjugated (conductive) ones; poly(aniline) (PANI) was presently selected.

Using a thin MIP film at the surface of a solid material is a suitable alternative to the classical design of MIP's as polymer beads where selective binding capacity and accessibility to adsorption sites is ensured by addition of a "porogen" (nonsolvent of the polymer or sacrificial solid particles) that generates porosity. [1315] Simultaneous control of accessibility and capacity relies on a compromise as high accessibility calls for large pore size that is detrimental to specific area. An alternative consists in coating a porous solid material with a thin film of MIP, so the two requirements for accessibility through controlled porosity and small cavities for molecular recognition are decoupled and easier to manage. We recently reported [16,17] MIP's of Patulin toxin based on thin coatings on silica that exhibited higher adsorption capacity and faster adsorption dynamics. The MIP was prepared by copolymerization with monomers chemically bound to the surface for ensuring strong binding of the MIP coating. The thickness of active coating of the order of few sizes of guest molecule (1 or 2 nanometers) should be enough for imprints can be formed. In a thicker layer, part of the molecular imprints would be buried inside the coating. Such inactive part might impair the performance because buried template molecules are difficult to remove by solvent extraction and they might slowly leak off, resulting in drift of characteristics and poor overall stability of the performances. Thin films of MIP materials have already been implemented for the application to chemical sensors by casting cross-linked MIP onto the surface of the transducer, because a high capacity of adsorption is not a requirement. The water-soluble sunscreen benzophenone-4 (BP4, 4hydroxy-2-methoxy-5-(oxo-phenylmethyl)benzenesulfonic acid, CAS 4065-45-6) was taken as guest molecule because its harmful properties in the environment [2325] makes its detection and analysis in aquatic media a definite concern. This polyaromatic sulfonic acid acts as a dopant for PANI; its anion might show strong interactions with PANI, especially with its cationic emeraldine salt form. In general, PANI has the ability of interacting with many analytes through hydrogen bonding, π-π stacking [26] and electrostatic interactions when doped in acidic medium.

The PANI MIP was prepared as a thin film starting from a porous silica support grafted with aniline (ANI@SiO 2 ) as outlined in Figure 1. The classical oxidative polycondensation of aniline monomer in acidic medium yielded conductive PANI under its emeraldine salt form. At variance with previously reported materials based on PANI, [27,28] a very thin PANI layer strongly attached to silica was preferred. Since polymerization of aniline yields crystalline PANI particles that do not bind to silica, [29] PANI binding was ensured by grafting silica with an organosilane containing the aniline moiety that could copolymerize with aniline. As summary, the present paper reports a proof of concept for crosslinker-free MIP's based on strong intermolecular interactions within the polymer material. Such interactions are the same as those responsible for the easy crystallization of PANI. Copolymerization of free and grafted aniline at the surface in the presence or absence of BP4 yielded imprinted (MIP@SiO 2 ) or non-imprinted (NIP@SiO 2 ) coatings, respectively. The adsorption mechanisms of MIP toward BP4 molecules were assessed by studying the thermodynamics of adsorption equilibrium. Adsorption kinetics was assessed as it is of high relevance regarding performance of analytical devices. The purpose of this paper is to make a proof of concept better than reaching high performance of a material to be used in analysis devices. For that reason, selectivity with respect to interfering molecules was not addressed.

Results and Discussion

Preparation and optimization of MIP@SiO2 material

The strategy for the preparation of BP4-imprinted polyaniline (MIP@SiO 2 ) (Figure 1) combines the surface imprinting technique and the use of the rigid PANI polymer as a matrix for cross-linking becomes optional. APTMS containing aniline group was firstly grafted onto silica, providing ANI@SiO 2 with covalently attached aniline monomers available for subsequent copolymerization.

Covalent grafting of APTMS to silica surface by means of a hydrolysiscondensation reaction is a well-known process [START_REF] Plueddemann | Silane Coupling Agents[END_REF][START_REF] Hbaieb | [END_REF] reported in section SI2 of Supporting Information together with the characterization of ANI@SiO 2 . The grafting density was 2.24 µmolꞏm -2 (conditions ANI1@SiO 2 in Table S1), which corresponds to coverage by a monolayer of grafted silane.

The MIP material BP4-MIP@SiO 2 was prepared by oxidative copolymerization of aniline groups of ANI@SiO 2 and aniline monomer added in the acidic reaction medium containing the template molecule BP4. The polymerization of aniline is usually performed in strongly acidic medium (HCl concentration in the range 0.1-1 M) for generating the conductive emeraldine salt form. The anionic BP4 should strongly interact with PANI chains for the dopant is the BP4 sulfonic acid. Chloride anions of HCl are competitive binders with BP4, so that the concentration of HCl has been reduced to minimum required for the formation of the emeraldine salt form of PANI. Polymerization of aniline was achieved at pH 4 where aniline is still predominantly protonated under anilinium form (80% according to its pKa of 4.60) and the produced PANI is under its emeraldine salt form (pKa of PANI is 4.86 [32] ). This weakly acidic medium is also favorable as hydrolysis side-reactions are minimized in the pH range 2-4. [33] A grafted PANI layer incorporating BP4 was formed at the surface of the solid silica support. A large excess of aniline with respect to expected thickness was used. The main part of PANI strands were not attached to the silica surface by copolymerization. It was washed off during subsequent filtration. The thickness of the PANI coating is mainly determined by the copolymerization kinetics.

There is an optimum density of binding sites because of two contradictory phenomena. A high density of interaction sites would provide a high capacity for binding BP4. But a too high density of sites disturbs the materials structure and impairs selectivity of binding. The monomer/template (aniline/BP4) ratio was adjusted by a series of experiments. The adsorption performance revealed by BP4 uptake to washed materials (Figure 2) shows that a monomer/template mole ratio of five yielded the highest BP4 uptake and the largest difference between MIP and NIP. This ratio was suitable for high imprinting density and selectivity. The large difference of adsorbed BP4 between MIP and NIP materials definitely shows that molecular imprints have been retained after extraction of the template though no chemical cross-linking has been implemented.

Extraction of BP4 from BP4-MIP@SiO 2 yielding the final MIP@SiO 2 was performed in a basic medium (0.3 M aqueous ammonia) that suppressed electrostatic interactions between cationic groups of PANI and anionic BP4. Extraction with a basic medium greatly improved the kinetics of BP4 removal from the molecular imprints. Though it converted PANI into its softer emeraldine base form, the loss of rigidity during extraction did not cause a loss of shape memory of molecular imprints. Similar extraction process for MIP preparation relying on softening the material using thermally reversible cleavage of urethane bonds has already been reported with no loss of selectivity. [34] Figure 2. Influence of the aniline to BP4 ratio on adsorbed BP4 concentration upon exposure of 2 gꞏL -1 MIP@SiO2 or NIP@SiO2 to a 60 µmolꞏL -1 solution of BP4 at pH 4.

Characterization

of MIP@SiO2 and NIP@SiO2 materials IR spectra of NIP@SiO 2 , MIP@SiO 2 and BP4-MIP@SiO 2 (Figure 3) showed absorption bands located at 1598 cm -1 and 1497 cm -1 associated to C=C stretching vibrations of quinonoid and benzenoid rings of PANI, respectively. Equal intensities of these two peaks confirmed the formation of the emeraldine form of PANI. The band at 1298 cm -1 corresponding to the C-N stretching mode cannot be observed as it is superimposed to the strong Si-O-Si stretching vibration of silica. The IR spectrum of NIP@SiO 2 exhibited similar peaks to that of MIP@SiO 2 , showing that BP4 has successfully been removed from the polymer matrix. Supplementary peaks at 1600 cm -1 , 1260 cm -1 and 609 cm -1 corresponding to the C=O stretching mode, S=O and C-S stretching vibrations of BP4 respectively were observed before extraction of BP4 (BP4-MIP@SiO 2 ). TEM pictures of ANI@SiO 2 , MIP@SiO 2 and NIP@SiO 2 were quite similar. This was in accordance with BET specific area measurements that only revealed a slight loss of surface area upon surface modifications: A sp was 200 m 2 ꞏg -1 for the starting silica, 170 m 2 ꞏg -1 after grafting the organosilane, and 140 m 2 ꞏg -1 after polymerization of aniline. The primary particles were uniform in size; their mean diameter was 15-25 nm. The pictures were free of characteristic rod-shaped particles of pure PANI crystals. [35] Quantitative determinations of PANI amounts bound to silica were done using thermogravimetric analyses (TGA). For ANI@SiO 2 , the APTMS grafting density of 2.24 µmolꞏm -2 was consistently calculated from the mass loss in TGA and from elemental analyses of C and N (section SI2 of Supporting Information). NIP@SiO 2 and MIP@SiO 2 materials had similar TGA patterns with one broad step (Figure 4) from 250 to 950 °C corresponding to the thermal decomposition of PANI strands under their emeraldine base form. TGA of BP4-MIP@SiO 2 was different because PANI was under its emeraldine salt form and there was BP4 and chloride counter-anions coming from the dopants hydrochloric acid and BP4 sulfonic acid. These anions ensure electroneutrality of the layers. Calculations of chemical compositions of layers from mass losses are reported in section SI3 of Supporting Information; the final results are given in Table 1. The ratio of surface densities of aniline (8.9 µmolꞏm -2 ) and silane (2.24 µmolꞏm -2 ) is the mean polymerization degree of aniline; it was dp = 4. The aniline tetramer is the actual repeat unit of the emeraldine form of PANI; this is the minimum length of PANI strands that allows for electron delocalization in the conductive emeraldine salt form of PANI. [36] This is in accordance with IR spectra characteristic of the emeraldine form of PANI through the C=C stretching vibrations of quinonoid and benzenoid rings of equal intensities at 1598 cm -1 and 1497 cm -1 . Owing to their conductive properties, PANI strands are rigid macromolecules attached to the silica surface by one of their chain ends. Their surface density is that of the starting silane: 2.24 µmolꞏm -2 . Table 1. Surface densities of grafted species as calculated from TGA.

MIP@SiO2 BP4-MIP@SiO2

Aniline density (µmolꞏm -2 ) 8.9 8.9

dp (aniline) 4.0 4.0 BP4 -density (µmolꞏm -2 ) 1.0 Cl -density (µmolꞏm -2 ) 3.45
TGA of BP4-MIP@SiO 2 revealed that partial doping of PANI by BP4 was effective. Competitive binding of BP4 sulfonic acid and HCl occurred during aniline polymerization. Stronger binding of Cl -anions was observed; the mixed BP4 -/Cl -counter-anions contained 20 % of BP4.

The mean thickness of the PANI coating was related to the total mass loss (18 %) as

𝑡 % 0.7 nm E q 2
where  PANI is the density of PANI (1.36 gꞏcm -3 ). The PANI layer was indeed very thin, close to a 2-dimensional material. Imprints were open structural units with optimum accessibility. Zeta potential of MIP@SiO 2 and NIP@SiO 2 was measured as a function of pH, giving the isoelectric point (iep) of the materials (Figure 5). Both MIP and NIP materials showed identical behavior. The isoelectric point was iep = 6.7, departing a lot from the isoelectric point of bare silica (iep  2). The present iep was the same as pure emeraldine form of PANI, [37] showing that the PANI material was indeed coating the full surface of silica. The surface charge was positive for pH < 6.7 and negative for pH > 6.7. 

Adsorption experiments

According to the thermodynamic equilibrium between adsorbed and free BP4 molecules, their respective concentrations (µmolꞏm -2 ) and C(molꞏL -1 ) are related through the "adsorption isotherm". The pH affects adsorption behavior since it influences electrostatic interactions. Varying the pH from 2 to 7 shifted the highly positive charge to neutral according to the protonation equilibrium of PANI. BP4 is in mono-anionic form in the full current pH range (pKa values are -0.7 and 7.30). [38,39] Variation of temperature allows assessing the relative contributions of enthalpy and entropy to the free energy of adsorption. Finally, kinetics of adsorption is investigated because it is an important parameter for the application of MIP's as chromatographic stationary phases.

As electrostatic interactions are not specific, selective interactions supplement them for BP4 binds to molecular imprints. BP4 non-selectively binds to the positively charged surface off molecular imprints. The contribution to binding by non-selective interactions was assessed by adsorption measurements to NIP@SiO 2 . The comparison of adsorption behavior of MIP and NIP is systematic in works devoted to MIP's: evidence of selective adsorption to molecular imprints is given by the differential adsorption to MIP and NIP. A formal expression of this is the "imprinting factor" (IF) defined as the ratio of adsorptions of MIP and NIP. [40] 

Thermodynamics of equilibrium adsorption

Equilibrium adsorption isotherms have been analyzed using the Langmuir isotherm for adsorption to localized molecular imprints and Volmer isotherm for non-selective mobile (nonlocalized) adsorption. Indeed, the non-specific binding off the molecular imprints is a non-localized adsorption to the surface of solid materials. The classical Scatchard [41] and Langmuir [42] models are thermodynamically inadequate because they consider adsorption on localized sites. They have nevertheless been used as a first approach because they are so popular and some readers may wish having a report of them. They are reported in section SI4 and SI5 of Supporting Information. Scatchard plots showed two distinctive straight lines for MIP and a single line for NIP indicative of two kinds of non-equivalent binding sites for MIP ascribed to selective molecular imprints and non-selective adsorption (Figure S7). A simple Langmuir and a bi-Langmuir [43] model were fitted to experimental adsorption data of NIP and MIP. A simple model for non-localized (mobile) adsorption isotherm is given by the Volmer isotherm. [START_REF] Ross | On Physical Adsorption[END_REF][START_REF] Ruthven | Principles of Adsorption and Adsorption Processes[END_REF] Even though the Langmuir model fits quite nicely to experimental data, the Volmer model is preferred because it matches the physicochemical mechanism of non-selective adsorption as a layer of mobile adsorbed molecules.

The LangmuirVolmer model

As the Volmer adsorption isotherm is not currently used in the field of adsorption to MIP's, a brief introduction of it is given. The starting point is the 2-dimensional analogue of the van der Waals equation of state: [START_REF] Volmer | [END_REF]  𝐴 𝛽 𝑛𝑘𝑇 E q 3

where  is the surface pressure, A is the area, and  is the molecular size. The pressure term of van der Waals related to lateral interactions is neglected. Following de Boer, [START_REF] De Boer | The Dynamical Character of Adsorption[END_REF] combination of Eq 3 and the GibbsDuhem equation yields the Volmer adsorption isotherm

𝐶 e E q 4
where  is the surface coverage,  = / max , and K is the binding constant for adsorption equilibrium. The Volmer isotherm differs from the Langmuir one by the supplementary term e ⁄ . The specific adsorption on molecular imprints is localized, so that it was modeled by a Langmuir adsorption isotherm 𝛤 𝛤 , E q 5

The theoretical adsorption isotherms were fitted to the experimental data by minimizing the root-mean-square deviation (rms with N data points and p variables, Eq 6) by non-linear regression. The Volmer isotherm was used for non-specific adsorption isotherms of NIP, and the sum of a Langmuir and a Volmer isotherm was used for the non-specific and specific (to molecular imprints) contributions to adsorption for MIP. The variables are K s ,  max,s , K ns and  max,ns for specific and non-specific binding constant and adsorption at full coverage.

𝑟𝑚𝑠

∑ 𝛤 , 𝛤 , E q 6

Effect of pH

In all cases binding of BP4 was stronger to MIP than NIP, providing evidence for the presence of molecular imprints (Figure 6). Binding was stronger in acidic medium (pH 2) due to the predominance of electrostatic attractions to positive charges of both MIP and NIP. At higher pH, adsorption capacity of MIP was larger than NIP, especially at pH 4 used for the synthesis medium of adsorbents. The imprinting effect is more pronounced when re-binding of the template is operated at the same pH than that used during the synthesis of the adsorbent. [40] At pH 7 close to the isoelectric point where the surface is neutral, electrostatic attraction with the anionic BP4 was disabled and a low adsorption capacity was observed for both MIP@SiO 2 and NIP@SiO 2 . The best fits of the Volmer model to NIP@SiO 2 and of the combined LangmuirVolmer model to MIP@SiO 2 (Figure 6) yielded the adsorption parameters given in Table 2.

The variations of thermodynamic parameters with respect to pH are presented in Figure 7. The adsorbed amount on NIP@SiO 2 ,  max,ns , increased in acidic medium because the density of positively charged groups increased. Conversely, the affinity of BP4 did not vary with respect to pH (K ns did not vary).

So non-selective binding was higher in acidic medium because the electrical charge was larger; but binding was not stronger. Indeed, the charge density of the solid surface does not increase the interactions because binding is an anion exchange of BP4 for chloride. The driving force for excess adsorption of BP4 is nonelectrostatic; it may come from hydrophobic, dispersion or hydrogen bonding interactions. The parameters of non-selective binding to MIP@SiO 2 off the molecular imprints were almost the same as for NIP@SiO 2 .  max,s was constant because the density of molecular imprints does not vary against pH. This surface density ( max,s = 0.2 µmolꞏm -2 ) was lower than that of BP4 at the end of the synthesis as inferred from TGA (1.0 µmolꞏm -2 ). Only part of the BP4 molecules acting as dopants of PANI had created molecular imprints that resisted extraction with ammonium hydroxide. The balance of adsorbed amounts was correct as the sum of  max,ns and  max,s of MIP@SiO 2 was equal to  max,ns of NIP@SiO 2 (Figure 7A). Finally, the affinity for molecular imprints given by K s was maximum at pH 4-5 (Figure 7B). The interaction of BP4 with molecular imprints was optimum at the pH of the synthesis process. The complex set of molecular interactions depending on electron density distribution within the molecular imprint does depend on pH. Selectivity of binding is often characterized by the "Imprinting Factor" (IF) defined as the ratio of adsorbed amounts to MIP and NIP. [40] This ratio strongly depends on the concentration of adsorbing molecules. It is usually defined for a large enough concentration where adsorption is at the plateau ( =  max ) for it does not depend on concentration. This is far off the concentration range of analytical applications such as chromatographic separations. The present thermodynamic characterization of MIP and NIP properties allows a thermodynamic definition of IF as the ratio of the binding constants K s /K ns . Such IF was maximum at pH 4. Non-selective binding was prevailing in acidic medium and selective binding turned predominant as pH increased. The highest ratio  max,s / max,ns was reached at pH 7 because nonselective binding was weak and the density of imprints for selective binding remained constant. However, the affinity constant for imprints K s strongly decreased at high pH, which allows using the pH as a mean for releasing bound BP4 molecules. Loss of affinity in basic medium is obviously caused by the vanishing electrostatic contribution; a reversible deformation of the molecular imprints may also occur as reported in case of imprinted cross-linked amylose gels. [START_REF] Kanekiyo | [END_REF] 

Enthalpic and entropic contributions to the standard free energy of adsorption

The standard Gibbs free energy Δ ads G°, enthalpy Δ ads H° and entropy Δ ads S° of adsorption were calculated from the binding constant determined at several temperatures and the van't Hoff equation for each type of binding type (i = s or ns):

ln 𝐾 ∆ ∆ E q 7
The van't Hoff plots for the selective and non-selective adsorption processes were linear (Figure 8), showing that Δ ads H° and Δ ads S° did not depend on temperature in the studied temperature range (Table 3). The non-selective adsorption was athermal (Δ ads H°  0), so the adsorption was entropic in origin. The entropic contribution may be viewed as the result of mixing BP4 and chloride ions in the adsorbed layer. Entropy of mixing is always positive. The athermal feature may result from compensation of exothermic and endothermic contributions.

The selective adsorption was endothermic and absolute value of the entropic contribution T Δ ads S° was larger than the enthalpic. The balance is predominance of entropic contribution. The large positive entropy may suggest that adsorption of BP4 relaxed PANI strands to their original configuration around the molecular imprints because they have been created in contact with BP4. On the contrary, chloride ions do not fit molecular imprints frozen in constrained configuration after washing off BP4. The enthalpy of adsorption has obvious contributions from hydrogen bonding because of the presence of a hydroxy group in BP4. Stronger endothermic contributions operate for the net result can be a positive value of Δ ads H°. The hydrophobic interaction is a possible origin of the endothermic nature of adsorption. Indeed hydrophobic interaction is characterized by both positive enthalpy and entropy of transfer from water to organic medium. [START_REF] Tanford | The Hydrophobic Effect: Formation of Micelles and Biological Membranes[END_REF] The microscopic origin of such phenomenon is the formation of a water shell around hydrophobic solutes having a larger number of hydrogen bonds than in normal liquid water. Such shell of structured water has been termed as "iceberg" by Frank and Evans [START_REF] Frank | [END_REF] because it is close to the structure of ice. Adsorption of hydrophobic solutes from water to a hydrophobic surface releases the iceberg of structured water by breaking excess hydrogen bonds, giving an endothermic contribution to the enthalpy of adsorption. The BP4 molecule is obviously much more hydrophobic than chloride ions.

Kinetics of adsorption

The kinetics of adsorption is of high practical importance in applications to analysis such as liquid chromatographic separations and sample pre-concentration in solid phase microextraction devices (SPME). Fast adsorption allows high flow rate and short duration of analyses. Adsorption kinetics of BP4 onto MIP@SiO 2 and NIP@SiO 2 materials was measured for dilute solutions of BP4 of concentration within the ascending part of the adsorption isotherm such that the adsorbent cannot be saturated (Figure 9). Adsorption was quite fast as more than 90% of equilibrium adsorption was reached within few minutes. Fast kinetics was ensured by using a thin film of MIP bound to a solid support of porosity designed for chromatographic applications. Early MIPs were made of polymer beads [START_REF] Mayes | Molecularly Imprinted Polymers. Man-made Mimics of Antibodies and their Applications in Analytical Chemistry[END_REF] prepared by radical polymerization in the presence of a porogen. The porous structure was designed such as providing a large accessible specific surface area that ensured a high binding capacity. [START_REF] Sellergren | Molecularly Imprinted Polymers. Man-made Mimics of Antibodies and their Applications in Analytical Chemistry[END_REF] But the drawback with regards to some applications was slow binding kinetics because the pore sizes were too small. A typical time scale taken from the scarce experimental data is from 1 h to days. [5355] These features are shared by sol-gel materials, [56,57] mesoporous materials, [58] and aggregated nanoparticles. [59,60] Fast adsorption was observed in cases where pores have large sizes. [61] So far, thin layers of MIPs have mainly been developed for their application to chemical sensors (thin coating cast on an electrode or a transducing device). [1822] Hence the present fast adsorption kinetics came from the favorable porosity of the solid support and the thin thickness of the MIP layer, in accordance with literature data.

General Discussion and Conclusion

Molecular imprinted materials have been prepared with no need for cross-linking agent by using a thin layer of a rigid polymer (PANI) bound to a solid support. Both the stiffness of the PANI strands and the proximity of the solid surface contribute to the rigidity of the layer that keeps the molecular imprints as the template molecules are washed off. The structure of the grafted layer is a dense polymer brush [62,63] with strong lateral stacking of PANI strands and packing defects where molecular imprints are frozen. Such defects are similar to grain boundaries of a polycrystalline material, they allow for molecular imprints but would not be suitable for keeping the shape of large templates such a nanoparticles or proteins. [64,65] A method that may be felt similar is building a self-assembled monolayer (SAM) of fatty thiol molecules on gold surface where the imprints are the "shadows" of the template molecules interacting with the gold surface that leave holes inside the layer. [66][67][68] The present process relies on quite a different phenomenon where imprints are defects in the structure where target molecules interact with the polymer material. Figure 10 is a sketch showing a perspective of the MIP structure made of short PANI strands at close contact because of their strong lateral interactions. The driving force for adsorption is electrostatic. Affinity for specific binding weakens under basic conditions (pH 7) that electrostatic interactions vanish. Specificity is lost when very strong electrostatic interactions predominate in acidic medium. Hence, there is an optimum pH which was at pH 4-5 in the present case.

A correct thermodynamic approach that accounts for the mobility in non-specific binding was proposed using the Volmer adsorption isotherm. Non-specific interactions are of entropic nature, which is expected for an anion exchange phenomenon driven by electrostatics. The supplementary enthalpic contribution for specific interactions with molecular imprints shows that specificity comes from the combination of electrostatic and nonelectrostatic interactions.

Characterization methods

Infrared absorption spectra were recorded with a Bruker IFS 55 Equinox FTIR spectrometer in ATR mode. Thermogravimetric analyses (TGA) were performed using a TG209F1 Netzsch instrument in the temperature range of 25-1000 °C at a rate of 10 °C•min -1 under nitrogen flow. Solid state 13 C and 29 Si NMR spectra were respectively recorded at 125.768 MHz and 99.362 MHz Larmor frequencies on Bruker Avance III 500 ultra shield Plus. Zeta potentials were measured by electrophoresis with Malvern Zetasizer Nano ZS, with 0.05 wt% aqueous suspensions at different pH. The ζ potential was calculated from the electrophoretic mobility under the Smoluchowski approximation. Absorbance spectra of BP4 solutions in 1 cm optical path quartz cuvettes were recorded using a Perkin-Elmer Lambda 2 UV-vis spectrophotometer. Transmission electron microscopy (TEM) observations were performed at the "Centre Technologique des Microstructures" (CTµ) facility of the University of Lyon 1 (http://microscopies.univ-lyon1.fr/) using a Philips CM120 microscope operating at 80 kV acceleration. A drop of 0.1 % aqueous dispersion was deposited on a formvar grid and dried in open air before TEM observation. Chromatographic analyses were carried out on a HPLC system Agilent 1100 equipped with DAD UV-detector and a reverse phase C 8 column (250 mm×4 mm i.d., 5 mm). Mobile phase was MeOH: ammonium acetate buffer pH 6.9. Flow rate was 0.5 mL•min -1 , injection volume was 20 µL, oven temperature was 30 °C, and BP4 was detected at 286 nm wavelength.

Adsorption experiments

Adsorption measurements were performed by the depletion method. For equilibrium adsorption, 10 mg of PANI@MIP or PANI@NIP were dispersed in 5 mL of 0.07 mM BP4 aqueous solution by magnetic stirring. The initial pH of both BP4 solutions and adsorbents (PANI@MIP and PANI@NIP) was adjusted to 2, 4, 5 or 7 with HCl 1 M. Continuous mixing was maintained for 12 h to ensure adsorption equilibrium was reached. Mixtures were centrifuged and the free BP4 concentrations were measured in the supernatant by absorbance analysis at 286 nm. The same method was used for kinetic adsorption measurements. The mixtures were stirred for different contact times t, and the concentration in the supernatant was measured after centrifugation. The dynamic adsorption capacities expressed as surface concentrations (µmol•m -2 ) Γ(t) or the equilibrium value Γ(∞) were calculated as

Γ(𝑡) = �𝐶(0)-𝐶(𝑡)� 𝑉 𝑚 𝐴 sp Eq SI1
where C(0) and C(t) respectively are the initial and kinetic concentrations of adsorbate, V is the volume of BP4 solution, m is the mass of adsorbent, and A sp = 140 m 2 •g -1 is the specific surface area of adsorbent measured by the BET method. Equilibrium adsorption is given by Γ e = Γ(∞) as a function of C e = C(∞), that is, after long enough equilibration time. Experiments were carried out at 298 K unless specifically stated.

SI2. Grafting APTMS to silica surface

Two processes were investigated for grafting of N- [3-(trimethoxysilyl)propyl]aniline silane (APTMS) as a dense monolayer at the surface of silica. The anhydrous process involves a direct reaction of surface silanols of silica with the methoxy groups of APTMS according to the reaction:

The wet process is performed in a methanol/water mixed solvent. It involves hydrolysis of methoxysilyl groups of APTMS into silanol reactive groups that subsequently condense to silica surface as Si-O-Si linkages:

In both processes, addition of diisopropylethylamine catalyst (DIEA) was checked. 5 g of dried silica was dispersed with a magnetic stirrer in 200 mL of solvent containing 4 g of APTMS and 4 g of DIEA according to experimental conditions given in Table S1. The suspension was heated at reflux under nitrogen atmosphere for 12 h. The modified silica (ANI@SiO 2 ) was rinsed with 30 mL of THF and dried at 60 °C overnight. The grafting densities (Table S1) were estimated from elemental analyses of carbon and nitrogen and from thermogravimetric analyses (TGA). The grafting density was calculated from elemental analyses of carbon (%C) and nitrogen (%N), the chemical formula of the grafts (SiC 9 H 12 N) and the specific area A sp = 200 m 2 •g -1 measured by the BET method:

Surface density (mol•m -2 ) = %C 100×9×12×𝐴 sp Eq S2 Surface density (mol•m -2 ) = %N 100×14×𝐴 sp

Eq S3

It was also calculated from the mass loss measured by TGA (Figure S1). A slight mass loss was observed from 100 to 200 °C corresponding to evaporation of moisture. This mass loss can be large in case of moisturized sample (ANI3@SiO 2 in Figure S1). The main mass loss occurred between 350 and 600 °C with an inflexion point at 450 °C; it was ascribed to the thermal decomposition of the organic grafts. Bare silica was also loosing mass in the whole temperature range because of moisture evaporation and dehydroxylation of Si-OH groups at the surface of silica. [1] The mass loss due to this later effect was not the same for bare and grafted silica because

Si O O O CH 2 C H 3 C H 3 C H 3 CH 2 CH 2 NH + SiO 2 SiO 2 Si O O O CH 2 CH 3 CH 2 CH 2 NH Si O H O H O H CH 2 CH 2 CH 2 NH Si O O O CH 2 C H 3 C H 3 C H 3 CH 2 CH 2 NH H 2 O + Si O H O H O H CH 2 CH 2 CH 2 NH SiO 2 SiO 2 Si O O O CH 2 H CH 2 CH 2 NH
the surface density of Si-OH groups was less in grafted silica. Such mass loss was estimated as the distance between tangents to the low and high temperature branches. Considering that thermal cleavage took place at the Si-C bond, the molar mass of the lost moiety -(CH 2 ) 3 -NH-C 6 H 5 was 134 g•mol -1 , and the grafting density was calculated as

Surface density (mol•m -2 ) = % 𝑚𝑚𝑚𝑚 𝑙𝑙𝑚𝑚 100×134×𝐴 sp

Eq S4

Grafting densities inferred from elemental analyses of carbon and nitrogen and from TGA mass loss were in close accordance, giving confidence with the underlying hypotheses of calculations and showing that the chemical structure of grafts used in calculations was correct. The surface density of grafts for ANI1@SiO 2 was rather high (2.24 µmol•m -2 calculated from 6.0% mass loss in TGA) but it remained lower than the theoretical density of a dense monolayer of close-packed molecules (an estimate is 3-4 µmol•m -2 ) [2] , so that that the risk for the formation of a thick layer of polysiloxane by polycondensation of the organosilane was kept low. There is no definite proof for the sole formation of a monolayer however, as polycondensation of could form short strands of poly(3-propylaniline siloxane) bound to the silica surface. The chemistry of grafting aminated organosilane is complex as it is well illustrated by the huge literature on (3aminopropyl)triethoxysilane. [3] Entering the details is out of the scope of the present paper. This material was selected for the manufacture of MIP's because it was a rather dense layer and it had the lowest grafted density among the series (Table S1) that can most likely be as a monolayer. 

Figure S4

. 29 Si NMR spectrum of modified silica ANI1@SiO 2 .

TEM pictures of ANI1@SiO 2 at low magnification (Figure S5a) showed the silica nanoparticles strongly aggregated together as a porous material. Higher magnification (Figure S5b) revealed the spherical shape of primary silica nanoparticles and their smooth surface. 

SI3. Determination of chemical composition of MIP and NIP grafted layers from TGA

TGA of PANI@MIP (Figure 4 of the main text) shows a single broad step with inflexion point at 750 °C, corresponding thermal decomposition of the full organic materials bound to the silica surface. The onset of PANI degradation was at 290 °C. Dehydroxylation of the SiO 2 surface takes place over the full temperature range and the mass loss is quasi-linear. [1] The linear mass loss in the low-temperature range was estimated by extrapolation of the mass losses below 290 °C. The mass loss due to dehydroxylation in the high temperature range could be taken by extrapolation of data above 800 °C for BP4-PANI@MIP. Thermal decomposition of PANI@MIP extended up to 950 °C. Indeed, PANI@MIP was under its emeraldine base form after extraction of BP4 by ammonium hydroxide solution whereas BP4-PANI@MIP was under its emeraldine salt form. The emeraldine base is thermally more stable than the emeraldine salt. The temperature range of the TGA record from 950 °C to the end at 1000 °C (because of the design of TGA instrument) was too narrow for extrapolation be reliable in case of PANI@MIP, so that the slope of linear mass loss of PANI@MIP was taken equal to that measured for BP4-PANI@MIP. The mass loss coming from PANI was taken as the distance between the two linear mass losses at low and high temperatures (yellow lines in Figure 4). The surface density of aniline was calculated from the mass loss of 18% from which the mass loss coming from the trimethylene linker (42 g•mol -1 ) between the silicon atom and the first aniline group was subtracted. This later mass loss and the surface density of aniline read Linker mass loss = Mass loss of silane-grafted silica × where 90.63 g•mol -1 stands for the molar mass of the aniline fragment in PANI. The surface density of aniline was 8.9 µmol•m -2 , which corresponded to a mean aniline polymerization degree of 4. TGA of BP4-PANI@MIP combines mass losses from decomposition of PANI and BP4. These two thermal degradations occur in the same temperature range as shown in TGA records of pure BP4 and emeraldine salt doped with HCl (Figure S6). The surface density of aniline was taken the same as for PANI@MIP. Eqs S6 and S7 were solved for the two surface densities SD(BP4 -) and SD(Cl -). Full results are collected in Table 1 of the main text.

SI4. Interpretation of equilibrium adsorption isotherms in terms of Scatchard plots

Scatchard plots were used to check whether the surface of both NIP and MIP bore homogeneous or heterogeneous binding sites (Figure S7). Scatchard plot is a linearized expression of the Langmuir adsorption isotherm. In case of homogeneous binding sites, the Scatchard plot of the experimental adsorption isotherm writes as [8] 𝛤 𝐶 = -𝐾𝛤 + 𝐾𝛤 max Eq S9 𝛤 = 𝛤 max 𝐾 ns 𝐶 1+𝐾 ns 𝐶

Eq S10

where K ns is the equilibrium constant for non-specific adsorption considered as a quasi-chemical equilibrated reaction of adsorbing molecules and surface sites. Adsorption onto MIPs takes place on specific molecular imprints and on the non-specific remainder "sites" of the surface. A bi-Langmuir adsorption isotherm is written as the sum of two 

Eq S12

where N and p stand respectively for the number of data points and the number of adjusted variables. The fits of mono-Langmuir and bi-Langmuir isotherms to respectively the NIP and MIP experimental data were quite satisfactory (Figure S8), yielding the K ns , K s , Γ max,ns and Γ max,s parameters for adsorption isotherms at each pH (Table S2). The discussion of the parameters in terms of their physicochemical meaning is essentially the same as that given in the main text using the correct Volmer isotherm for the mobile non-selective adsorption and the Langmuir isotherm for localized adsorption on molecular imprints. Table S2. Parameters of the best fits of the Langmuir and bi-Langmuir models to experimental adsorption isotherms of PANI@NIP and PANI@MIP respectively. 

PANI@NIP PANI@MIP

Figure 1 .

 1 Figure1. Two steps synthesis scheme of molecularly imprinted PANI in emeraldine salt form. The first step is grafting of aniline to silica surface by means of silane chemistry; the second step is copolymerization of free and grafted aniline in HCl medium in the presence of the BP4 sulfonic acid. A -stands for either Cl -or BP4 -coming from doping acids.

Figure 3 .

 3 Figure 3. FTIR spectra of NIP@SiO2 (a), MIP@SiO2 (b) and BP4-MIP@SiO2 (c).

Figure 4 .

 4 Figure 4. TGA mass losses of MIP@SiO2 (left) and BP4-MIP@SiO2 (right).

Figure 5 .

 5 Figure 5. Zeta potential measurements of MIP@SiO2 and NIP@SiO2 as a function of pH.

Figure 6 .

 6 Figure 6. Adsorption isotherms of BP4 to MIP@SiO2 and NIP@SiO2 at various pH and 298 K.

Figure 7 .

 7 Figure 7. Thermodynamic parameters of adsorption isotherms of BP4 to MIP@SiO2 and NIP@SiO2 as a function of pH. (A) max; (B) binding constant K.

Figure 8 .Table 3 .

 83 Figure 8. Van't Hoff plot of the binding constant of BP4 to MIP@SiO2 against inverse temperature at pH 4.

Figure 9 .

 9 Figure 9. Kinetics of BP4 adsorption on NIP@SiO2 (a) and MIP@SiO2 (b) for three concentrations at pH 4.

Figure 10 .

 10 Figure 10. Structure of a MIP@SiO2 as a thin film attached to the silica surface. Selectively adsorbed BP4 molecules bind to molecular imprints frozen by lateral interactions between PANI strands. Colors for atoms: Carbon: light blue, Hydrogen: grey, Nitrogen: dark blue, Oxygen: red, Sulfur: yellow. Dark blue material at bottom is the silica support.

Figure S1 .

 S1 Figure S1. TGA of ANI1@SiO 2 , ANI3@SiO 2 and bare SiO 2 .

Figure S5 .

 S5 Figure S5. TEM images of monodisperse nanoparticles of ANI1@SiO 2 .

Figure S6 .

 S6 Figure S6. TGA of BP4 and PANI under emeraldine salt form.

  

  

Table 2 .

 2 Parameters of the best fits of the Volmer and LangmuirVolmer models to experimental adsorption isotherms of BP4 to NIP@SiO2 and MIP@SiO2 at 298 K.

	NIP@SiO2	MIP@SiO2

Kns

Log(Kns) max,ns (µmol•m -2 ) Ks Log(Ks) max,s (µmol•m -2 ) Kns Log(Kns) max,ns (µmol•m -2 )

  Langmuir isotherms for the two types of surface sites s and K ns stand for equilibrium constants pertaining to specific and non-specific adsorption equilibria. The mono-Langmuir and bi-Langmuir theoretical isotherms where fitted to experimental data by minimizing the root-mean-square deviation (rms) by non-linear regression

	𝛤 = 𝛤 max,s	𝐾 s 𝐶 1+𝐾 s 𝐶	+ 𝛤 max,ns	𝐾 ns 𝐶 1+𝐾 ns 𝐶	Eq S11
	where K 𝑟𝑟𝑟 = �	1 (𝑁-𝑝)	∑ �𝛤 exp,𝐿 -𝛤 calc,𝐿 � 𝑁 𝐿=1	2

ns Γ max,ns

  

		(µmol•m -2 )	K s	Γ max,s (µmol•m -2 )	K ns	Γ max,ns (µmol•m -2 )
	pH 2 21700	0.86	184000	0.28	25200	0.65
	pH 4 18600	0.21	686400	0.18	24400	0.30
	pH 5 61000	0.19	483400	0.17	60300	0.09
	pH 7 15300	0.07	-	0.0	28700	0.10
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Molecularly Imprinted Polymer materials with no need for cross-linking are reported. Lateral interactions between stiff polyaniline chains grafted to a porous silica support ensure the rigidity that keeps the shape-memory of guest molecules.
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Molecular Imprints Frozen by Strong Intermolecular Interactions in Place of

Cross-linking Cherifa Ayadi 1,2,3 , Amira Anene 1 , Rafik Kalfat 1 , Yves Chevalier 2,* , Souhaira Hbaieb 

SI1. Materials and Methods

Reagents and Materials

Fumed silica Cab-O-Sil with mean particle size of 12 nm and specific area 200 m 

Preparation of surface imprinted polyaniline (PANI@MIP)

The silica support was first grafted with organosilane containing aniline. The following recipe was selected after preliminary experiments reported in section SI5. 5 g of dried silica was dispersed with a magnetic stirrer in 200 mL of anhydrous toluene containing 4 g of APTMS and 4 g of DIEA according to experimental conditions given in Table S1. The suspension was heated at reflux under nitrogen atmosphere for 12 h. The modified silica (ANI@SiO 2 ) was rinsed with 30 mL of THF, dried at 60 °C overnight and stored under vacuum for subsequent uses. Then ANI@SiO 2 was copolymerized with aniline. 500 mg of ANI@SiO 2 was dispersed in 100 mL of HCl aqueous solution at pH = 4 in the presence of 186 mg (2 mmol) of aniline monomer and 123 mg (0.4 mmol) of BP4 template molecule. The BP4 to aniline mole ratio was 1:5. The reaction vessel was cooled to 0 °C in an ice bath and 276 mg of ammonium persulfate (APS) in 2 mL of water was added dropwise. The reaction was run at 0 °C for 8 h. The prepared BP4-PANI@MIP was isolated by filtration and washed repeatedly with water till absence of UV-vis absorption in the filtrate. The precipitate was then dried under vacuum at 40 °C for 24 h. BP4 was extracted from the MIP material first by washing with aqueous ammonia solution (0.3 M) and then with methanol (MeOH) using Soxhlet extraction. Finally, the imprinted polymer (PANI@MIP) was dried under vacuum at 40 °C for 24 h. The full protocol is summarized in Scheme 1. The non-imprinted polymer (PANI@NIP) was prepared using the same protocol in the absence of BP4; it was also subjected to the same extraction cycles. The pH was adjusted with hydrochloric acid (HCl 1 M) and sodium hydroxide (NaOH 1 M) throughout the whole study. The IR spectrum of ANI1@SiO 2 (Figure S2) showed a very strong absorption band at 1200 cm -1 corresponding to the Si-O-Si vibrations of bulk silica and supplementary bands (highlighted by red circles) corresponding to the grafts: symmetric and asymmetric stretching vibrations of C-H bonds at 2930 and 2870 cm -1 and C=C stretching of aniline aromatic ring at 1606 and 1509 cm -1 . IR spectroscopy provided a qualitative confirmation of successful APTMS grafting. [4] Figure S2. IR spectra of non-modified SiO 2 (a) and ANI1@SiO 2 (b).

6 CP-MAS 13 C NMR spectrum also gave such confirmation as all expected peaks of the Npropylaniline moiety were present (Figure S3). Evidence of residual methoxysilyl groups is also given by the 13 C NMR spectrum. This is indeed often the case with trialkoxysilanes, [3,5] especially when grafting takes place in a dry organic solvent. [6] The presence of such residual methoxysilyl groups shows that only part of them (two out of three) actually reacted with surface silanol groups. This is indeed difficult to bind the silicon atom of the silane to a solid surface through three Si-O-Si chemical bonds because it would force changing a lot O-Si-O bond angles around the silicon atom of the silane, thus straining too much chemical bonds.

Figure S3

. 13 C NMR spectrum of organic moiety grafted to modified silica ANI1@SiO 2 .

Supplementary confirmation of grafting came from the observation of the Si-O-Si bonds formed upon grafting by CP-MAS 29 Si NMR (Figure S4). The spectrum showed the Q 4 and Q 3 lines of bulk silica and surface silanols respectively, together with the peaks of the silicon nucleus of grafts bound to silica by one, two and three chemical bonds, denoted T 1 , T 2 and T 3 respectively. [7] So, the plot of Γ/C against Γ is linear and its negative slope gives the binding equilibrium constant K. In case of several types of binding sites with very different binding constants, the Scatchard plot shows several parts with linear behavior. The Scatchard plot for NIP was nicely linear over the whole Γ range, which indicated adsorption to only one type of binding site. In contrast, the Scatchard plot for the MIP included two distinct linear parts, revealing binding to two kinds of non-equivalent binding sites with different affinities. The binding constant of the NIP calculated from the slope was K = 18350 (logK = 4.26), provided BP4 concentrations are expressed in mol•L -1 . The surface concentration of adsorbed BP4 is Γ max = 0.21 µmol•m -2 . Data points for the MIP are too much scattered for the slopes in Scatchard plots allow accurate calculations of binding constants. Scatchard plots just gave evidence of the presence of one type of binding site in the NIP and two types of binding sites in the MIP.

Figure S7

. Scatchard plots for binding data of BP4 to PANI@MIP and PANI@NIP at pH 4.

SI5. Interpretation of equilibrium adsorption using Langmuir isotherms

The Langmuir adsorption isotherm was fitted to the experimental data because this is the most commonly used type of adsorption isotherm. Although the Langmuir theory describes localized adsorption processes on surface sites and should not be used in case of adsorption as a layer of mobile molecules (non-localized adsorption), it is so widely used in the literature that people may wait for its utilization in the present case. The wide use of this model makes it a kind of reference theoretical isotherm. Adsorption on molecular imprints is indeed localized; non-specific adsorption obviously does not and utilization of the Langmuir isotherm is not correct. The Volmer adsorption isotherm was used for non-specific adsorption as a mobile layer in the main part of the present paper. The present section deals with modeling the adsorption data using Langmuir theory for the sake of possible comparison with previous papers of the literature where authors did the same. The Langmuir adsorption isotherm for non-specific adsorption to NIPs assumes it classical form