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Introduction

Among amphiphilic liquid-crystalline (LC) compounds, wedge-shaped derivatives sulfonic acid and it's sodium, imidazole and pyridine salts, etc., are have been well studied. [START_REF] Binnemans | Ionic Liquid Crystals[END_REF] These compounds can form not only lyotropic phases typical for the majority of LC systems in aqueous systems, but thermotropic mesophases in solid state as well. [START_REF] Tschierske | Mоlecular self-organization of amphotropic liquid crystals[END_REF][START_REF] Goodby | Liquid Crystal Phases Exhibited by Some Monosaccharides[END_REF] The type of the mesophase depends on the mesogens' chemical structure and preparation conditions. Previously, we have shown that the compounds with polymerizable groups are able to organize in cubic (Cub) or columnar (Colhd) supramolecular structures with defined morphology during heating or swelling processes in the water pores [START_REF] Hernandez | Bottom-Up Fabrication of Nanostructured Bicontinuous and Hexagonal Ion-Conducting Polymer Membranes[END_REF][START_REF] Chen | Humidity-modulated phase control and nanoscopic transport in supramolecular assemblies[END_REF]. The prepared structure can be fixed by photopolymerization of acetylene or methacrylic groups, giving a mechanically stable film with developed polymer network of bound mesogens [START_REF] Zhang | From Channel-Forming Ionic Liquid Crystals Exhibiting Humidity-Induced Phase Transitions to Nanostructured Ion-Conducting Polymer Membranes[END_REF].

For mesogen with linear side chains, we have shown the existence of metastable bicontinuous cubic phases in a wide temperature range due to the local ordering of the alkyl chains. In this case, reversible "activation" of thin films is possible during heating above the melting point of subcrystals.

However, this method has certain disadvantages. First of all, activation occurs only under saturated vapors of methanol, which is able to penetrate through the amorphous alkyl phase at elevated temperature. Second, water evaporation during heating reduces mechanical stability of the polymerized film. Accordingly, a new activation method of self-assembled thin films was developed based on cooling of the samples below 0 ° C in humid atmosphere. The effect of water crystallization in the geometric constraints of nanochannels on the activation process was established.

Materials and Methods

The synthesis of sodium 4'-[3'',4'',5''-tris(dodecyloxy)benzoyloxy]-azobenzene-4-sulfonate (C12-Na) and sodium 4'-[3'',4'',5''-tris-(octyloxy)benzoyloxy]azobenzene-4-sulfonate (C8-Na) was described in our previous papers. [START_REF] Zhu | Wedge-Shaped Molecules with a Sulfonate Group at the Tip-A New Class of Self-Assembling Amphiphiles[END_REF][START_REF] Zhu | Self-Organization of Polybases Neutralized with Mesogenic Wedge-Shaped Sulfonic Acid Molecules: An Approach toward Supramolecular Cylinders[END_REF] Grazing-incidence small-angle X-ray scattering (GISAXS) measurements were performed at the BM26 and ID10 beamlines of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France) using a custom-designed environmental chamber. [START_REF] Grafskaia | In situ studies of molecular selfassembling during the formation of ionconducting membranes for fuel cells[END_REF][START_REF] Grafskaia | Engineering of ion channels topology in self-assembled wedge-shaped amphiphiles by combination of temperature and solvent vapor treatment[END_REF] The energy of X-ray photons was 12 keV. The s-axis (|s| = 2sinγ/l, where γ is the Bragg angle, l is the wavelength and |s| is the norm of the s-vector) was calibrated using several diffraction orders of silver behenate. X-ray patterns were recorded using a 2D Pilatus 1M camera. The X-ray data analysis, including back-ground subtraction and radial integrations of the 2D patterns was accomplished using home-built routines designed within the IgorPro software package (Wavemetrics Ltd). For the GISAXS experiments, thin films of C12-Na and C8-Na were prepared from chloroform solutions (20 mg/ml) by spin-coating (500 rpm/min) on a silicon wafer substrate.

The phase composition of the thin films at different temperatures was addressed by in situ heating and cooling of the samples in temperature range from -50°C to 100 °C. The change in the phase structure during the water uptake process on thin films was also monitored in situ controlled relative humidity (RH) and temperature.

AFM Imaging was performed in tapping mode using Asylum Research Cypher-S AFM instruments using (equipped with) Oxford Instruments AC240TS medium soft silicon cantilevers with a resonance frequency 67 kHz and spring constant 1.82 N/m, measured by the thermal noise method. The AFM images were analyses using the open source software Gwyddion.

Results

The diffraction pattern of C8Na thin film after swelling upon water vapor for two hours at room temperature demonstrates the presence of two meridional peaks with d-spacings d1 = 57.0 Å and d2 = 61.1 Å related to two phases, denoted as 1 and 2, respectively (Fig. 1a). During cooling, a strong increase in the phase 1 parameter and a gradual increase in the phase 2 parameter can be observed (Fig. 1b). At 0 °C the reflection of phase 1 disappears probably because of destruction. On the contrary, the reflex of phase 2 is maintained with constant d2 below 0 °C. Further cooling to -25 °C did not cause any noticeable changes in the structure (Fig. 1c). Due to the presence of saturated water vapor in the chamber, at -50 °C we detect formation of ice on the film surface and vanishing of the phase 2 (Fig. 1d). Fig. 1e shows the changes in the parameters of both phases during cooling from 25 ° C to -50 ° C. The d-spacing of the phases 1 and 2 increase by 30% and 7%, respectively.

It can be assumed that phase 1 is lamellar one containing two-dimensional water channels. The width of the channels increases during precipitation of water on the film surface below dew point. A weak change of phase 2 parameter indicates that it does not contain water channels. Probably, for these structure hydrophilic regions are not connected to the film surface, that prevents the water vapor diffusion from the atmosphere. In this case, it is the lamellar phase that is equilibrium in the swollen state that is in good agreement with our previous works. [START_REF] Dolgopolov | Humidity-induced formation of water channels in supramolecular assemblies of wedge-shaped amphiphiles: the effect of the molecular architecture on the channel topology[END_REF] Subsequent heating to room temperature leads to recovery of only phase 2 in the region of 71 ° C. To identify phase 2 we have studied the structure of C8Na thin film dried at 200 ° C and measured in a dry nitrogen atmosphere (Fig. 1e,f,g). At room temperature diffractogram reveal pseudohexagonal phase with lattice parameters aph = 51.0 Å and bph = 46.8 Å, γph = 66 ° (Fig. 1e). It is important to mention that the position of the meridional peak with d = 51.0 Å corresponds to phase 2 mentioned above for the swollen film. Thus, phase 2 is pseudo-hexagonal columnar, and characterizes the structure of material in the absence of water channels. Cooling the sample to -25 °C and subsequent heating to room temperature does not lead to significant changes of the structure, which indicates the stability of the columnar phase at temperature below zero (Fig. 1f,g).

Based on the evolution of the C8Na thin film structure in the heating and cooling cycles, we conclude that the pseudohexagonal phase is stable for the dry film while the lamellar phase -for the swollen one. When the swollen film is cooled down, a sharp increase in the alam parameter is observed due to intense water absorption below the dew point. In this case, the width of the twodimensional water channel in the swollen lamellar phase can be calculated as the difference in the d-spacings d1 and d2. Thus, cooling to 0 °C is an effective way to accelerate the swelling process upon saturated atmosphere of water vapor, providing an increase of the water channel width from 6 to 20 Å. Below 0 °C water crystallizes in the confined geometry of nanochannels resulting in braking of the soft LC phase. In contrast, cooling of film containing the columnar phase does not have a significant effect.

An increase in the length of alkyl groups from octyl to dodecyl result in change of the phase behavior of the amphiphilic mesogen (Fig. 2,3). The initial state of the C12Na thin film in the swollen state shows a lamellar phase (аlam = 53.1Å) (Fig. 2a). Cooling the sample from room temperature to -25 °C causes a slight decrease of the lattice parameter (Figure 2b). Reheating to room temperature leads to the recovery of the original structure (Fig. 2c). A weak change in the parameters of the swollen lamellar phase can be explained by hydrophobic nature of the film surface formed by alkyl chains. The regular hydrophobic surface limits diffusion of water molecules to polar regions of the LC phase. Assuming normal orientation of the C12Na molecules in respect to the lamellar layer, we can estimate water channel width r as:

𝑟 = 𝑎lam -2𝑙
where 𝑎lam is the parameter of the lamellar phase, 𝑙 is the length of the molecule (24 Å). The found channel width is 5 Å, which is significantly less than critical nuclei size of ice at -50 °C -about 13 Å [START_REF] Liu | Direct Measurement of Critical Nucleus Size in Confined Volumes[END_REF][START_REF] Mizuguchi | Critical nucleus size for crystallization of supercooled liquids in two dimensions[END_REF]. Thus, the small width of water channels in the swollen C12Na structure prevents the formation of ice nuclei down to -50 °C and provides high stability of the lamellar phase at low temperature. The dry film structure of C12Na at 25 ° C is similar to C8Na (Fig. 3a). A characteristic texture of the monoclinic columnar phase is observed with the following parameters: amon = 57.6Å, bmon = 51.4Å, γ = 55°. Cooling of dry C12Na film leads to certain disordering of the columnar phase and insignificant change of the lattice parameters (Fig. 3c). During heating from -25 to 25 °C the initial structure is fully restored (Fig. 3d,e). Thus, thermodynamically stable at room temperature columnar phase does not undergo changes upon cooling. The reason for the stability of the lamellar phase of C12Na during cooling can be understood from the analysis of wide-angle reflections (Fig. 4). On the WAXS pattern of the swollen film one can see equatorial reflections with d-spacings of 4.5 and 4.0 Å (Fig. 4a). In our previous work, we have observed these reflections in the columnar monoclinic and cubic gyroid phase [START_REF] Grafskaia | An ''on-off'' switchable cubic phase with exceptional thermal stability and water sorption capacity[END_REF]. For wedge-shaped mesogens, they correspond to the local ordering of the alkyl chains with formation of nanometer-sized crystals in the total supramolecular cell [START_REF] Grafskaia | Designing the topology of ion nano-channels in the mesophases of amphiphilic wedge-shaped molecules[END_REF]. In this case, the alkyl chains are oriented perpendicular to the substrate. Thus, in the lamellar phase of the swollen thin film we observe crystallization of the alkyl chains providing formation of a rigid physical network and stabilization of the supramolecular structure at low temperature. During following heating to 25 °C, wide-angle reflections are not observed, which indicates the destruction of alkyl nanocrystals caused by water freezing on the film surface. (Fig. 4b). However, the supramolecular lamellar structure of the C12Na film remains up to 100 °C, where transforms to hexagonal phase with parameter ahex = 58.0 Å. Probably due to the lack of a selected orientation of the alkyl chains in the columns, the formation of a regular physical network in the dry film does not occur. The change in the LC phase in C12Na thin films upon swelling is confirmed by AFM images (Fig. 5). The dry film is characterized by a rough topology with a periodicity about 200 Å (Fig. 5a).

The height of the terraces is 50-60 Å, which corresponds to the columns diameter. After exposure in a humid atmosphere, a sharp decrease in roughness occurs that is typical of lamellar phases (Figure 5b). The height of the terraces increases to 80-100 Å, which significantly exceeds the lattice parameter alam = 53 Å. This can be explained by a more effective swelling process of a film with smaller thickness (1000-3000 Å) used in the AFM experiments. 
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 1 Fig. 1 -The change of lamellar phases lattice parameter during cooling of the swollen thin film C8Na (a). Two-dimensional GISAXS patterns of the swollen C8Na sample during thermal treatment: initial structure at 25 ° C (b); after cooling to -50 ° C (c); after subsequent heating to 71 ° C (d); and dry C8Na sample: initial structure at 25 ° C (e); after cooling to -25 ° C (f), after subsequent heating to 25 ° C (g).
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 2 Fig. 2 -Two-dimensional GISAXS patterns of swollen C12Na samples during thermal treatment: initial at 25 °C (a); after cooling to -25 °C (b), after subsequent heating to 25 °C (c).
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 3 Fig. 3 -Two-dimensional patterns of dry C12Na samples during thermal treatment: initial at 25 °C (a); after cooling to -25 °C (b), after subsequent heating to 0 °C (d), to 25°C (e).
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 4 Fig. 4 -Two-dimensional GISAXS and GIWAXS (inset) patterns of the swollen (a) and dry (b) sample C12Na at room temperature. It is worth mentioning that subsequent cooling of the film from 100 ° C to 25 ° C in the presence of water vapor leads to the recovery of the lamellar structure with wide-angle equatorial reflections.Probably, the diffusion of water vapor through the amorphous alkyl matrix occurs much faster than through the crystalline regions.

Fig. 5 -

 5 Fig. 5 -AFM phase images of the C12Na sample in the dry (column phase) (a) and swollen (lamellar phase) (b) state at room temperature.
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