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Introduction

Main features of cholesteric liquid crystals

The cholesteric liquid crystal (CLC) phase exhibits a helical structure with a twist axis perpendicular to the local molecular director [START_REF] Kelker | Handbook of Liquid Crystals[END_REF][START_REF] Belyakov | [END_REF][START_REF] Dierking | Polymer-modified Liquid Crystals[END_REF] (fig. 1). The term cholesteric was coined in 1922 by Georges Friedel because this state of matter was discovered in cholesterol esters by Friedrich Reinitzer in 1888. [START_REF] Sluckin | Crystals that flow-Classic papers from the history of liquid crystals[END_REF][START_REF] Mitov | [END_REF] Since then, cholesteric-liquid-crystalline states have been found in substances not connected with cholesterol and another name for the CLC phase is the chiral nematic phase, e.g. the (achiral) nematic phase in which a twist is introduced in a direction perpendicular to the long axis of molecules (rod-like molecules as in many thermotropic CLCs). The CLC phase is characterized by two structural parameters: the helical pitch (p) and twist sense. The pitch gives the distance along the axis that corresponds to a rotation of 360 • in the orientation of molecules. The twist sense determines a left-or right-handed helix. When light propagates in the Bragg regime through a CLC slab with a planar texture, the medium produces interference colors and gives rise to the fundamental property of selective light reflection [6][START_REF] Hirschmann | Handbook of Liquid Crystals[END_REF][START_REF] Smith | [END_REF][9][START_REF] Wu | Reflective Liquid Crystal Displays[END_REF][START_REF] Palto | [END_REF] . At the normal incidence (e.g. for light propagating along the axis), 2 the maximum selective reflection occurs at a wavelength λ 0 directly related to p by λ 0 = np, where n is the average refractive index (n = (n o + n e )/2 and n o and n e are the ordinary and extraordinary indices of refraction, respectively, which are measured in directions perpendicular and parallel to the local (uniaxial) director, respectively). The bandwidth ∆λ is related to the birefringence ∆ n = n e -n o and p through the relationship ∆λ = p∆ n .

Incident light with a wavelength λ not included in ∆λ is transmitted. ∆λ is limited to a few tens of nanometers in the visible spectrum because the birefringence of current cholesteric compounds is typically limited to 0.5.

Unlike common mirrors, which reverse the polarisation on reflection, the planar texture reflects light with the same circular polarisation handedness as the twist sense of the cholesteric helix, and the other polarisation is transmitted. This constitutes the polarisationselectivity rule, which is valid only at normal incidence. As a consequence, up to 50% of the ambient unpolarised light at the selective wavelength can be reflected. At oblique incidence, the reflected or transmitted light is elliptically polarised.

State-of-the-art and motivation of the research

The characteristics of the Bragg band are tunable by acting on the following structural parameters: (1) the pitch, (2) the helicity sense and (3) the orientation of the helix (fig. 1).

(1) Modulating the pitch means modulating the reflection color. Earlier contributions have consisted in superimposing several cholesteric cells with different colors. 12 Based on multiple layers and interfaces, this solution can introduce parasite reflections and light scattering, and smooth variations of the pitch are not made possible. From mid-1990s, research activities oriented towards the fabrication of continuous pitch gradients inside single layers. 13,14 (2) In 2006, the reflectance limit of 50% was exceeded by generating both helicity senses in a single layer of gel. 15 The topic of CLC materials with enlarged bandgap, as a consequence of the generation of a pitch gradient, or increased reflectance is reviewed in several articles. [16][17][18][START_REF] Sun | Liquid Crystal Sensors[END_REF] To date, pitch-gradient CLCs have generated much more solutions and publications than dual helicity CLCs.

(3) Fewer are the papers on tilted helices (our present framework). , however it appears that the topic of planar films with a spatially-variable orientation of the helical axis gained some revival in 2017-18 by inspiring different research. [20][21][22][23][24][25][26][27] In 2011, tuning the orientation of the twist and, in return, of the macroscopic color of a CLC slab with a polygonal texture was demonstrated. 28 Polygonal textures (Figure 2(a)), made of an array of micrometer-scale polygonal cells, can be observed in flat CLC films when the helical axis is strongly tilted with respect to the substrates. This situation is promoted in an open film via an hybrid anchoring of molecules, which preferentially align tangentially to the solid substrate on which the CLC is coated and perpendicularly to the air interface. Polygonal fingerprint textures were imaged by optical microscopy in large-pitch low-molar-mass CLCs in the early 1970s. 29,30 In mid-1990s, polygonal textures (in the film plane, like in Figure 2(a) and nested-arc textures (polygonal textures when observed in a transverse direction, as seen in the cross-sectional view in Figure 2(b)) were imaged in CLC oligomers similar to those of the present study by TEM 31 and AFM. 32,33 28 AFM imaging reveals the cone shape of polygons, which are the locus of double-spiral patterned lines. The relief of polygons results from the competition between the surface energy and the bulk (free) energy.

The surface tension minimizes the surface area by rearranging the fluid interface from a planar state to a polygonal field. 29 The energy is lowered by transforming the free surface into a cone, thus reducing the bulk distortion energy at the cost of surface energy. It should be noted that the formation of series of valleys and crests at the free surface of LC films with antagonist anchoring is also observable in nematic LC films. [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF] The double-spiral structures correspond to the adaptation of the cholesteric structure to the relief and the anchoring conditions at the limits: rod-like molecules preferentially align tangentially to the substrate and perpendicularly to the air interface. Close to the air, the twisted structure cannot readily adapt to the anchoring conditions. One solution to this boundary problem is the creation of a series of alternating disclination lines at the surface. 30 Nested-arc patterns (Figure 2(b)) develop because the anchoring at the free surface favors an oblique orientation of the helical axis relative to the surface. Such a situation corresponds to the director distribution of least elastic energy that allows for this surface anchoring together with the bulk planar structure. Recent investigations on polygonal textures have focused on glass-forming oligomers. [START_REF] Bobrovsky | [END_REF][36][37][38][39] After quenching below the glass-transition temperature, the structure and the color properties are stored inside a solid film ready to be handled at room temperature. Polygonal texture may act as a network of microlenses with wavelength-tunable focusing properties (spot or donut). 37 The microlens size plays a role on the focused light intensity and the focal length as well. 40 The cholesteric structure is a recurring design in living matter, in vivo and in vitro, 41 and polygonal textures are found in biological CLCs. In the cuticle of scarab beetle Chrysina gloriosa they were imaged by TEM, 42 SEM 43,44 and fluorescence confocal microscopy 45 .

Singularly, polygons behave as multiwavelength micromirrors in the cuticle of scarab beetle Chrysina gloriosa. 44 Synthetic and biological textures look similar by optical microscopy but their internal structure and their optical response at the scale of single polygons reveal fundamental differences. [START_REF] Agez | Proc. SPIE[END_REF] Revealing the internal structure of thermotropic CLCs was made possible by a variety of imaging techniques such as TEM, 31,[START_REF] Hara | [END_REF]48 SEM, 49,50 AFM, 32,33,51,52 fluorescence confocal microscopy, [53][54][55] multimodal nonlinear optical microscopy 56 or super-resolution stimulated emission depletion microscopy. 57 Our purpose is to perform jointly spectral and spatial determination of CLCs with oblique helicity through a LC-based hyperspectral imaging (HSI), which is a compact and nondestructive technique ideally adapted to our objectives. Although LCs have already been used to perform multispectral imaging, 58 and, recently even HSI, 59,60 they have not been,

to date, the subject of an HSI study. Spectro-spatial properties of the polygonal texture are measured with unprecedented spectral resolution for tilted CLCs, that is 6 nm over 400-1000nm. In particular, we demonstrate that a fine tuning of the spectral characteristics of the bandgap is possible into the part of a polygon in which the orientation of the helix axis is spatially changing. A correlation between spatial changes as shown in Figure 2(b) and spectral changes is therefore made possible.

2 Experimental setup

Material and preparation of samples

CLC oligomers from Wacker Chemie GmbH were used. [START_REF] Kreuzer | Organosilicon Chemistry Set[END_REF] The molecule consists of a siloxane cyclic chain to which two types of side chains are attached via aliphatic spacers: an achiral mesogen and a chiral mesogen (the chemical formula is given in [START_REF] Agez | [END_REF] ). The pitch and the reflection wavelength depend on the molar percentage of chiral mesogens. We chose Silicon indices are assessed to be n 0 = 1.4 and n e = 1.6. 63 The cholesteric phase appears between 180-210 • C (clearing temperature range) and 40-50 • C (glass-transition temperature range).

We were easily able to freeze the film into a glassy solid state by simple thermal quenching on a metal plate after annealing. Advantageously, the optical film can be studied at room temperature.

The film was confined between two glass substrates (plate plus cover lamella) separated by spacers. The thickness of the film was found equal to 31.5 ± 1.5µm, as measured by interference method (based on the wave interference due to the internal reflection between the two inner surfaces of the cell substrates 64 ). No surface treatment or alignment layers were used. The samples were kept in the cholesteric phase at 105 • C for 5 minutes. After quenching, the film changed from a viscous to a glassy solid state. The samples were kept at a low temperature (2 • C) for 5 minutes in order to remove the cover lamella and to obtain a smooth interface. The film is kept in a viscous state at 140 • C for 85 minutes. The polygonal texture spontaneously nucleates and grows. The film was finally quenched at room temperature.

Salient features of the hyperspectral imaging instrument

HSI delivers the image of a given sample, spectrally-resolved with numerous, narrow and adjacent spectral bands. [START_REF] Grahn | Techniques and applications of hyperspectral analysis[END_REF] To do so, several methods have been proposed, among which the combination of a Fourier spectrometer with an imaging system provides high-spectral resolution with high signal-to-noise ratio. [START_REF] Griffiths | Fourier Transform Infrared Spectrometry[END_REF] In this approach, the Fourier spectrometer is either an intensity or a polarization interferometer.

In the current experiment, we make use of a formerly described LC-based HSI instrument, sized so that two nematic LCs act as a Fourier spectrometer. 59,[START_REF] Jullien | Proc. SPIE Slow Light, Fast Light and Opto-Atomic Precision Metrology[END_REF] Here, we summarize the principle and performances. The principle consists in considering electrically-driven nematic LC cells as a Fourier spectrometer when appropriately sized and driven with a dynamic voltage step (Figure 3). The introduced optical phase-shift is then governed by the molecular orientation, tuning the LC birefringence. Once inserted into an imaging system with a 2D detector in the image plane, this polarization interferometer becomes an imaging spectrometer, or instrument for hyperspectral imaging. Collinear and free from moving parts, the setup is characterized by compactness and robustness.

Our approach has enabled to achieve a high spectral resolution over a broad spectral bandwidth for the following reasons. The spectral resolution of a Fourier spectrometer is inversely proportional to the introduced phase shift. To optimize this value, one needs to consider using a thick birefringent medium. We have thus demonstrated the ability to exploit the birefringence of thick nematic cells (200µm), and to control them dynamically. In order to avoid diffusion and optical losses due to the Freédericksz transition in thick nematic layers, [START_REF] Dipietro | [END_REF] we exploit the transient relaxation of the molecules. By applying a bias voltage onto the cell, LC molecules are brought out of equilibrium, then, the voltage is switched off, and LC molecules are dynamically driven back to their rest position. As the voltage step is applied, a fast scan of the optical phase shift is obtained. Finally, the interferometer is calibrated thanks to broadband spectral interferometry with femtosecond laser pulses. 69,70 As a result, the instrument output is an image with 512*128 pixels, each of them being spectrally resolved with a 6 nm resolution over 400nm-1000nm, that is a data set of 13.3M

points. Extracted results then include the spectral transmittance or reflectance of a given pixel or cluster of pixels, but also monochromatic images of the sample (one hundred available between 400nm and 1000nm), and finally the typical hyperspectral datacube. [START_REF] Grahn | Techniques and applications of hyperspectral analysis[END_REF] Hyperspectral imaging will thus undoubtedly provide a novel and enriched insight of the studied material. Furthermore, the proposed instrument is adapted to transmitting and reflective microscopy with a high field of view, and therefore particularly suited to image a CLC with polygonal texture. As underlined previously, this texture presents some contrasted wavelength-tunable light shaping properties on a micrometer spatial scale. 

Results and discussion

Hyperspectral imaging in transmission

We first focus on the transmission study (the beam enters the sample from the side with the substrate). The main results appear in Figure 5.

The monochromatic images of a cluster of polygons are first shown in Figure 5(a). The wavelengths (553nm, 587nm, 621nm, 667nm, 692nm, 767nm) are arbitrarily chosen among the one hundred available, as they enable to picture the evolution of the transmitted pattern.

In the Bragg band and band-edge (images 553nm and 587nm), the light is mainly focused into the central part of the polygons, with a slightly narrower pattern and a lower transmission in the Bragg band. Indeed, due to the polarization-selectivity rule, no more than 50% of unpolarized incident light is reflected by a CLC slab with planar Grandjean texture. In the red band (images 692nm and 767nm), the pattern is inverted, as mainly the surrounding edges of the polygons focus this part of the spectrum, leading to a cluster of donut shapes.

Between the band edge and the red band, one can see the progressive vanishing of the patterns, as the two spatial area (top of the polygon and lateral side) contribute to the transmission.

These observations are supported by the fine spectral distribution analysis of the image.

We isolate the image of one polygon, as shown in Figure 5(b) and resolve the transmitted spectrum of each pixel. Figure 5(b) then compares the spectra from the center and the edge of the polygon, underlying their different spectral contribution. The maximum spectral intensity belongs to the band edge for the center with an optimum transmission around 600 nm, and to the red band for the edges. In the latter case, the maximum transmission is located around 750 nm.

Finally, these results are illustrated by the hyperspectral data cube (Figure 5(c)). A quarter of the polygon is deliberately selected, so as the lateral spectral maps underline the change of spectral transmission. Therefore, even in the mesoscopic spatial scale involved here, one can appreciate at a glance the spectral gradual changes simultaneously with the spatial modulation of the intensity.

To conclude this part, the HSI technique enables to spatially resolve the transmission spectrum of samples exhibiting chromatic patterns on a mesoscopic scale, with a spectral resolution much higher than conventional multispectral microscopy, usually limited to a few tens of nanometers. 37,58,71 The instrument is thus adapted to deepen the characterization of For reflective measurements, the HSI module is moved in reflection mode and the free surface of the sample is exposed to the incident beam. defined as follows :

λ CM = λI(λ)dλ I(λ)dλ (1) 
The spectrum of the light reflected in the center of the polygon is red-shifted compare to the main Bragg reflection, the whole spectral shift being spread over 30 nm only, with clear-cut increments of 6 nm. Although quite significant, the spectral shift is too narrow to be detected with traditional colored filters and a high-spectral resolution technique is necessary.

The explanation of the spectral shift resides in the conception of the polygonal texture. As mentioned in the introduction, the pattern relies on a twisted structure whose the orientation of the helical axis is slightly changing into the volume of the lateral part of a polygon.

Transmission electron microscopy images have given a direct evidence of this situation. 28 This spatially-variable orientation of the twisted structure is accompanied with the spatial light-shaping property and its spectral dependence. In reflection, the orientation-changing twist is associated to a change of the Bragg band following: 16

λ 0 = npcos(θ) (2) 
with n the average refractive index of the LC, p the pitch of the helix and θ the angle between the helical axis and the direction of the incident light, which is kept as constant (normal to the film surface). Therefore, the HSI measurement of the transverse modulation of the central reflected wavelength enables to directly picture the local tilt of the helical axis on a micrometer spatial scale. To deduce θ from our measurements, we consider an average refractive index n = 1.5 and a pitch p = 330nm. The results obtained across a y-crosssection of Figure 7(a) are shown in Figure 7(d). The helical axis is found twisted by nearly 20 • between the center and the edges of the polygon.

The HSI technique thus provides an original optical description of a complex twisted structure and supplies the measurement of the local oblique character of the helical axis.

15

To conclude, we have applied a compact liquid-crystal based hyperspectral imaging system, both in transmission and reflection, to a CLC with oblique helicity. The analysis of the transmitted light has confirmed the wavelength-tunable light shaping properties of the polygonal texture, seen as a micro-lenses array, with unprecedented spectral resolution (6nm over 400nm-1000nm spectral bandwidth). These spatio-spectral properties have been emphasized through the reconstruction of the hyperspectral data-cube of a quarter of a polygon.

Furthermore, the reflected light analysis of a single polygon (lateral dimension below 15µm) has revealed the local tilting of the CLC helical axis, that is the bulk distortion constituting the texture. The signature resides in the fine tuning of the spectral characteristics of the bandgap into the part of a polygon in which the orientation of the helix is spatially changing.

To date, such a spectral resolution was not solved in tilted CLCs. A correlation between spatial changes, as imaged by the past, and spectral changes has been made possible with the proposed simple and non-destructive imaging method.

Additionally, these results have demonstrated the interest of hyperspectral imaging for the precise study of complex cholesteric components, also existing in biological samples. It thus opens many perspectives to enrich and deepen our knowledge on the fine structure of these materials.

Figure 1 :

 1 Figure 1: Schematic representation of a cholesteric liquid crystal. p is the helical pitch.

Figure 2 (

 2 b) gives the three-dimensional representation of the polygonal texture by combining different microscopy methods.

Figure 2 :

 2 Figure 2: (a) Polygonal textures observed in the cholesteric material of the present study by optical microscopy in transmission (unpolarized light) and reflection (crossed polarizers) modes. The white arrows indicate the crossed polarizers orientation for the reflection mode. The micrographs reveal a mosaic of polygons with various sizes. (b) 3D structure of the polygonal texture by combing different microscopy methods: atomic force microscopy (AFM), optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 28 The dotted lines link polygon vertices. ©The authors 2011.

Figure 3 :

 3 Figure 3: Experimental setup. The sample is positioned in the confocal plane of two microscopic objectives and illuminated with unpolarized white light. A beam splitter enables to collect the reflected light.The HSI instrument consists in two nematic LC cells comprised between two parallel polarizers and a fast camera. The anchoring conditions are planar (splay configuration) for both cells. The first polarizer creates two crossed-polarized waves propagating with different velocity in the birefringent nematics. One thick cell (200 µm), electrically-addressed, provides a tunable optical path delay between the two polarization directions. This cell is dynamically driven : the bias voltage (V b (t)) controls the nematic molecular orientation (θ), so as to tune the introduced optical phase-shift (∆φ(t)), as indicated in the inset. The voltage step is 10V-0V and the overall introduced phase shift is 104π rad. A thin static cell, with crossed orientation with respect to the first one, is used as a temporal offset. The analyzer then permits the interference of the two phase-shifted waves. The module can be alternatively positioned in the transmitted or reflected beam, with the detector in the image plane. The images are then acquired every 8 ms during the nematic cell relaxation (2min) before Fourier treatment of the data.59 

59

 59 Figure 3: Experimental setup. The sample is positioned in the confocal plane of two microscopic objectives and illuminated with unpolarized white light. A beam splitter enables to collect the reflected light.The HSI instrument consists in two nematic LC cells comprised between two parallel polarizers and a fast camera. The anchoring conditions are planar (splay configuration) for both cells. The first polarizer creates two crossed-polarized waves propagating with different velocity in the birefringent nematics. One thick cell (200 µm), electrically-addressed, provides a tunable optical path delay between the two polarization directions. This cell is dynamically driven : the bias voltage (V b (t)) controls the nematic molecular orientation (θ), so as to tune the introduced optical phase-shift (∆φ(t)), as indicated in the inset. The voltage step is 10V-0V and the overall introduced phase shift is 104π rad. A thin static cell, with crossed orientation with respect to the first one, is used as a temporal offset. The analyzer then permits the interference of the two phase-shifted waves. The module can be alternatively positioned in the transmitted or reflected beam, with the detector in the image plane. The images are then acquired every 8 ms during the nematic cell relaxation (2min) before Fourier treatment of the data.59 

2. 3 Figure 4 :

 34 Figure 4: Experimental spectral transmission of the CLC sample and definition of three relevant spectral bands (see text).

Figure 5 :

 5 Figure 5: HSI analysis in transmission. (a) Some chosen monochromatic images of an array (30µm by 40µm) of polygons. The dashed white ZOI refers to (b). (b) Zoom on a polygon (represented in false colors) and measured transmitted spectral intensity for two spatial area: center and edge of the polygonal structure. The line color refers to the star color in the image and the shaded area is the lamp spectrum shown for comparison. (c) Hyperspectral data cube of a quarter of a polygon.

Figure 6 :

 6 Figure 6: Unpolarized light microscopy in reflection of the sample. Dashed white line indicates the Z.O.I. The color plot is the monochromatic image of Z.O.I issued from HSI analysis for λ = 531nm (HSI module is in reflection mode).

Figure 6

 6 represents the sample in the image plane. The first step of the analysis consists in extracting the monochromatic image of the zone of interest (Z.O.I.) chosen in Figure6, corresponding to the maximum of spectral reflection, that is λ = 531nm, close to the center of the Bragg band. The polygons edges are then particularly bright, they mainly contribute to the light reflection in the spectral Bragg band.To go further, we isolate the large polygon on the left of the Z.O.I. (Figure7(a)) and analyze the spectral evolution of the reflected light from the polygon edge to the center (along y direction). A background originating from partial lamp reflection on the substrate is subtracted. The resulting spectra are shown in Figure7(b). From the edge to the center, in addition to a progressive decrease in intensity, one can see a red-shift of the maximum spectral intensity. This observation is confirmed by plotting the 2D spatial map of the spectral center of mass (λ CM ) for each detected pixel (Figure7(c)), the center of mass being Spectral center of mass[nm] 

Figure 7 :

 7 Figure 7: HSI analysis in reflection (a) Zoom on a large polygonal structure registered with the full white light spectrum (400nm-1000nm) and plotted in false colors. (b) Measured reflected spectral intensity along the y 0 direction indicated with the white arrow (a). The line colors refer to the position on y 0 and the spatial increment between two spectra is ∼ 0.5µm. The background spectrum originating from the lamp reflection on the substrate is subtracted. (c) Color-map of the spatial distribution of the center of mass of the reflected spectra. (d) Grey : Measured spectral center of mass as a function of y along the y 1 direction indicated with the red arrow in (a). Red : deduced local orientation of the helical axis (θ).
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