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The cholesteric-liquid-crystalline structure, which concerns the organization of chromatin, collagen, chitin, or cellulose, is omnipresent in living matter. In technology, it is found in temperature and pressure sensors, supertwisted nematic liquid crystal displays, optical filters, reflective devices, or cosmetics. A cholesteric liquid crystal reflects light because of its helical structure. The reflection is selective-the bandwidth is limited to a few tens of nanometers and the reflectance is equal to at most 50% for unpolarized incident light, which is a consequence of the polarization-selectivity rule. These limits must be exceeded for innovative applications like polarizer-free reflective displays, broadband polarizers, optical data storage media, polarization-independent devices, stealth technologies, or smart switchable reflective windows to control solar light and heat. Novel cholesteric-liquid-crystalline architectures with the related fabrication procedures must therefore be developed. This article reviews solutions found in living matter and laboratories to broaden the bandwidth around a central reflection wavelength, do without the polarization-selectivity rule and go beyond the reflectance limit.

Introduction

The Cholesteric Liquid Crystal Phase

The term cholesteric was coined in 1922 by Georges Friedel [1] because this state of matter was discovered in cholesterol esters by Friedrich Reinitzer in 1888. [2] Since then, cholesteric-liquidcrystalline states have been found in substances not connected with cholesterol. Another name for the cholesteric phase is thus the chiral nematic phase, which stems from the fact that the phase is indeed the chiral version of the nematic phase, as shown below.

Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. If the structure were cut in a direction perpendicular to the helical axis, local nematic order would appear. A nematic liquid crystal (NLC) phase is an achiral phase that exhibits a purely orientational order of elongated molecules. The cholesteric structure is often drawn as a stack of layers with an orientational order of molecules in each plane and a rotation by a constant angle of each plane with respect to its neighbors. However this representation is only a guide for the observer and these layers have no physical reality; the CLC phase is not a layered system, whereas the smectic LC phase is: the molecules are preferentially located in layers, with an orientation normal (oblique) to the layers in the smectic A (C) phase. When the CLC structure is modeled as a layered system [3,4] , each layer behaves Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. Review 4 like a uniaxial anisotropic medium with the slow axis parallel to the rod-like molecules and the fast axis perpendicular to them. The two axes twist regularly and without discontinuity from "layer" to "layer". When light propagates through a CLC in the Bragg regime (see section 1.2.1), the medium behaves like a multilayer system, which produces interference colors.

The cholesteric phase is characterized by two structural parameters: the helical pitch p and the twist sense.

(i) The helical pitch p gives the distance along the helical axis that corresponds to a rotation of 360° in the orientation of the rod-like molecules (Figure 1.b). Owing to the head-tail symmetry of the molecules, the periodicity of the cholesteric phase along the helix axis is given by half the pitch. The magnitude of the pitch can vary considerably from a few tens of nanometers to many micrometers.

When a small quantity of chiral dopant is added to a NLC, and if miscibility conditions are satisfied, the achiral NLC phase is easily transformed into a CLC phase. This effect can be revealed by a number of measurements including circular dichroism, optical rotation, and helical twisting power (HTP). Circular dichroism and optical rotation can be measured in the chiral isotropic phase whereas HTP can only be defined in anisotropic phases (i.e., chiral NLC and chiral smectic LC phases). The HTP quantifies the ability of a chiral dopant to induce twist deformation of the molecular director in an achiral LC. This parameter is intrinsic to the given chiral dopant and depends on the host-guest combination [5] . For a CLC, it reflects the amount of dopant needed to obtain a given pitch. In some limited range of low concentration, the pitch is inversely proportional to the concentration C, the HTP , and the enantiomeric excess (ee) [START_REF]ee is used to quantify the efficiency of an asymmetric synthesis. Although enantiomeric excess values cover a range from -100% to +100%, most of time the absolute value |ee|[END_REF][START_REF] Leung | [END_REF] of the dopant: p = 1/(.ee.C).

(ii) The twist sense determines a left-or right-handed helix and depends on the configuration of the chiral group(s) within the molecule. To date, no means exist to predict which chiral molecular configuration will give a certain helix handedness. There is no simple correlation between the twist sense and the handedness of a chiral dopant. Although empirical rules exist, the question of the Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. Review 5 relationship between the macroscopic phase chirality and the molecular chirality still awaits a conclusive answer. [START_REF] Kuball | Chirality in Liquid Crystals[END_REF] Both the absolute value of the pitch and the sign of the twist sense of a given material may be influenced by several factors that are not necessarily related to chirality. For example, the twist sense may be different for the same chiral dopant in different NLC hosts. [START_REF] Stegemeyer | [END_REF]10] 1. 1.2

. Cholesteric structure in living matter

The study of liquid crystals offers very interesting insights into many physical aspects of biological morphogenesis and provides a considerable source of inspiration for the fabrication of biomimetic systems, as examples of topical research subjects. Their study is essential to develop ideas about the miniaturization of sensors or actuators, implants of biomechanical interest, and controlled-release drugs. [11] A great number of tissues, cell membranes, and organelles show an organization that is related to the molecular structure of nematic (e.g., myofibrils in striated muscle), smectic (e.g., phospholipid bilayers), and cholesteric LC phases. [11][12][13] Chirality is one of the most important features of living matter. Cholesteric-liquid-crystalline structures are omnipresent in living matter and are involved in the organization of cholesterol esters, [START_REF] Small | Surface Chemistry of Biological Systems[END_REF] in vivo and in vitro chromatin (a combination of DNA and proteins), [START_REF] Bouligand | [END_REF][16][17] polysaccharides and cellulose derivatives, [18,19] collagen in cornea, [20] compact bone [21] or fish scale, [22] or chitin in cuticles (outer shells) of crabs, [23] insects, [24] , and many arthropods. [START_REF] Neville | Biology of Fibrous Composites[END_REF][START_REF] Bouligand | [END_REF][START_REF] Bouligand | Liquid crystalline order in polymers[END_REF] The first secretory step in the formation of bones and arthropod carapaces involves the hardening of the organic matrix, which exhibits a liquid crystalline organization, due to crosslinks between the biopolymer molecules and subsequent mineralization.

The implications and the complete role of the cholesteric structure in living matter are far from being fully defined.

Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Cholesteric structure in man-made materials

The twisted structure of the CLC phase concerns many applications in optics. Lyotropic LCs are very widely used in cosmetics and beauty cares. [START_REF] Engels | [END_REF] CLC formulations may be used to screen UV light and, in make-up cosmetics, as a coloring agent to obtain opalescent and striking iridescent visual effects that depend on the incidence angle of the light and the angle of observation. Temperature and pressure sensors, [29] supertwisted nematic LC displays (LCDs), [START_REF] Hirschmann | Handbook of Liquid Crystals[END_REF] tunable bandpass filters and rewritable color recordings, [START_REF] Tamaoki | [END_REF] polarizer-free reflective displays, [START_REF] Wu | Reflective Liquid Crystal Displays[END_REF] lasing applications, [START_REF] Palto | [END_REF] or smart-window prototypes take advantage of the optical properties of the cholesteric phase. Ref. [34] reviews several recent advances in the field.

The cholesteric structure has very far-reaching implications in technology-especially in optics and photonics. [START_REF] Kelker | Handbook of Liquid Crystals[END_REF][START_REF] Belyakov | [END_REF][START_REF] Mitov | Les cristaux liquides[END_REF][START_REF] Dierking | Textures of Liquid Crystals[END_REF][START_REF] Osipov | [END_REF] As discussed below, a properly oriented slab of CLC is a multifunctional material: it is at the same time a reflector, a notch filter, a polarizer, and an optical rotator.

Main Optical Properties of Cholesteric Liquid Crystals

Selective light reflection and optical activity

The helical structure of CLCs gives rise to the fundamental property of selective reflection of light. This phenomenon can readily be observed by the naked eye as an iridescent color when the CLC confined between glass plates presents a planar texture-for which the helical axis is perpendicular to the surfaces-and the pitch p is in the range of the wavelength of visible light. At normal incidence Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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(i.e., for light propagating along the helical axis), the maximum of selective reflection occurs at the wavelength 0 which is directly related to p by 0 = np where n is the average refractive index [n = (no+ne)/2, where no and ne are the ordinary and extraordinary indices or refraction, respectively, and which are measured in directions perpendicular and parallel to the local (uniaxial) director, respectively]. Circularly polarized (CP) light having the same sense as the helix twist is totally reflected (more details in the following section), a property that is often referred to as Bragg reflection by analogy with X-ray diffraction, although only the first-order Bragg reflection is possible for normal incidence. All order reflections occur at oblique incidence or when the helical structure is distorted. 
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8 pitch lengths, to finally give a flat-topped peak under the condition that the texture remains perfectly planar (i.e., the helical axis is everywhere perpendicular to the surfaces of the cell). Above a threshold thickness, the cholesteric slab will indeed have a tendency to exhibit a light scattering focal-conic texture. The reflection properties of cholesteric liquid crystals at normal incidence are described by the theory of de Vries. [226] The small subsidiary oscillations (or side lobes) are a direct consequence of a phenomenon of interference between the two surfaces of the sandwich cell confining the cholesteric layer. [START_REF]The subsidiary maxima are sometimes called Pendellösung fringes by analogy with the case of X-ray or neutron diffraction by perfect crystals. The phenomenon of Pendellösung consists of the beating inside a crystal of two coherent wave fields originated by double refraction in the case of Bragg reflection. By knowing the thickness of the cholesteric layer, it is possible to deduce the value of the average refractive index n from the separation  between two adjacent minima of order n and (n + 1), when observed experimentally. Reciprocally, the layer thickness may be deduced[END_REF]228] The sinusoidal modulation of the profile of oscillations strongly depends on the film thickness.

The reflectance properties are very often deduced from transmittance spectra (Figure 2) when investigations are made with clear-cut planarly oriented cholesteric samples that do not absorb or scatter light. The reflection color depends on: (i) parameters proper to the material such as the molecular chirality or the concentration of chiral dopant, the pitch, and the optical indices; (ii) external parameters such as temperature, mechanical pressure, electric or magnetic field, angle of incidence of the light (0 = npcos where  is the angle between the helical axis and the direction of propagation), the polarization of the incident light, radiation (in the case of photoinduced effects due to the presence of photoswitchable molecules), or the geometry of the experimental cell (e.g., treatment of surfaces, gap value).

At normal incidence, the bandwidth  is related to the birefringence n (n = neno) and p by:  = pn. Incident light with a wavelength  out of  is simply transmitted.  is currently measured like the width of the band gap at half height.  is limited to a few tens of nanometers in the visible spectrum because the birefringence is typically limited to 0.5. This limit is not a problem when the selectivity of the light reflection is desired for many applications such as narrow-band polarizers and filters, thermography, and, more generally, for sensors. However, the bandwidth must be Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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dramatically increased for innovative applications like full-color or white-on-black reflective polarizer-free displays, broadband polarizers, organic optical data storage media, or smart switchable reflective windows to control solar light and heat. When a conventional (absorptive) polarizer is exposed to unpolarized light, one of the two orthogonal linearly polarized components of the light is transmitted whereas the other component is absorbed by the polarizer. At best, only 50% of the incident light emerges as polarized light, which is a relatively low efficiency. Another drawback is related to the absorption of the nontransmitted component, which may give rise to heating of the polarizer and uncontrolled changes in the properties of the polarizer. At high incident light intensity, it can even lead to the destruction of the polarizer. With cholesteric broadband polarizers, it is possible to convert unpolarized light into polarized light very efficiently and over a broad range of wavelengths.

Considering all fields of research, circularly polarized light restricted to a narrow frequency range is a major limitation in many applications. [40] Increasing the birefringence n, and consequently increasing , may be done by synthesizing tailor-made compounds; namely, highly polarizable groups with high electron density (benzene rings, polyaromatic systems, or acetylene linking groups), [41] nematogens laterally attached to a polymer backbone via a flexible spacer, [42][43][44] or chiral side-on tolane acrylates. [45] However, CLC materials with very high birefringence are difficult to synthesize; they may have poor stability and absorption bands in the wavelength region of interest. In any case, the maximum n that can be obtained is 0.5. In fact, most of time, n is less than 0.3, so that the associated  is less than 100 nm (typically ranging between 30 and 50 nm). Novel helical liquid crystalline architectures are therefore desirable. For these fundamental reasons, the fabrication of advanced cholesteric materials with a broad band gap is thus challenging.

The helical structure of CLCs gives rise to an exceptionally large optical activity, which occurs on each side of the reflection band. An optical rotation up to 10 3 to 10 5 °/mm may occur in the visible Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. Review 10 spectrum, compared with typically values between 0.01 and 100 °/mm for a chiral liquid (e.g., sugar water) or a crystal (e.g., quartz). The wavelength regions for optical activity are separated by the Bragg band and have opposite signs of rotation. The optical rotation of a CLC depends strongly on the wavelength  of the incident light. When the light is transmitted along the helical axis and in the socalled Mauguin regime (<<p), [46,[START_REF] De Gennes | The Physics of Liquid Crystals[END_REF] the direction of the polarization of the incident light rotates in the same sense as the twist direction. This mode is used in twisted nematic LCDs.

Polarization-selectivity rule

Consider incident light that is linearly polarized, which can be thought of as consisting of a left-and right-handed CP component. At 0 and normal incidence, one of these components is fully reflected by the CLC structure and the electric field pattern in the reflected wave is a helix identical in shape to the cholesteric helix, which contrasts strongly with reflection from a common mirror that undergoes a 180° phase shift upon reflection and changes handedness. The other component is simply transmitted.

Right-hand circularly polarized (RHCP) and left-hand circularly polarized (LHCP) light are defined, following the usual convention, [START_REF] Born | Principle of Optics[END_REF] as the electric field vector rotating clockwise and counterclockwise, respectively, when viewing into the light source; that is, opposite to the direction of light propagation.

The fact that the reflected light is circularly polarized with the same handedness as that of the CLC structure constitutes the polarization-selectivity rule, which is valid only at normal incidence. At oblique incidence the reflected or transmitted light is elliptically polarized. Thus, a CLC cannot reflect more than 50% of normally incident unpolarized light and reflects 0% when the incident beam is circularly polarized with a handedness opposite that of the CLC. However it might be desirable to increase the reflectivity for hyper-reflective (polarizer-free) displays, stealth technologies (also termed low-observable technologies), electro-optical glazing structures (to Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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dynamically control electromagnetic radiation), and, more generally, polarization-independent photonic devices (since very high contrast occurs when the right-and left-handed structures reflect the same wavelength). The development for technological applications of novel cholesteric-liquidcrystalline structures that do not obey the polarization-selectivity rule is therefore challenging.

Scope of Article

This article is the first review devoted to the broadening of the reflection band in CLCs. We discuss herein the solutions found in living matter and in laboratories:

 to broaden the bandwidth around a central reflection wavelength (section 2);  to go beyond the polarization-selectivity rule (section 3); namely, to increase the reflectance above the usual limit of 50% for unpolarized incident light and, more generally, to associate CP reflection bands with both helicities.

This review focuses on:

 experimental procedures;  the relationship between optical properties and a given structure;

 optical properties at equilibrium: the fabrication procedure of the material results in the broadening of the band gap, which is thereafter maintained;  the broadening of the band gap as a result of light propagation in the z direction; that is, transverse to the CLC layer. This condition allows for uniform optical quality and offers great potential for high-contrast CLCs;

 normal incidence.
Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Topics that are out of the scope of the review include:

 multiple band gaps [49][50][51][52][53][54][55][56][57][58][59][60][61][62][63][64][65] for which the reflection consists of the sum of well-defined (separate) narrow peaks;

 cells with different colors in the x-y plane of the layer; [66][67][68][69][70][71][72][73]  broadening of the band gap such as occurs for light scattering, but not reflection, from a polydomain focal-conic texture; [74]  nonequilibrium conditions such as field-induced [75][76][77][78][79][80] , light-driven [81][82][83][84] , stress-induced, [85] or thermally controlled [60,86,87] broadening of the band gap. The basic property disappears at the same time as the stimulus, or is not displayed if the temperature program is not followed;  increased reflection and coexistence of double-handed CP reflection bands as an expected consequence of oblique incidence. [88][89][90][91][92][93][94][95][96][97][98][99] The basic property disappears at normal incidence.

Broadening the Wavelength Band Gap

Multilayer system: from cuticle of Plusiotis boucardi to synthetic materials

The cuticle of crustaceans and insects is a composite material made of an organic matrix, mainly proteins and chitin (a linear polymer of acetylglucosamine), and a mineral (mainly calcite). The organic matrix is studied after decalcification: the biological fibrils exhibit a twisted organization, which is nothing else than the biological version of the CLC structure. The cholesteric organization is found in the organic matrix of many beetles and is responsible for their iridescent colors, which have fascinated people since the ancient Egyptians, who regarded scarab beetles as sacred objects. As long ago as 1911, [100] Michelson studied their unusual optical properties, such as their ability to reflect mainly LHCP light and not RHCP light.

Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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The cuticle of the beetle Plusiotis boucardi exhibits reflections in the green and red [101] (Figure 3).

Investigation of cross-sections of the elytra by transmission electron microscopy (TEM) has revealed

the existence of several (curved) layers in the organization of chitin molecules. The green and red reflections come from two CLC structures with distinct pitches (310 and 370 nm). The shorter pitch is at the top of the stack; an orange reflection occurs at 588 nm but arises from an interference effect between the layers. The biological function of two reflection colors is currently under debate. It would be interesting to explore the possible link between the characteristics of reflection spectra and the sensitivity of the beetle's photoreceptors. Many arthropods are known to be sensitive to polarized light. 
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The synthetic replication of cholesteric layers with different pitches is discussed in Refs. [102-110]. Several authors show that colors of superimposed CLC coatings sum to produce a gamut greater than that obtained with inks, dyes, and pigments. Several applications for such coatings exist in the field of optical data storage, for which are used stacks of solid layers of CLC polymers (Figure 4) or glass sandwich cells in which a low-molar-mass CLC is infiltered. Although the idea of stacking cholesteric layers with different pitches to increase  seems to be a simple solution, the implementation of a multilayer material in a device is a complex task as compared with the case of inserting a single layer in a single sandwich-cell. This is all-the-more true when the field switchability is the goal. In addition, physicists working in the field of optics do not like to stack many layers or cells because limits and undesired effects may rapidly appear, such as multiple internal reflections, optical defects, or losses at interfaces. For these reasons, several research groups have put their efforts into fabricating a single cholesteric layer with a graded structure and periodicity-like a pitch gradient.

Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Pitch gradient: from cuticle of Carcinus maenas to polymer-based composite materials

The school of nature

The twisted structure of chitin and protein fibrils in the cuticle of arthropods is recognizable by a characteristic pattern that consists of a set of parallel series of nested arcs, which are observed in thin sections prepared for TEM, as shown by Bouligand. [23] The cholesteric structure of the cuticle of the crab Carcinus maenas exhibits a pitch gradient [12,111] (Figure 5). The distribution of the pitch varies greatly, even in the most regular regions, from 0.25 to 10 m, and reflection mainly occurs in the IR.

The question of a hypothetical biological function of such an arrangement remains unsolved. We may speculate that Carcinus maenas is equipped with a reflector to avoid overheating, which can be useful when the crab spends a lot of time on the beach; in that sense, a broadened bandwidth is understandable. Although experiments on IR reflections from the cuticle of arthropods were done in the past, [112][113][START_REF] Richards | The integument of arthropods[END_REF] modern characterizations and research in this area are still missing. TEM investigations of pitch gradient structures in several insect cuticles have also been reported. [24,[START_REF] Neville | [END_REF] Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. 
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Thermal diffusion between layers

Being thus inspired by biological materials, a pitch gradient may be generated in a cholesteric structure by using glass-forming cholesteric oligomers [116][117][118][119][START_REF] Mitov | Liquid Crystals V[END_REF][START_REF] Zografopoulos | [END_REF] (Figure 6). Two thin cholesteric films with red and blue colors are separately coated onto a glass plate, following which a sandwich cell including spacers is fabricated. The cell is then annealed at a temperature above the glass transition temperature Tg (50 °C). Consequently, a transverse concentration gradient is generated, evidence of which is found by Raman spectrometry. [122] Finally, the material is simply quenched at room temperature (RT) and the gradient is frozen in the glassy solid film. The band-gap features may be tuned simply by varying the annealing time (Figure 7.a). For example, for 25 min annealing time, the transmittance exhibits a broad band gap with a plateau in the visible spectrum. TEM has shown that a regular and continuous transverse pitch gradient is at the origin of the optical response. In the fingerprint texture of the TEM micrograph shown in Figure 7.b, the distance between two bright (or dark) lines is related to the half pitch; the origin of the TEM contrast is discussed in Refs. [123-127].

There is no more interface between pristine films. The periodicity smoothly changes from the red to the blue part of the film. CLC films in a glassy state have potential applications in the field of high-density optical storage media [START_REF] Tamaoki | [END_REF] or tunable solid state lasers. [128] In data storage media, the writing step consists in locally heating by a laser source in a time much less than 1 s, which induces a cholesteric (reflective) to isotropic (transparent) state. The erasing step consists of heating above Tg, typically for one second, at which point the material which becomes reflective again. The existence of a pitch gradient allows the Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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19 storage capacity to be increased by providing a film with n storage "layers" without interfaces and tuned to n reflection wavelengths. A detector with laser lines tuned to n wavelengths allows the user to read out the information.

The method given in Ref. [116] has been reproduced with the same materials [129,130] and by using photopolymerization instead of quenching to fix the pitch gradient. [130][131][132][133] The method given in Ref. [116] has been adapted to the case of polymer-stabilized CLCs (PSCLCs); [134] in this case, the optical properties are field switchable and three main states are possible: broadband reflection (no field), scattering from a focal-conic polydomain texture, and transparency from a field-untwisted cholesteric structure (nematic state). A PSCLC consists of the in situ formation of an anisotropic polymer within a LC matrix from the polymerization and crosslinking with UV light of a small amount of photoreactive mesogens (<10 wt. typically). [135][136][137] The LC organization is consequently transferred onto the network morphology. There are two different populations of LCs embedded in the macromolecular network: (i) the thermally stable bound fraction, which corresponds to LC molecules surrounding the polymer surface and in very strong interaction with the polymer; (ii) the free fraction, which corresponds to LC molecules far from the polymer network and with a bulk-like behavior. As a consequence of this template effect, specific optical and electro-optical properties are given to the PSCLC, and these properties depend strongly on the structural characteristics of the polymer network. PSCLCs offer unique properties for color display technologies: bistability, color switching, uniformity of optical properties over a large surface, flexibility, low power consumption, and low cost. [START_REF] Yang | Liquid Crystals in Complex Geometries[END_REF][START_REF] Yuan | Liquid Crystals in Complex Geometries[END_REF] Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Control of kinetics of photopolymerization reaction in cholesteric elastomer

A cholesteric elastomer with a pitch gradient may be fabricated by controlling the kinetics of photopolymerization. [START_REF] Broer | [END_REF][141][142][143][144][145] A cholesteric diacrylate, a nematic monoacrylate, a photo-initiator, and a UV-light-absorbing dye are blended together (Figure 8a). A UV-light-intensity gradient occurs in the transverse direction due to the presence of the dye (Figure 8b). At the top of the layer, the polymerization proceeds faster than at the bottom. Since the diacrylate is twice as probable to be incorporated in the polymer, the depletion of the chiral diacrylate near the top generates a concentration gradient; thus, a pitch gradient in the cholesteric structure. The reflection band gap is broadened over the entire visible spectrum (Figure 9). The transfer of the method in Ref. [140] to the case of PSCLCs [75,76,[START_REF] Hikmet | Chromogenic Phenomena in Polymers[END_REF][START_REF] Zhang | [END_REF][148] has given rise to materials that can be switched to the homeotropic transparent state and reverted to the planar reflective state upon removal of the field. [75,76,[START_REF] Hikmet | Chromogenic Phenomena in Polymers[END_REF] Cholesteric elastomers with a pitch gradient have been used to recycle light in LCDs by placing the elastomer foil at the back side of the device [START_REF] Coates | Proc. of SID[END_REF][START_REF] Coates | [END_REF][151][152][153] (Figure 10). The light that is usually absorbed by the rear polarizer goes back to the viewer and, in return, the brightness gain at normal incidence is 40% to 80% greater than with only a standard dichroic polarizer. Cholesteric elastomers with a pitch gradient have also been doped with a laser dye. [154] The experimental conditions were optimized to fabricate a material with a reflection band that covers the emission peak of the dye and exhibits high degrees of CP photoluminescence in the blue region.

Investigations related to Ref. [140] have focused on the realization of broadband reflectors by controlling the rate of polymerization in a blend containing a photoreactive LC and nonreactive cholesteric and nematic LCs. [151,[155][156][157][158][159][160] The polymerization rate has to be slower than the diffusion rate of nonreactive molecules. Because the actinic UV light has an exponential intensity distribution due to light absorption, a nonlinear distribution of the polymer material occurs across the film. Close to the layer surface where more segregated achiral LC molecules are accumulated, the pitch becomes longer, and farther from the surface the pitch becomes shorter, hence the formation of a pitch gradient through the layer. For the same layer thickness, the bandwidth of the CLC reflector related to a pitch, which follows an exponential distribution transverse to the layer, is much broader than a linear distribution. [155] 

Use of UV-light-absorption properties of LC in PSCLC

A polarity-sensitive electro-optical response in a NLC-(nonmesogenic) monomer mixture [161] and a polarity-sensitive bistable color effect in a PSCLC [162] have been described as the consequence of the existence of an asymmetric polymer network, which results in the UV-light-absorbing properties of the LC. In the present topic of broad band gaps, there is an alternative to the introduction of a dye into the Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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LC, [START_REF] Broer | [END_REF] by taking advantage of the natural UV-light-absorbing properties of LC during the fabrication of a PSCLC. [163,164] An example is displayed in Figure 11. Before curing,  is about 80 nm. Two geometries are chosen for irradiation by UV light: the beam enters one side of the cell only, or both sides. The broadening of the band gap is clearly larger in the former case-220 nm versus 160 nm. To investigate the polymer network morphology, the LC was removed from the PSCLC and the network was embedded in a resin with care taken to preserve its spatial distribution. TEM investigations of cross sections (Figure 12) indicate a network of oriented polymer chains and a polymer gradient from the top to the bottom of the cell, especially when the irradiation conditions are asymmetrical. The network is more concentrated close to the upper side of the cell, which is related to the incoming beam. The broadening of the band gap is due to the polymer gradient. The direct reflectance properties reveal that there is one main reflection peak associated with each side of the cell, and each peak is at the opposite extreme of the visible spectrum. The low reflection wavelength is related to the top of the cell and the high reflection wavelength is related to the bottom. This situation is unexpected because the network-forming material consists of nematic monomers, which means that a longer pitch is expected in the region where the polymer density is largest. This behavior has been discussed in relation to the profile of the photoinduced phase separation between the monomers and the CLC; [164] it appears that, among other parameters, the asymmetry and the slope of the variation of  with monomer concentration has to be accounted for to explain the distribution of the reflection colors in the volume of PSCLCs with strong network gradients. from both sides simultaneously (symmetric conditions). Adapted with permission from Ref. [163].

Copyright 2006, American Institute of Physics. Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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In Refs. [165-167], the methodology given in Ref. [163] was reproduced and applied to different CLC blends, which demonstrates the generic nature of the procedure.

Ref. [168] investigates the influence of curing conditions in determining whether a symmetric or nonsymmetric broadening is obtained around the central wavelength 0. A nonsymmetric broadening towards the blue is promoted when the curing occurs at very low UV light intensity (a few W/cm 2 at 335 nm vs. 0.1 mW/cm 2 at 365 nm) and for a longer time (typically 1 h vs. 0.5 h).

Memory effects in PSCLCs

The broadening of the reflection band gap may be the result of the photopolymerization history, much like the thermal history for a polymer-CLC composite with high concentration in polymer-forming materials [START_REF] Lavernhe | [END_REF][170][171] and PSCLCs. [172][173][174][175] The point is to carry out the photopolymerization and the photocrosslinking at the same time that the pitch is changing. If a CLC mixture that exhibits a clearcut thermally-induced pitch variation is chosen, and if the right balance between the color changes and the kinetics of the polymerization process is found, at the end  is increased by a factor of 3 or 4 over the pristine value. The performances depend on the profile of the pitch variation with temperature, the nature of the monomers (e.g., their flexibility [174] , concentration), and the rate of heating or cooling.

The thermal process may consist of a continuous ramp between two target temperatures [START_REF] Lavernhe | [END_REF]172] or the curing may occur at several temperatures (discrete process) [173][174][175] that correspond to different cholesteric colors. The network has been built into several steps and, because of the template effect, its morphology includes different twisted structures that arise in the blend as the curing proceeds. These structural memory effects are irreversible. In consequence, the structure of the bound CLC fractions include different helical pitches. Each region gives rise to a color and  is, in return, broadened when
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the material comes back to RT. Here also the PSCLC can be switched between broadband reflective, scattering, and transparent states by subjecting the layer to an electric field.

Photoracemization broadening of reflection band gap

The band gap can be broadened as a direct consequence of a spatially modulated photoracemization reaction. [176,177] Glass-forming CLCs are blended with a chiral dopant with a high HTP and that is susceptible to photoracemization (i.e., CLC to NLC phase conversion). A thermo-and photoinduced racemization is generated in a layer of the blend. The (R)-enantiomer near the irradiated surface is converted to the (S)-enantiomer as the photochemical process is initiated by UV light, thereby setting up a counter-diffusion of two enantiomers across the layer as stipulated by the conservation of mass.

As a consequence, a pitch gradient is generated across the layer, as shown by atomic force microscopy (AFM). The gradient is frozen inside a solid film by simply quenching the material below the glass transition temperature. At RT, the material reflects wavelengths greater than 400 nm (Figure 13). 

Photoisomerization broadening of reflection band gap

The broadening of the band gap by photoisomerization [178] is an alternative route to the method given in Ref. [140]. A photoisomerizable chiral copolymer (with menthone units, known for their large UVinduced changes of HTP) is blended with a NLC and a UV absorber. The absorber creates a gradient in UV intensity throughout the layer; the isomerization is then faster at the top of the layer, the HTP presents a transverse gradient in the layer and, consequently, a cholesteric structure with a transverse pitch gradient. After only 10 min of exposure to UV light, the band gap may span the entire visible spectrum. Due to the diffusion of the compounds, the pitch gradient gradually disappears during storage. However, the properties can be frozen by quenching the layer below the glass transition temperature when wide-band reflectors are prepared from pure copolymers.

Use of inorganic template with graded pitch

A porous inorganic network of helical columns of SiO2 with a pitch equal to 410 nm is deposited onto a glass substrate by using the glancing angle deposition (GLAD) technique [179] (Figure 14). A lowmolar-mass NLC infiltrated by capillarity inside this chiral film adopts a chiral structure. The composite film exhibits optical activity and CP reflection like a CLC. [180,181] When a network is fabricated with a pitch linearly graded from 500 to 350 nm from the top to the bottom of the layer, the NLC adopts a twisted structure with a gradient pitch and, in return, the material reflects a broad bandwidth of light. [182] The reversible electro-optical switching of the LC component in the hybrid film has been demonstrated. [182] Theoretical approaches to the optics of CLCs with a spatially varying pitch may be found in Refs.

[ 183-189]. Several of them use the finite element method and the Berreman's 4×4 matrix method to simulate reflection or transmission spectra.

Going Beyond the Reflectance Limit

The topic of cholesteric structures exhibiting double-handed CP reflection bands is a more recent research subject.
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Multilayer system: from cuticle of Plusiotis resplendens to polymer-based composite materials

To our knowledge, Plusiotis resplendens (also called Chrysina resplendens) is the only beetle whose cuticle reflection properties do not obey the polarization-selectivity rule. [100,190] The chitin-made cuticle is a three-layer system (Figure 15) which exhibits, from the top to the bottom of the shell: a lefthanded cholesteric structure, a half-wave-plate nematic structure, and again a left-handed helix. Under unpolarized light conditions, LHCP is reflected by the first layer whereas RHCP light is transmitted;

after passing through the half-wave plate, RHCP light is converted to LHCP light, which is reflected by the third layer; it finally emerges from the cuticle as RHCP light after passing back through the half-wave plate again. Interestingly, a supplementary function of the half-wave plate is to reduce multiple internal reflections. Such a dual CP reflector operates between 520 and 640 nm. A Muellermatrix characterization of the reflection properties of Plusiotis resplendens may be found in Ref. [191]. In what way do the remarkable optical properties of Plusiotis resplendens aid this beetle in its everyday life and survival? This question would be a very interesting research subject combining optics and the physiology of insect eyes, for example, and the answer is still pending.

Replications of the cuticle of Plusiotis resplendens can be found in Ref. [192], and Refs. [193,194] provide the same with the addition of lasing effects when the NLC layer is doped with a laser dye.

More classically, it is also possible to fabricate a bilayer system from cholesteric structures with the same pitch but inverse helicities. [192,[195][196][197] 

Use of CLC with thermally induced inversion of helicity in PSCLCs

The goal is to fabricate a PSCLC monolayer with an original structure in which both handed helices coexist in the IR spectrum. A CLC mixture that exhibits a thermally-induced helicity inversion can be chosen for this purpose. [198][199][200][201][202] Two general explanations for helix inversion behavior have been suggested. In one, the statistical distribution of the many molecular conformations shifts with temperature. [203,204] In the other, the competition between the different temperature dependencies and opposite chiralities of multiple chiral centers causes the helix inversion. [205,206] Experimental support for the first explanation comes from NLCs doped with chiral dopants, [207,208] whereas results verifying the second explanation use diastereomeric LC compounds. [209,210] Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Basically, the idea is to fabricate the PSCLC when the helix is right-handed and has a pitch p0 (at temperature T2) and then to cool the material below the critical temperature Tc at which the helicity inversion occurs until the temperature T1 at which the cholesteric structure of the free fraction has a pitch close to p0, but is left-handed (Figure 16a). At T1, whatever the polarization of the incident light, the reflectance exceeds the limit of 50% (Figure 16b)-up to 72% in the example given in Ref. [198] when the incident light is unpolarized. The polarization-selectivity rule is thus no longer valid. with permission from Ref. [198]. Copyright 2006, Nature Publishing Group.
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When investigated by SEM, the polymer structure exhibits stacked rows of parallel arcs, which are polymer fibrils. These patterns are characteristic of a cholesteric arrangement when the material has been cut in a direction oblique to the helical axis. They can be seen as the synthetic version of the chitin-made arced structures observed in the cuticle of arthropods, which are related to the twisted plywood model. [23] Here the polymer network acts as a thermally stable internal memory of the helix characteristics (pitch and helicity) at the moment of PSCLC fabrication. The bound fraction is stabilized at T2: the pitch and the helicity of the related cholesteric structure will not change with temperature. The pitch and the helicity of the free fraction are free to change: at T1, the cholesteric structure of the free fraction is left handed and has a pitch close to p0. Every fraction gives rise to a reflection band, and the PSCLC is equipped with two CPL reflection bands in the same notch and inverse senses.

The right monomer concentration is necessary to get the basic result. [201] If the concentration is above a given threshold, the structural characteristics of the composite material become fully frozen in a single twist sense. If the concentration is too low, the system behaves like the LC alone. In between, at 6.2 wt% for example, the bell-like curve is the signature of the desired behavior (Figure 17).

To avoid introducing tremendous light scattering into the reflection properties, it is essential to cool the material very slowly from the preparation temperature (T2) to the operating temperature (T1). [199] An especially efficient alternative solution consists of subjecting the cell to an electric field at the same time that it is cooled from T2 to T1. [201] A very regular planar texture is promoted all along the thermal process, provided that a CLC mixture with a negative dielectric anisotropy has been chosen.

It has been shown that the dual reflection band of a PSCLC can be conserved at RT whatever the polymorphism of the blend. [202] The cell has to be quickly quenched in liquid nitrogen from T2 to RT.

The resulting property comes from a double memory effect: the bound fraction gives rise to a RHCP band as a consequence of the template effect found in PSLCs; the free fraction is fixed in an Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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undercooled state and gives rise to the LHCP band. For cells stored at RT and without particular caution, the optical properties are stable for years.

When a UV absorber is introduced in the blend, the PSCLC exhibits a strong structural discontinuity and two distinct reflection bands with inverse circular polarizations appear. [211] The origin of this property and the related structure are very different than in the previous case: the system behaves like a biphasic material with two CLC slabs-one corresponds to a polymer-rich region and the other to a polymer-poor region that is field-switchable. 

Wash-out/refill techniques

The basic procedure in wash-out/refill techniques [60,62,[212][213][214] begins with a polymer network being fabricated in situ in a left-handed CLC mixture (Figure 18). Next, the low-molar-mass CLC is 
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Such a technique may allow dynamic control of the reflection band. [60,62,215,216] A peculiar variation of the method is given in Ref. [216] (Figure 19a), wherein a polymer network is fabricated in situ in a right-handed CLC mixture. The photo-initiator was embedded in one of the two alignment layers coated on surfaces of the sandwich glass cell so that the network became localized close to one surface. The low-molar-mass CLC was removed from the cell by immersing it in cyclohexane. The porous network was then filled with a LC that presents a chiral smectic A to chiral nematic phase transition at 27 °C. The reflectance of unpolarized light exceeds 50% at 33 °C because RH and LH CP bands are reflected from the bound and free fractions, respectively (Figure 19b). The localization of the network close to one surface serves to better preserve the network structure during the drying process and allows for easier refilling, in order to promote a polymer-free surface. 

Theoretical approaches

Theoretical and numerical treatments of broad band circular polarizers are very recent, even outside of the present field; consider, for example, helical gold metamaterials operating in the IR or visible spectrum. [40,217,218] CLC structures that reflect both circular polarizations at normal incidence have been suggested. [219] The director of the chiral nematic structure does not rotate uniformly around the helical axis but oscillates about a certain direction following a predetermined modulation. Both sinusoidal and rectangular modulations of the twist profile have been considered.

The scenario of a cholesteric elastomer immersed in a racemic solvent is considered in Refs. [220-222]. As in Ref. [85], the elastomer slab exhibits nested reflection band gaps like a broad LHCP band that contains a thinner RHCP band. The result depends on the volume fraction of chiral molecules in the solvent with a defined handedness and that would be preferably absorbed in the distorted network of the cholesteric elastomer. The system might function as a filter with chemically controlled bandwidth and reflectance. Still on the subject of distorted elastomers, it has been suggested that a chiral twist defect inserted in a cholesteric elastomer gives rise to CP localized modes of both handedness. [223] This defect enhances the resonant mode amplitude whose the handedness is opposite that of the helix for high crosslinking density (this parameter is related to the chiral parameter order),
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whereas the same mode is decoupled with the defect and the resonant mode disappears for low density.

The case of the imbrication of double-handed cholesteric structures described in Ref. [198] has been addressed with numerical simulations based on a stochastic approach. [224] The optical properties are approached by the finite-difference time-domain (FDTD) method. The accuracy of the numerical simulations is verified by direct comparison of indicative examples with the Berreman's 4×4 matrix method. The realistic case of randomly interlaced cholesteric domains with inverse helicities is considered. The theoretical model is generalized to the case of single-layer PSCLCs. Good agreement is found between experimental and simulated spectra, which demonstrate hyper-reflective properties.

Summary and Outlook

In summary, both reflection limits of CLCs may be exceeded by choosing one or several of the following experimental strategies:

 Stacking layers. The sum of properties of the individual layers provide the property of the final material.

 Driving a thermally induced diffusion in a bilayer to generate a pitch gradient. The gradient is then fixed by quenching if glass-forming LCs are chosen, or by polymerization and crosslinking if photoreactive LC monomers are chosen. In the latter case, the final material is a solid elastomer (passive material) when all the molecules are photoreactive or a fieldswitchable PSLC (active material) when a few percent of reactive mesogens are blended with a low-molar-mass LC.

 Generating memory effects. As a result of a temperature change or an external stimulus, the polymerization and the crosslinking reactions occur at the same time as the pitch and/or the Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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Alternatively, the preparation temperature and the operating temperature can be different; that is, the polymerization and the crosslinking reactions occur when the cholesteric structure has a fixed pitch and helicity, and the optical properties of the final material are used at another temperature-which may include room temperature-where the structure has a different pitch or helicity.

 Generating a pitch gradient by photopolymerization in itself. A UV-light-absorbing dye or LC is used. Monomers with different reactivities and chiralities may be used. A photoracemization or photoisomerization reaction may also occur.

 Using a template, like an inorganic template (present ab initio) or a polymer template (built in situ).

The above list is given without hierarchy. The choice of a peculiar procedure, or combination of procedures, strongly depends on the fundamental question to be addressed or the application that is targeted.

The research into novel cholesteric architectures gives rise to fresh and stimulating research topics.

It is based on the fundamental question of the relationship between the chirality of the structure-twist sense and pitch (linearly changing or not, exhibiting a gradient or, on the contrary, distributed at random in the volume of the material)-and the molecular chirality (or the nature of a mixture of different chiral molecules). This question is still largely open.

For applications, the solution to choose depends notably on (i) the desired function, (ii) the device in which the layer is implemented, and (iii) the fabrication costs for mass production. We give a brief example to illustrate each consideration. (i) A passive (active) layer is required if a permanent (fieldswitchable) broadband reflection is desired. The fabrication procedure associated with the formation a solid layer can be very specific to this basic situation. A polymer network, with a thermally stable Accepted version published in: Advanced Materials, 2012, 24, 6260-6276.
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nonreversible structure, or a quenched glassy film (especially adapted for reversible optical recording) will be chosen. A solid film may be coated on a single surface, confined between surfaces (rigid or flexible as well), or may even constitute a free-standing film. A PSCLC, or cholesteric gel, may exhibit electro-optical properties. Broad band reflecting, scattering, and transparent states are available; they depend of the field amplitude and the addressing scheme. (ii) The case of a layer with an asymmetric structure is especially interesting for innovative technologies such as smart reflective windows. A window is inherently an asymmetric object; solar energy always enters the room from the same side of the panel. The relationship between the propagation of light in a CLC with an asymmetric structure from the top to the bottom of the layer has to be thoroughly investigated to optimize the optical properties. (iii) We may expect that methods requiring the removal of the LC from a gel can present disadvantages in a production process. Such processes need clear-cut criteria to determine if the LC has been fully removed, and they can increase the production costs by invoking additional manipulations. Seen another way, some flexibility may be gained with respect to working temperatures when RT materials are included. However, procedures that can manage a single layer or a single device from the beginning to the end of the process and that lead to the broadening of the reflection band gap may be preferred to multilayer systems or procedures that include a swelling and deswelling of a gel layer, for example.

The research on LCs is fascinating because it provides natural links between a variety of disciplines in soft matter science [START_REF] Mitov | Sensitive Matter-Foams, Gels, Liquid Crystals, and Other Miracles[END_REF] and beyond (including biology, chemistry, materials science, mathematics, function not yet elucidated), protection against radiation (e.g., to avoid overheating), and its role in evolutionary processes], the role in living matter of structures with a graded pitch, the relationship between structural chirality and molecular chirality, and the impact of structural chirality on the basic properties of reflection and how this structure evolves when the chiral material is subjected to a field.

These CLCs also have potential for use in challenging technological applications, not yet available in everyday life, such as intelligent reflective windows for energy efficiency and for dynamic solar control.
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 3 .1.1. Structure The cholesteric liquid crystal (CLC) phase exhibits a spontaneous helical structure with a twist axis perpendicular to the local director (Figure1.a), which comes in whole or in part from the molecular chirality of rod-like molecules.
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  geometry, physics, and technology)-and because it often requires making a continuous description of the structure from the nanometer scale to the macroscopic scale. The subject of CLCs with a broad reflection band provides an excellent illustration of this claim by raising questions, sometimes unsolved, about such things as the morphogenesis of biological tissues, the structural coloration of arthropods for biological functions [e.g., the dispatch of information (recognition, camouflage, and Accepted version published in: Advanced Materials, 2012, 24, 6260-6276. Review 40 other