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Macroscopic mapping of the linear in-plane anisotropy of nanocellulosic thin films by Mueller matrix polarimetry
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The present work focuses on the characterization of the macroscopic optical anisotropy of cellulose nano-composite multilayer thin films prepared by grazing incidence spraying. The polarization properties of such films composed of in-plane aligned cellulose nanofibrils embedded in a polyelectrolyte multilayer are investigated by Mueller matrix polarimetry (MMP). Linear birefringence is the predominant polarization property resulting from the unidirectional organization of the cellulose nanofibrils, thus, the differential decomposition of the Mueller matrix measured on the films allows the determination of their actual structural birefringence, 〈Δn〉 = 0.032. Moreover, modeling the sample as an effective medium provides a parametrized expression that describes its linear birefringence as a function of the optical constants of the components, the volume fraction of nanofibrils, the distribution of orientation, and the film thickness. Therefore, MMP provides a fast, simple, and non-destructive method to characterize both the structural characteristics and the optical birefringence/dichroism of the films over large areas, which is of great interest for various optoelectronic applications.

Introduction

Over the past decades, there has been a great interest in developing materials possessing highly anisotropicoptical, electronic, and mechanical properties for various potential applications [START_REF] Xia | One-Dimensional nanostructures: synthesis, characterization, and application[END_REF][START_REF] Kim | Anisotropic optical film embedded with cellulose nanowhisker[END_REF][START_REF] Nan | Dissipative self-assembly of anisotropic nanoparticle chains with combined electrodynamic and electrostatic interactions[END_REF][START_REF] Guo | Quasi-1D ZrS3 as an anisotropic nanoreflector for manipulating light-matter interactions[END_REF]. The direction-dependent physical properties of these materials are based on the anisotropic nature of their constituents and their in-plane alignment within interfacial matrices. For example, the performance of optical components such as wave plates, polarizers, or multilayer mirrors mostly depends on splitting an incident light ray into two refracted rays (birefringence phenomena), which is caused by the optical anisotropy of the constituting material. Several methods have been adopted for analyzing the optical anisotropy of materials either in bulk or in thin films, including polarization-resolved reflectance and transmission spectroscopy [START_REF] Amani | Solution-synthesized high-mobility tellurium nanoflakes for short-wave infrared photodetectors[END_REF], polarization imaging [START_REF] Tong | Stable mid-infrared polarization imaging based on quasi-2D tellurium at room temperature[END_REF], or angle-resolved polarized Raman spectroscopy [START_REF] Wang | Field-effect transistors made from solution-grown two-dimensional tellurene[END_REF]. Recently, Mueller Matrix Polarimetry (MMP) has also been exploited for the highly accurate determination of the optical constants of systems exhibiting giant optical anisotropy such as transition-metal dichalcogenides (TMDCs) [START_REF] Hou | Birefringence and dichroism in quasi-1D transition metal trichalcogenides: direct experimental investigation[END_REF] and tellurene [START_REF] Guo | Giant in-plane optical and electronic anisotropy of tellurene: a quantitative exploration[END_REF], both promising materials to replace the inorganic solids and liquid crystals currently used in optical components. Moreover, this technique has been also used to explore the optical birefringence of artificial designs in cellulose nanocrystalline nanocomposites [START_REF] Mendoza-Galván | Linear birefringent films of cellulose nanocrystals produced by dip-coating[END_REF][START_REF] Chae | Anisotropic optical and frictional properties of Langmuir-Blodgett film consisting of uniaxially-aligned rod-shaped cellulose nanocrystals[END_REF][START_REF] Li | Preparation of optical waveplates from cellulose nanocrystal nematics on patterned polydimethylsiloxane substrates[END_REF]. Indeed, MMP is a powerful method for investigating both the structural and optical properties of nanostructured films and the correlation between them [START_REF] Battie | Generalized effective medium theory to extract the optical properties of two-dimensional nonspherical metallic nanoparticle layers[END_REF][START_REF] Keita | Determination of the optical properties and size dispersion of Si nanoparticles within a dielectric matrix by spectroscopic ellipsometry[END_REF]. On one hand, the polarization states of the scattered light are sensitive to small subwavelength scatterers [START_REF] He | A possible quantitative Mueller matrix transformation technique for anisotropic scattering media[END_REF] such as nano-objects, thus, MMP can be conveniently used for the macroscopic investigation of the sample's internal microstructure [START_REF] Chashchina | Mueller polarimetric imaging for fast macroscopic mapping of microscopic collagen matrix remodeling by smooth muscle cells[END_REF][START_REF] Ushenko | Mueller-matrix mapping of biological tissues in differential diagnosis of optical anisotropy mechanisms of protein networks[END_REF]. On the other hand, the off-diagonal Mueller matrix elements of optically anisotropic materials vary with the in-plane rotation of the optical axis [START_REF] He | A possible quantitative Mueller matrix transformation technique for anisotropic scattering media[END_REF][START_REF] Guo | Complete dielectric tensor and giant optical anisotropy in quasi-one-dimensional ZrTe5[END_REF][START_REF] Yang | Ultraviolet-visible plasmonic properties of gallium nanoparticles investigated by variable-angle spectroscopic and Mueller matrix ellipsometry[END_REF], which can be exploited for the mapping of the local orientations present in a sample [START_REF] He | Mapping local orientation of aligned fibrous scatterers for cancerous tissues using backscattering Mueller matrix imaging[END_REF]. Cellulose nanofibers (CNFs) have been growingly investigated for the improvement of the mechanical, thermal, and optical properties of nanocomposite materials [START_REF] Kim | Anisotropic optical film embedded with cellulose nanowhisker[END_REF][START_REF] Chowdhury | Improved order parameter (alignment) determination in cellulose nanocrystal (CNC) films by a simple optical birefringence method[END_REF][START_REF] Diaz | Thermal expansion of self-organized and shear-oriented cellulose nanocrystal films[END_REF][START_REF] Riester | Nanoindentation with a knoop indenter[END_REF][START_REF] Wicklein | Thermally insulating and fire-retardant lightweight anisotropic foams based on nanocellulose and graphene oxide[END_REF][START_REF] Reising | Effect of particle alignment on mechanical properties of neat cellulose nanocrystal films[END_REF][START_REF] Merindol | Bio-inspired multiproperty materials: strong, self-healing, and transparent artificial wood nanostructures[END_REF][START_REF] Merindol | Assembly of anisotropic nanocellulose films stronger than the original tree[END_REF] owing to the combination of desirable properties such as low density, high strength, chirality, biodegradability, non-toxicity, broad chemical modifying capacity, and availability. Optoelectronic applications of cellulose derivatives are based on the positive uniaxial birefringence exhibited by the crystalline domains of the long polysaccharide chain of cellulose. This intrinsic birefringence is maximized by the parallel structural arrangement of the anisotropic cellulose nanoparticles into solid films, which have been most commonly achieved by the application of external magnetic, electrical, or mechanical fields [START_REF] Chowdhury | Improved order parameter (alignment) determination in cellulose nanocrystal (CNC) films by a simple optical birefringence method[END_REF][START_REF] Diaz | Thermal expansion of self-organized and shear-oriented cellulose nanocrystal films[END_REF][START_REF] Reising | Effect of particle alignment on mechanical properties of neat cellulose nanocrystal films[END_REF][START_REF] Cranston | Formation of cellulose-based electrostatic layer-by-layer films in a magnetic field[END_REF][START_REF] Bordel | Orientation of native cellulose in an electric field[END_REF][START_REF] Gindl | Cellulose in never-dried gel oriented by an AC electric field[END_REF][START_REF] Ebeling | Shear-induced orientation phenomena in suspensions of cellulose microcrystals, revealed by small angle X-ray scattering[END_REF][START_REF] Orts | Enhanced ordering of liquid crystalline suspensions of cellulose microfibrils: a small angle neutron scattering study[END_REF][START_REF] Hu | In-plane aligned assemblies of 1Dnanoobjects: recent approaches and applications[END_REF]. Recently, we introduced an alternative simple and scalable methodology for imparting unidirectional alignment to flexible CNF within monolayers, the so-called Grazing Incidence Spraying (GIS) technique: by spraying a CNF suspension at shallow spraying angles (<20• ) to the receiving surface during the deposition of Layer-by-Layer (LbL) films [START_REF] Decher | Fuzzy nanoassemblies: toward layered polymeric multicomposites[END_REF], the shearinduced in-plane alignment of the nanofibrils in multilayer systems is achieved, which yields birefringent films as confirmed by optical microscopy between crossed polarizers as well as by the in-plane distribution of the apparent refractive index measured with a standard spectroscopic ellipsometer [START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF]. Both of these characterization techniques are sufficient to demonstrate the effective birefringent nature of the anisotropic samples. However, they do not provide an accurate determination of the actual polarization properties of the films. Moreover, the homogeneity of the optical properties is dependent on the fabrication method. In the case of the GIS-assisted preparation of the multilayer films, the diverging flowlines of the CNF suspension at the outlet of the spraying nozzle produce different shear flow conditions along the receiving surface that translate into a characteristic cone-like shape of the 2D alignment field of the nanofibrils [START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF]. The macroscopic mapping of the resulting birefringence is, therefore, more meaningful for the development of thin films with anisotropic properties than any localized characterization. Herein, we use Mueller matrix spectroscopic ellipsometry for a complete characterization of the polarization properties (including the macroscopic mapping of the optical anisotropy) of a cellulosic model film prepared by the combination of GIS and LbL. An effective medium theory is also introduced to describe the linear birefringence as a function of the internal characteristic of the nanocomposite film.

Experimental

Materials

Carboxymethylated nanofibrillated cellulose (degree of substitution of 0.087) was provided as a pulp containing 2.26 wt % concentration in water by Innventia AB (Stockholm, Sweden). The pulp was mechanically dispersed in Milli-Q water to obtain a suspension at 2 g L -1 and sonicated with a sonic dismembrator (model 505, Fischer Scientific, USA) for 20 min at 30% amplitude. The suspension was then centrifuged for 1 h at 9500 rpm in a ROTINA 420R centrifuge (Hettich Zentifugen, Ger-many). The resulting supernatant was first filtered on cotton wool and then with 5 μm PVDF syringe filters Millex-SV (Merck, Germany). The final concentration was typically 1.4 g L -1 as determined from dry mass measurements. Poly(vinyl amine) (PVAm, Lupamin 9095, 20% in water, Mw ≈ 340 000 g mol -1 ) provided by BASF (Ludwigshafen, Germany) was used to prepare solutions at a concentration of 1 g L -1 and pH adjusted at 8 with a solution of 0.5 M NaOH. Poly(ethylene imine) (PEI, 50 wt % in water, Mw ≈ 750 000 g mol-1) purchased from Sigma-Aldrich (Lyon, France), was dissolved in Milli-Q water under bath son-ication to a final concentration of 2.5 g L -1 . (100)-silicon wafers used as substrates were obtained from WaferNet, Inc. (San Jose, CA, USA). Quartz slides (25 mm × 25 mm x 1 mm) were acquired from Agar Scientific Ltd. (Stansted, UK). The silicon wafers and quartz slides were cleaned in a 50:50 solution (v/v) of Milli-Q water:ethanol and sonicated for 15 min in an ultrasound bath, after which they were blown dry with compressed air and further cleaned/ activated for 3 min in a plasma cleaner (Harrick Plasma PDC-002, USA) at a high RF power (~30 W).

LbL deposition

All films were deposited on a substrate (silicon or quartz) coated with a precursor layer of PEI. Alternated layers of CNF and PVAm were sprayed using intermediate rinsing steps with Milli-Q water. GIS deposition was performed semi-automatically with the help of a spraying system made in-house. The colloidal suspension of CNFs was pumped by a liquid handling pump into a stainlesssteel air atomizing nozzle (1/4J by Spraying Systems Co., Glendale Heights, IL, USA), which was like wise supplied with compressed air. The sample was kept in a vertical position using a rubber stopper and a pulling vacuum. The spraying direction was always pointing downward and the angle of the nozzle to the substrate surface was kept fixed at 10°. The liquid flow rate was set to 1 mL min -1 , the airflow rate to 40 L min -1 , and the spraying time at 60 s. The PVAm solution and rinsing water were sprayed manually (orthogonal to the substrate) for 5 s and 10 s, respectively, with AIR-BOY spray bottles (Carl Roth GmbH, Karlsruhe, Germany). A control sample in which the nanofibrils were deposited without any preferential orientation was prepared by dip-assisted LbL. For this, the substrate was alternately immersed in beakers containing either the polycation or the polyanion solution for 10 min using three intermediate rinsing steps of 1 min each in Milli-Q water and a drying step with compressed air.

Sample characterization

Tapping mode atomic force microscopy (AFM) was performed on a Bruker AFM Dimension Icon (Bruker, USA) with a Nanoscope V controller and silicon cantilevers (resonance frequency 300 kHz, nominal spring constant of 42 N m -1 , and nominal tip radius of 7 nm). Phase and height imaging channels were recorded simultaneously using a scan rate of 1.0 Hz with a resolution of 512 × 512 pixels2. The thickness of the samples deposited on silicon wafers was measured on a spectroscopic ellipsometry SENpro (SENTECH Instruments GmbH, Germany) in the spectral range between 400 and 800 nm using an incident angle of 70°. An effective medium with a homogeneous refractive index (n = 1.559) was used to fit the experimental data. This methodology has been demonstrated to be sufficiently precise for CNF-based LbL films [START_REF] Merindol | Bio-inspired multiproperty materials: strong, self-healing, and transparent artificial wood nanostructures[END_REF][START_REF] Merindol | Assembly of anisotropic nanocellulose films stronger than the original tree[END_REF][START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF]. Transmission Mueller matrix (MM) measurements were performed with a spectroscopic ellipsometer UVISEL (HORIBA, Japan; beam diameter about 0.8 mm) at normal incidence in the spectral range 270-800 nm (limits of the equipment). This ellipsometer only allows determining the first three columns of the Mueller matrix, the last one being obtained by symmetry provided that the depolarization of the sample is negligible [START_REF] Arteaga | Complete Mueller matrix from a partial polarimetry experiment: the 12-element case[END_REF]. This was verified in a dual-rotating compensator ellipsometer (beam diameter of 1 mm). This ellipsometer has accuracy on the elements of the Mueller matrix lower than that of the UVISEL ellipsometer by one order of magnitude. However, unlike the UVISEL ellipsometer, the dual rotating compensator ellipsometer measures the complete Mueller matrix of the sample. The accuracy of the depolarization parameter is estimated at 0.008. The mapping was performed in transmission at normal incidence with the UVISEL ellipsometer. For this, the sample stage was moved manually using a grid size containing 135 points separated by 1 mm each. The contour plots presented in this publication were smoothed by an XYZ interpolation based on a Thin Plate Spline (TPS) algorithm [START_REF] Donato | Approximate thin plate spline mappings[END_REF]. Transmittance spectra of LbL films deposited on quartz slides were measured on a Cary 5000 UV-Vis-NIR spectrometer (Agilent Technologies, Inc., USA) in the spectral range between 200 and 800 nm.

Results and discussion

Preparation of unidirectionally nanostructured CNF films

Anisotropic CNF-based monolayers and multilayers were prepared by combining GIS and LbL assembly. The preferential 2D alignment of the CNFs parallel to the direction of the grazing incidence spraying was determined by image analysis of the AFM images obtained for a CNF monolayer deposited on a Poly(ethylene imine) (PEI)-coated substrate (Fig. S1), following a methodology reported in detail in our previous works [START_REF] Merindol | Assembly of anisotropic nanocellulose films stronger than the original tree[END_REF][START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF][START_REF] Sekar | Anisotropic optical and conductive properties of oriented 1D-nanoparticle thin films made by spray-assisted self-assembly[END_REF][START_REF] Hu | Spray-assisted alignment of Layer-by-Layer assembled silver nanowires: a general approach for the preparation of highly anisotropic nano-composite films[END_REF]. Briefly, the distribution of the angle 𝜃 between the principal axis of the nanofibrils and the spraying direction was extracted using the plugin OrientationJ [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF] of the software ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF], which is based on the analysis of the structure tensor in the local neighborhood of each pixel. An average 2D nematic order parameter (S2D), weighted over the distribution of 𝜃, was calculated as:

S2D = 〈2 cos 2 𝜃 -1〉 (1) 
This parameter takes values between 0 and 1, where the extreme values correspond to a random distribution (isotropic sample) and a perfectly parallel alignment of the imaged nanofibrils (anisotropic sample) respectively. Fig. 1a shows the effective alignment of the CNFs parallel to the spraying direction on a monolayer. and the dashed line corresponds to a linear fit (R 2 = 0.9984) of the data excluding the initial (precursor) layers whose thickness growth is influenced by the substrate and is not representative of that of the bulk film [START_REF] Mcaloney | Atomic force microscopy studies of salt effects on polyelectrolyte multilayer film morphology[END_REF].

The Layer-by-Layer assembly of thicker films was performed by alternating the grazing incidence spraying of the anionic nanofibrils with the conventional low-shear and orthogonal-to-the-surface spraying of Poly(vinyl amine) (PVAm) used as polycation. Verification of the CNFs alignment within thicker films by the aforementioned AFM-based methodology was not possible due to the increased roughness of the multilayer system (root mean square roughness of about 63 nm for a film composed of 97-layer pairs) and the formation of bundles with the increasing number of CNF layers (See Fig. S2). However, the structural birefringence of the sample was verified by optical microscopy between cross-polarizers (Fig. S3).

The thickness of the cellulose-based films prepared on silicon wafers was estimated by standard spectroscopic ellipsometry measurements. We adopted the approach of fixing an apparent refractive index of cellulose in between those reported parallel (1.576-1.595) and perpendicular to the crystal axis (1.527-1.534) [START_REF] Klemm | Comprehensive Cellulose Chemistry. Volume L: Fundamentals and Analytical Methods[END_REF], which has been previously found sufficiently accurate to characterize the thickness of CNF-based LbL films despite their anisotropy [START_REF] Merindol | Bio-inspired multiproperty materials: strong, self-healing, and transparent artificial wood nanostructures[END_REF][START_REF] Merindol | Assembly of anisotropic nanocellulose films stronger than the original tree[END_REF][START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF]. It was found that the GIS films grew linearly with the number of layer pairs, at a growth increment of 9.0 ± 1.7 nm per layer pair (Fig. 1b). The uncertainty of this estimation was determined by the root-meansquare error (RMSE) of the linear regression. When the films reached about 60 layer pairs, it became too rough for the ellipsometric data to fit the optical model. Therefore, the thickness of thicker films was predicted using the extrapolation of the linear regression of the data shown in Fig. 1b. The unidirectionally aligned (CNF/PVAm)97 was thus estimated to be 875 ± 16 nm thick, with such uncertainty found by the propagation of error.

Modeling the optical behavior of the unidirectional CNF-based films

In the following, the (CNF/PVAm)x film is modeled as a homogeneous effective medium composed of straight cylindrical nanofibers embedded in a matrix. The average alignment of these nanofibers is along the 𝑒 ! &&&⃗ direction, while the axes of all cylinders are perpendicular to the 𝑒 " &&&⃗ direction. The laboratory frame of reference (𝑒 ! &&&⃗, 𝑒 # &&&&⃗, 𝑒 " &&&⃗) is related to the local frame of each cylinder (𝑢 ! &&&&⃗, 𝑢 # &&&&⃗, 𝑢 " &&&&⃗) by a rotation matrix R(𝜃) along the z-axis defined as:

𝑅(𝜃) = . cos 𝜃 sin 𝜃 0 -sin 𝜃 cos 𝜃 0 0 0 1 7 (2) 
where 𝜃 describes the relative orientation of the cellulose nanofibers to the x-axis of the laboratory frame. By assuming that the normalized distribution of the orientation angle P(𝜃) of the nanofibrils is symmetric to the x-axis the effective dielectric tensor can be expressed as follows:

𝜀 $%% = .

𝜀 && 0 0 0 𝜀 '' 0 0 0 𝜀 (( 7

with:

𝜀 )) = (&+%)-! .%-"# / $,&& (&+%).%/ $,&& , (𝑖 = 1, 2, 3) (4) 
𝜀 0% and 𝜀 1 are the dielectric function of the cellulose nanofibrils and the matrix, respectively, f is the volume fraction of cellulose nanofibrils within the film, and 𝛽 $,)) depends on three geometrical parameters L1, L2, L3 called depolarization factors (see the derivation of this model in the supplementary information).

According to this model, the medium is biaxial for 0 < S2D < 1 with neutral axes oriented along 𝑒 ! &&&⃗, 𝑒 # &&&&⃗ and 𝑒 " &&&⃗. On the contrary, the medium is uniaxial for S2D = 0 or S2D = 1. In the case of S2D = 0, cellulose nanofibrils have a random orientation in the (𝑒 ! &&&⃗, 𝑒 # &&&&⃗) plane and the optical axis of this medium is oriented along 𝑒 " &&&⃗. Thus, 𝜀 && = 𝜀 '' are the ordinary effective dielectric function while 𝜀 (( is the extraordinary effective dielectric function. In the case of S2D = 1, cellulose nanofibrils are perfectly aligned along 𝑒 # &&&&⃗ which corresponds to the direction of the optical axis. 𝜀 '' = 𝜀 (( are the ordinary effective dielectric function while 𝜀 && is the extraordinary effective dielectric function. Equation ( 4) allows calculating the diagonal elements 𝑛 )) of the effective refractive tensor. Then, by applying a first-order approximation, we can linearize the expression of 𝑛 )) as following:

𝑛 )) = 𝑛 1 + (-"# +-! )/ $,&& '0 ! 𝑓 ( 5 
)
with 𝑛 1 the refractive index of the matrix.

The main polarization property expected for such a unidirectionally aligned film of thickness 𝑙 is linear birefringence (LB) obtained with light propagating along 𝑒 " &&&⃗. According to our model (equation ( 5)), the LB is given by:

𝐿𝐵 = '3 4 (𝑛 && -𝑛 '' )𝑙 = 3 40 ! (-"# +-! )² (-"# .-! ) 𝑓𝑙𝑆 '6 (6) 
According to equation ( 6), the linear birefringence of the unidirectionally sprayed film is positive and increases with the difference between the dielectric functions of the nanofibrils and the matrix. Moreover, this property is also proportional to the volume fraction of nanofibrils, its distribution of orientation (S2D), and the film thickness.

Polarization properties of the unidirectionally aligned films

The polarization properties of the samples (diattenuation, retardance, depolarization, and their form, either linear, circular, or elliptical) were extracted from the differential (logarithmic) decomposition [START_REF] Azzam | Propagation of partially polarized light through anisotropic media with or without depolarization: a differential 4 x 4 matrix calculus[END_REF][START_REF] Ossikovski | Differential matrix formalism for depolarizing anisotropic media[END_REF][START_REF] Arteaga | Characterization of homogenous depolarizing media based on Mueller matrix differential decomposition[END_REF] of the measured Mueller matrix (the elements of the MM and its analysis can be found in Supporting Information). Fig. 2 shows the spectra of the four polarization properties extracted at the azimuth angles 0° and 90° for both the unidirectional and the control "random" film. We verified that circular dichroism (CD), circular birefringence (CB), and linear dichroism (LD) were negligible for both samples, while linear birefringence (LB) was non-zero in the unidirectional film. Consequently, the sample prepared by GIS-LbL presented an anisotropy of the refractive index. From these data, we calculated the effective birefringence 〈Δ𝑛〉 = 〈𝑛 # -𝑛 ! 〉 at the center of the unidirectional sample given by |𝐿𝐵| = 2𝜋|Δ𝑛|𝑙/𝜆, where 𝑙 is the film thickness (875 ± 16 nm). Note that the absolute error on the LB determined from our ellipsometer is smaller than 5 × 10-4. The resulting effective birefringence averaged over the wavelength range was 〈Δn〉 = 0.032 (see a plot of Δn = f (λ) in Fig. S5). This value is smaller than those reported for the birefringence of cellulose, which ranges from 0.045 to 0.062 depending on the source [START_REF] Klemm | Comprehensive Cellulose Chemistry. Volume L: Fundamentals and Analytical Methods[END_REF], but it lies between those reported for birefringent films prepared with CNC by dip-coating [START_REF] Mendoza-Galván | Linear birefringent films of cellulose nanocrystals produced by dip-coating[END_REF] and spin coating [START_REF] Cranston | Birefringence in spin-coated films containing cellulose nanocrystals[END_REF]. Knowing that the film thickness grows linearly with the number of layer pairs (Fig. 1b), we can estimate that the deposition of approximately 250 layer pairs might be suitable to use the film as a quarter waveplate (LB = 𝜋 2 ⁄ rad) for the UV spectral range. Moreover, according to our effective medium theory, the film birefringence can be increased by changing the polymer, improving the alignment, or increasing the volume fraction of CNF. Homogeneity of the optical properties over large areas is crucial for optoelectronic applications, therefore, two-dimensional analysis of the retardation is more meaningful for the development of birefringent films than the single-point approach. Consequently, the Mueller matrix of the unidirectional film was evaluated at different positions throughout the sample at a fixed wavelength of 300 nm (where this property was maximum). In the ideal case of perfect alignment and full packing of the CNFs, effective birefringence is 〈Δ𝑛〉 = 〈𝑛 # -𝑛 ! 〉. In the present case, though, the nanofibrils are aligned following the diverging flowlines of the cone-like deposition pattern (Fig. S1) [START_REF] Blell | Generating in-plane orientational order in multilayer films prepared by spray-assisted layer-by-layer Assembly[END_REF], the mapping of LB was thus calculated in a local coordinate system parallel to the mean axis of the nanofibrils to account for the gradient in the direction of orientations (see the detailed procedure in the supporting information). This correction allows mapping the angle of the local orientation of the internal CNFs throughout the film (Fig. 3a). We verified that at the centerline of the sample the orientation of the CNFs was effectively parallel to the spraying direction, but it was around ±30° at the border of the deposition pattern. The macroscopic mapping of the local orientation was consistent with the one obtained by AFM on a monolayer of CNFs as shown in Fig. 3b. Hence, we highlight the convenience of using the non-invasive Mueller matrix polarimetry technique for the verification of the unidirectional alignment of the reinforcing nanofibrils throughout the whole multilayer film. The ellipsometry approach probes simultaneously all the nanofibrils under the beam (diameter ~ 0.8 mm) and each spectrum is recorded in 5 s so that the 135-points maps shown in Fig. 3a andc can be obtained in approximately 12 min without requiring further image analysis. This time scale could be drastically reduced by using Mueller matrix imaging ellipsometry. For example, Arteaga et al. have proposed an imaging set-up with a micrometric resolution that can record a Mueller matrix image in 3s [START_REF] Arteaga | Characterization of homogenous depolarizing media based on Mueller matrix differential decomposition[END_REF]. Conversely, an AFM analysis carried out on a similar surface area would take several tens of hours to collect and analyze the images while probing only the surface of the sample. The macroscopic spatial variation of the linear birefringence, measured in the local frame of reference, is shown in Fig. 3c. This property, representing the effective optical anisotropy of the film, is maximum at the centerline of the deposition pattern and decreases symmetrically towards the edges. According to our effective medium theory (equation ( 6)), the spatial variation of LB gives the gradient of the products between the volume fraction, the 2D nematic order parameter, and the film thickness. The variation of this product agrees with the value of the 2D nematic order parameter in a monolayer (see Fig. 3d). Thus, the use of accurate local values of these variables (not available at present for our sample) will allow a simple, fast, non-destructive, and large-scale characterization method of the volume fraction of the reinforcing phase within the nanocomposite film. 

Conclusions

Highly anisotropic films made of cellulose nanofibrils and poly(vinyl amine) were prepared using a Layer-by-Layer approach combined with the grazing incidence spraying of the reinforcing nanofibrils. The films are non-depolarizing and linearly birefringent as demonstrated by analyzing the spectral Mueller matrix measured by ellipsometry. Circular polarization properties were not observed despite cellulose being a chiral macromolecule. This is likely because the structural anisotropic organization of the cellulose nanofibrils maximizes the linear effects. The macroscopic mapping of the local orientation of the nanofibrils within the bulk of the film was easily achieved in a few minutes by Mueller matrix polarimetry. The orientation dependence of the Mueller matrix elements can be suppressed by applying rotation matrices on the Mueller matrix. Thus, Muller matrix measurements favor an accurate characterization of the optical anisotropy of the whole sample. Moreover, modeling the film as an effective medium provided a parametrized expression that describes the linear birefringence as a function of the local degree of alignment, the film thickness, and the volume fraction of the cellulose nanofibrils. Therefore, MMP provides information on both the film morphology (orientation and product between the volume fraction, thickness, and the nematic order parameter) and the optical birefringence/dichroism of the film. This MMP approach investigating the alignment in nanofibrillar composite films is much less localized than AFM, is less time-consuming, and is easily scalable to large samples. It can also be performed in situ and/or continuously during sample preparation and the results obtained represent the properties of the bulk film rather than only that of the surface. Thus, the presented methodology facilitates the characterization of thin films with in-plane anisotropy and is particularly promising for the development of nanocomposite thin films for optical applications such as polarizers, waveguides, or waveplates.
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 1 Fig. 1. (a) AFM height image of the monolayer of CNF (S2D = 0.85). Image size 2 × 2 μm2. The spraying direction is indicated by the white arrow. (b) Variation of the film thickness as a function of the number of layer pairs. The error bars represent the standard deviation over several measurements

Fig. 2 .

 2 Fig.2. LB, LD, CB, and CD spectra extracted from the Mueller matrix of the unidirectional sample at the azimuth angles 0° (solid black lines) and 90° (dashed red lines). For comparison, the spectra of a control sample prepared by dip-assisted LbL (i.e., a "random" film) at the azimuth angles 0° (solid blue lines) and 90° (solid green lines) are also plotted. Not visible curves are covered by others. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 .

 3 Fig. 3. In-plane macroscopic MMP mappings of (a) the local orientation of the CNFs and (c) the corrected linear birefringence (LB) of a unidirectional multilayer sample prepared on a quartz slide with a size of 14 mm × 8 mm. The corrected LB corresponds to the linear birefringence measured in the local frame of CNFs (𝜃 = 0). The black arrows indicate the direction of the spraying jet. (b) and (d) are the macroscopic AFM mappings of the mean angle 𝜃 of preferential alignment of the CNFs and the nematic order parameter, respectively, determined on a monolayer deposited on PEIcoated silicon wafer with a size of approx. 60 mm × 32 mm. The dashed frames represent the comparative size of the quartz samples analyzed by MMP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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