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The production of fibers and films with enhanced mechanical properties, from liquid crystalline (LC) cellulose-based systems, has always been a challenge. Previous works indicate that the use of spinning and electrospinning allow the fabrication of non-woven membranes with optical and mechanical characteristics distinct from casting films. The subsequent interactions of the micro/nano fibers inside membranes can modify their topology and geometry so they are found crucial for tunning the membranes' properties. In this work, we deal with the evolution of networks made of highly stretched liquid filaments. Three main mechanisms were identified: the thinning of filaments feeding growing nodes, breaking of the thinner filaments before the thicker ones and the zipping of pairs of filaments crossing at small angles.

I. Introduction

Cellulose-based membranes are widely used for diverse applications that include filtration and textile industries. The way of preparing the end use material is not only important to its mechanical properties but also to its optical characteristics. Recently cellulose derivatives, which are also well known for their structural colours, associated to the formation of a cholesteric phase, were used for diverse photonic applications. One of the most studied system is hydroxypropylcellulose (HPC)/water that was used to produce a strain sensor [START_REF] Kamita | Biocompatible and sustainable optical strain sensors for large-area applications[END_REF] and colored nanostructured free-standing films. Soft lithography techniques were used to obtain the cellulosic photonic nanostructures opening new routes to the application of cellulosic liquid crystals [START_REF] Espinha | Hydroxypropyl cellulose photonic architectures by soft nanoimprinting lithography[END_REF]. Another interesting example that shows the importance of the processing technique in the optical properties of the films and membranes produced is given in Figure 1. The same precursor cellulosic solution, to which carbon black was added (Fig. 1 a.1), has been used for production of non-woven membranes (Fig. 1 a.2) and solid casted films (Fig. 1 a.3). Their optical properties are very different: the casted film is black while the non-woven membrane, produced by electrospinning and made of micro/nano fibers, is white. The reflection spectra in Fig. 1 c. give evidence of the diverse visual features of the solid materials produced. Recently, casted membranes, with thicknesses around 9 µm, were obtained from water solutions of cellulose nanofibrils (CNFs) and remarkable white colours were found [START_REF] Toivonen | Anomalous-diffusion assisted brightness in white cellulose nanofibril membranes[END_REF]. The authors attributed the optically diffusive behavior of the CNFs membranes to the size and disordered distribution of the fibers. In the example shown in Figure 1, the randomly distributed micro/nano fibers that constitute the electrospun membrane and also their morphology are responsible for the scattering of light and the white color of the membrane. The dimensions of the scattering domains depend not only upon the size of the fibers but also on the structures of their networks [START_REF] Wiersma | Disordered photonics[END_REF]. The formation of networks in electrospun membranes, resulting from melting of several fibers, is often obtained experimentally (see for example Fig. 2 a.). However these kind of interconnected membranes are scarcely reported in literature. Usually the formation of the agglomerates of the fibers is avoided by playing with the precursor solution characteristics, namely the viscosity (for example, the solvent concentration) and by the optimization of the electrospun deposition parameters (for example, the distance to the target and its geometry) in order to promote a fast drying of the fibers after being deposited on the target. A simplified scheme of an electrospun apparatus is shown in Fig. 2 b. However the formation of fused networks becomes very important if liquid fibers are obtained from liquid crystal systems. In this work, the mechanisms involved in the interactions of suspended liquid micro/nano fibers, obtained from electrospun and spun crystalline cellulose-based systems, are investigated. 

II. Networks of electrospun filaments made from acetoxypropylcellulose (APC) in dimethylacetamide (DMac)

It is well known that cellulose derivatives with lyotropic and thermotropic behaviour can be obtained from hydroxypropylcellulose (HPC). Among them is acetoxypropylcellulose (APC), which forms a cholesteric phase, at room temperature, and a lyotropic phase in, for example, dimethylacetamide (DMac) [START_REF] Canejo | Helical twisting of electrospun liquid crystalline cellulose micro-and nanofibers[END_REF]. In this work electrospun aligned fibers were prepared from APC/DMac in the cholesteric phase (60% w/w) following a similar procedure as described previously in literature [START_REF] Godinho | How to mimic the shapes of plant tendrils on the nano and microscale: spirals and helices of electrospun liquid crystalline cellulose derivatives[END_REF][START_REF] Silva | Shaping helical electrospun filaments: a review[END_REF]. The homemade electrospun apparatus, which was assembled according to the scheme in Fig. 2 b. but with the target shown in Fig. 3 a., was used to produce the aligned filaments. Like in the HPC/water system, discussed below, liquid stretched filaments are obtained from the anisotropic APC/DMac solution by electrospinning and rapidly transformed into anisotropic highly viscous micro/nano fibers, which are collected suspended between two metallic substrates (see A in Fig. 3a.), after solvent evaporation. The liquid crystalline fibers produced by this method, if kept at room temperature, must have flow slowly but continuously, which results in characteristic changes of the geometry and topology of the network, as evidenced in the SEM picture shown in Fig. 3 b. This network is formed from X shaped fused crossings (white arrow I in Fig. 3 b.) and Y shaped nodes (white arrow II in Fig. 3 b.). The first ones were expected to result from fusion of fibers in contact making angles close to 𝜋𝜋/2 while the second ones appear when the crossing angle is much smaller. This effect is named zipping process and will be further discussed below. With the aim to follow more precisely the evolution of the networks of the filaments, we performed experiments with thicker fibers made-by-hand, which were drawn from HPC/water anisotropic solutions.

III. Networks made from HPC/water filaments

III.1. Blistering instability of unique HPC/water filaments

It is well known that at concentrations larger than 63%, the hydroxypropylcellulose/water (HPC/H2O) binary system displays a cholesteric phase [START_REF] Werbowyj | Ordered phase formation in concentrated hydroxpropylcellulose solutions[END_REF][START_REF] Werbowyj | Optical properties of (hydroxypropyl) cellulose liquid crystals: cholesteric pitch and polymer concentration[END_REF][START_REF] Fortin | Phase diagram of aqueous solutions of (hydroxypropyl)cellulose[END_REF][START_REF] Guido | Phase behavior of aqueous solutions of hydroxypropyl cellulose[END_REF][START_REF] Fischer | On the phase diagram of the system hydroxypropylcellulose-water[END_REF][START_REF] Geng | Water-based cellulose liquid crystal system investigated by rheo-NMR[END_REF][START_REF] Nishio | Salt addition effects on mesophase structure and optical properties of aqueous hydroxypropyl cellulose solutions[END_REF] (see Fig. 4). Due to its rheological properties this phase is spinnable which means that it can be used for production of fibers. During the spinning process, liquid filaments are continuously stretched so that the elongational viscosity of the HPC/water solution increases which prevents the Rayleigh-Plateau capillary instability. Such highly stretched dynamically stable liquid filaments are then transformed into anisotropic solid fibers by a rapid drying. In a previous article [START_REF] Godinho | Revisiting (hydroxypropyl) cellulose (HPC)/water liquid crystalline system[END_REF] we dealt with the reverse transformation of a dry solid HPC fiber back into a liquid uniaxial filament by action of a humid atmosphere in the hygroscopic setup (identical to the one described below, see Fig. 5). We reported that liquefaction of a HCP fiber leads to the so-called blistering instability, which consists in the growth of a solitary droplet on a thinning filament. Observation of the blistering instability in polarized light revealed that the uniaxial birefringence ∆n in the thinning filament increases while in the growing droplet it decreases and even becomes locally negative. These birefringence changes are due to the fact that the HPC/water solution in the thinning liquid filament is uniaxially stretched while in the growing droplet it is uniaxially compressed.

III.2. Made-by-hand networks of HPC/water filaments

Here we will deal with a similar but a more complex issue: behavior of a free-standing network made of HPC/water fibers (see Figs. 5 d ande) upon their liquefaction in a humid atmosphere.

The principle of this experiment is depicted schematically in Fig. 5. As shown in pictures (d) and (e), the HPC fibers of different diameters and directions are fixed by adhesive on a brass washer. Let us emphasize that in this flat network, fibers crossing each other are in contact. The washer located on a copper plate is in thermal contact with it (see Figs 5 a-c).

After preparation of the network, the copper plate is inserted in the hygroscopic setup where it is in thermal contact with Peltier elements 1 and 2. The temperature of the copper plate, regulated by the Peltier elements 1 and 2, is Tc. Due their proximity and the thermal contact with the copper plate the temperature Tf of fibers' network is therefore close to Tc.

In the hygroscopic setup, this fibers' network is surrounded by vapors generated by water from a copper reservoir the temperature of which, regulated by Peltier elements 3 and 4, is Tr. From the previous study of capillary bridges [START_REF] Godinho | Hygroscopic study of hydroxypropylcellulose[END_REF][START_REF] Pieranski | New phenomena and a new lyotropic phase detected by isoplethal and hygroscopic methods[END_REF] (see the plot in Fig. 4) we know that in equilibrium the concentration of water in fibers (cwater=1-cHPC) depends on the temperature difference ∆T=Tf-Tr. III.3. Quasi-static shape and evolution of a network of HPC/water filaments When the temperature difference ∆T is lowered to about 4°C, the fibers are liquefied and, upon the action of the surface tension, the geometry and topology of the filaments' network is changing as shown in the series of twelve pictures in Fig. 6. This evolution, driven by capillary forces, is most of the time slow and continuous, which means that the topology of the network is conserved. Topology is determined by the number of filaments connected, three-by-three, into the network. Let us note that at the beginning of evolution, the network is made of fourfold nodes (connecting four filaments). After liquefaction these fourfold nodes become unstable and each of them splits into a pair of threefold nodes connected by a shorter and thicker filament. During the subsequent continuous evolution, all filaments are thinning at the benefit of growing nodes. This process is driven by differences between capillary pressures inside nodes and filaments. The capillary pressure inside nodes is decreasing during their growth while the pressure p i = γ r i ⁄ inside filaments of radii r i increases during their thinning (γ is the surface tension of the HPC/water solution).

Thinning of filaments leads to their successive breakage which occurs in the order of their initial "dry" radii r i . In other words, if r i < r i+1 then the filament i breaks before the filament i+1. An example of this rule is visible in Fig. 6. In the picture (a) four filaments are indexed from 1 to 4 in the order of their radii. Next pictures show that, as expected, these indexed filaments break, one after another, in the same order: 1 (see pictures b and c), 2 (see pictures e and f), 3 (see pictures g and h), 4 (see pictures (h and f).

After each breakage event, the topology of the network changes and results in a sudden change of its geometry.

Let α be the index of successive networks Nα starting from N0 in pictures (a) and (b). We have then N1 in pictures c-e, N2 in f-g, N3 in h-i and N4 in j-l.

The instantaneous geometry of a network Nα results from the mechanical equilibrium of triplets of forces fi exerted by filaments on nodes. Each force fi has two components:

𝑓𝑓 𝑖𝑖 = 𝛾𝛾2𝜋𝜋𝑟𝑟 𝑖𝑖 + 𝜏𝜏 𝑖𝑖 (1) 
The first one corresponds to the surface tension and the second one to the viscoelastic tensile stress.

During thinning of filaments these forces acting on nodes are changing so that the geometry of the network Nα evolves.

Besides the thinning of filaments feeding growing nodes, there is another mechanism for the continuous evolution of the network: the zipping mechanism that we will discuss below.

III.3. Capillary zipping of HPC/water filaments, experiments

The zipping process is visible in the three last pictures j-l of Fig. 6 but this experiment has not been tailored specifically for it. We will therefore analyze results of another experiments (see Figs. 7 and8) made with the simplest generic case of an elementary network made of only two fibers having diameters of 27 µm and 8 µm, crossing initially at a small angle α= 22°.

In the picture (a) of Fig. 7, the two fibers undergoing the liquefaction are still distinguishable at their crossing. The series of five pictures in Fig. 7b taken at intervals of 10 seconds illustrates the beginning of the zipping process. The point Y of junction of three filaments is slowly moving to the right with velocity v ≈ 3.5 µm/s. At the same time, the junction angle α grows from 22° to 27°. The beginning of this zipping process is also represented in Fig. 7c as a graph.

Continuation of the zipping process is illustrated by the series of twelve pictures in Fig. 8 as well as by the graph α(t) in Fig. 9. Clearly, the junction angle grows and approaches asymptotically 90° when t→∞. The blue line in the graph corresponds to a fit to an exponential law:

𝛼𝛼 = 90 o -𝑎𝑎𝑒𝑒 -𝑡𝑡 𝜏𝜏 𝑧𝑧 ⁄ (2) 
with 𝑎𝑎 = 90 o -22 o = 68 o and characterized by the relaxation time 𝜏𝜏 𝑧𝑧 = 450 𝑠𝑠.

The zipping process was stopped by a change of ∆T from 4°C to 8°C. Once HPC/water filaments are dry enough, the sample with the brass washer supporting it has been taken out from the setup and examined in a Scanning Electron Microscope. The image in the inset of Fig. 9 allows a precise determination of the fibers' sizes and unveils details of the Y-shaped junction. Our experiments have shown that the initial X-shaped crossing is unstable with respect to a splitting into two Y-shaped junctions in which, subsequently, the two filaments are zipped together into a third filament of radius r 3 (see Fig. 10b).

We will show below by reductio ad absurdum that the zipping process is due to unbalanced capillary forces exerted by filaments on Y-shaped nodes.

To start with, let us consider forces f1, f2 and f3 acting on the node Ya in Fig. 10b. These forces have two contributions -capillary and viscoelastic ones:

𝐟𝐟 i = 𝐟𝐟 ci + 𝐟𝐟 vi (3) 
Let us suppose now that the viscoelastic stresses can be neglected so that only forces due to the surface tension γ are operating:

f ci = γ2πr i (4) 
During the zipping process, two segments of length dl of filaments 1 and 2 are zipped together into a segment of the filament 3 of the same length dl. In this approximation the volume is conserved when

π(r 1 2 + r 2 2 ) = πr 3 2 (5) 
This equation written as

(2πγ) 2 (r 1 2 + r 2 2 ) = (2πγ) 2 r 3 2 (6) 
expresses the balance of capillary forces fci pulling on the node Y when the angle α between filaments 1 and 2 is π/2 (see Fig. 10c). Obviously, when forces of the same amplitude fci = |fci| are acting on the node Y with α < π/2 (see Fig. 10b) they cannot be in balance. We arrive thus at a conclusion that the resulting force

𝐟𝐟 ζ = 𝐟𝐟 c1 + 𝐟𝐟 c2 + 𝐟𝐟 c3 (7) 
must be balanced by viscoelastic stresses:

-𝐟𝐟 ζ = 𝐟𝐟 v1 + 𝐟𝐟 v2 + 𝐟𝐟 v3 (8) accompanying the zipping process.

The force fζ can be estimated as follows. From the scheme in Fig. 10d we have: We can reasonably assume that the rate of variation of the zipping angle is proportional to this force so that we have

f ζ = f
dδα dt = -Cδα (12) 
This explains the experimentally observed exponential decay of the zipping angle expressed by equation [START_REF] Espinha | Hydroxypropyl cellulose photonic architectures by soft nanoimprinting lithography[END_REF].

IV. Conclusions

The observation of networks made from suspended birefringent fibers allowed to precisely identify three mechanisms of their evolution: 1° the thinning of fibers for the benefit of X-shaped nodes, 2° successive breaking of fibers in the order of their diameters (thinner fibers break before the thicker ones), 3° the zipping mechanism that starts from splitting of an X-shaped crossing into a pair of Y-shaped nodes. Subsequently, the Y-shaped nodes move apart by zipping two fibers into the third one. We propose a model of the zipping mechanism in which the angle between the zipped fibers varies in time and converges exponentially to the equilibrium value of π 2 ⁄ . Knowing this, new strategies for non-woven membrane production with well-defined geometries can be envisaged and designed.
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 1 Fig. 1: Cellulose-based solid casted films and structural reflection colours of non-woven electrospun membranes. a.1 Precursor solution prepared from cellulose acetate and carbon black in acetone; a.2 and a.3 electrospun membrane and solid casted film obtained from a.1, respectively. b. SEM photo of the non-woven membrane shown in a.2. c. Reflection spectra from electrospun (a.2) non-woven membrane, solid casted film (a.3) and the background used for both samples (the thicknesses of the electrospun membrane and the casted film are of the order of 30 µm and 60 µm, respectively)

Fig. 2

 2 Fig. 2 Film obtained from electrospun acetoxypropylcellulose (APC) filaments. a. SEM image of a fused electrospun membrane. b.Scheme of an electrospinning apparatus.

Fig. 3 :

 3 Fig. 3: Networks from electrospun filaments. a. Homemade target to collect suspended stretched fibers: A aluminum sheets, B and C plastic and metallic supports, respectively b. breaking and thinning of filaments indicated by white arrows; I -X shaped fused crossings, II -Y shaped nodes.

Fig. 4 :

 4 Fig.4: The principle of the hygroscopic method: HPC fibers are surrounded by an atmosphere whose relative humidity depends on the temperature difference ∆T= Tf -Tr between the sample and the water reservoir. The plot shows that in equilibrium, the composition of the sample depends on ∆T.

Fig. 5 :

 5 Fig. 5: Schematic of the setup: a) top view, b) perspective view, c) xz cross section, d-e) detailed views of the sample holder.

Fig. 6 :

 6 Fig. 6: Evolution of a network of HPC/water filaments in a humid atmosphere. Arrows in pictures b, e, g and h indicate filaments that will break because of their thinning. The arrow in picture k indicates the Yshaped junction where zipping of two filaments occurs. Images were taken with a polarizing microscope with crossed polarizers.

Fig. 7 :Fig. 8 :

 78 Fig. 7: Beginning of the zipping of two filaments: a) picture of the X-shaped crossing at the beginning of liquefaction, b) zipping process, c) plot of the x position of the Y-shaped junction and of its angle α versus time.

Fig. 9 :

 9 Fig. 9: Variation of the angle α of the Y-junction during the zipping process: crosses -measurements, line -exponential approximation. The inset shows a SEM image of the Y-shaped junction.

Fig. 10 :

 10 Fig. 10: Analysis of the zipping mechanism.

  3 [cos β 1o cos(β 1o -δβ 1 ) + f 3 cos β 2o cos(β 2o -δβ 2 ) -1] (9) with β 1o + β 2o = π 2 ⁄ . In the limit of α close to π 2 ⁄ , i.e. α = π 2 ⁄ -δα = π 2 ⁄ -(𝛿𝛿β 1 + δβ 2 )(10)𝛿𝛿β 1 and 𝛿𝛿β 2 are small and we havef ζ ≈ f 3 sin 2β 1o δα 2 ⁄ (11)
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