Claire Schune 
  
Marc Yonger 
  
Mohamed Hanafi 
  
Jürgen Thiel 
  
Laurent Guy 
  
Thomas Chaussée 
  
François Lequeux 
  
Hélène Montes 
  
Emilie Verneuil 
email: emilie.verneuil@espci.fr
  
  
  
Morphology and dynamics of dense nanometric precursor films of polymer melts

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Finely probing the interactions between melt polymer chains and a surface is of great relevance to any macroscopic mechanism involving adhesion, 1 friction, 2,3 or wetting [START_REF] De Gennes | Wetting: Statics and dynamics[END_REF][START_REF] Venkatesh | Interfacial Friction Controls the Motion of Confined Polymers in the Pores of Nanoparticle Packings[END_REF] of polymers on a solid. It is however quite challenging because of the intrinsic complexity of the physico-chemical mechanisms at stake, the possible coupling between surface and bulk effects, and the precision required for the measurements. Hence, experimental efforts have been made to probe the interfacial behavior [START_REF] Zuo | Conformational Relaxation of Poly(styrene-co-butadiene) Chains at Substrate Interface in Spin-Coated and Solvent-Cast Films[END_REF] and among the methods developed in the past, a promising one is the approach based on wetting experiments of polymer melts on high energy surfaces, characterized by a positive spreading parameter S = γ sv -(γ + γ sl ), γ sv , γ, and γ sl being the interfacial tensions of the solid/air, polymer/air, and solid/polymer interfaces, respectively. Indeed, when a polymer melt droplet is deposited on such surfaces, a so-called precursor film spreads around the sessile droplet as recently reviewed by Popescu et al. [START_REF] Popescu | Precursor films in wetting phenomena[END_REF] Precursor films have been evidenced a century ago, [START_REF] Hardy | The Spreading of Fluids on Glass[END_REF] but they have been precisely measured only over the past thirty years. Their typical thickness being nanometric, they are extremely interesting systems to probe polymer/substrate interactions. The spreading of such thin films is thought of as an efficient way for the system to lower down its surface energy at early times. In the literature, [START_REF] Daillant | Ultrathin films in wetting evidenced by x-ray reflectivity[END_REF][START_REF] Silberzan | Spreading of High Molecular Weight Polymer Melts High-Energy Surfaces[END_REF] it is observed that precursor films are comprised of two parts: (i) a submolecular part, which connects the uttermost end of the film to the bare substrate, and (ii) a thicker part connected to the droplet, which was sometimes shown to be dense. [START_REF] Daillant | Ultrathin films in wetting evidenced by x-ray reflectivity[END_REF] In a previous work, [START_REF] Schune | Rouse 2D Diffusion of Polymer Chains in Low Density Precursor Films of Polybutadiene Melts[END_REF] we studied the submolecular part of precursor films of polybutadiene melts. We showed that polymer molecules are in a non-dense state, and that the films spreading dynamics can be described by the sole friction of the polymer segments on the surface, which we measured. In the present study, we focus on the thicker part of precursor films, where polymer/surface interactions are expected to combine with polymer/polymer interactions. The general theoretical framework to describe the spreading dynamics of dense polymer films relates the local thickness h to its space and time derivative through Equation 1, [START_REF] Brochard | Spreading laws for liquid polymer droplets : interpretation of the « foot[END_REF][START_REF] Churaev | The Shape of the Transition Zone between a Thin Film and Bulk Liquid and the Line Tension[END_REF][START_REF] Benzaquen | Soft Matter[END_REF][START_REF] Cormier | Beyond tanner's law: Crossover between spreading regimes of a viscous droplet on an identical film[END_REF] where x is the direction along the substrate -assuming no flux in the cross direction.

∂h ∂t = - ∂ ∂x γ 3η h 3 ∂ 3 h ∂x 3 + ∂ ∂x D(h) ∂h ∂x (1) 
The first term on the right hand side arises from the capillary contribution to the pressure gradient, and the second one is a diffusive term. The diffusion coefficient D(h) of the polymer chains can be written [START_REF] Mitlin | Dewetting of Solid Surface: Analogy with Spinodal Decomposition[END_REF][START_REF] Alizadeh Pahlavan | Thin films in partial wetting: stability, dewetting and coarsening[END_REF] as the product of the mobility of the chains M (h) with the derivative of the disjoining pressure ∂Π(h)/∂h. Depending on the system considered, Π(h) may originate from a combination of van der Waals interactions, entropy, electrostatics, etc... A few experimental studies reported on dense secondary films, [START_REF] Daillant | Ultrathin films in wetting evidenced by x-ray reflectivity[END_REF][START_REF] Villette | Wetting on the Molecular Scale and the Role of Water. A Case Study of Wetting of Hydrophilic Silica Surfaces[END_REF][START_REF] Mate | Anomalous diffusion kinetics of the precursor film that spreads from polymer droplets[END_REF][START_REF] Esibov | Dynamics of pseudopartial wetting studied by neutron reflectometry[END_REF][START_REF] Müller-Buschbaum | Observation of nano-dewetting structures[END_REF][START_REF] Seemann | Dewetting patterns and molecular forces: A reconciliation[END_REF][START_REF] Silberzan | Spreading of High Molecular Weight Polymer Melts High-Energy Surfaces[END_REF][START_REF] Min | Spreading characteristics of thin liquid films of PFPE on solid surfaces[END_REF][START_REF] Jiang | Nanoscale adsorbed structures as a robust approach for tailoring polymer film stability[END_REF] but no systematic experimental characterization have been performed to understand the origin of this film, mainly because the polymer systems used exhibited precursor films profiles with thickness variations extending over very narrow lateral length scales dx, making it challenging to analyze. In addition, no quantitative information on the polymer/surface interactions were extracted in a systematic way from the spreading dynamics of these films.

Here, we offer to work with a series of melts in the regime of pseudopartial wetting.

This regime was first theoretically described [START_REF] Brochard-Wyart | Spreading of non volatile liquids in a continuum picture[END_REF] and experimentally observed 30 in the 1990's as the case where a sessile droplet at rest sits on its precursor film, and exhibits a non zero macroscopic contact angle while the precursor film possibly keeps spreading on the substrate.

The aim of the present paper is two-fold: We will first describe the morphology of dense precursor films of polymers and discuss its thermodynamic or dynamic origin as suggested in the past. [START_REF] Silberzan | Evidence for a new spreading regime between partial and total wetting[END_REF] We will show that at steady state, dense precursor films exhibit a step-like profile of thickness proportional to the square root of the chains length, which is surprisingly independent of the polymer chemistry and the surface state. Second, we will characterize the chains spreading dynamics in the nanometer-thick films, and interpret it in terms of friction of the polymer segments with each other and with the surface.

Materials and Methods

The polymer melts used in this study are 1,4-polybutadiene (PBd 1,4), hydroxyl-terminated 

Results

All the polymers used in the present study exhibit pseudo-partial wetting condition on oxidized silicon wafers: at rest, a sessile droplet coexists with a precursor film. [START_REF] Popescu | Precursor films in wetting phenomena[END_REF][START_REF] Schune | Rouse 2D Diffusion of Polymer Chains in Low Density Precursor Films of Polybutadiene Melts[END_REF][START_REF] Silberzan | Evidence for a new spreading regime between partial and total wetting[END_REF][START_REF] Brochard-Wyart | Spreading of non volatile liquids in a continuum picture[END_REF] The typical spreading of a precursor film is shown on Figure 1. The dense film we observe here correspond to cases where the droplet as already stopped spreading on its precursor film, as shown in Fig. 1a,b,c, while the film itself keeps on spreading.

As detailed in a previous work, when the film thickness h is lower than a molecular diameter h d , the film is 2D semi-dilute: some silica sites are unoccupied. [START_REF] Schune | Rouse 2D Diffusion of Polymer Chains in Low Density Precursor Films of Polybutadiene Melts[END_REF][START_REF] Semenov | Theoretical notes on dense polymers in two dimensions[END_REF] Below a thickness denoted h , it is completely dilute: the chains do not interact with each other anymore.

On the contrary, when h > h d , it is dense. The dense part of the precursor films is called secondary film in the following. As seen in Figure 1(c,d), at long times the precursor film exhibits a step-like profile of uniform thickness h 2 > h d , which connects to the droplet. At the edge of the droplet, measured thicknesses diverge, which allows to locate the droplet edge r d . Furthermore, at earlier times (Fig. 1(a,b), the connection between the film and the droplet also occurs at h = h 2 , the plateau thickness (Fig. 1(d)). Finally, if several droplets are deposited on the surface as in Fig. 2, precursor films eventually connect and the thickness in the inter-droplet area reaches a uniform value, which is also equal to h 2 , the film thickness for a single droplet. Similar observations were made with all the polymers tested.

These results suggest that h 2 is the steady state thickness of the film. It can equivalently be measured as the connection thickness of the secondary film to the droplet, or as the uniform thickness at long times. Interestingly, we observe that h 2 does not depend on the humidity in the cell (Figure 3a), nor on the UV/ozone treatment applied to the wafer (Figure 3(b). This thickness is therefore not sensitive to the exact physico-chemistry of the substrate.

In addition, Figure 3(c) shows that h 2 is independent of van der Waals interactions, which can be tuned by changing the oxide layer thickness e. [START_REF] Seemann | Dewetting patterns and molecular forces: A reconciliation[END_REF] On the other hand, the film profiles are modified when changing the polymer chain length: Figure 3 We measure that the longer the chains, the thicker the secondary films. The thickness h 2 divided by the Kuhn length b is plotted against the chains length N on Figure 4, for different holds for three decades in N . In Figure 4, we added the experimental data of Silberzan et al., [START_REF] Silberzan | Spreading of High Molecular Weight Polymer Melts High-Energy Surfaces[END_REF][START_REF] Silberzan | Etalement de microgouttes de polymères sur surfaces solides de haute énergie[END_REF] Villette et al., [START_REF] Villette | Wetting on the Molecular Scale and the Role of Water. A Case Study of Wetting of Hydrophilic Silica Surfaces[END_REF] Valignat et al., [START_REF] Valignat | Molecular Networks in the Spreading of Microdroplets[END_REF] and Min et al. [START_REF] Min | Spreading characteristics of thin liquid films of PFPE on solid surfaces[END_REF] who worked with PDMS, PDMS-OH and fluoropolymers, respectively, all these polymers exhibiting total wetting condition on oxidized silicon wafers instead of pseudo-partial wetting. This data nicely align with ours, which highlights the universality of the scaling law we measured. The power law dependence of h 2 with N is strikingly similar to that expected for the radius of gyration: 49

R g = 1/ √ 6b √ N ∼ 0.4b √ N .
In the following, the thickness h 2 will be written as :

h 2 ∼ 0.8b √ N (2) 
Finally, the data from all our experiments can be compared by plotting h 2 /b √ N as a function of the experimental conditions. This is done in Fig. 4, bottom part, where the silica thickness e, the ambient humidity and temperature were varied. These plots emphasize that none of these parameters change the film thickness, within experimental errors.

In the following, we focus on the spreading dynamics of the film, in light of Eq. 1. From our experimental thickness profiles in space and time, we first estimate the relative weight of the capillary contribution and the diffusive term in Eq. 1. The computation and the results are detailed in Supplemental Material SM-2 and SM-3. 46 We find that the capillary term is always orders of magnitude smaller than the diffusive flux. In the following, we will consider that the capillary pressure do not contribute to the spreading of the film. Consequently, Equation 1 simplifies into:

∂h ∂t = ∂ ∂x D(h) ∂h ∂x (3) 
The remaining diffusive term thus contains key information on secondary films.

By appropriate derivation and integration our experimental space-time thickness profiles, we can extract the variations of the diffusion coefficient with the film thickness D(h) using Equation 3. Technical details on these computations are available in a previous paper. the substrate, and which interestingly disappears when the surface is not activated with a UV/ozone treatment (see Figure 3(b). Although of interest, this region is out of scope of this paper. However, for higher thicknesses, D(h) is time-independent. We chose to extract the diffusion coefficient at h th = 0.85 × h 2 , which we called D S . This value of h th allows to be sufficiently close to h 2 , while minimizing noise.

Figure 6 presents the evolution of D S with the chains length for PBd 1,4 and PBd-OH at 73 • C (triangles and stars, respectively). We measure that D S decreases with N . For N < 30, the decrease is close to a power law N -1 . For higher values of N , the slowing down of the dynamics follows a higher exponent, as observed in Figure 6(a). Furthermore, we observed that the presence of hydroxyl end-groups does not influence the dynamics. This will be discussed in the following, and we will see that the spreading dynamics can be interpreted in terms of the sole friction of the polymer segments.

While increasing the relative humidity in the cell does not influence the value of h 2 (Figure 3(a)), it however greatly accelerates the spreading dynamics, as seen in Figure 7. We measured that the diffusion coefficient D S increases by two orders of magnitude when RH c varies from 11 to 90%. This result holds for longer chains (measurements were performed for N = 8, 12, 50) and whether chains are terminated by an hydroxyl group or not (data not shown). It was shown in the literature [START_REF] Asay | Evolution of the Adsorbed Water Layer Structure on Silicon Oxide at Room Temperature[END_REF][START_REF] Sumner | The nature of water on surfaces of laboratory systems and implications for heterogeneous chemistry in the troposphere[END_REF][START_REF] Takahagi | Adsorbed Water on a Silicon Wafer Surface Exposed to Atmosphere[END_REF][START_REF] Sarfati | Temporally Anticorrelated Subdiffusion in Water Nanofilms on Silica Suggests Near-Surface Viscoelasticity[END_REF] that above a threshold relative humidity, water molecules adsorbed on oxidized silicon form a mobile layer thus modifying the surface state and the spreading velocity of polymers precursor films. [START_REF] Villette | Wetting on the Molecular Scale and the Role of Water. A Case Study of Wetting of Hydrophilic Silica Surfaces[END_REF] 

Discussion

Our measurements of the steady-state thickness of secondary films robustly highlight that h 2 only depends on the polymer chain length. This thickness is given by Eq. 2 or, equivalently, equals twice the gyration radius R g : h 2 ∼ 2R g . This law remarkably holds for polymers with varied chemistry. In addition, Equation 2 is robust to changes in the experimental conditions such as temperature, physical chemistry of the substrate surface, as well as different regimes for spreading dynamics as will be detailed below. To understand this universal scaling law, we offer to tackle the question of the origin of secondary films. As mentioned previously, capillary effects are found negligible. 46 Energetic or dynamical effects are now considered.

Is the film thickness set by the free energy of the system air/polymer film/silica/silicon?

We first review the existing models based on thermodynamics that describe the variations with thickness h of the free energy of thin and dense films of polymer melts supported by a solid substrate. Following pioneering descriptions [START_REF] Brochard-Wyart | Spreading of non volatile liquids in a continuum picture[END_REF] of precursor films around droplets, our aim here is two-fold : first, determining whether the free energy of such systems exhibits a minimum at a given film thickness and, second, checking whether this thickness of minimum energy varies as the square root of the chain length.

For films of polymer melts supported by a solid in air, the free energy results from at least two contributions : (i) long range interactions and, in the present case, van der Waals interactions across the system interfaces (silicon/oxide, oxide/polymer, polymer/air) and (ii) the entropy of free polymer chains confined in a dense film. While the former does not depend on the polymer length N , the latter does, which makes it a good candidate to explain h 2 variations with N . However, in early theoretical works, De Gennes 57 derives the entropy of free polymers confined within a dense film by accounting for the screening of the repulsive interactions existing at small scale in melts. For such systems, De Gennes's model predicts that the entropy is independent of the film thickness for films thicker than a typical size. This size is the blob scale at rest, which can be taken as the Kuhn length b.In the past,the De Gennes's prediction was experimentally validated by surface force apparatus (SFA) measurements [START_REF] Kumar | Off-lattice Monte Carlo simulations of polymer melts confined between two plates[END_REF][START_REF] Horn | Molecular Organization and Viscosity of a Thin Film of Molten Polymer between Two Surfaces As Probed by Force Measurements[END_REF][START_REF] Patel | Measurement of forces between surfaces in polymer fluids[END_REF] : the force versus thickness curves were measured on melt polymer films between plates, and their modelling showed no contribution of the entropic term, demonstrating no thickness dependence of the entropy of confined free polymer chains. Since almost all our films are thicker than b, no variations of entropy with thickness is expected to play a role in the selection of h 2 from De Gennes's prediction.

More recently, the De Gennes's vision was challenged by Lee and Johner 61 who derived the free energy of confined polymer melts by random phase approximation (RPA). For thicknesses ranging between b and b √ N , the configuration entropy of non grafted polymer chains confined within a dense film is predicted to monotonously decrease with film thickness. The secondary films we measure mostly lay in this range since h 2 ∼ 0.8b √ N . In this model, the entropic contribution to the free energy is well approximated by 0.01kT × h -2 e -h/( √ N b) for h values in the vicinity of h 2 (note that this approximation does not hold when h goes to zero). However, in the same range of thickness close to h 2 , for both attractive and repulsive long range van der Waals interaction energy, we demonstrate in SM3 46 that the combination of this entropic term to the van der Waals term yields a total free energy exhibiting no local minimum in the vicinity of h 2 . Finally, for the sake of completeness, we note that non-monotonous variations of the entropic term have been predicted -and qualitatively evidenced -when a melt penetrates a grafted polymer layer, with a strong dependence on the number of loops and tails. [START_REF] Reiter | Negative Excess Interfacial Entropy between Free and End-Grafted Chemically Identical Polymers[END_REF][START_REF] Jopp | Autophobic Behavior of Polymers at the Melt Elastomer Interface[END_REF][START_REF] Shull | Wetting Behavior of Polymer Melts on Polydisperse Grafted Polymer Layers[END_REF][START_REF] Ferreira | Scaling Law for Entropic Effects at Interfaces between Grafted Layers and Polymer Melts[END_REF][START_REF] Gay | Wetting of a polymer brush by a chemically identical polymer melt[END_REF][START_REF] Mensink | The role of entropy in wetting of polymer brushes[END_REF] However, our experimental data show no evidence that polymer grafting occurs: no effect of the wafer cleaning or the end group on h 2 is observed.

Hence, the polymers in the secondary films were assumed to be free.

Altogether, the dense film thickness h 2 we measure, and particularly its robust variation as the square root of the polymer chain length, cannot be accounted for by available thermodynamics descriptions of non grafted polymer chains confined in dense supported films.

Alternatively, we now examine whether the film thickness h 2 arises from dynamical effects, as offered by Bruinsma in the past. [START_REF] Bruinsma | Slow Spreading of Polymer Melts[END_REF] In the following, we review the transport mechanisms at stake in the film spreading.

Is the film thickness set by the dynamics of its spreading?

The film we name here secondary films, of thickness h 2 , spreads from the droplet edge, which is a reservoir of bulk liquid, toward a precursor film consisting of semi dilute non interacting polymer chains. [START_REF] Schune | Rouse 2D Diffusion of Polymer Chains in Low Density Precursor Films of Polybutadiene Melts[END_REF] It is dense. Here, we aim at characterizing both the driving and dissipative mechanisms controlling the spreading of such dense film. We first examine the possible dissipative mechanisms depending on the thickness.

In the past, different spreading regimes of liquid bodies on solid substrates have been thought of depending on the system size. We first consider macroscopic systems (droplets, thick films) with volumes far larger than a molecular volume. Their spreading can be successfully described within a hydrodynamic framework by considering a capillary driving term, viscous dissipation, and possibly dissipative mechanisms at the contact line which are not relevant here. Viscous dissipation arises because of the shear flow due to the assumed vanishing velocity at the substrate interface. However, this hydrodynamics description is expected to fail at the scale of the present secondary film. Indeed, thicknesses h 2 are measured equal to only two times the gyration radius of the chains: in such a confined regime, the details of the polymer chains movements at molecular scale cannot be reduced to a viscous term only.

In the literature, Johner and Obukov for which

h 2 < h c if N > N c . With h 2 ∼ 0.8 √ N b
, we find : N c ∼ 0.64N e so that N c is always smaller than N e . In the entangled regime, we conclude that polymer chains in the secondary films are all in a permeation regime (h 2 < h c ). It has been suggested in the past [START_REF] Bruinsma | Slow Spreading of Polymer Melts[END_REF] that the secondary film thickness could be set by the transition between viscous and permeation regimes at the edge of the droplet. Hence, h 2 should vary in the same way as h c , namely as N . This is not what we observe : h 2 scales as √ N . This further demonstrates that h 2 is not set by the transition between viscous and permeation regime.

We will assume from now on that the flux in the dense thin films is limited by permeation.

Is h 2 controlled by the permeation flux as suggested in pioneering works? [START_REF] Brochard | Spreading laws for liquid polymer droplets : interpretation of the « foot[END_REF][START_REF] Bruinsma | Slow Spreading of Polymer Melts[END_REF] Since precursor films exhibit a free interface with air, their thickness was assumed to adjust to the flux of polymers permeating through it. Our experimental data show that no change in the thickness h 2 was measured while very different fluxes could be obtained experimentally by either depositing several droplets or by tuning the relative humidity. More precisely, when several droplets are deposited as in Fig. 2, the flux in between them can be assumed to vanish, but the thickness remains the same as for spreading films. Moreover, experiments at high humidity lead to fast spreading (Fig. 7) but constant thickness, as shown in Fig. 3(a)

and Fig. 4. Note that this last observation is also at variance with the description by Bruinsma which predicts a dependence of the film thickness on the slippage of the chains on the substrate.

Finally, we examine the possible effect on h 2 of disjoining pressure gradients. Indeed, still in these pioneering theoretical works, [START_REF] Brochard | Spreading laws for liquid polymer droplets : interpretation of the « foot[END_REF][START_REF] Bruinsma | Slow Spreading of Polymer Melts[END_REF] assumption was made that the flux is driven by a gradient of disjoining pressure along the film length, and that the thickness depends on this gradient. Again, our observations disagree with this prediction. Experiments where long range interactions were supposedly changed did not modify the film thickness. For example, changing the amplitude of the van der Waals interactions by changing the silica layer thickness e (Fig. 3(c) and Fig. 4) did not change the flux nor the thickness. In addition, switching the sign of the van der Waals interactions does not affect the equation ruling the film thickness versus polymer size neither : while PB, PB-OH, PI, PI-OH and PS all bear attractive van der Waals interactions on oxidized silicon wafers (pseudo-partial wetting, conjoining Derjaguin pressure), PDMS or fluorinated polymers bear repulsive ones (total wetting, disjoining Derjaguin pressure). Therefore, we find no evidence of the effect of the disjoining pressure gradient on the film thickness value.

In our understanding, these observations show that the available theoretical models fail to account for the film thickness of dense secondary precursor films measured by us and by others. We now turn to a discussion on the diffusion coefficient data.

What can be learnt from the spreading dynamics of dense precursor films?

Entangled polymers N > N e at low ambient humidities

We first focus on entangled polymer chains spreading at low ambient humidity. We measure a diffusion coefficient D S at a film thickness below but close to h 2 that characterizes the chain diffusion within the film. In Figure 6, D S is plotted as a function of the chain length N , together with bulk diffusion coefficients taken from the literature and measured in non confined melts at the same temperature (square symbols). Interestingly, D S and D are found equal, within experimental uncertainty, for N > N e . We furthermore find that the diffusion coefficient in the films varies with chain length according to the power law with exponent -2.4 which characterizes the reptation mechanisms of entangled polymers: 49

D bulk rep = kT ξ bulk N 1.4 e N 2.4 (4) 
where ξ bulk is a friction coefficient between Kuhn segments. By analogy with polymer diffusion in the bulk, this suggests that, in films, the driving mechanism is also the gradient of position entropy of the chains along the film length. Altogether, the picture we offer is the following : for a film thickness below but close to h 2 , the spreading of polymers in the film is driven by the position entropy gradient and limited by a permeation mechanism where fric-tion mostly occurs between monomers with no significant account of the substrate/monomer friction. This striking result is somewhat unexpected given the system complexity.

In the following, we will show both monomer/monomer and substrate/monomer friction must instead be taken into account for films with lower thicknesses: this is the case for dense films of non entangled PBd and PB-OH polymers.

Non entangled polymers N < N e at low ambient humidities

For chain lengths below the entanglement length N < N e , in bulk, polymer melts no longer diffuse by reptation. Instead, they obey a Rouse dynamics : the bulk diffusion coefficient is set by the friction of the whole chain, which is the sum of the friction experienced by each monomer or Kuhn segment. Assuming a homogeneous friction coefficient for all monomers equal to ξ bulk , the polymer chain diffusion coefficient in bulk writes: 49

D Rouse bulk = kT N ξ bulk (5) 
For dense secondary precursor films consisting of non-entangled polymers of PBd and PB-OH that bear a hydroxylated terminal group, we find a change in the exponent of the power law variation of D s with the chain length in the vicinity of N e (Fig. 6). Our data do not allow us to measure this exponent. However, we find that D s is significantly smaller than the bulk diffusion coefficient -at the same length and temperature, as opposed to the entangled regime discussed above where chain diffusion coefficients in bulk and in films were equal. This observation suggests either additional friction comes into play, or the driving mechanism for spreading is different for low mass polymers.

From the observation that the film thickness h 2 varies as 0.8b √ N whatever the chain length, we offer to assume that the driving mechanism for spreading in the film is the gradient of position entropy for all N s. In this framework, we suggest the friction mechanism at stake for low mass polymers consists of both monomer/monomer friction and monomer/substrate friction. This hypothesis was verified in a previous study: [START_REF] Schune | Rouse 2D Diffusion of Polymer Chains in Low Density Precursor Films of Polybutadiene Melts[END_REF] for non dense films with effective thickness below b, we showed monomer/substrate interactions were setting the diffusion coefficient of dilute or semi dilute PBd or PBd-OH polymers on silica. In dense films, low mass polymers exhibit low film thickness h 2 so that the ratio of the surface friction term to the chain/chain friction term becomes comparatively larger. In this framework, we suggest that the non entangled chains diffuse in the film according to a Rouse mechanism as in bulk, but with a friction coefficient that depends on the monomer location : for monomers interacting with the substrate, the friction coefficient is denoted ξ surf and for monomers interacting with other monomers, it is denoted ξ bulk . We define n as the number of monomers per chain interacting with the surface. As a result, the diffusion coefficient of chains in the dense film for polymers of length N < N e writes :

D Rouse S = kT nξ surf + (N -n)ξ bulk (6) 
The number n can be estimated as follows. Let 

D Rouse S = kT N (ξ surf h d 0.68b √ N + ξ bulk (1 -h d 0.68b √ N )) (7) 
Equation 7 was compared to the experimental data of D s versus N in Figure 6, for N < N e , with the surface friction coefficient ξ surf as a fitting parameter. We set the bulk friction coefficient ξ bulk between monomers at the value reported in the literature: [START_REF] Guillermo | Quantitative nuclear magnetic resonance characterization of long-range chain dynamics : Polybutadiene , polyethylene-oxide solution[END_REF][START_REF] Lange | Large-Scale Diffusion of Entangled Polymers along Nanochannels[END_REF][START_REF] Meier | Long-Time Diffusion in Polymer Melts Revealed by 1 H NMR Relaxometry[END_REF] 7to the data (full lines in Fig. 6 for N < N e ) gives : ξ 73 • C surf = 1.4 ± 1 × 10 -10 kg/s and ξ 20 • C surf = 13 ± 5 × 10 -10 kg/s. We find that the monomer/substrate friction coefficient in about 10 times larger than the bulk friction coefficient at 73 • C, and 30 times larger at 20 • C. In addition, a numerical estimate of n, the number of monomer contacting the substrate, shows that for the PBd series with N between 7 and 400, the chains always have at least 2 monomers at the surface. This is consistent with a permeation scenario. From this result, we look back at the entangled case and account for the effect of surface friction by extending Eq. 7 to the entangled situation simply using Equation 8:

D rep S = D Rouse S N e N 1.4 (8) 
The corresponding variation of the diffusion coefficient with the chain length N for N > N e is plotted in plain lines in Fig. 6. The difference between the predictions given by Eq. 4 (dashed lines) and Eq. 8 (full lines) lays within the range of experimental error bars. This confirms that monomer-monomer friction and monomer-substrate friction cannot be discriminated on thick entangled films.

High humidity

Interestingly, we find that the diffusion coefficient of the chains in the dense films increases non linearly with ambient humidity (Fig. 7): above RH=60%, the diffusion coefficient sharply increases by one order of magnitude, then plateaus for RH>80%. The enhanced mobility of adsorbed layers of water could be responsible for the strong acceleration of the spreading dynamics of polymer chains on highly hydrated silica. Similar results were obtained in the past for PDMS melts within porous packings of silica 5 and for PDMS precursor films, [START_REF] Villette | Wetting on the Molecular Scale and the Role of Water. A Case Study of Wetting of Hydrophilic Silica Surfaces[END_REF] for both methyl and hydroxyl-terminated PDMS. In the latter, a significant increase in precursor films diffusion coefficients was observed above 70% RH and ascribed to a decrease in the friction coefficient between the molecular layer in contact with the substrate [START_REF] De Gennes | Spreading of a Stratified Incompressible Droplet[END_REF] and the more assumption is first made that these adsorbed water layers decrease the friction coefficient between monomer and substrate. In the limiting case were the surface friction vanishes, ξ surf = 0, chains would collectively slip on the surface into a "plug-flow" with no monomermonomer friction neither. This is needed what we find: by setting ξ surf = 0 in Eq. 7, we consistently compute a diffusion coefficient value that is lower than the measured ones. It is plotted as a plain line in Fig. 7 for N = 12. Yet, the limiting and driving mechanisms controlling this fast spreading still lack a comprehensive description when adsorbed layers of water cover the silica surface. Nevertheless, we emphasize again that the film thickness h 2 always varies with N as 0.8b √ N , even in this fast spreading regime.

Conclusion

In this paper, using a series of polymers with varied size and chemistry in a systematic way, we show that precursor films of polymer melts in pseudo-partial wetting condition comprise a dense part connecting the droplet to the semi-dilute part of the film. This dense part is called secondary film, and, at steady-state, exhibits a step-like profile of thickness proportional to the square root of the chains length. More precisely, this thickness is equal to twice the radius of gyration of the polymers. This universal law is measured over three decades in chains length and also applies to data from the literature obtained on polymers that were in total wetting conditions. Remarkably, it does not depend on the sign or the range of van der Waals interactions, nor on the chemical nature of the polymer chains or their endfunctionalization, nor on the surface state of the substrate. This robust experimental result challenges the existing theories, and invites to refine the current theoretical framework for polymers in precursor films.

Nevertheless, from the measurements of the secondary film spreading dynamics, the following picture emerges: polymers are dynamically adsorbing to the surface by few monomers and form a transient network through which other polymers permeate, [START_REF] Johner | Nanofluidity of a polymer melt : Breakdown of Poiseuille ' s flow model[END_REF] driven by a gradient of position entropy. Our data allow us to quantitatively discriminate between the friction of the polymer segments with each other and with the surface, the latter being 10 times larger on poorly hydrated surfaces. We hope our experimental findings will stimulate further theoretical developments.
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Figure 1 :

 1 Figure 1: Thickness maps measured by ellipsometric microscopy around a sessile droplet (dark blue disk at the center) evidencing the spreading of a wetting precursor film. PI-OH with M n = 1200 g/mol. Images are taken at (a) 30 min, (b) 2 days, and (c) 14 days after deposit of the droplet. (d) Corresponding thickness profiles as a function of the distance to the droplet edge r -r d , angularly averaged over a 10 • angle centered at the droplet center. Thicknesses diverge at the edge of the droplet. Silica layer thickness: e = 1.6 nm; T = 20 • C; RH c = 11%.

Figure 2 :

 2 Figure 2: Thickness maps measured by ellipsometry of precursor films of PBd-OH of M n = 900 g/mol 8 hours after the droplets deposit, in the case of (a) one droplet, (b) two droplets, and (c) seven droplets. Silica layer thickness e = 2.5 nm, 1.6 nm and 1.3 nm, respectively. T = 20 • C; RH c = 11%.

  (d) presents precursor films profiles of PI-OH at long times for different chains lengths, N being the number of Kuhn segments per chain (N = M n /M K ).

Figure 3 :

 3 Figure 3: Thickness profiles of precursor films as a function of the distance to the droplet edge r -r d . Data are angularly averaged over a 10 • angle. (a) PBd-OH M n = 1300 g/mol, 30 min after the droplet deposit, at various humidity RH c . T = 20 • C, 25 • C and 22.5 • C, respectively. (b) PBd-OH M n = 900 g/mol, with and without UV/ozone treatment of the wafer, 120 min after the deposit of the droplet. T = 20 • C; e = 2.5 nm. (c) PBd-OH M n = 900 g/mol for various oxide layers e, 30 min after the deposit of the droplet. Inset: Van der Waals energy versus polymer film thickness h computed from Eqs.1,2 in SM-2 46 for the different silica thicknesses e (black e = 0, dotted gray e = ∞). T = 20 • C and RH c = 11%. (d) PBd 1,4; 1 day after the droplet deposit, for various chains lengths N = M n /M K with M K = 105 g/mol. For experiments with longer chains, temperature was raised so that the radial extent of the film is similar : r -r d ∼ 30 µm : T = 20 • C for N = 51, T = 47 • C for N = 87 and T = 73 • C for N = 186. e = 2.9 nm, 2.5 nm and 3.2 nm, respectively. RH c ≤ 11%.
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Figure 5 Figure 5 :

 55 Figure 5 presents thickness profiles with time of a secondary film of PBd-OH, and the corresponding D(h) curves. We observe that D increases with h. A temporal dependence of the diffusion coefficient is noted for h ≤ 0.7 × h 2 . The range of thicknesses where D presents a slowing down with time also corresponds to the part of the film that connects to

Figure 6 :

 6 Figure 6: Diffusion coefficients versus chain length N . RH c =11%. (a) T = 73 • C (b) 20 • C. ( ) Secondary precursor film data D S .( ) PBd 1,4. ( ) PBd-OH. ( ) Bulk NMR data from literature D bulk . 50-52 Dashed lines: Bulk D bulk data are fit to Eqs 4 (N > N e ) and 5 (N < N e ), with N e = 18, ξ 73 • C bulk = 1.4 10 -11 kg/s, ξ 20 • C bulk = 5 10 -11 kg/s. Lines: D s data are fit to Eq. 7 and Eq.8, using previously fitted value and ξ 73 • C surf = 1.4 10 -10 kg/s, ξ 20 • C surf = 1.3 10 -9 kg/s.

Figure 7 :

 7 Figure 7: Secondary film diffusion coefficient D S versus ambient relative humidity RH c . 53-56 PBd-OH 1300 g/mol (N = 12). T = 22 ± 3 • C. Black line: value of D S from Eq. 7 with ξ surf = 0 and ξ bulk = 5 10 -11 kg/s. Above RH c ∼ 70%, film spreading is faster than the zero friction case.

  [START_REF] Johner | Nanofluidity of a polymer melt : Breakdown of Poiseuille ' s flow model[END_REF] derive the flux of polymer chains within dense confined films of entangled polymers. In addition to the hydrodynamics flux described above, mobile chains diffuse by reptation within the network formed by the chains that have one or more monomers contacting the substrate, in a so-called permeation mechanism. They further demonstrate that the permeation flux is all the more efficient compared to the hydrodynamics flux that the film is thinner. More precisely, the viscous flux 25 scales as h 3 /η, where η is the viscosity, while the permeation flux writes kh where k is a permeability which only depends on the polymer. From the derivation of the fluxes, a critical thickness h c is defined at which the spreading in the film switches from a viscous sheared regime to permeation, and writes h c = bN/N 1/2 e for entangled polymers. Note that in an earlier work, Bruinsma 68 also discusses this transition thickness, but arbitrarily sets h c at R g .The permeation description by Johner and Obukov provides a tool to determine the dissipative mechanism operating in the present secondary films, at least in the entangled regime (chains with length N > N e ). We first briefly discuss what entangled means in a quasi two dimensional film. Numerous theoretical works[START_REF] Brown | Entanglements at Polymer Surfaces and Interfaces[END_REF][START_REF] Garcia | Entanglement reduction induced by geometrical confinement in polymer thin films[END_REF][START_REF] Lee | Local Chain Segregation and Entanglements in a Confined Polymer Melt[END_REF][START_REF] Silberberg | Distribution of Conformations and Chain Ends near the Surface of a Melt of Linear Flexible Macrornolecules[END_REF][START_REF] Silberberg | Distribution of Segments near the Surface of a Melt of Linear Flexible Macromolecules : Effect on Surface Tension[END_REF] predict a decrease of the entanglements density close to a surface, leading to an increase of the entanglement length N 2D e compared to the bulk value N e . Applying these predictions[START_REF] Lee | Local Chain Segregation and Entanglements in a Confined Polymer Melt[END_REF] to our systems, we find however that N 2D e remains close to the bulk value: it is not greater than 1.4 × N e . For the sake of simplicity, we will consider here N 2D e = N e . In the following, we compare the critical thickness h c to the secondary film thickness we measure for polymer chains with length N > N e . They both depend on N so that we define a critical number of Kuhn segments N c

  h d being a molecular diameter and b the segment length, the volume v and surface σ of a monomer (or Kuhn segment) write: v = bh 2 d and σ = bh d , while h d can be written 29 as a function of the polymer density ρ and Avogadro number N A as h d = M k bρN A . In a dense film of thickness h and surface S, there is α polymer chains of length N and n t monomers densely covering the surface. The volume occupied by the chains writes αN v = hS with S = n t σ. So n = n t /α = N h d /h. Diffusion coefficients D s are measured at a thickness h th = 0.85h 2 . With h 2 = 0.8b √ N , n(h th ) writes: n = √ N h d /0.68b so that D Rouse S becomes:

  46 together with the Kuhn length b of the polymers, the molar mass of the Kuhn segments M k , and the polymolecularity indices IP. The experiments were performed in a hermetic cell under a weak flow of nitrogen, at a fixed relative humidity RH c , which can be tuned between 11 and 91%, and at different temperatures T ranging between 10 to 73 • C.

	1,4-polybutadiene (PBd-OH), 1,2-polybutadiene (PBd 1,2), hydroxyl-terminated polyiso-
	prene (PI-OH), polystyrene (PS), and hydroxyl-terminated polystyrene (PS-OH). Molar
	masses M n range between 400 and 40 000 g/mol and are given in Supplemental Mate-
	rial SM1, aged over 10 • angles centered on the droplet center. Deposit method, experimental setup,
	and data analysis are available in previous studies. 28,29

The precursor films spreading around the droplets were characterized with an ellipsometric microscope (EP3, Accurion) using nulling ellipsometry with 590 nm wavelength of 10 nm bandwidth, 65 • incidence angle, and a 5 min time lapse between images. The pixel area over which measurements are averaged is 2 µm 2 . Silicon wafers were either obtained from Siltronix (native oxide layer in the nanometer range) or from CEA-LETI (5 to 250 nm thick oxide layer obtained by dry oxidation). Their surface was carefully prepared: first, by immersion in a piranha solution (H 2 SO 4 : H 2 O 2 2:1 v:v ) at 150 o C for 30 minutes, then rinsed in deionized water and dried with nitrogen in a clean environment. Prior to each experiment, a UV ozone treatment is applied for 30 minutes -unless otherwise stated. Sessile droplets of radius r d comprised between 40 and 250 µm, and volume below the nanoliter, were deposited on these oxidized silicon wafers, with an initial oxide layer thickness e carefully measured and ranging from 2 to 250 nm depending on the wafer used. Noise reduction is achieved by taking advantage of the quasi circular shape of the droplets: thicknesses are angularly aver-

  ξ bulk = 1.4 × 10 -11 kg/s at 73 • C and ξ bulk = 5 × 10 -11 kg/s at 20 • C. For PBd and PBd-OH polymers, b=0.96 nm and h d = 0.47 nm. 46 Fitting Equation
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