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X-ray Scattering Determination of the Structure of Water during Carbon Nanotube Filling
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We present in-situ monitoring of water filling of single-walled carbon nanotubes at room temperature, using X-ray scattering (XRS). A systematic method is developed to determine the water radial density profile. Water filling is homogeneous below about 5% in mass, whereas it structures into three layers above. These results should motivate further theoretical and simulations studies and allow getting a better understanding of the very peculiar properties of water confined in hydrophobic environment.
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Carbon nanotubes (CNT) are ultimate one-dimensional channels for nanofluidics, mimicking well-known biological systems such as aquaporins or ion-channels [1][2] and offering potential applications in water desalination membranes or molecular gatekeeper devices. [START_REF] Kalra | Proc. Natl. Acad. Sci[END_REF][START_REF] Corry | [END_REF][5] The seminal paper of Hummer et al, 6 based on molecular dynamics (MD) simulations, reported the spontaneous filling by water of sub-nanometer single walled carbon nanotubes (SWCNT) and fast conduction of water through SWCNT. The water-nanotube interfacial friction is expected to exhibit a strong curvature dependence, increasing with the nanotube diameter. 7 Enhanced water flow was measured in 2 to 7 nm diameter nanotubes [8][9] and even in larger carbon nanopipes, 10 which is therefore promising in regard to the smallest diameter nanotubes. Thermodynamical properties of water confined in SWCNTs are also most exciting, with predicted and observed new ice structures of ordered n-gonal nanotubes, [11][12][13][14] peculiar wet-dry phase transitions with lowering temperature, 15 and anomalous soft dynamics. 16 Filling of hydrophobic carbon nanotubes with water, at the basis of all properties discussed above, is a counterintuitive phenomenon. Nevertheless it does occur spontaneously when open carbon nanotubes are soaked in liquid water [17][18][19] as well as when they are exposed to water gas, 13,16,20 as shown by various experimental methods, such as X-ray and neutron scattering, Raman and photo-luminescence spectroscopies and nuclear magnetic resonance.

Modification of nanotube densities due to their spontaneous filling by water is in fact a key parameter to take into account to explain separation of SWCNT by gradient centrifugation. [21][22] Based on numerical simulations, spontaneous filling of carbon nanotubes has been reported from the liquid phase, 6,[23][START_REF] Pascal | Proc. Natl. Acad. Sci[END_REF] as well as from the gas phase. [START_REF] Striolo | [END_REF] Pascal and co-workers [START_REF] Pascal | Proc. Natl. Acad. Sci[END_REF] underlined that water presents specific tetrahedral H-bonding in the bulk, so that its confinement, and the subsequent loss of tetrahedral bonding, can lead to an entropy gain. Modification of the H-bonding of water confined in CNT was confirmed by an experimental vibrational spectroscopy study. 26 Moreover, MD calculations of the radial water density profiles highlight structuring phenomena from a single-file mode to a layered mode with increasing diameter, with specific Hbonding in the different modes. 23,[START_REF] Striolo | [END_REF][27][28][29] Water structure during SWCNT filling, depending of the filling rate, is a key parameter to understand confined water thermodynamics, SWCNT-water interactions, and thus the original properties of water confined in SWCNT. 6,29 NMR measurements of adsorption-desorption curves have been performed by Mao and co-workers 20 but, to the best of our knowledge, the structure of water during nanotube filling has not been studied experimentally.

In this Letter, we present the first X-ray scattering (XRS) analysis of the progressive filling of SWCNT by water. Oxygen and carbon being quite similar X-ray scatterers, XRS is well suited for studying the filling of carbon nanotubes by water, thanks to strong interference effects. Experiments were carried out on a powder of open SWCNT (MER Corp., USA) with a mean diameter of 14.1Å. The powder was packed in an unsealed glass capillary in a home-made humidity chamber specially designed for in-situ X-ray scattering experiments. It can be either pumped under primary vacuum at different temperatures, or placed under saturating vapor pressure of water. X-ray scattering measurements were performed at a wavelength of 1.5418Å.

Experimental details are provided in the Supporting Information (S.I.). Experiments were performed on three different samples and led to similar conclusions. SWCNT samples were first heated at 333K under vacuum to remove air adsorbed before the experiment 30 and they were then cooled down to 298K. The corresponding XRS diagram is shown in Figure 1 (black curve). The hk indices refer to the positions of the 2D hexagonal reciprocal lattice peaks of SWCNT bundles. The inset illustrates the definition of the intensity ratio rhk,exp(t) for the 10 peak, at Q10 = 0.42 Å -1 , between the empty I(Q10, t = 0) (black curve) and the completely filled I(Q10, t=101 h) (red curve) states, respectively.

Nanotubes are organized in small bundles on a 2-dimensional (2D) hexagonal lattice, so the XRS diagram presents broad peaks around hk reciprocal positions. 31 The formalism developed by our team to fit the XRS data [32][33][34] is detailed in SI. In the studied Q-range, a carbon nanotube can be considered as a homogeneous cylinder and intensities are modulated by the square of the Fourier transform FCNT of the nanotube density projected along its axis:
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where J0 is the zero-order cylindrical Bessel function, rtube the tube radius, C the carbon atomic density on the nanotube surface (C = 0.37 atoms.Å -2 ) and fc the carbon scattering factor. The best fit of experimental data for the empty SWCNT powder is obtained with tube r = 7.05 ± 1 Å and for about 30 tubes/bundle (Figure S1).

Let us now consider the evolution of the XRS diagrams during the filling of SWCNT by water. Empty nanotubes were exposed to saturated vapor pressure of water, at room temperature.

XRS diagrams were recorded as a function of time, starting from the beginning of exposure at t = 0. Contrary to previous studies where samples were water-filled beforehand, [13][14][15][16] we registered XRS diagrams in-situ, whilst the sample was exposed to water gas at constant temperature.

Typical diagrams are shown in Figure 1. Filling with water took about 100 hours for the studied sample. However, the complete filling time was found to vary between 20 min and 100 hours depending on experimental conditions such as powder density in the capillary. We underline that time is not the relevant parameter in our study, which is focused on the structure of water during nanotube filling. We observe a progressive decrease of the intensity of the 10 peak. It is known that fully water-filled nanotubes present a much weaker 10 peak than empty ones. 13 The progressive intensity decrease is thus related to progressive water filling of the nanotube.

Hypothesis of intertube filling by water (Figure S2) can be ruled out because it would induce an increase of the 10 peak intensity, 13 as is discussed in S.I. and shown in Figure S3.

To go further in data analysis, we consider two different structural models for water inside nanotubes. The simplest model (model 1) assumes a homogeneous distribution of water inside the nanotube (Figure 2a). The radius r1 of the water cylinder is defined from that of the nanotube, rtube, by r1 = rtube -2.7 Å, to preserve a minimum distance between oxygen and carbon atoms. 21,23 It can be pointed out that X-rays interact with electrons so that hydrogen atoms are nearly invisible compared to oxygen ones. As mentioned in the introduction, MD simulations give access to water density profiles. 23 For filled nanotubes with diameter around 14 Å, a layered structure is evidenced, with higher water densities at the center of the tube and in a larger-radius cylindrical layer (see Figure 9 in ref. [23]). It does not depend on nanotubes helicities but only on their diameters. 35 We approximate such layer structure by considering a constant water density  in an internal cylinder of radius r3, a different constant density  in a layer defined by radii r1 and r2, and a third density  in between, as is shown in Figure 2b (model 2). To account for minimum carbon-oxygen and oxygen-oxygen distances, as well as for the thickness of the water layer close to the tube wall, one takes r1 = rtube -2.7 Å, r2 = r1 -1 Å and r3 = 1 Å. As is detailed in S.I., following approaches already developed for peapods (C60@SWCNT) and double-walled carbon nanotubes, [33][34] one finds that the scattered intensity is now modulated by the square of the projected densities of the nanotube and of water inside:
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with Fwater(Q) for model 1 and model 2 given respectively by equations (3a) and (3b): 2c for empty tubes and filled ones, for models 1 and 2 with the same water-to-carbon mass ratio (15.5% wt.). Beyond the decrease of the 10 peak intensity, consistent with a filling of the inner cavity, the intensity of the others peaks are differently affected depending upon which model is considered and precise information on the radial structure of water may be thus accessed. We propose in this letter a simple and systematic method to determine the water radial density profile from XRS data. Using the experimental XRS diagram obtained at t = 0 as our internal reference for empty tubes, we define rhk,exp (see inset in Figure 1b) as:
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where the hk indices refer to hexagonal lattice peaks 10, 11, 20 and 21, with Qhk = 0.42, 0.71, 0.84 and 1.11 Å -1 , respectively. The normalization to the value of the most intense peak, the 10 one at t = 0, allows us to minimize the background contribution. Experimental intensity ratios rhk,exp are drawn as a function of time in Figure 3. As visible in Figure 1b, the intensities of the 10, 11, 20 and 21 peaks decrease with time of exposure to water saturated vapor pressure.

The representation used here allows us to clearly identify some subtle variations. Indeed, while the intensity ratios rhk,exp relative to the 10, 11 and 21 peaks drop continuously, that of the 20 peak remains constant at first and then drops by a factor two times smaller than the 11 and 21 peaks. After sufficient time, all ratios become constant, which shows that SWCNTs are fully filled by water. Data in Figure 3 correspond to the sample with the longer filling time, for which every single X-ray measurement lasted about one hour and therefore presents the best statistics.

We underline however that the experimental curves rhk,exp obtained from the three different samples studied do superimpose after ad-hoc time renormalisation. For times below 40 hours, the density of the three layers are found to be roughly the same, within error bars, which is consistent with the correct fit of the data with a unique cylinder (for 1 = 2 = 3, model 2 is equivalent to model 1). After 40 hours, a clear structuration of water in layers is observed, with 2 smaller than 1 and 3. The hypothesis behind our analysis that nanotubes are uniformly filled with water along their length, at any time, seems reasonable considering the fast transport of water inside nanotubes. [6][7][8][9] We further checked it by considering, in the minimization procedure, for both models 1 and 2, an adjustable proportion of empty tubes or empty parts of tubes, others being fully filled. As expected, no correct agreement with experimental results was found with empty tubes or partially filled tubes, which validates our hypothesis of homogeneous water filling at the time scale of the experiments. It should also be emphasized that the structuration in layers above 40 hours is a robust result. Indeed, we have slightly modified the values of the radii defining the layers extension in model 2 in a realistic manner with respect to the characteristics of the carbon-water and water-water potentials. 23 The layer structuration always occurs around 40 hours but the value of the internal density 3 strongly depends on the chosen value of the internal cylinder radius r3. It varies in the final state from 3.2 g.cm -3 for r3 = 1 Å to 1.6 g.cm -3 if r3 = 1.55 Å, this last value being equal to r2 -1.8Å for a tube radius of 7.05 Å. Projection of the water density in the inner cylinder on the nanotube axis reveals that the mean intermolecular distance ( )
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corresponding to water molecules arranged in a single file mode. 6 We report in Figure 4b [13] and [16], respectively. Larger water weight fractions of 21 and 25 % were further given in refs [14-15]; however, the authors did not discuss the origin of the increase in water uptake with respect to their previous study. 13 Our result can also be compared with water weight fractions deduced from MD Simulations (Table S1 in S.I.).

Calculations lead to weight fractions between 24 and 29 %. 15,16,21,[23][START_REF] Pascal | Proc. Natl. Acad. Sci[END_REF][START_REF] Striolo | [END_REF]27,36 A detailed discussion about calculation methods and models of potentials used in the literature is beyond the scope of this letter. Let us only stress that MD simulations were either performed for nanotubes immersed in liquid water, 23 or for nanotubes exposed to water vapor, [START_REF] Striolo | [END_REF] as in our experiments, and that it does not lead to noticeably different densities at complete filling. Calculation of water weight fractions deduced from MD simulations had not been carried out in a systematic way up to now.

Discrepancies between calculation results and at least part of experimental results is underlined here for the first time. Moreover, MD simulations mainly considered fully filled nanotubes. The analysis of our XRS diagrams allowed us to determine, for the first time, both the mass fraction and the radial distribution of water in SWCNT during filling. These data should be most useful for future simulations and for improving our knowledge of the water-water and water-carbon interactions in confinement.

Density values obtained in Figure 4a indicate that water filling is rather homogeneous below about 5 % in mass, while it structures into three layers for higher water contents, with a much weaker density in the layer between the external and the internal ones. Striolo and coworkers studied water adsorption on the basis of Monte Carlo simulations. [START_REF] Striolo | [END_REF] For (10,10) nanotubes with diameter close to those of the nanotubes studied here, they found that water first adsorbs preferentially close to the nanotube wall, even if it is not in sufficient amount to form a monolayer. We show here experimentally that the first step of nanotube filling does not involve the preferential location of water close to the nanotube wall. Indeed, the latter picture would correspond to the condition  =  =0, while we measured  ≈  ≈  ≠ 0 (see also Figure S4).

Pascal and co-workers calculated the entropy and enthalpy components of the free energy of filled nanotubes, depending on their diameter, to determine the driving forces for the filling of carbon nanotubes with water. [START_REF] Pascal | Proc. Natl. Acad. Sci[END_REF] Entropy is found to be favorable and dominant in tubes larger than 14 Å. They attributed the increase of entropy of confined water, with respect to that of bulk water, to enhanced in-plane translational motions of the molecules. This result is corroborated by our density profiles, where the intermediate layer density is non-zero (2 ≠ 0). Within such a picture, this intermediate layer could act as a transition zone between the two layers of higher densities.

In summary, we have presented the first in-situ monitoring of water filling of SWCNT, using X-ray scattering. We observed a progressive decrease of the scattered intensities upon exposure to water vapor. A careful analysis of these variations in intensity allowed us to determine the radial density profile during the filling procedure, as well as the proportion of encapsulated water. Water filling is rather homogeneous below about 5 % in mass, whereas it structures into three layers for higher water contents. Maximum filling corresponds to ~ 15.5 % in mass of water. These experimental results should motivate further theoretical and simulation studies and allow one to get a better understanding of the very peculiar structure and properties of confined water in hydrophobic environments.

ASSOCIATED CONTENT Supporting Information. Details of sample preparation, XRD setup, simulation formalism and additional figures. This material is available free of charge via the Internet at http://pubs.acs.org.
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 1 Figure 1. Room temperature XRS diagrams of SWCNT during water adsorption, under saturated
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 2 Figure 2. Representation of radial density profiles of water used to simulate the XRS diagrams
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 3 Figure 3. Evolution of the experimental rhk,exp (grey squares) and calculated rhk,calc intensity
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 4 Figure 4. Evolution as a function of time of (a) the water densities and (b) the water weight
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