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Abstract 

Silica microfibers with highly oriented cylindrical mesopores embedded in alumina 

membrane were used as model system to characterize the water dynamics anisotropy at a 

picosecond timescale. To reach this goal, we first studied the optimal preparation conditions 

to obtain longitudinal silica mesopores orientation at macroscopic scale. Accordingly, we 

characterized the impact of ethanol content and aspiration pressure on the orientation and 

filling of the mesopores using scanning electron microscopy, transmission electron 

microscopy, small angle X-ray scattering, and dynamic vapor sorption. Based on the obtained 

results we selected the most appropriate sample as a model system. The model system was 

filled with water and used to characterize the dynamics of water molecules in parallel and 

perpendicular directions using quasi-elastic neutron scattering measurements collected in two 

orientations at two timescales (7 ps and 30 ps). The results revealed the anisotropy of water 

dynamics in the silica mesopores and highlighted a larger perpendicular diffusion coefficient 

compared to the parallel one at both timescales. This suggests that it may be more difficult for 

water molecules to move from one hydroxyl surface site to another compared to forming a 

hydrogen bond with a water molecule not adsorbed at the surface.  
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1. Introduction 

The properties of water confined in a limited volume of few nanometers are modified 

compared to bulk water. This change in properties is due to the interaction between a high 

fraction of water and the solid surface. These changes affect many physical and chemical 

processes at the origin of the macroscopic behavior of nanoporous materials in aqueous 

solution, such as solution transport [1], ion adsorption [2], dissolution [3,4], phase 

precipitation [5–9], chemical reactivity [10], etc. The determination of these modifications is 

of interest for predicting the evolution of these materials in solution, such as the case for 

cement, membranes, rocks, minerals, catalytic materials, and various other materials present 

in the geological repository of nuclear wastes such as geopolymers, corrosion products, clay, 

and glass alteration layers. Indeed, the prediction of their long-term behavior can have a direct 

impact on the sizing of the industrial system. 

Water dynamics is one of the essential properties affecting physical and chemical processes 

occurring in nanoconfinement. Water dynamics at the picosecond timescale, as characterized 

by quasi-elastic neutron scattering, has been recently identified as one of the main factors 

driving the chemical reactions occurring in confined media filled with water and ions [4,11]. 

Since industrial or natural materials consist of a set of nanopores having various sizes and 

orientations and high tortuosity, water dynamics is generally characterized within highly 

controlled nanopores from MCM-41 [12] and SBA-15 [13] mesoporous silica synthesized by 

self-assembling mechanism using surfactant molecules. The use of these materials has led to 

several key findings about water motions at various timescales. Indeed, it has been shown that 

water dynamics depends on the pore filling [14,15], the pore size [16–19], the density of ions 

adsorbed at the pore surface [19], and the properties of the pore surface such as the roughness 

[20] and its chemical composition [11,18,21]. However, the use of these materials gives 

access to a set of isotropic water motions due to the presence of a mixture of coherent 
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domains of oriented nanopores with a size of a few hundred nanometers. This type of 

confining system does not allow the investigation of the anisotropy of water transport from 

the molecular to the macroscopic scale in a continuous way. For this purpose, materials with 

homogenous nanopores oriented and continuous on macroscopic scale must be used. 

Silica microfibers with highly oriented cylindrical mesopores embedded in alumina 

membrane is an interesting model system to reach this goal. Its preparation was already 

studied by Yamaguchi et al. [22], and others [23–26]. This method is based on the aspiration 

of a silica precursor solution containing a templating agent onto an anodic alumina membrane 

having vertically aligned pores. The alumina vertically aligned pores, the amount of solvent 

and the aspiration inducing solvent evaporation drive the formation of 1D mesostructured 

mesoporosity released after thermal treatment.  

In this study, these silica microfibers with highly oriented cylindrical mesopores embedded 

in alumina membrane were used as silica model system to characterize the water dynamics 

anisotropy at a picosecond timescale. To reach this goal, we first studied the optimal 

preparation conditions to obtain longitudinal silica mesopores orientation at macroscopic 

scale. Using scanning electron microscopy, transmission electron microscopy, small angles X-

ray scattering, and dynamic vapor sorption, we precisely characterized the impact of the 

ethanol content and the aspiration pressure on the orientation and the length of the silica 

mesopores. These results allowed the selection of the most appropriate sample as a model 

system. This model system filled with water was used to characterize the dynamics of water 

molecules in parallel and perpendicular directions using quasi-elastic neutron scattering 

measurements collected in two orientations at two timescales 7 ps and 30 ps. 
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2. Materials and methods 

2.1. Preparation of hybrid alumina membrane 

To synthesize highly oriented mesoporous silica microfibers within the alumina membrane, 

a silica precursor solution (sol) was introduced into the large pores of anodic alumina 

membranes (WHA68096002) by aspiration as illustrated in Fig. 1. The alumina membranes 

used in this work present a non-uniform pore diameter varying from 30 nm on the front side 

to 200 nm on the backside (see Fig. A.1). 

The sols were prepared as follows [27]. First, 1.0 g of surfactant Pluronic P123 

(EO20PO70EO20; EO = ethylene oxide, PO = propylene oxide) was dissolved in mixtures of 4, 

8, 15, 20, or 25 g of ethanol, 0.1 g of concentrated HCl solution at 12 M, and 2.0 g of H2O. 

The solutions were stirred for 1 h under reflux. Second, 2.13 g of TEOS were added dropwise 

to the mixtures and then stirred at 60 °C for 12 h to obtain the sols. Third, 2 to 7 ml of sol 

were dropped onto the alumina membrane placed in a filtration setup connected to a vacuum 

system at a pressure varying between 10 and 50 kPa. Finally, the filled membranes were dried 

under aspiration for 5 min at room temperature and calcined at 500 °C for 5 h (4 °C/min) to 

remove the surfactant. 

Table 1 presents the sample references regarding the amount of ethanol in the sol and 

the aspiration pressure used to fill the alumina pores. Hereafter, the prepared membranes will 

be referred to: ‘xEt_y’, where x is the mass (g) of ethanol added to the sol and y is the 

aspiration pressure (kPa). 

2.2. Solid Characterizations  

2.2.1. Scanning Electron Microscopy (SEM) 

The synthesized hybrid membranes were characterized by SEM to estimate the silica filling 

ratio inside the alumina pores. The SEM used is a QUANTA 200 ESEM FEG (FEI, 

Eindhoven, Netherlands). Moreover, inside the SEM chamber, we applied an acceleration 
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voltage of 4.2 KV, while the water pressure was maintained at 10 Pa to limit the charge 

accumulation on the surface of the sample. The images shown in this paper were obtained 

with a Circular Backscatter Detector provided by the FEI company, which employs the back 

scattered electron mode [28]. 

2.2.2. Transmission Electron Microscopy (TEM) 

TEM was performed on a JEOL JEM-1400F operated with an accelerating voltage of 

100 kV to observe the morphology of the silica mesopores. To reach this goal, the alumina 

part of the samples was dissolved in 10 wt% phosphoric acid (H3PO4) for 24 h. Thereafter, the 

sample suspension was deposited on the holey grids. 

2.2.3. Small Angle X-ray Scattering (SAXS) 

SAXS analyses were performed to study the porous silica mesostructure of the different 

samples. The SAXS data were collected in transmission geometry using Xenocs setup with a 

molybdenum anode delivering a wavelength of 0.71 Å. This short wavelength allows the 

coverage of a scattering vector, q, ranging from 0.2 nm
-1

 to 20 nm
-1

. The collimation was 

ensured by a Fox2D multilayer mirror and a set of scatterless slits that delimitated the beam to 

a square section (0.8 mm side length at the sample position). The distance from the sample to 

the detector was about 750 mm and was calibrated using silver behenate powder. SAXS 

patterns were recorded on a MAR345 imaging plate detector, and azimuthal averaging of 2D 

data was performed using the FIT2D software. The scattered intensity was calculated in the 

absolute scale (cm
-1

) and expressed as a function of the magnitude of the scattering vector q = 

(4 sin θ)/ λ, where θ is the scattering angle. Four membranes prepared in the same 

experimental conditions were used for each analysis to increase the scattered intensity. 

2.2.4. Dynamic Vapor Sorption (DVS) 

Water adsorption-desorption isotherms of the hybrid alumina membranes were measured 

with DVS to determine the porous texture characteristics. Samples were outgassed before 
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analysis at 200 °C for 24 h. DVS allows measuring the change in mass while varying the 

relative humidity surrounding the sample located in a pan suspended on an ultra-sensitive 

microbalance. Then, a complete cycle of adsorption/desorption is measured with a stepwise of 

P/P0 = 10 %. The equilibrium state is defined manually considering a change in mass ≤ 0.001 

%/min during 10 minutes.  

2.2.5. Quasi-Elastic Neutron Scattering (QENS) 

The picosecond scale water dynamics was studied at 20°C by QENS on the IN5 time-of-

flight spectrometer (Institut Laue-Langevin, Grenoble) [29], with 2 incident wavelengths of 

4.8 and  8 Å, corresponding to elastic energy resolutions of 86 and 22 μeV respectively (data 

availability [30]). These experimental conditions allow timescale observations of about 7 ps 

and 30 ps. The scattered intensity was collected for two sample orientations, 45° and 135°, to 

obtain the dynamics of water in both parallel and perpendicular orientations, respectively. 

First, the instrumental resolution was determined using the incoherent elastic scattering of a 

vanadium foil. Second, 10 hybrid alumina membranes dried at 200°C during 4 days in an 

oven under vacuum and 10 water filled hybrid alumina membranes were analyzed in order to 

have sufficient signal intensity. For their water filling, the hybrid alumina membranes were 

placed in a desiccator in the presence of a beaker containing a saturated solution of KCl, 

fixing a relative humidity (RH) of 83 % at 25 °C. At this humidity, water only fills the 

mesopores [18]. Samples were stored in this condition for 10 days and then placed into 

aluminum cells sealed with an indium wire to avoid water loss and ensure a constant 

hydration level during neutron scattering experiments. Thereafter, data analysis was 

performed between -2 and 2 meV at Q = 1.85 Å
-1

 for =4.8 Å and between -0.5 and 0.5 meV 

at Q = 1.11 Å
-1

 for =8 Å.  These data were treated using the QENSH program provided by 

LLB dedicated to this kind of treatment [31]. 
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3. Results and discussion 

3.1. Preparation and selection of the model system 

To select the most adapted model system, the impact of ethanol amount in the sol and the 

aspiration pressure used to prepare the samples were characterized. 

3.1.1. Quantification of the filling of alumina pores  

The filling ratios R of the pores of the hybrid alumina membranes were determined from 

the SEM images of the filled membrane surfaces (Fig. 2). These images were analyzed with 

ImageJ software [32] to determine the filling degree of silica in each membrane as described 

in Appendix B (silica is shown in grey inside the pores in Fig. 2). 

The obtained results presented in Table 2 show that for a specific ethanol content in the sol, 

the filling ratio strongly depends on the aspiration pressure. The highest R was obtained for 

the samples 4Et_50 and 15Et_20. 

In addition, silica mass density per volume of alumina, dSiO2, was estimated from R and the 

average length of the silica microfibers, which was determined from TEM images of silica 

microfibers (Fig. A.2). The results show that the average length of the silica microfibers is 

comprised between 8 and 11 µm, which is consistent with the results obtained by Meoto et al. 

[26] and Yamaguchi et al. [22] Thereafter, only the samples presenting the highest ratio R for 

each ethanol amount were analyzed. 

3.1.2. Determination of the silica microfibers mesostructure 

 To determine the porous silica mesostructure, selected samples were analyzed by SAXS, 

and the results are presented in Fig. 3 (a) in absolute scattered intensity. The absolute intensity 

calculation method is presented in appendix B. 

As presented in Fig. 3 (a), two Bragg reflection peaks (B1 (10) and B2 (11)) characteristics 

of a hexagonal lattice of the pores [33] can be observed. These peaks present various 

intensities, widths, and positions that can be explained by the pore size distributions and the 
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paracrystalline disorders on the 2D lattice. As illustrated in Table 3, the increase in the ethanol 

loading leads to a decrease in the spacing     
  

   
 and the unit cell parameter   

    

  
 indicating a decrease in the pore size and/or the wall thickness. In addition, the intensity 

of the peak B1 goes with the silica mass density in the membranes (Fig. 3 (b)).  

3.1.3. Determination of the mesopores orientation 

The mesopores orientation of the silica microfibers was analyzed by TEM after complete 

etching of the alumina part with a 10 wt% phosphoric acid (H3PO4) for 24 h. The TEM 

images of the different samples are presented in Fig. 4. 

Fig. 4 shows the samples having fiber morphology. The results reveal the existence of three 

types of porous silica mesostructures depending on the ethanol content and the aspiration 

pressure. The samples 15Et_20 and 20Et_15 present a 1D mesopores orientation aligned 

along the microfibers. This orientation is reproducible for all the microfibers analyzed by 

TEM as displayed in Fig. A.3. This anisotropy was not detected by SAXS probably due to the 

use of four membranes stacked on top of each other for the analysis. Decreasing the ethanol 

content to from 15 to 8 and 4 g in the sol, two types of mesopores orientations can be 

observed depending on the aspiration pressure. For the samples, 8Et_40 and 4Et_20, an 

arrangement of a 3D domain of hexagonal mesopores is obtained. This network is 

characterized by an inter-pore distance of 10.5 nm measured from the unit cell parameter 

calculated from the SAXS patterns (Table 3) and confirmed by TEM images (Fig. A.4). For 

the samples, 8Et_20 and 4Et_50, a 1D:3D mixture of mesopores orientation is obtained. 

Based on these results, the 1D mesopores orientation is favored at high ethanol loading and 

low aspiration pressure (15Et_20 and 20Et_15 samples). 

3.1.4. Porous textural properties 
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To determine the porous texture characteristics of the selected samples, water adsorption-

desorption isotherms were measured with DVS and are shown in Fig. 5 (a). Specific surface 

areas, pore volumes, and pore size distributions were obtained using the Brunauer-Emmett-

Teller (BET) method and the Barret−Joyner−Halenda (BJH) model. The obtained results are 

presented in Table 3. 

These results show that increasing the ethanol loading in the sol leads to a decrease in the 

mass of adsorbed water within the samples and then the calculated SBET and Vp. Thus, it is 

only possible to determine a pore size range for samples presenting sufficient water filling. 

This is the case for the samples synthesized with 4, 8 and 15 g of ethanol. Regarding the 

number of experimental measurements in Fig. 5 (b), the mean pore diameter can be estimated 

to be 5.5  1 nm. In addition, the increase of the signal intensity for pores smaller than 2 nm, 

is due to the presence of micropores resulting from the P123 surfactant templating as 

classically observed in SBA-15 silica material. This microporosity generally consists of 10% 

of the total porous volume [34]. As revealed by the TEM analysis presented previously in Fig. 

4, the length of the mesopores may play a role. Indeed, as illustrated in Fig. 5 (c), the samples 

4Et_50 and 15Et_20 present continuous water adsorption when they are exposed to RH = 

95%. However, the adsorption rate of water vapor through the mesopores of the sample 

15Et_20 is significantly slower. Indeed, the 3D mesopores orientation in the sample 4Et_50 

leads to a shorter pore length resulting in a rapid filling rate of water vapor diffusion. This 

finding is supported by other studies showing that increasing the pore length decreases the 

adsorption rate [35,36]. These results highlight the need for a long exposure to reach the real 

equilibrium and the complete filling of the 1D mesopores.  

3.1.5. Choice of the model system 
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The results presented so far show the impact of the ethanol content and the aspiration 

pressure on the silica filling degree and the mesopores orientation. Three factors may affect 

the alumina pores filling. The first one is the viscosity of the sol that pilots its penetration into 

the pores. The second one is the silica precursor concentration in the sol that drives the silica 

condensation rate and thus, the formation of a sufficient rigid silica network when the 

mesophase is formed. The last one is the surfactant concentration in the sol that drives the 

formation of the mesophase during the alumina pores filling. This deposition process can be 

compared to the mechanism of “Evaporation-Induced Self-Assembly (EISA)” occurring 

during mesophase thin layer deposition [37,38]. Here, the highest filling degree of silica 

having a 1D mesopores orientation was obtained for hybrid alumina membranes prepared 

with a sol of 15 to 20 g of ethanol and dropped with an aspiration pressure of 15 to 20 kPa. 

Therefore, the 15Et_20 sample was selected as a model system to study the water dynamics 

anisotropy. 

3.2. Water dynamics at picosecond timescale 

The dynamics of water molecules confined in the sample 15Et_20 at the picosecond scale 

was studied. QENS spectra were collected for 10 dried and 10 same water filled samples. The 

scattered intensity was collected for two sample orientations, 45° and 135°, to obtain the 

dynamics of water molecules in both parallel and perpendicular orientations respectively, as 

described on Fig. 6 (a).  

Fig. 7 (a) and (b) show the QENS spectra collected at λ = 4.8 and 8 Å respectively. These 

spectra include several contributions: the sample cell, the alumina membrane, the silica, the 

hydroxyl groups of the pore surface, and the confined water. Empty membrane measured in a 

dried state (200 °C for 4 days) involves the four first contributions. Since the incoherent 

scattering cross-section of hydrogen is large, the main contribution to the scattering intensity 

comes from hydrogen. Consequently, the spectra reflect the probability of neutrons to be 
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scattered by the protons of the sample. The signal broadening observed for the samples when 

compared to the elastic resolution-broadened scattering of the vanadium is related to the 

energy transfer between incoming neutrons and the diffusing protons belonging to water 

molecules. The broadening observed for the dry membrane suggests the presence of residual 

water at the silica pore surface after the drying process. 

Fig. 7 (a) and (b) show a broadening in the quasi-elastic when comparing the hydrated and 

dry samples. The associated relaxations are characteristic of the water motions. This 

broadening is more pronounced for the perpendicular sample orientation, highlighting a water 

dynamics anisotropy. To demonstrate this point, we have first fitted the data of the Fig. 7 (a) 

with the model of Texeira et al [39] that expresses the dynamic structure factor S(Q,ω) using 

one elastic and two Lorentzian functions. 

S(Q,ω) = exp (-(Q
2⟨u2⟩)/3)[Cδ(ω)+(1-C) ST(Q,ω)⨂Srot(Q,ω)]+B(Q)  (1) 

where Q and ω represent momentum and energy transfers, respectively. ⟨u2⟩ is the mean-

square vibrational amplitude. δ(ω) is a δ-function and corresponds to the elastic component. 

(1 − C)ST(Q, ω)⊗Srot(Q, ω) represents the quasi-elastic component. C is the fraction of the 

elastic component. ⊗ indicates a convolution between ST(Q, ω) and Srot(Q, ω), which 

correspond to the contributions from translational and rotational diffusions of the confined 

water molecules, respectively.  

The parameters obtained from the fitting of the parallel spectra were used and fixed to fit 

the perpendicular one. As it shown in Fig. 8 (a) and (b), it is not possible to fit both 

orientations with the same fitting parameters. This highlights an anisotropy of the water 

dynamics. Thus, it is necessary to use an appropriate model that predicts the intensity 

distribution of scattered neutrons and can accurately describe the anisotropy of water 

dynamics in our samples. 
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Consequently, we used the model of Dianoux et al. [40] which has been recently applied to 

clay materials [41]. To use this model, a diffusion equation for the water molecular motions 

has first to be solved to calculate the Van Hove self-correlation function GS(r, t) [42]. The 

incoherent scattering function Sinc(Q, ω) is then obtained by double Fourier transform of GS(r, 

t) with respect to both, space and time. The intensity distribution of scattered neutrons can 

finally be predicted from Sinc(Q, ω) as a function of the energy and the momentum transferred 

in the scattering process. 

In the case of water transport considered in this study, it is reasonable to assume a Fick–like 

diffusion neglecting rotations and more complex relaxations such as coupled translation-

rotations or jump-like diffusions, which dominate only at large Q-values outside of the Q-

window of interest in these measurements. Vineyard [43] showed that the mathematical 

solution of the diffusion equation, GS(r,t), can be written as eq 2. 

GS(r,t) = (4πDt)
-3/2

exp(-r
2
/4Dt)  (2) 

Its Fourier transform gives the incoherent scattering function Sinc(Q,ω) (eq 3). 

Sinc(Q,ω) = (1/π) (DQ
2
/((DQ

2
)
2
+ω

2
))  (3) 

Equation 3 is a Lorentzian function having a full width at half maximum (FWHM) of 2DQ
2
. 

The translational part of the scattering signal can be fitted using a modified version of this 

equation applied for systems with axial anisotropy following the eq 4 [40,41]. 

Sinc(Q, ω) = (1/π) ((D//cos
2
β + D⊥sin

2
β)Q

2
)/((D//cos

2
β + D⊥sin

2
β)

2
 Q

4
+ω

2
)  (4) 

With D// and D⊥ are the diffusion coefficients along and perpendicular to the pore axis 

respectively (Fig. 6 (b)), and β is the angle between Q and the pore axis (0° for parallel 

orientation and 90° for perpendicular orientation). This model was used to fit the experimental 
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scattered intensities at different Q values. The obtained results corresponding to Q = 1.85 Å
-1 

and λ = 4.8 Å are presented on Fig. 9 (a) and (b) and the ones obtained for Q = 1.11 Å
-1

 and λ 

= 8 Å are presented on Fig. 9 (c) and (d). 

The parallel and perpendicular diffusion coefficients obtained from the fitting of the spectra 

at the parallel and perpendicular Q values respectively were used and fixed to fit the different 

Q values. The obtained results are shown in Fig. D.1 and Fig. D.2 for λ = 4.8 Å and in Fig. 

D.3 and Fig. D.4 for λ = 8 Å. It can be observed that the model perfectly fits the data at all Q 

values. The obtained results, presented in Table 4, reveal the anisotropy of water dynamics in 

the silica mesopores and highlight a higher perpendicular diffusion coefficient, D⊥ compared 

to the parallel one, D//.  

These values also show first a global slow-down of the water dynamics due to confinement. 

Indeed, the diffusion coefficients obtained in this study are lower than that of bulk water, 

which is generally close to 2.2 ± 0.1 ×10
-9 

m
2
 s

-1 
[19,39]. Moreover, the diffusion coefficients 

obtained at λ = 4.8 Å in this study are close to the one obtained in [19]
 
at λ = 4.32 Å in SBA-

15 silica having pore size close to our sample. Notably, the water dynamics depend on the 

analyzed timescale, as evidenced by the fact that the diffusion coefficients at λ = 8 Å are 3 to 

4 times lower than those at λ = 4.8 Å. This has already been observed with water confined in 

MCM-41 and others nanoporous hybrid materials [21] analyzed at two different wavelengths. 

It may be associated with the existence of non-mobile water not probed at a shorter timescale. 

Indeed, in silica mesopores a fraction of water molecules strongly interacts with the hydroxyl 

groups of the silica surface slowing down their dynamics. Several experimental and modeling 

studies have confirmed these observations [11,14,18,19,44–50]. However, in the quoted 

studies, the difference in diffusion coefficients at two wavelengths is generally not as high as 

for our samples. This may be partially explained by the additional contribution of the water 

molecules in the pore wall microporosity which contributes to 10% of the overall porosity 
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(Fig. 5 (b)). Indeed, in pores smaller than 2 nm, water molecules are strongly slowed down, 

which may also explain the slight decrease of Para/Perp ratio from 0.68 at 7 ps to 0.57 at 30 

ps. However, the presence of water in the microporosity alone is not sufficient to explain this 

phenomenon. Other factors such as tortuosity/roughness at the probed length scale and/or the 

presence of channels with restricted water access leading to incomplete filling may also 

contribute to this effect.  

This subset of water molecules that are affected by the silica surface may have different 

dynamics depending on the probed orientation as illustrated in Table 4 and illustrated in Fig. 

10. Indeed, it has been shown that the enthalpy and entropy of the interfacial pore water are 

higher than those of bulk water due to the increase in disorder induced by the low 2D 

topology [51]. This means that a single hydrogen bond with a hydroxyl surface site of an 

interfacial water molecule is stronger than a hydrogen bond in bulk. Moreover, we have 

shown through Monte Carlo simulations [52] that interfacial water presents a strong distortion 

of the tetrahedral hydrogen bonds network compared to bulk water. Therefore, it appears 

more difficult for water molecules to move from one hydroxyl surface site to another 

compared to forming a hydrogen bond with a water molecule not adsorbed at the surface. This 

may suggest that the density of hydroxyl groups and the ratio of pore surface to water volume 

(S/V ratio) drive the difference between the perpendicular and parallel diffusion coefficients 

at this timescale. In other words, the difference between the two diffusion coefficients may 

rise with the density of hydroxyl groups and the S/V ratio. 

4. Conclusions 

The anisotropy of water dynamics confined in highly oriented mesoporous silica with a 

pore diameter of 5.5 nm was studied in parallel and perpendicular directions to the pore axis. 

For the first time, we found that water diffusion in silica mesopores is faster in the direction 
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perpendicular to the pore surface than parallel to it at two picosecond timescales, 7 ps and 30 

ps.  

The use of such model systems presenting highly oriented mesopores opens new 

perspectives for studying the confinement effect on water transport at various scales allowing 

access to the perpendicular and longitudinal water dynamics. Thus, it will be possible, based 

on additional experiments such as dielectric spectroscopy, NMR relaxometry and water 

diffusion analysis through the membrane, to investigate the water transport from the 

molecular to the macroscopic scale in a continuous way. 

5. Appendices 

A. SEM and TEM images 

B. Estimation of the filling ratios R of the alumina pores 

The filling ratio of the alumina membranes with silica was determined from SEM images of 

12.67×10.95 µm
2 

areas. The number of filled alumina pores was estimated by first, modifying 

the color contrast in the obtained SEM images allowing the determination of the number of 

empty pores as described on the Fig. B.1. Then the ratio between the filled and the totality of 

the alumina pores was calculated.  

C. Calculation of the absolute scattered intensity 

The absolute scattered intensity of the small angle X-ray scattering measurements was 

obtained based on the following relation [33]. 

I
abs

 = (1/(Φ.Eff.∆Ω)) (1/zb) ((I
m

S
 - 8)/Ts)  

Where I
m

S
 (cps) is the measured intensity of the sample, Φ represents the incoming X-ray flux, 

Eff stands for the detector efficiency, ΔΩ is the detection solid angle, Ts is the sample 
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transmission and zb is the sample thickness. The term Φ.Eff.ΔΩ is determined by measuring a 

calibration sample (polyethylene), which has a well-known absolute intensity (4.9 cm
-1

). 

The sample thickness, zb, was determined from the transmission of the sample TS as follow 

[53]: 

zb = -(lnTS/μb) 

with μb representing the linear absorption of the bulk (non-porous) solid material, ideally 

spread on zb. For the hybrid alumina membranes: 

μb = C1 μAl2O3 + C2 μSiO2 

with C1 and C2 are the volume fractions of the alumina and silica parts crossed by the X-ray 

beam respectively. μAl2O3 and μSiO2 are the linear absorptions of the bulk alumina and silica 

respectively. C1 and C2 were calculated based on the SEM images treatment presenting 

earlier, from which we can calculate the volume of the alumina part in the membrane, then, by 

suggesting that the silica microfiber length is 10 µm in each filled alumina pore, we can 

estimate the volumetric proportion of silica and alumina for each sample. 

D. Experimental and fitted S (Q, ω) at different Q values. 

The experimental and fitted S(Q, ω), at different Q values are presented from Fig. D.1 to Fig. 

D.4. 
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Tables 

Table 1. Sample references corresponding to the ethanol mass and aspiration pressures used 

in preparing the sols and hybrid alumina pores, respectively. 

Reference of the sample Mass of ethanol (g) Aspiration pressure (kPa) 

4Et_20 
4 

20 

4Et_50 50 

8Et_20 
8 

20 

8Et_40 40 

15Et_20 
15 

20 

15Et_30 30 

20Et_20 
20 

20 

20Et_15 15 

25Et_20 
25 

20 

25Et_10 10 

 

Table 2. Filling ratios, R, of the hybrid alumina membranes and silica mass density per 

volume of alumina, dSiO2. 

Sample R  Silica mass density (gSiO2 /cm
3

Al2O3
) 

4Et_20 0.65 0.078 

4Et_50 0.90 0.108 

8Et_20 0.20 0.024 

8Et_40 0.75 0.090 

15Et_20 0.85 0.102 

15Et_30 0.60 0.072 

20Et_15 0.45 0.054 

20Et_20 0.30 0.036 

25Et_10 0.30 0.036 

25Et_20 0.10 0.012 
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Table 3. Textural parameters obtained by SAXS and DVS for samples presenting Bragg 

peaks, the scattering vector q10 corresponding to the B1 (10) peak, the interreticular distance 

d10, the unit cell parameter a, the specific surface area SBET, the porous volume Vp, the mean 

pore diameter Dp, and the wall thickness. 

Sample 
q10  

(nm
-1

) 

d10 

(nm) 

a  

(nm) 

SBET  

(m
2
/gSiO2) 

Vp  

(cm
3
/gSiO2) 

Dp  

(nm) 

wall thickness 

 (nm) 

4Et_50 0.74 8.5 9.8 135.5 0.72 5.5 4.3 

8Et_40 0.76 8.2 9.4 132.3 0.62 5.5 3.9 

15Et_20 0.8 7.9 9.1 101.0 0.36 5.5 3.6 

20Et_15 0.85 7.6 8.7 61.6 0.097 - - 

 

Table 4. Diffusion coefficients obtained from the anisotropic model using λ = 4.8 and 8 Å. 

 
DT (×10

-9 
m

2 
s

-1
) 

Para/Perp 
Para Perp 

λ = 4.8 Å 1.30 ± 0.15 1.90 ± 0.20 0.68 ± 0.15 

λ = 8 Å 0.35 ± 0.03 0.61 ± 0.05 0.57 ± 0.10 

 

Figure captions 

Fig. 1. Illustrations of (a) the experimental setup used in the preparation of the hybrid alumina 

membrane and (b) filled alumina pore before and after the thermal treatment at 500 °C [25]. 

Fig. 2. SEM images of the surface of the hybrid alumina membranes used to calculate the 

filling ratio R. 
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Fig. 3. (a) SAXS patterns of the hybrid alumina membranes, (b) evolution of the intensity of 

the peak B1 (10) after baseline subtraction as a function of the mass density of silica in the 

membranes dSiO2, and (c) scheme presenting the unit cell parameter a and the interreticular 

distance d defining the hexagonal arrangement of the mesopores.  

Fig. 4. Domains of aspiration pressure vs. ethanol loading corresponding to the filling of 

alumina pores by the silica. Red regions show the domains having 1D mesopores orientation, 

and black regions show the 3D and 1D:3D mixture mesopores orientations. TEM images of 

the silica microfibers in each region are also presented. 

Fig. 5. (a) Water adsorption-desorption isotherms, (b) corresponding pore size distributions 

obtained from the BJH model for the various samples, and (c) kinetics of water vapor 

adsorption at RH = 95% through the samples 4Et_50 and 15Et_20 having 3D and 1D 

mesopores orientations respectively. 

Fig. 6. (a) Sketch showing the sample orientations with respect to the scattering vector    , 

  
       

         .   
     and   

      are the incident and the scattered wave vectors, respectively. 

  
      and   

       denote the parallel and perpendicular scattering vectors, respectively.   is the 

scattering angle. (b) Sketch of a silica mesopore showing the parallel and perpendicular 

diffusion coefficients. 

Fig. 7. QENS spectra of the hydrated samples collected at parallel (45°) and perpendicular 

(135°) orientations corresponding to (a) Q = 1.85 Å
-1

 for λ = 4.8 Å and (b) Q=1.11 Å
-1

 for λ = 

8 Å. Spectra of the dried sample and the vanadium are also shown at the same Q values. 

Fig. 8. Fitted curves at the (a) parallel and (b) perpendicular Q values using the model 

described in eq 1. The parameters obtained from the fitting of the parallel spectra were used 

and fixed to fit the perpendicular one. 

Fig. 9. Fitted curves of the QENS spectra at the parallel and perpendicular Q values using the 

model described in eq 4. (a) parallel and (b) perpendicular orientations corresponding to Q = 

1.85 Å
-1

 for λ = 4.8 Å, (c) parallel and (d) perpendicular orientations corresponding to Q = 

1.11 Å
-1

 for λ = 8 Å. 
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Fig. 10. (a) Scheme of a silica mesopore filled with water (interfacial and bulk) showing the 

parallel and the perpendicular diffusion coefficients and (b) water molecules interacting with 

hydroxyl groups at the pore surface with their possible diffusion. 

Fig. A.1 SEM images of (a) the front side and (b) the backside of the alumina membrane 

surface. It shows a non-uniform pore diameter varying from 30 nm on the front side to 200 

nm on the backside. 

Fig. A.2 TEM images of silica microfibers, after complete etching of the alumina part, 

showing that the average length of the silica microfibers is comprised between 8 and 11 µm. 

Fig. A.3 TEM images of the silica microfibers of 15Et_20 showing a one-dimensional pores 

orientation. 

Fig. A.4 TEM image of silica microfiber showing an inter-pore distance of 10.5 nm. 

Fig. B.1 (a) SEM image of the surface of a hybrid alumina membrane treated with ImageJ 

software in (b) and (c) to determine the ratio of the filled alumina pores. 

Fig. D.1 Experimental and fitted S (Q, ω) of the parallel orientation measured with λ = 4.8 Å 

at Q = 0.35, 0.55, 1.35, 1.5, 1.75 and 1.95 Å
-1

. 

Fig. D.2 Experimental and fitted S (Q, ω) of the perpendicular orientation measured with λ = 

4.8 Å at Q = 0.35, 0.55, 1.35, 1.5, 1.75 and 1.95 Å
-1

. 

Fig. D.3 Experimental and fitted S (Q, ω) of the parallel orientation measured with λ = 8 Å at 

Q = 0.25, 0.85, 1.0, and 1.15 Å
-1

. 

Fig. D.4 Experimental and fitted S (Q, ω) of the perpendicular orientation measured with λ = 

8 Å at Q = 0.25, 0.85, 1.0, and 1.15 Å
-1

. 
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