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ABSTRACT 

The dynamical properties of water molecules confined in the hydrophilic nanopores of AlPO4-
54 zeolite investigated with Quasi-Elastic Neutron scattering as a function of temperature 
down to 2 K. Water molecular diffusion into the pore is measured down to 258 K. Diffusion 
follows a jump mechanism with a jump distance increasing with temperature and an activation 
energy of Ea = (20.8 ± 2.8) kJ/mol, in agreement with previous studies on similar confining 
media. Water rotational diffusion is instead measured down to temperatures (118 K) well 
below the water glass transition. The rotational time scale shows a non-Arrhenius behavior 
down to the freezing of water diffusion, while it has a feeble temperature dependence below. 
This fast molecular re-orientation (fractions of nanoseconds) is believed to take place in the 
dense, highly disordered amorphous water present in the pore center, therefore indicating its 
plastic amorphous nature. 
 

 

 

 

 

 

1. Introduction  
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Zeolites are crystalline microporous materials (pore size < 2 nm) constituted 

primarily by SiO4 and AlO4 corner-sharing tetrahedral building units that form a 

three-dimensional structure. These relatively rigid anionic frameworks contain 

exchangeable cations and generally removable and replaceable guest molecules 

such as water and organic compounds. These porous materials are known as 

“molecular sieves” because of their high and tailorable acidity and their 

specific pore structures with channels and cavities of molecular dimensions 

which allow shape-selective conversions of organic molecules. The void space 

within the crystal allows indeed zeolites to discriminate molecules based on their 

size or geometric shape. One of the biggest everyday uses for zeolites is indeed 

as water softeners and water filters.  Zeolites have also been employed in a wide 

range of industrial applications such as adsorption/separation, ion-exchange 

processes and also as catalysts in the processes of oil refining and fine chemical 

synthesis [3-5]. 

AlPO4-54 belongs to the family of AlPO4-n zeolites, the first zeolites synthetized 

without silica. This zeolite is of particular interest as it exhibits 1D pores along 

the c direction of the crystal (hexagonal VFI structure, space group P63, 

a=18.9678(13) Å and c=8.0997(4) Å, Al18P18O72•xH2O) [3] with a diameter of 12.7 

Å, i.e. it has among the largest pores known for zeolites and aluminophosphates. 

The zeolite framework is built up of 4, 6 and 18-membered rings of alternating 

AlO6, AlO4 and PO4 polyhedra. When water is inserted in AlPO4-54 pores, one-

third of the aluminium welcome two H2O molecules in their coordination sphere, 

this “structural water” is strongly linked to the zeolite structure and can be 

extracted only under secondary vacuum treatment [6,7]. Remaining water is 

inserted in the zeolite pore and forms a disordered hydrogen-bonded network 

in the centre of the pore at ambient pressure and temperature conditions. When 

the temperature is lowered, pore water crystallization is prevented due to the 
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high degree of confinement and the water network differentiates into two 

distinct networks whose local arrangement and dynamical behavior depend on 

the proximity with the pore walls [8]. Upon cooling below ice homogeneous 

nucleation temperature, water close to the zeolite pore surface assumes a highly 

ordered local arrangement induced by the pore wall, with a more defined site 

occupancy and lower density with respect to bulk water. In contrast, under the 

same conditions, water in the pore core shows a denser, more disordered, and 

orientationally distorted glassy arrangement [8].  

While the role of the chemistry of the pore surface on water structuring is rather 

well understood, its effects on water dynamics have been poorly investigated 

experimentally. Yet, these effects are fundamental for the potential application 

of this material as nanosieve for water filtration and purification .  

Since AlPO4-54 has both hydrophobic and hydrophilic groups, it is expected that 

water flow would be larger for AlPO4-54 than the flux observed in pure alumina 

pores. However, molecular dynamics simulations for this system [9] did not 

observe any super-flow phenomenon, such as the one observed in carbon 

nanotubes where the single-line arrangement of the water molecules into the 

pores gives rise to a flow orders of magnitude faster than in the bulk [10,11]. 

Contrary to the case of carbon and alumina nanotubes, the surface of the AlPO4-

54 pore is not « atomically smooth » [7], and the structural organization of the 

inner water molecules is much denser and disordered [8]. How all this affects the 

water dynamics is the object of the present study. 

Here we report high-resolution quasi-elastic neutron scattering (QENS) 

experiments probing water diffusive and orientational dynamics into the 

hydrophilic nanopores of fully hydrated AlPO4-54 from room temperature down 

to 2 K. We observe that nanoconfined water molecular diffusion at room 
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temperature is a factor three slower than in bulk water, as expected for water in 

hard confinement, and can be measured down to 258 K. Upon further lowering 

the temperature, we observe a freezing of the translational dynamics while the 

molecular reorientation is still observable down to 118 K. This suggests that 

water in the pore center behaves as a plastic amorphous material whose 

orientational dynamics remains active on a relatively fast (nanoseconds) time 

scale and feebly temperature dependent, well below what is indicated as water 

glass transition temperature [12-14]. The consequences of this unexpected 

observation will be discussed. 

 

2. Materials and Methods 

 

The dynamics of water confined in AlPO4-54•xH2O has been studied by QENS 

experiments performed at the backscattering spectrometer IN16b at the Institut 

Laue-Langevin (ILL, Grenoble).  Incoherent neutron scattering is a unique probe 

of individual motions of hydrogen, due to its huge incoherent cross section, 

typically 2 orders of magnitude larger than in other elements [13-15]. The total 

coherent and incoherent cross sections for AlPO4-54•xH2O turn out to be Σcoh ≈ 

484.1 barn and Σinch ≈ 1926.5 barn. The cross sections of the nanoconfined 

molecules per unit cell in the fully hydrated sample resulted in Σcoh ≈ 271.1 barn 

and Σinch ≈ 5618.2 barn. Thus the contribution to the total intensity coming from 

the zeolitic framework is about 29% and is mainly incoherent due to the two H2O 

molecules absorbed at the octahedral Al sites. At all temperatures studied, those 

two water molecules from the VIAl have low atomic displacement parameters 

(ADP), similar to that for the atoms of AlPO4 [1,6], therefore they do not 

contribute to the measured QENS signal. A polycrystalline AlPO4-54•xH2O 

sample (average crystalline dimensions on the order of 30x1x1 μm3)  was 
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synthesized from nanometric alumina (Pural SB) and phosphoric acid by an 

optimized sol-gel procedure followed by hydrothermal treatment as described 

previously [5-8].  242 mg of powder AlPO4-54•xH2O were loaded into an 

aluminum sachet to give the sample thickness of ~2 mm and mounted on the 

Displex can. 

A fast temperature scan using the Doppler Monochromator in fixed mode at 0 

µeV and in accurate velocity mode at 2 µeV was realized to better define the 

target temperatures for the QENS measurements (see Figure S1 in Supplemental 

information). Those fast temperature scans show that water dynamics match at 

best the instrumental time window at about T=250 K. Down to T=110 K some 

activated dynamics can still be resolved within the energy resolution of the 

instrument.  

The sample was then cooled to the cryostat base temperature at T=2 K and 

subsequently warmed to 118, 171, 218, 233, 258, 278, 290 and 310 K. The wave-

length incident beam has been fixed at 6.271 Å. The energy spectra were 

recorded at 18 different angles in the range 10° < 2θ < 143°. Grouping of different 

angles was performed to obtain sufficiently good statistics. The momentum 

transfer Q-range was ~0.2-1.9 Å-1 and the energy transfer was + 30 µeV. A 

vanadium and the crystalline sample scans were performed at T=2 K to obtain 

the detector efficiencies and the energy resolution of the instrument, 

respectively. The resolution function of the spectrometer could be fitted with a 

Voigt function of FWHM equal to 1.1 µeV.  

 

3. Results and Discussion 

In Figure 1 we show the measured spectra collected at T=258 K for a selection 

of momentum transfers Q from 0.25 Å-1 to 1.87 Å-1, compared to the 
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instrumental resolution. 

 
Figure 1: Evolution of the measured QENS intensity of water nanoconfined in AlPO4-54•xH2O 
zeolite (dots) at T=258 K for different values of Q (Å-1), compared with the experimental 
resolution (shaded curve).  
 

The measured scattering intensity is proportional to the incoherent scattering 

function SI(Q,ω) of the unperturbed system, convoluted by the experimental 

resolution. It can be separated into an elastic and a quasi-elastic contribution. 

The elastic intensity is here dominated by the immobile (except for vibrations) 

zeolite frame contributions, while the QENS contribution is due to the confined 

water diffusing or re-orienting in the zeolite nanopores. As previously 
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mentioned, the ‘frame” water bridging Al-octaedra does not contribute to this 

diffusive motion and thus gives rise to an extra elastic contribution.  

In order to extract quantitative information on the timescale and on the nature 

(diffusive or localized) of the water motions as a function of temperature, we 

need an analytical expression for the incoherent dynamic structure factor. The 

latter can be obtained assuming that the vibrational, translational, and rotational 

motions are decoupled [15-17]. This approximation has been shown to fail in 

bulk water at low temperatures where water molecule rotation and structural 

relaxation are strongly entangled [18,19]. However, for water confined in the 

zeolite, the molecular diffusion timescale is a factor five slower at low 

temperature than in bulk water [9], while the orientational timescale is similar 

[9]. As a result the hypothesis of translational-rotational decoupling can be 

reasonably applied.  

The elastic contribution was modelled by a delta function convoluted with the 

instrumental resolution. In our analysis, we modelled the QENS signal by a single 

Lorentzian function of HWHM Г(Q) in the full temperature range.  In fact, we 

considered that for temperatures higher and equal to 258 K, the translational 

diffusion only can be observed.  Above this temperature the rotational diffusion 

is indeed fast enough to appear as flat background on the energy window of the 

instrument. The HWHM of the rotational contribution estimated by simulations  

on zeolite water [9] and data on bulk water [22] is about 40 µeV at 258 K. 

Conversely, for lower temperatures, the translational diffusion froze - at least on 

the time resolution of the experiment - while the rotational timescale slows 

down enough to enter in the instrumental energy window and being measured. 

In Figure 2 we show an example of fit results compared to the measured intensity 

for two selected temperatures and selected Q values. The quality of the fits is 
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very good and further attempts to model the measured QENS signal with two 

Lorentzians - associated with the translational and rotational dynamics 

respectively - in the intermediate temperatures region (233 K, 258 K) did not 

bring any significant improvement to the fits (Supplemental Figure 2) or change 

to the measured parameters, which instead become very correlated. Likely the 

too big temperature step between 233 K and 258 K prevents to observe the 

regime where both motions contribute to the spectra [15-17].  

 

Figure 2: Example of fit results (full black line) compared to the measured intensity (black-grey 
dots) from water nanoconfined in AlPO4-54•xH2O zeolite at T=278 K and T=218 K for selected 
Q values. The quasi-elastic Lorentzian contribution associated with the translational diffusion 
at 278 K and with the rotational diffusion at 218 K is shadowed in orange and in green, 
respectively. The resolution function is shown as a dashed black line.  
 
 

As shown in Figure 3, we could observe a clear change in the Q dependence 

of the Г(Q) parameter (as well as in the QENS signal intensity reported in 
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Supplemental Figure 3) associated with the freezing of the translational 

dynamics and the slowing down of the rotational dynamics. For temperatures 

higher than or equal to 258 K, the Lorentzian HWHM parameter, here re-named 

ГT(Q) (Figure 3-left panel), shows the typical Q dependence of a jump diffusion 

process [20], i.e.: 

ГT (Q) = DTQ2/(1+ τ0DTQ2)                                                                               (1) 

where τ0 = d2/6DT, with DT the mass diffusion coefficient of the confined water 

molecules and d representing an apparent jump length [20].  

For temperatures lower than or equal to 233 K, the Lorentzian HWHM 

parameter, here re-named ГR(Q) (Figure 3-rigth panel), shows no Q-dependence 

within the error bars, as expected for a localized motion. The rotational time 

scale τR = 1/2DR with DR the rotational diffusion coefficient has been determined 

by the fit of ГR(Q)=2 DR in the full Q range. For the two smaller Q, the intensity of 

the rotational contribution was too small to allow a proper determination of the 

width of the QENS signal (see Supplemental Figure 3). 

 

Figure 3: (left panel) HWHM parameter of the Lorentzian function for 310 K, 290 K, 278 K and 
258 K, corresponding to a jump diffusion process (dashed line) 
(right panel) HWHM parameter of the Lorentzian function for 233 K, 218 K, 171 K and 118 K, 
corresponding to a molecular re-orientation. 
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The values obtained for DT at different temperatures are reported in the left 

panel of Figure 4, where they are compared to bulk water diffusion coefficients, 

and in Table 1. At T=290 K, the self-diffusion DT=6.3 x 10-6 cm2/s (Table 1) of 

nanoconfined water is a factor 4 lower than the one of bulk liquid water (1.54 x 

10-5 cm2/s). This value is also in very good agreement with the prediction of 

molecular dynamics simulations of Barbosa et coworkers [9], who observed 

translational dynamics being active down to 235 K .  

 

 

Figure 4: Self-diffusion coefficient (left panel) and molecular rotational time (right panel) of 
water nanoconfined in AlPO4-54•xH2O zeolite as a function of temperature measured by QENS 
(light green dots) compared to simulation results from [9], and to measured [18, 19] and 
simulated [22] bulk water diffusion. The reorientation time τ2  measured by NMR [19] and 
simulated in [22] for bulk water refers to the molecular dipole re-orientation times. We 
compared them to the time τR=τ1=1/2DR [15] measured by QENS under the assumption  τ1≈ 
2τ2, as predicted by an extended jump model for water rotation [22]. On the left panel, the 
Arrhenius fits of Eq.2 for bulk and confined water are shown as dashed lines. On the right panel 
the fit of the T>233 K bulk water data using expression (3) (in blue) and an Arrhenius fit of 
confined water for T<233 K in green are showed.  
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Table 1. Mass diffusion and re-orientational time values found for water nanoconfined in 
AlPO4-54•xH2O as a function of T, errors are presented in italic:  
 

T (K) DT (µeVÅ-2) DT (10-6 cm2/s) τ0 (10-12 s)            T (K) τR (10-12 s) 
310 62.7 (0.3) 9.5 (4.5) 124 (2) 233 407 (30) 
290 41.4 (0.2) 6.3 (2.1) 143 (2) 218 509 (26) 
278 24.4 (0.1) 3.7 (0.9) 160 (4) 171 529 (34) 
258 9.14 (0.05) 1.4 (0.7) 176 (6) 118 643 (24) 

      

 

The cage residence time τ0 varies with temperature from 176±6 ps at the lowest 

temperature (T=258 K) to 124 ± 2 ps at the higher temperature (T=310 K), 

corresponding to jump distances of d=3.8 ± 0.3 Å (T=258 K) and d=8.4 ± 0.5 Å 

(T=310 K). The diffusion motion follows an Arrhenius behavior, well described by 

an activation energy law: 

DT (T) = D0 exp(-Ea/RT)                                                                           (2) 

where R=8.314472 JK-1mol-1 is the gas constant. 

Using the values obtained for DT, the activation energy is roughly estimated to 

be Ea=20.8 ± 2.8 kJmol-1, with D0=0.031 cm2/s. The activation energy Ea of 

nanoconfined water in the AlPO4-54•xH2O zeolite is higher compared to NaX 

zeolites and bulk water, 18.7 kJmol-1 and 16.7 kJmol-1, respectively [21].  

The values obtained for the re-orientational time, τR,  of zeolite confined water 

for T<= 233 K are reported in the right panel of Figure 4 and in Table 1. These 

values are also compared to the one measured in bulk water [19] and the results 

of molecular dynamics simulations for bulk [22] and zeolite confined water [9] 

for the maximum number of inserted water molecules.  

The temperature dependence of τR in bulk water has been described by a 

singular power law expression [19]: 

τR (T) = τR
0

 (T/T0-1)-γ                                                                           (3) 

with T0=222.8 ± 0.4 K, γ =1.895 ± 0.019 and τR
0=0.50 ± 0.06 ps. 
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Eq. 3 is an empirical function that allows to take into account the fact that the 

apparent activation energy of the re-orientational phenomenon is not constant 

with temperature but varies due to thermal induced structural changes, 

changes in viscosity and in dynamical disorder [22]. 

As we here measure the orientational dynamics for temperatures T<= 233 K, 

i.e. once the structural relaxion is frozen and thus no further structural, 

viscosity, or dynamical disorder changes take place, we observe a recovery of 

an Arrhenius behaviour τR(T) = τ0 exp[Ea /(RT)], with a very feeble temperature 

activation energy Ea = 0.7 ± 0.2 kJmol-1. 

4. Conclusion 

The self-dynamics of water molecules nanoconfined in AlPO4-54 zeolite were 

investigated as a function of temperature down to 2 K. High-resolution QENS 

measurements allowed to measure the molecular diffusion coefficient of 

confined water down to 258 K. The diffusion is roughly four times slower than 

diffusion in bulk water and with a slightly higher activation energy. For lower 

temperatures we measured the water re-orientational dynamics entering the 

time window of the experiment. This dynamics persists down to 118 K, i.e. well 

below the hypothetical water glass transition temperature [11] and shows a very 

feeble temperature dependence.  For temperatures lower than 110 K the QENS 

signal merges into the instrument resolution and no dynamics could be 

measured.  

QENS spectra of water confined in the AlPO4-5 zeolite, which possesses 

smaller unidirectional pores of 7 Å of diameter, were measured  at T=300 K by 

Floquet et al. [23]. The study deduced that, at T=300 K, the water molecular 

translational mobility was quite small: up to 4H2O per unit cell, the diffusion 

coefficient DT  was of the order of 10-6 cm2/s, but above this hydration value it 



14 
 

was much smaller than 10-7 cm2/s. The authors then concluded that the confined 

water phase in the AlPO4-5 nanopore was an “icy” phase already at T=300 K. 

Therefore the melting temperature of confined water in the AlPO4-5 nanopore 

would be displaced toward the high-temperature side. Conversely, in 

amorphous silica MCM-41 mesopores, with pore diameter of 24 Å, it was 

reported to be displaced toward the low temperature side, T=230 K, though 

more recent investigations have shown that a partial freezing can be already 

observed at about T=240 K [24,25].  

In the present study we observe the freezing of the diffusive dynamics of 

confined water somewhere between 258 K and 233 K, but the rotational 

dynamics of water molecules persists well below. The observed rotational 

dynamics is likely linked to the re-orientation of the inner water molecules, 

which have been shown [8] to be in a highly disordered and dense amorphous 

state for temperatures below 240 K. Conversely the molecules in contact with 

the pore surface are orientationally ordered at low temperatures [8] and are 

believed not to contribute to the observed dynamics. This observation points to 

a likely plastic nature of the high density amorphous state of inner water and 

raise the question if the low temperature “glass” transition observed in 

calorimetric and dielectric measurements in high density amorphous form of ice 

(HDA) [26,27]  is linked to a similar mechanism.  
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Supplemental

Figure 1S: Intensity of neutron counts at Doppler 0 µeV (Left) and at 2 µeV (Right), 
respectively elastic and inelastic, as function of T in AlPO4-54•xH2O. 

 

 

Figure 2S: Example of fit results of the QENS signal with two Lorentzian functions at T=258 K 

for three selected Q values. Fits with only one Lorentzian contribution are shown for 

comparison.  
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Figure 3S: Intensity of the quasi-elastic translational (left) and rotational (right) signals as a 

function of Q at T=290 K and 218 K, respectively. The intensity of the translational term is 

proportional to a Bessel function of 0 order as j02(aQ), while the rotational diffusion term is 

proportional to a Bessel function of 1st order j12 (aQ), with a=0.98 Å fixed to the radius of the 

water molecule.   
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