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ABSTRACT: The insertion of H2O in AlPO4-54·xH2O at
high pressure was investigated by single-crystal X-ray
diffraction and Monte Carlo molecular simulation. H2O
molecules are concentrated, in particular, near the pore
walls. Upon insertion, the additional water is highly
disordered. Insertion of H2O (superhydration) is found to
impede pore collapse in the material, thereby strongly
modifying its mechanical behavior. However, instead of
stabilizing the structure with respect to amorphization, the
results provide evidence for the early stages of chemical
bond formation between H2O molecules and tetrahedrally
coordinated aluminum, which is at the origin of the
amorphization/reaction process.

Water insertion in solids is of great importance in clays,
concrete, zeolites, hybrid materials, such as metal

organic frameworks, and carbon nanotubes as it modifies the
material’s properties and can lead to new technological
applications.1−6 In the case of water insertion in microporous
materials, such as zeolites, superhydration effects are observed
with a significant change in the mechanical properties of the
material.7−11 The mechanical response to water intrusion in the
pores can lead to new possible applications of these materials as
molecular springs and bumpers.1,2,12−14 Water insertion also
modifies the stability of porous materials with respect to
amorphization.11 Pressure-induced amorphization (PIA) is also
commonly observed in such open framework structures and
may confer useful properties in these materials for new
potential applications, related to their high porosity, in the
field of the absorption of mechanical shocks.15

AlPO4-54·xH2O is a hydrated aluminophosphate with the
hexagonal VFI structure (space group P63)

16 with a =
18.9678(13) Å and c = 8.0997(4) Å, Z = 18.17 This material
exhibits 1-D pores along the c direction, which are among the
largest pores known for zeolites and aluminophosphates with a
diameter of 12.7 Å. The framework is built up of 4-, 6-, and 18-
membered rings of alternating AlO6, AlO4, and PO4 polyhedra.
The octahedra contain two H2O molecules, and additional H2O
molecules form a disordered hydrogen-bonded network in the
pores. Based on X-ray powder diffraction and Raman
spectroscopy,11 H2O insertion was found to decrease the

onset of amorphization in this material from 2.0 to 0.9 GPa.
Superhydration effects were observed, and an increase in the
unit cell volume is observed at low pressures due to insertion of
the H2O molecules in the pores. Ex situ solid state NMR and X-
ray absorption spectroscopy measurements11 indicate that a
certain amount of H2O molecules enter the coordination
sphere of the AlO4 tetrahedra increasing the Al coordination
number to 6.
Up to now, the mechanism of water insertion, chemical bond

formation, and amorphization in this material is not yet
understood. In the present study by synchrotron single-crystal
X-ray diffraction and Monte Carlo molecular simulation, new
insight into water intrusion and its chemical reaction with the
aluminophosphate framework is obtained. These results are of
relevance to other classes of porous or layered materials.4−6

Single crystals of AlPO4-54·xH2O were synthesized from
alumina nanopowder (PURAL SB) and polyphosphoric acid by
an optimized sol−gel procedure followed by hydrothermal
treatment as described previously.17 The needle-like single
crystals (30 × 30 × 230 μm3) were studied at high pressure in
Merrill-Bassett diamond anvil cells with either beryllium or
Boehler-Almax backing plates. The crystals were placed in 250
μm diameter, 120 μm thick tungsten gaskets along with a ruby
sphere and either DAPHNE 747418 or H2O as a pressure
transmitting medium. DAPHNE 7474, which is based on alkyl
silanes and silicone oil, does not enter the pores of AlPO4-54·
xH2O and remains hydrostatic up to 3.7 GPa. Pressure was
measured by the ruby fluorescence method.19 X-ray diffraction
experiments (λ = 0.500 Å) were performed on the 4-circle
diffractometer on the F1 beamline at HASYLAB (DESY,
Hamburg). Phi scans were performed with a MARCCD
detector placed at 80.5 mm from the sample. Indexing and
data reduction were performed using CrysalisPro (Agilent).
The data were corrected for absorption using Absorb 7.0.20

Average 2.22 was used to merge the data and reject outliers
(http://www.rossangel.com/text_average.htm). Structure re-
finements were performed using SHELXL97.21 Fobs Fourier
maps were calculated using WinGX.22 The crystal recovered
after compression in H2O was studied by X-ray diffraction on
an Agilent Xcalibur diffractometer using Mo Kα radiation.
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Monte Carlo (MC) simulations were performed to probe
water adsorption in AlPO4-54·xH2O. MC simulations in the
Grand Canonical ensemble (constant chemical potential μ,
volume V, and temperature T) were performed to determine
the number of water molecules n(P) per unit cell as a function
of pressure P (obtained from μ and T using the ideal gas law).
n(P) = 47 in the closed system at 1.2 GPa and 49 in the open
system at 0.5 GPa. These simulations allow comparison with
our experiments, in which water is the pressure transmitting
medium. Starting with water adsorbed at the bulk saturating
vapor pressure, we also performed MC simulations in the
Canonical ensemble (constant n, V, and T). Such simulations
allow comparison with experiments with DAPHNE 7474 as the
pressure transmitting medium. For each simulation, the sample
unit cell was adjusted to reproduce that observed in the
experiments in water and DAPHNE 7474 pressure transmitting
media, respectively. Experiments on water in AlPO4-54·xH2O

17

showed that a few water molecules (labeled OW1 and OW2)
have very low atomic displacements similar to that for the
AlPO4 atoms. This result, which suggests that these molecules
are in such a strong interaction with the framework that they
are nearly immobile, is in agreement with ab initio calculations
in which a few water molecules were found to be linked to the
framework.23 The center of mass of OW1 and OW2 were thus
frozen in the simulations. For each simulation, the AlPO4-54
structure was relaxed using a force field developed for these
materials while imposing the experimental cell parameters.
Small differences between the experimental and simulated
structures (angles, compressibility, etc.), should have a very
small effect on the structure and number of water molecules.
In the high-pressure X-ray diffraction studies, the maximum

pressures were chosen as to avoid the onset of irreversible
amorphization. A first experiment in H2O was performed with
measurements at 0.7 and 2.7 GPa. The crystal quality was
already found to degrade at 0.7 GPa based on the high R-factors
obtained. Beginning from the structural model at ambient
pressure (space group P63),

17 the structure of AlPO4-54·xH2O
was thus refined at 0.4, 0.7, and 1.2 GPa in DAPHNE 7474 and
at 0.2 and 0.5 GPa in H2O. In the latter experiment with a
maximum pressure of 0.5 GPa, the changes observed at high
pressure were found to be reversible as the recovered sample at
ambient pressure was found to have equivalent cell parameters
(a = 18.966(7) Å and c = 8.100(2)Å), and the fractional atomic
coordinates were very similar to those of the starting material.
As in the study at ambient pressure,17 the occupancy of the
disordered H2O molecules in the pores was fixed to 50% giving
36 H2O molecules per unit cell (x = 2). The further 11 H2O
molecules identified by MC simulations are too mobile to be
localized by X-ray diffraction. The results at high pressure
indicate that there is a concentration of H2O molecules both
near the pore walls and hydrogen-bonded to the H2O
molecules in the Al coordination sphere (Figure 1). Fourier
difference maps confirmed this result obtained from the starting
model. No significant difference was observed between the data
obtained in DAPHNE 7474 and in H2O indicating that the
additional H2O, which enters the pores when H2O is used as a
pressure transmitting medium giving rise to the superhydration
effect, is liquid-like and x is greater than 2. This is in very good
agreement with the results of MC simulations, which also
indicate that there is a concentration of H2O molecules near
the pore walls and hydrogen bonded to the H2O molecules of
the AlO6 octahedra. The simulated radial density at 0.5 GPa in
H2O shows the large density of water near the pore walls while

the broader distribution in the pore center suggests that water
exhibits a disordered structure (Figure 1). Such a liquid-like
structure was confirmed by determining the number nOH of
hydrogen bonds per water and tetrahedral order parameter q
for confined water17 (Supporting Information (SI)). Even if
hydrogen bonds with the host matrix are considered, nOH < 3.6
remains lower than the value for ice (nOH = 4). Moreover,
regardless of the position in the pore, q < 0.597 is lower than
the value for ice (q = 1).
The present structural data allow the response of the AlPO4-

54·xH2O structure and pore network to water insertion to be
understood. Water insertion strongly modifies the compressi-
bility of AlPO4-54·xH2O. In contrast to the results obtained
using the nonpenetrating pressure transmitting medium
DAPHNE 7474, in H2O, the compressibility along c is much
lower and a is initially incompressible due to water insertion
(Figure 2). The pore height (i.e., c cell parameter) is more
compressible than the pore diameter (i.e., O−O distance across
the pore reduced by 2 × oxygen radius of 1.35 Å) in both fluids.
In H2O, the compressibility of the pore is similar to that of the
a cell parameter, whereas in DAPHNE 7474 the pore diameter
decreases to a greater extent than a. This indicates that the
compressibility of the pores is very similar to that of the
framework due to water intrusion using H2O as a pressure
transmitting medium with a decrease in both pore and unit cell
volumes of close to 1% from 0.1 MPa to 0.5 GPa; thus the
porosity remains constant. In contrast, the pore diameter
decreases more rapidly than a in DAPHNE 7474, and
consequently the porosity decreases in a continuous way
from 40.7% at ambient pressure to 40.3% at 1.2 GPa. The
corresponding decrease in unit cell and pore volumes are 4.9%
and 5.8%, respectively.
The response of the framework can be principally linked to

changes in the interpolyhedral Al−O−P bridging angles, as the
polyhedra are essentially rigid up to the maximum pressure
reached of 1.2 GPa (see SI). A major effect of H2O insertion on
the structure is to significantly lower the pressure dependence
of the various angles (Figure 3). The corresponding angles in

Figure 1. Structure and unit cell (outlined in black) of the AlPO4-54·
xH2O framework (polyhedra) and oxygen atoms from the H2O guest
molecules (blue circles) at 1.2 and 0.5 GPa (top) and corresponding
simulated density maps of water in AlPO4-54·xH2O in a closed and
open system at the same pressures with the radial density of confined
water given in the insets (bottom).
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the experiment in DAPHNE 7474 decrease to a much greater
extent. The out-of-plane bridging angles exhibit the strongest
decreases of 7°−11° between ambient and 1.2 GPa (Figure 3
and SI), whereas the in-plane angles are more stable. The out-
of-plane bridging angles correspond to intertetrahedral bridging
angles, which directly influence the c cell parameter. The ring
systems in the xy plane, double 4-membered rings (4MR), six-
membered rings (6MR), which form the 18-membered ring
corresponding to the pores, are particularly rigid.
Fobs Fourier maps were calculated in order to have additional

information on the location of the H2O molecules in the
structure (Figure 4). The regions of highest density correspond
to the Al and P atoms, which form the 4MRs and 6MRs, with
discrete regions of lower density corresponding to the
localization of oxygen atoms. At ambient pressure, the
occupation of H2O molecules exhibits higher density near the

pore walls at a distance of 2.8 Å governed by the formation of
hydrogen bonds with the oxygen atoms of the framework.
Upon increasing pressure in DAPHNE7474, a structuring of
the pore water begins to occur, in which linking to the H2O
molecules in the AlO6 octahedra and gradually migration
toward the tetrahedral Al atoms in the 6MRs are observed. In
H2O, this behavior is much more pronounced with evidence for
the beginning of the incorporation of some H2O in the
coordination sphere of tetrahedral Al at a distance of close to 2
Å. This is exactly what has been observed ex situ after
decompression by solid state NMR. In this case, the initial
stages of Al−O bond formation are directly observed in situ.
This provides direct evidence for the mechanism of
amorphization in this material linked to the change in
coordination number of Al from 4 to 6, which is directly
related to the amount of water molecules available in the pore.
These results clearly show that this process begins at
significantly lower pressure due to water insertion. Additionally,
an increase in H2O concentration at the pore center is observed
at 0.5 GPa. This result is in good agreement with the MC
simulations (Figure 1), which confirm the presence of water at
the pore center and indicate the presence of two additional
H2O molecules per unit cell.
In conclusion, structure refinements for AlPO4-54·xH2O

were successfully performed using high-pressure, synchrotron,
single crystal X-ray diffraction data. The analysis of the effect of
pressure and H2O insertion on the pore size and the
localization of the H2O molecules in the pores provides a
detailed understanding of the insertion (superhydration and the
presence of liquid-like H2O at the pore center) and
compression mechanisms (higher Al−O−P angles) in this
material. The results also provide evidence for the early stages
of bond formation between selected H2O molecules and
tetrahedral Al from the framework leading to amorphization of
this material. These results are found to be in very good
agreement with the density maps obtained from Monte Carlo
simulations. In the present case, the incorporation of guest
species favors amorphization due to the chemical reaction
between the inserted water and the framework. This contrasts
with previous studies24−27 in which the incorporation of guest

Figure 2. Relative compression of the unit cell parameters a and c and
the pore diameter ϕ and height h in water (blue) and Daphne 7474
(black).

Figure 3. Relative compression of the Al−O−P bridging angles in
water (blue) and Daphne 7474 (black).

Figure 4. Observed Fourier maps Fobs of hydrated AlPO4-54·xH2O at
various pressures. Electron density increases according to the following
color scale: blue (low), green, yellow, red, white (high). The red ellipse
is a guide to the eye and highlights one of the regions of increased
electron density corresponding to the migration of the oxygen atoms
of H2O toward the Al atoms.
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atoms or molecules stabilizes porous materials with respect to
amorphization arising from the collapse of the pores. The
difference in behavior is governed by the reactivity of the guest
species with respect to the framework.
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