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The crystal structure of the layered acid phosphate,

AlH2P3O10?2H2O, has been determined and provides a new

structure-type for a series of metal phosphates with interlamel-

lar regions likely to be highly suited to intercalation behaviour.

Low-dimensional materials composed of layers of strongly bound

species, held together by relatively weak bonding between layers,

as exemplified by the sheet-like structures of the phyllosilicates,

have received significant attention due to the extensive chemical

manipulations that are possible within the interlamellar region.

The diversity of this chemistry is partly a consequence of variations

in the inherent layer charges; phyllosilicates have predominately

negatively charged layers, layered double hydroxides positively

charged layers and the metal phosphates and phosphonates

neutral layers. These materials can provide numerous desirable

properties, including ion exchange, ionic conductivity and inter-

calation with potential to many applications.1 Furthermore, much

interest has recently centred on the exfoliation of these materials

into discrete nano-dimensional lamellae which have found

application in polymer-based nanocomposites2 and self-assembled

multilayers.3

The most studied of the layered phosphates are the zirconium

phosphates, a-Zr(HPO4)2?H2O and c-Zr(PO4)(H2PO4)?2H2O,

which have structures consisting of zirconium phosphate layers

with exchangeable protons protruding into the inter-layer region

and have been shown to exhibit proton conductivity, and facilitate

intercalation, exfoliation and catalysis.4 These structural features

are clearly advantageous but are relatively rare and therefore we

have initiated a search for more examples. We are particularly

interested in isolating such structures where transition metal ions

are included, which may provide additional properties such as

electronic and magnetic behaviour. This led us to a series of

phosphates with stoichiometry MIIIH2P3O10?2H2O (where MIII is

reported to include Al, Ga, Fe, Mn, V, Cr),5 where significant

intercalation behaviour is suggestive of a layered structure.6,7 It is

also worth noting that AlH2P3O10?2H2O already has commercial

applications, including as an environmentally-friendly anticorro-

sion pigment in paints and coatings for metal surfaces8 and as an

adsorbent.9 Despite this, these phases have remained relatively

poorly understood and exploited, mainly as a result of the limited

structural data available.

In an attempt to clarify the potential of these materials we have

undertaken a detailed synthetic and structural study of this family

of phases. As a result, we report here a crystal structure for

AlH2P3O10?2H2O and discuss the significance and potential of its

features.

AlH2P3O10?2H2O was prepared from a phosphoric acid flux

reaction{ and a single crystal was obtained for a single crystal

X-ray diffraction study. Despite limitations in the size and quality

of the crystal a potential structure was obtained.§ To confirm this

structure was representative of the bulk sample, X-ray powder

diffraction data were collected." These powder data, which

matched those previously reported for this material,10 were

analysed using the Rietveld refinement method, with a structural

model obtained from the single crystal diffraction data. Following

refinement, an excellent fit was obtained between observed and

calculated data and is shown in Fig. 1.{ Subsequent discussion of

the structure will refer to the final structural details obtained from

the Rietveld analysis, although those obtained from the single

crystal diffraction study were not significantly different.

The structure observed for AlH2P3O10?2H2O (see Fig. 2) is of

two-dimensional character, containing layers of hydrogen tripho-

sphate (H2P3O10
32) units, providing octahedral coordination to

the Al3+ and stretching across the width of the layer, with the

terminal hydroxyl groups protruding into the interlayer region.

The layers appear to be held together by a hydrogen bonding
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Fig. 1 Final observed (+), calculated (solid line) and difference (below)

X-ray powder diffraction profile for the Rietveld refinement of

AlH2P3O10?2H2O. Reflection positions are also marked.
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network, principally involving the presence of two water molecules

per formula unit within the interlamellar region, which are each

hydrogen bonded to the hydroxyl groups of the hydrogen

triphosphate. These metal phosphate layers have a corrugated

appearance and appear to interlock into each other as the

protruding hydroxyl groups align with the ‘‘groove’’ between

hydroxyl groups in adjacent layers. These layers lie perpendicular

to the a axis, with the interlayer repeat distance equal to y8 Å

(i.e. a).

The presence in AlH2P3O10?2H2O of only relatively weak

scattering atoms with respect to X-ray diffraction has allowed the

clear determination of oxygen positions and the tentative assign-

ment of proton positions. This has provided sensible bond lengths

and angles to these species, in particular the location of water

molecules within the interlayer region. We intend to use neutron

powder diffraction data from deuterated samples to confirm these

positions and to fully describe the hydrogen bonding network

linking these layers.

The connectivity within a layer between a P3O10 group and Al is

shown in Fig. 3. P3O10 groups are usually compared through P–P

distances, P–O–P and P–P–P angles, and for AlH2P3O10?2H2O

these values are 2.901(5) Å, 132.0(7)u and 127.0(5)u, respectively

and are typical of a P3O10 group, as shown by comparison with

Al(NH4)HP3O10 (P–P = 2.919 Å, P–O–P = 132.2u and P–P–P =

127.7u).11 In addition, individual bond lengths and angles within

the P3O10 group are also typical for such a group. The P–O bond

lengths vary from 1.473(6) Å to 1.604(7) Å, with the longest

(1.572(8) Å and 1.604(7) Å) associated with the bridging oxygen

(i.e. O(5)) in the triphosphate chain. Each AlO6 octahedron is

formed from four triphosphate groups, with two of them

connected in bidentate fashion along a common edge of the

octahedron.

Thermogravimetric analysis was in agreement with the stoichio-

metry of AlH2P3O10?2H2O: a mass loss between 100 uC and 250 uC
corresponded to the loss of the interlayer water (observed 11.5%,

expected 11.3%) to yield an anhydrous form, AlH2P3O10, for

which the structure is presently unknown. The second mass loss

between 450 uC and 550 uC corresponded to the loss of one

molecule of constitutional water (observed 5.8%, expected 6.4%)

which occurs upon condensation of the triphosphate group to

form the polyphosphate species, Al(PO3)3.
12

The IR spectrum of AlH2P3O10?2H2O displayed bands at

around 3570 and 1700 cm21 which were assigned to stretching and

deformation vibrations of the water molecules.{ The band at

around 3520 cm21 was assigned to the –OH vibration in the

Fig. 2 Structure of AlH2P3O10?2H2O, with AlO6 octahedra in dark blue, PO4 tetrahedra in light blue and hydrogen atoms as grey spheres.

Fig. 3 Local structure of the P3O10 and Al within layers in

AlH2P3O10?2H2O.
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triphosphate chain. The bands in the 1210–960 cm21 region have

been associated with the P–O vibrations of the PO4 groups in the

triphosphate unit.

The P3O10 unit exhibits a binary axis of symmetry through the

central phosphorus atom, which is not uncommon for such

materials.11 This provides two crystallographically distinct phos-

phorus atoms and five oxygen atoms in each triphosphate unit. A

recent MAS NMR study has reported three distinct P environ-

ments in AlH2P3O10?2H2O, with two apparently similar but

distinct environments for the terminal P sites.6 We have under-

taken a similar NMR study on our sample and confirmed this

observation.{ Despite this, a thorough evaluation of our diffrac-

tion data finds no evidence of an extra terminal P site, even

through a lowering of symmetry. Such discrepancies between the

averaged long range structural detail available from diffraction

and local detail available from NMR are not uncommon. 31P

NMR is extremely sensitive to small site differences and here the

terminal P site is within a hydrogen phosphate group which is

hydrogen bonded to water, thus providing scope for localised

ordering which may be undetectable with our diffraction data. We

are therefore confident in the validity of our overall structure but

we do not discount the possibility that a lowering of local

symmetry may occur and we will seek to clarify this in our future

studies.

In summary, the structure we report for AlH2P3O10?2H2O is

one that contains many structural features common to the layered

zirconium phosphates, particularly the presence of hydroxyl

groups protruding into an interlamellar region occupied by water

molecules. We therefore expect AlH2P3O10?2H2O to display many

of the properties previously observed for these zirconium

phosphate materials. In addition, this work provides a structure-

type for the remainder of the MIIIH2P3O10?nH2O (where M is a

trivalent metal cation) series, supported by some preliminary

studies indicating chromium, gallium and iron analogues are

indeed isostructural to AlH2P3O10?2H2O. This work has therefore

revealed a range of layered structures which suggest numerous

potential properties, including conductivity, catalysis and magnetic

behaviour and an ability to act as hosts in novel organic–inorganic

hybrid materials.
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Notes and references

{ Experimental: AlH2P3O10?2H2O was prepared from a phosphoric acid
flux reaction involving a mixture of H3PO4 (85%, Aldrich) and Al2O3

(99.9% Aldrich) in a molar ratio of P : Al of 6 : 1. This mixture was heated
to 240 uC for 24 h and then slow cooled to room temperature over a period
of 48 h, after which the white microcrystalline product was collected by
filtration and washed with water.

§ Single crystal X-ray diffraction data were collected on AlH2P3O10?2H2O,
at ambient temperature on a Bruker Smart 6000 diffractometer equipped
with a copper tube source (with a graphite monochromator) and a CCD
detector system. The crystal structure was solved and refined using
Shelx97.13 Resulting single crystal data: H6AlO12P3, M = 317.94, crystal
system: monoclinic, space group P2/c (no.13), a = 7.9659(8), b = 4.9180(6),
c = 11.6355(12) Å, b = 95.851(7)u, V = 453.46(9) Å3, Z = 2, T = 296 K, m =
7.724 mm21, crystal size 0.22 6 0.04 6 0.02 mm, 2051 reflections
measured, 742 unique (Rint = 0.07) which were used in all calculations. R1 =
0.069. The final wR2(F2) was 0.147 (all data). CCDC 288341. For
crystallographic data in CIF or other electronic format see DOI: 10.1039/
b514246f
" Powder X-ray diffraction data collection and Rietveld refinement: The
powder diffraction data (5 ¡ 2h ¡ 100u with step size = 0.019u and step
time = 7 s) were collected on a Siemens D5000 diffractometer using a
primary beam Ge monochromater providing Cu-Ka1 radiation. These data
were analyzed using the Rietveld method14 through the GSAS suite of
programs15 to confirm the structure and determine the bulk purity of the
samples. The method used to treat the background was the linear
interpolation function. The peak shape function used was Simpson’s rule
integration of a pseudovoigt function16,17. All atom positions and isotropic
displacement parameters (except the H atoms which were obtained from
the single crystal model) were refined. A preferred orientation parameter
was also refined in the [100] direction using the March–Dollase model:18,19

final ratio = 1.2032. Resulting powder crystal data: H6AlO12P3: M = 317.94,
monoclinic, a = 7.9381(3), b = 4.9188(2), c = 11.6286(4) Å, b = 95.739(2)u,
V = 451.78(4) Å3, space group P2/c (no.13), Z = 2, T = 298 K. Final
refinement gave Rwp = 3.3%, Rp = 2.4%, x2 = 2.4 for 419 reflections and 82
parameters.
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