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Reaction of phosphonic acids RPO(OH)2 (R~phenyl, benzyl, 4-bromobenzyl) with aluminium nitrate and

sulfate under various hydrothermal conditions led to three novel aluminium phosphonates,

Al(OH)(O3PCH2C6H4Br)?H2O, Al(OH)(O3PCH2C6H5)?H2O and Al2(O3PC6H5)3?H2O. All the compounds were

characterised by powder XRD, elemental analysis, TGA, 27Al and 31P MAS NMR and IR spectroscopy. The

same tools were used to study the dehydration±rehydration reactions. Re®nement of the structure of

Al(OH)(O3PCH2C6H4Br)?H2O by the Rietveld method showed a lamellar arrangement similar to the methyl

analogue f-Al(OH)(O3PCH3)?H2O. Al(OH)(O3PCH2C6H4Br)?H2O crystallises in the monoclinic system, space

group P21/c with unit cell parameters a~16.4972(2) AÊ , b~7.0673(1) AÊ , c~9.4950(2) AÊ and b~113.477(1)³.
Based on the powder XRD, IR and NMR data the two benzyl compounds were found to be isostructural.

Introduction

Hybrid organic±inorganic materials represent an extensive
class of compounds, within which metal phosphonates possess
a special place as they can be obtained with most metals and
offer a wide range of structures. As a result they are used for the
structural and physical design of new materials. Indeed, metal
phosphonates have been studied as ion exchangers, sorbents,
sensors, proton conductors, non-linear optical materials and
catalysts, as well as magnetic models.1 Metal phosphonates
have been described with a wide range of organic substituents
and divalent, trivalent and tetravalent metal atoms.1 To date
the chemistry of trivalent metal phosphonates includes iron,2

bismuth,3 lanthanum,4 samarium and cerium,5 praseodymium,
neodymium, and gadolinium,6 and the Group 13 elements
indium,7 gallium8 and aluminium.

The last compounds have been preceded by aluminophos-
phates, which are attractive materials due to some members of
their family which offer zeolitic type microporosity. The use of
templates or structure-directing agents allows us to obtain a
wide variety of structures, ranging from molecular entities9 up
to opened three-dimensional networks.10,11 However, the
chemical features of the walls in porous aluminophosphates
are a limiting factor for their applications. Alternatively,
phosphonate units can simultaneously introduce steric and
chemical constraints which can direct the framework and
determine the surface properties of the material.

The rich structural and compositional diversity of alumi-
nium phosphonates results from the many ways of combining
the four-, ®ve- or six-coordinated aluminium cation with
anionic phosphonate tetrahedra, [RPO3]22 and [RP(OH)O2]2.
Phases with the composition Al/P~2/3, obtained using
[RPO3]22 tetrahedra, do not involve any OH groups. Therefore
aluminium phosphonate may be classi®ed into acidic phases
(POH groups present) or basic phases (AlOH groups present)
depending on whether the Al/P ratio is higher or lower than 2/3.
Taking into account the H2O content, a triangular diagram
gives a suitable representation of the composition range of

these compounds, as illustrated for the aluminium phenylpho-
sphonates in Fig. 1. In this representation the lines bounding
the H2O apex to the various Al/P compositions describe the
related hydration±dehydration reactions. It is noteworthy that
these reactions play a determining role in the thermal stability
of these compounds for materials applications. So, for a given
composition (one point of the diagram), it is important to
determine which phases actually exist, and which intermediates
form during the course of their hydration±dehydration
reactions in relation to their structure.

The literature re¯ects the diversity of the framework
dimensionalities obtainable for aluminium phosphonates.
Besides the molecular aluminium phosphonate cages,12 two
reported aluminium methylphosphonate structures are open
three-dimensional frameworks,13,14 and two are lamellar.15±17

One lamellar aluminium carboxymethylphosphonate has
also been reported.18 Recently, six aluminium phenyl-
phosphonates have been identi®ed,19 including
Al2(O3PC6H5)3?2H2O, Al2(O3PC6H5)3, Al(OH)(O3PC6H5)
and a-Al(HO3PC6H5)(O3PC6H5)?H2O. However the crystal-

{Electronic supplementary information (ESI) available: X-ray powder
diffraction data and Rietveld plots. See http://www.rsc.org/suppdata/
jm/b0/b000103l/

Fig. 1 Aluminium phenylphosphonates ternary diagram (molar
ratios). The circles and the star denote compounds from ref. 18 and
from the present work, respectively.
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lographic structure has been determined only for the latter
phosphonate, showing a lamellar arrangement.

In the present work, we report the synthesis and character-
isation of three novel aluminium phosphonates: one bromo-
benzyl derivative Al(OH)(O3PCH2C6H4Br)?H2O the structure
of which is reported, one benzyl derivative Al(O-
H)(O3PCH2C6H5)?H2O and one phenyl derivative
Al2(O3PC6H5)3?H2O. They have been characterised by
PXRD, TGA, 27Al and 31P MAS NMR and IR spectroscopy.
Dehydration±rehydration reactions have been studied for each
compound.

Experimental

Synthesis

Aluminium nitrate nonahydrate, aluminium sulfate octadeca-
hydrate 98z% and triethyl phosphite 98% were purchased
from Aldrich. Phenylphosphonic acid 98%, benzylbromide
98%, 4-bromobenzylbromide 98% and bromotrimethylsilane
98% were purchased from Acros. Before use, the phenylphos-
phonic acid was recrystallised in acetonitrile. Benzyl and 4-
bromobenzylphosphonic acids were prepared by silylation and
hydrolysis of their respective phosphonate diethyl ester.20 The
esters were synthesized from benzylbromide and 4-bromoben-
zylbromide by the Arbuzov reaction with triethyl phosphite.21

C6H5CH2PO3H2: NMR (DMSO): 1H: d 2.97 (2H, d,
2JPH~21.5 Hz), 7.26 (5H, m); 13C {1H}: d 36.20 (d,
1JPC~132.2 Hz), 126.78 (d, 5JPC~3.4 Hz), 128.86 (d,
4JPC~2.8 Hz), 130.61 (d, 3JPC~6.3 Hz), 135.03 (d,
2JPC~8.8 Hz); 31P {1H}: 22.7. 31P NMR MAS: d 31.6. IR
(wavenumber/cm21): 2757, 2309 (PO±H), 1262 (PLO), 943 (P±
OH).

4-BrC6H4CH2PO3H2: NMR (DMSO): 1H: d 2.96 (2H, d,
2JPH~21.4 Hz), 7.21 (2H, m, m), 7.48 (2H, m, o); 13C {1H}: d
35.57 (d, 1JPC~131.7 Hz), 120.00 (d, 5JPC~4.3 Hz), 131.71 (d,
4JPC~2.8 Hz), 132.77 (d, 3JPC~6.2 Hz), 134.68 (d,
2JPC~8.8 Hz); 31P {1H}: d 22.2. 31P NMR MAS: d 27.2. IR
(wavenumber/cm21): 2707, 2257 (PO±H), 1260 (PLO), 946
(P±OH).

Al(OH)(O3PCH2C6H4Br)?H2O [1a] was prepared from
0.669 g of aluminium nitrate nonahydrate (1.78 mmol) and
1.796 g of 4-bromobenzylphosphonic acid (7.16 mmol) dis-
solved in 20 ml of water (1.1 mol) (Al/P/H2O: 1/4/623). A white
suspension was obtained with an initial pH of 1.50; the
suspension was stirred for 30 min and then introduced in a
73 ml glass tube which was sealed and placed at 180 ³C for
4 days. The resulting white powder was isolated from a yellow
liquid by ®ltration, washed with 50 ml of water and 50 ml of
ethanol, and dried at room temperature for 12 hours (0.493 g,
yield 89%). (Elemental analysis found (calc.): Al 8.62 (8.68), P
10.25 (9.96), C 27.14 (27.03), H 2.95 (2.92), Br 24.94 (25.69)%.)

Al(OH)(O3PCH2C6H5)?H2O [2a] was prepared from 0.312 g
of aluminium sulfate octadecahydrate (0.47 mmol) and 0.644 g
of benzylphosphonic acid (3.74 mmol) dissolved in 27 ml of
water (1.5 mol) (Al/P/H2O: 1/4/1602). After 30 min stirring, the
solution, for which the initial pH was 1.50, was introduced in a
98 ml glass tube which was sealed and placed at 180 ³C for
6 days. The resulting white powder was isolated from a
colorless liquid by ®ltration, washed with 50 ml of water and
50 ml of ethanol, and dried at room temperature for 12 hours
(0.186 g, yield 86%). (Elemental analysis found (calc.): Al 11.44
(11.62), P 13.94 (13.34), C 36.37 (36.22), H 4.30 (4.34)%.)

Al2(O3PC6H5)3?H2O [3a] was prepared from 0.940 g of
aluminium nitrate nonahydrate (2.5 mmol) and 1.581 g of
phenylphosphonic acid (10 mmol) dissolved in 27 ml of water
(1.5 mol) (Al/P/H2O: 1/4/600). The mixture, with an initial pH
of 0.85, was stirred for 30 min and then introduced into a 98 ml
glass tube and subsequently sealed. The tube was stored at
180 ³C for 14 days and thoroughly shaken at daily intervals.

The resulting white powder was separated from a yellow liquid
by ®ltration, washed successively with 50 ml of water and 50 ml
of acetone, and dried at room temperature for 12 hours
(0.642 g, yield 95%). (Elemental analysis found (calc.): Al 10.05
(9.99), P 17.05 (17.20), C 39.99 (40.02), H 3.24 (3.17)%.)

Instrumentation

FTIR spectra were carried out on a Perkin-Elmer 1600
spectrometer under air using KBr pellets. 1H NMR
(200 MHz), 13C NMR (50.28 MHz) and 31P NMR
(81.01 MHz) spectra were recorded on a Bruker AVANCE
DPX 200 spectrometer and internally referenced to tetra-
methylsilane (1H and 13C) and 85% phosphoric acid (31P). 27Al
MAS NMR spectra were recorded on a Bruker AMX-400
spectrometer, with a 4 mm rotor, at 104.26 MHz, spinning rate
12 kHz, and referenced to a 1.5 M aqueous solution of
aluminium chloride hexahydrate. All isotropic chemical shifts
for aluminium nuclei were obtained via a ®t of the signal using
the Bruker Win-Fit software. 31P MAS NMR spectra were
recorded on a Bruker DPX-300 spectrometer, with a 4 mm
rotor, at 121.50 MHz with proton decoupling, spinning rate
10 kHz, and referenced to a 30% aqueous solution of H3PO4.
The spectra were recorded at several spinning speeds in order to
identify the spinning side bands. Thermogravimetric analyses
were carried out on a NETZSCH 409 thermobalance, under
¯owing air, at 5 ³C min21; dehydration temperatures were
determined from the minima of the derivative curves of TGA
graphs.

Crystallographic study

Room temperature X-ray powder diffraction patterns were
recorded in the Debye±Scherrer geometry using an INEL
diffractometer equipped with a CPS 120 detector, with Cu-Ka1

radiation (40 kV630 mA). Samples were sieved (v63 nm) and
placed in 0.3 mm diameter capillaries. Peak positions were
determined using the WinPLOTR package (b version/LLB
march 99); these positions were then processed by the auto-
indexing program DICVOL91.22 Particularly, the powder
pattern of Al(OH)(O3PCH2C6H4Br)?H2O appeared to be
suitable for a further crystallographic study. Auto-indexing
of its PXRD pattern gave the initial cell parameters
(a~16.50 AÊ , b~7.06 AÊ , c~9.49 AÊ , b~113.47³, ®gure of
merit M(23)~3823). From the systematic absences, the space
group P21/c appeared likely. The FULLPROF program24 was
used on pattern matching mode to re®ne cell and peak shape
parameters. In order to extract the intensities of the individual
re¯ections, the EXTRA package25 was used (Le Bail algo-
rithm26 combined with least-squares cycles to calculate
optimised integrated intensities). The ®le of re¯ections
generated was then input to the direct-method package
SIRPOW92.27 From the solution proposed, a Rietveld
re®nement28 was carried out with FULLPROF. Atomic
positions were initially re®ned with ®xed thermal parameters.
Then thermal parameters alone were re®ned; a re®nement of
thermal parameters and occupancy factors together con®rmed
the values of the thermal parameters as they did not shift and as
occupancy factors stayed at 1.0. A ®nal re®nement of atomic
coordinates along with thermal parameters was carried out.
Crystallographic data are given in Table 1 and the ®nal
Rietveld difference plot is shown in Fig. 2. Atomic and
isotropic thermal parameters are listed in Table 2 and selected
bond lengths and angles in Table 3. The powder thermodif-
fractometry study was carried out in the Bragg±Brentano
geometry using a Philips PW1050 diffractometer (horizontal
axis, Cu-Ka1zKa2 radiation 40 kV620 mA) equipped with
an Anton Paar HTK16 chamber. Samples were deposited on
the upper side of a platinum foil, the temperature probe being
underneath it. Patterns were collected 15 min after the given
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temperature was reached, between 4 and 40³ 2h with a step size
of 0.04³ 2h and a counting time of 1 s per step.

Results

Al(OH)(O3PCH2C6H4Br)?H2O 1a

The structure of this aluminium bromobenzylphosphonate
consists of layers of both corner-sharing AlO6 octahedra and
PO3C tetrahedra. Bromobenzyl groups extend out from both
sides of the layer (Figs. 3a and 3b). The sp3 carbon (labeled
C(2)) connects the phosphorus atom to the phenyl ring on C(3).
The P±C(2) bond makes angles of 87.3(6)³ and 103.4(6)³ with
respect to b and c respectively (Table 3), and the P±C(2)±C(3)
angle is equal to 107(1)³: this results in a tilting of the phenyl
ring with respect to the perpendicular of the layer. Within each
layer, corner-sharing AlO6 octahedra form chains running
parallel to the b axis (Fig. 4), cross-linked by phosphonate
tetrahedra. These chains are made up of aluminium and
hydroxo oxygens O(5). Coordinated water appeared as the
oxygen labelled O(2). Each phosphonato oxygen atom is
bonded to only one aluminium atom (phosphorus connectivity
(111)). The O(3) and O(4) phosphonato oxygen atoms are
linked to two aluminium atoms from the same chain; the third
phosphonato oxygen atom O(1) forms the bridge to a
neighboring chain. The structure of the layers is very similar
to the structure of the layers in f-Al(OH)(O3PCH3)?H2O15,16

even though some distortions appear which could be attributed
to steric constraints brought about by the bromobenzyl group.
On the Al±(OH)±Al chain, two Al±O(5) distances at 1.87(2) AÊ

and 1.91(2) AÊ have been found, besides a unique distance at
1.87 AÊ for f-Al(OH)(O3PCH3)?H2O. Aluminium±phospho-
nato oxygen distances in the bromobenzyl compound are
0.03 AÊ higher than for the methyl analog as could be expected
for higher steric constraints. Alternatively, the Al±O(2)
distance, where O(2) denotes the coordinated water, is equal
to the distance obtained for the methylphosphonate: this result
may be due to the fact that this oxygen atom is not involved
directly on the constraints ®eld as are the phosphonato oxygen
atoms. The same type of structure for the inorganic layers has
also been reported for Ga(OH)(O3PC2H4CO2H)?H2O8 with a
Ga±(OH)±Ga chain and for (VO)(O3PC6H5)?H2O29 with a
VLO±V chain.

The IR spectrum of Al(OH)(O3PCH2C6H4Br)?H2O (Fig. 5)
showed two broad bands at 3500 and 3382 cm21 (nOH), a
sharp one at 3654 cm21 (nOH) and a relatively thin band at
1646 cm21(dOH). The two broad bands typical of water-
containing compounds may be due to the splitting of vibration
modes because of the existence of two hydrogen bonds with
different lengths, as seen on the single crystal structure of f-
Al(OH)(O3PCH3)?H2O; this has already been observed, for
instance on copper phosphonates.30,31

The 27Al MAS NMR spectrum exhibited a specially broad
and asymmetric signal because of the quadrupolar effect of the

Table 1 Crystallographic data and re®nement parameters for Al(O-
H)(O3PCH2C6H4Br)?H2O

Compound Al(OH)(O3PCH2C6H4Br)?H2O
M/g mol21 311.01
Crystal system Monoclinic
Space group P21/c (no. 14)
a/AÊ 16.4972(2)
b/AÊ 7.0673(1)
c/AÊ 9.4950(2)
b/³ 113.477(1)
V/AÊ 3 1015.39(6)
T/K 298
l(Cu-Ka1) 1.5406
Z 4
Dc/g cm23 2.034
2h range/³ 10±110
No. of re¯ections 1279 (357 independent)
No. of structural parameters 50
No. of pro®le parameters 11
Rp~S|yiobs2yicalc|/Syiobs 9.87
Rwp~[Swi|yiobs2yicalc|

2/Swi(yiobs)
2]1/2 9.21

RB~S|Ikobs2Ikcalc|/SIkobs 5.79
GOF~(Rwp/Rexp)2 1.26

Fig. 2 Rietveld re®nement plot for Al(OH)(O3PCH2C6H4Br)?H2O 1a.

Table 2 Fractional atomic coordinates and equivalent isotropic
displacement parameters for Al(OH)(O3PCH2C6H4Br)?H2O

Atom Site x y z Beq
a/AÊ 2

Br 4e 0.4478(2) 20.3555(4) 0.8216(2) 4.32(5)
P 4e 0.1173(3) 0.3668(8) 0.5412(5) 1.2(1)
Al 4e 0.0047(3) 0.122(1) 0.2461(6) 1.0(1)
O(1) 4e 0.1022(4) 0.359(2) 0.6897(9) 0.62(9)
O(2) 4e 20.0965(5) 0.103(2) 0.3218(9) 0.62
O(3) 4e 0.0766(6) 0.547(1) 0.453(1) 0.62
O(4) 4e 0.0797(6) 0.185(1) 0.452(1) 0.62
O(5) 4e 20.0380(4) 0.373(2) 0.1892(8) 0.62
C(1) 4e 0.3710(8) 20.123(2) 0.755(2) 0.3(1)
C(2) 4e 0.2355(8) 0.379(2) 0.578(1) 0.3
C(3) 4e 0.2742(8) 0.192(2) 0.640(2) 0.3
C(4) 4e 0.3316(9) 0.179(2) 0.796(2) 0.3
C(5) 4e 0.3199(8) 20.138(2) 0.594(1) 0.3
C(6) 4e 0.3850(8) 0.017(2) 0.865(2) 0.3
C(7) 4e 0.2653(8) 0.036(2) 0.537(1) 0.3
aBeq~8p26Ueq.

Table 3 Selected bond distances (AÊ ) and angles (³) for Al(O-
H)(O3PCH2C6H4Br)?H2O

Al±O(1)i 1.89(1) P±O(1) 1.53(1)
Al±O(2) 2.07(1) P±O(3) 1.53(1)
Al±O(3)ii 1.91(1) P±O(4) 1.52(2)
Al±O(4) 1.91(1) P±C(2) 1.84(1)
Al±O(5) 1.91(2) C(2)±C(3) 1.48(2)
Al±O(5)ii 1.87(2) Br±C(1) 2.01(2)
O(1)i±Al±O(2) 176.4(4) O(1)±P±O(3) 109.9(6)
O(1)i±Al±O(3)ii 94.6(4) O(1)±P±O(4) 107.4(6)
O(1)i±Al±O(4) 89.7(4) O(1)±P±C(2) 112.1(5)
O(1)i±Al±O(5) 96.5(6) O(3)±P±O(4) 113.9(6)
O(1)i±Al±O(5)ii 89.3(6) O(3)±P±C(2) 105.5(6)
O(2)±Al±O(3)ii 88.9(4) O(4)±P±C(2) 108.1(6)
O(2)±Al±O(4) 86.7(4)
O(2)±Al±O(5) 84.3(5) P±C(2)±C(3) 106.9(10)
O(2)±Al±O(5)ii 89.9(5) C(2)±P¼Piv 87.3(6)
O(3)ii±Al±O(4) 175.0(6) C(2)±P¼Pv 103.4(6)
O(3)ii±Al±O(5) 86.7(4)
O(3)ii±Al±O(5)ii 93.6(6) Br±C(1)±C(5) 107.9(10)
O(4)±Al±O(5) 95.1(6) Br±C(1)±C(6) 116.7(9)
O(4)±Al±O(5)ii 84.1(4)
O(5)±Al±O(5)ii 174.1(3)
Al±O(5)±Aliii 138.8(7)
aSymmetry codes: i~x, �2y, z2�; ii~2x, y2�, �2z; iii~12x,
�zy, �2z; iv~x, 1zy, z; v~x, y, 1zz.
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27Al nucleus. From simulation of this signal, we obtained an
isotropic chemical shift of 1.1 ppm attributable to an
octahedral environment for the aluminium atom (Fig. 6 and
Table 4). The FWHM value obtained was 2380 Hz/9.4 T. The
31P MAS NMR spectrum (Fig. 7) showed only one, never-
theless relatively broad, site for the phosphorus atoms (d 11.1).

Thermogravimetric analysis revealed a ®rst mass loss of 5.7%
(theoretical mass loss for one water molecule: 5.8%) at 215 ³C
(Fig. 8). The second mass loss at 332 ³C corresponding to the
elimination of the hydroxyl group (experimental and calculated

Fig. 3 Perspective view of the structure of Al(OH)-
(O3PCH2C6H4Br)?H2O down the b axis (a) and the view down the
c axis (b).

Fig. 4 View of the (bc) plane of Al(OH)-
(O3PCH2C6H4Br)?H2O. Carbon and bromine atoms have been omitted
for clarity.

Fig. 5 IR spectra of Al(OH)(O3PCH2C6H4Br)?H2O 1a, Al(O-
H)(O3PCH2C6H4Br) 1b and the related compound 1c (obtained by
stirring 1b in water for two days), Al(OH)(O3PCH2C6H5)?H2O 2a,
Al(OH)(O3PCH2C6H5) 2b and the related rehydrated compound 2c.

Fig. 6 27Al MAS NMR spectra of Al(OH)(O3PCH2C6H4Br)?H2O 1a,
Al(OH)(O3PCH2C6H4Br) 1b and related compound 1c (obtained by
stirring 1b in water for two days), Al(OH)(O3PCH2C6H5)?H2O 2a,
Al(OH)(O3PCH2C6H5) 2b and related rehydrated compound 2c.

1596 J. Mater. Chem., 2000, 10, 1593±1601



value: 8.7%) occurred just before the degradation of the
organic groups (experimental mass loss of 58.7% for a
theoretical value of 60.8%). The residual compound was
identi®ed to be AlPO4 on the basis of PXRD.

Al(OH)(O3PCH2C6H4Br).H2O DCCA
{H2O

1a

Al(OH)(O3PCH2C6H4Br)
1b

An IR spectrum of the bromobenzyl dehydrated compound
1b obtained at 280 ³C (Fig. 5) showed the disappearance of the
bands at 1646, 3500 and 3382 cm21. The band at 3617 cm21 for
1b seems to result from the shift of the band seen at 3654 cm21

for 1a. Although strong modi®cations in the PO3 vibration
region appeared in the IR spectrum, the 31P NMR signal
(Fig. 7) did not shift (d 11.0): thus it seems that the (111)
connectivity of the phosphonato oxygens does not change upon
dehydration.32 The 27Al NMR spectrum for the dehydrated
bromobenzylphosphonate (Fig. 6) showed a single signal
exhibiting a new shape, with an isotropic chemical shift of
24.2 ppm and a small asymmetry factor (Table 4). This
chemical shift may be attributed to the formation of 5-
coordinate aluminium due to the release of the coordinated
water. From the IR spectrum obtained for the dehydrated
compound 1b stirred in water at ambient temperature for
two days (resulting sample 1c), one could suppose that the
rehydration was completed (Fig. 5). However, the 27Al NMR
spectrum of the previous sample 1c showed the superimposi-

Table 4 27Al NMR parameters for Al(OH)(O3PCH2C6H4Br)?H2O 1a
and its related compound 1b, Al(OH)(O3PCH2C6H5)?H2O 2a, its
related compound 2c, Al2(O3PC6H5)3?H2O 3a (two sites), its related
compound 3c (two sites)

diso
a CQ

b / kHz gQ
c

1a 1.1 6520 0.74
1b 24.2 7380 0.11

2a 0.5 6420 0.74
2c 1.6 6480 0.75

3a 51.4 4530 0.50
213.4 4430 0.56

3c 50.6 4450 0.48
213.5 4530 0.57

aIsotropic chemical shift. bQuadrupolar coupling constant. cAsymme-
try factor.

Fig. 7 31P MAS NMR spectra of Al(OH)(O3PCH2C6H4Br)?H2O 1a,
Al(OH)(O3PCH2C6H4Br) 1b and related compound 1c (obtained by
stirring 1b in water for two days), Al(OH)(O3PCH2C6H5)?H2O 2a,
Al(OH)(O3PCH2C6H5) 2b and related rehydrated compound 2c.

Fig. 8 TGA curves of Al(OH)(O3PCH2C6H4Br)?H2O 1, Al(O-
H)(O3PCH2C6H5)?H2O 2 and Al2(O3PC6H5)3?H2O 3.

Fig. 9 Thermodiffractogram of compound 1 (initially Al(OH)-
(O3PCH2C6H4Br)?H2O).
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tion of the signals from 1a and 1b implying that the rehydration
reaction was not fully completed. The thermodiffractometry
study presented in Fig. 9 showed the phase transition to occur
at around 200 ³C, clearly related to the dehydration. No
modi®cation of the interlamellar distance was noticeable. On
cooling, the diffractogram presented at 25 ³C was recorded
after 1 hour at this temperature, which did not allow us to
observe the features of the initial compound.

Al(OH)(O3PCH2C6H5)?H2O 2a

Automatic powder indexation of the benzylphosphonate 2a
(Fig. 10) was carried out with 15 peaks and yielded a
monoclinic system (a~14.96 AÊ , b~7.06 AÊ , c~9.52 AÊ ,
b~114.30³, M(15)~1423). The b and c parameters are very
close to those describing the inorganic layers of Al(O-
H)(O3PCH2C6H4Br)?H2O and f-Al(OH)(O3PCH3)?H2O. The
IR spectrum (Fig. 5) showed two broad bands at 3508 and
3396 cm21, the sharp band at 3651 cm21, the band at
1643 cm21 and a PO3 region highly similar to the PO3 region
for 1a. The isotropic chemical shift of the broad and
asymmetric 27Al MAS NMR signal was found at 0.5 ppm
(Fig. 6 and Table 4) and the 31P MAS NMR signal at 10.4 ppm
(Fig. 7).

Thermogravimetric analysis showed a ®rst mass loss of 7.5%
at 147 ³C (Fig. 8), which corresponded to the release of one
water molecule (theoretical mass loss: 7.8%). The second mass
loss at 307 ³C corresponded to the elimination of the hydroxyl
group and gave a total mass loss (waterzhydroxyl group) of
11.4% for an expected value of 11.6%. Weight losses above
380 ³C were due to the degradation of the organic groups, with
formation of AlPO4 (observed mass loss of 45.2% for an
expected value of 47.5%).

Al(OH)(O3PCH2C6H5).H2O DCCA
{H2O

2a

Al(OH)(O3PCH2C6H5)
2b

The IR spectrum of the dehydrated compound 2b obtained
at 230 ³C (Fig. 5) was similar to the spectrum of 1b. On the 27Al
NMR spectrum (Fig. 6) we observed a new signal with its
maximum at 14.5 ppm. Attempts to simulate this signal did not
lead to a single site nor to sites with reasonable quadrupolar
coupling constants, but always to isotropic chemical shifts
which might correspond to Al±O5 coordination. Surprisingly,
we observed four bands on the 31P NMR spectra of 2b (Fig. 7).
Nevertheless, when this dehydrated compound 2b was exposed
to ambient moisture for 6 hours it resulted in the sample 2c
which was identical to the initial compound, as can be seen in
the IR and NMR spectra (Figs. 5, 6 and 7 and Table 4) thus
showing the spontaneous rehydration. The thermodiffracto-
gram (Fig. 11) exhibits an unexpected increase in the
interlamellar distance around 150 ³C (z0.6 AÊ ) which may be
attributed to a slight displacement of the benzyl groups toward
a less well-packed arrangement. On cooling, the pattern
obtained after 3 h at 25 ³C shows features of the initial
compound, con®rming the reversibility of the dehydration
reaction.

Al2(O3PC6H5)3?H2O 3a

The formation of benzyl derivatives 1a and 2a under
hydrothermal conditions (in a sealed glass tube at 180 ³CÐ
see Experimental section) was found to be independent from
the Al/P molar ratio for reactants in the initial solution (from
0.25 to 1). In contrast this ratio was found to be one of the
determining parameters for the synthesis of the phenyl
derivatives. The reaction of equimolar amounts of aluminium
nitrate and phenylphosphonic acid led to Al(OH)(O3PC6H5)

which was previously obtained by Cabeza et al. by another
route.19 The reaction of aluminium nitrate and phenylphos-
phonic acid with a Al/P molar ratio of 1/4 led after 5 days to a-
Al(HO3PC6H5)(O3PC6H5)?H2O, which was also previously
obtained by Cabeza et al. by reaction of aluminium chloride
and phenylphosphonic acid. However, shaking and 14 days
synthesis time led to the synthesis of a novel phase, as shown by
XRD, even if the compounds were poorly crystalline (Fig. 10).
This result is evidence that a-Al(HO3PC6H5)(O3PC6H5)?H2O is
a kinetically favoured intermediate phase. This last compound
was found to be lamellar.19 As to the novel phase (hereafter
labelled 3a), 15 peaks were extracted from the powder pattern
and subsequently processed using an auto-indexing program.
Even though the suggested cell parameters (monoclinic system,
a~26.77 AÊ , b~9.28 AÊ , c~9.57 AÊ , b~117.34³) are given with a
moderate reliability (M(15)#1223), the stacking parameter

Fig. 10 Powder X-ray diffraction patterns of Al(OH)-
(O3PCH2C6H5)?H2O 2a and Al2(O3PC6H5)3?H2O 3a.

Fig. 11 Thermodiffractogram of compound 2 (initially Al(OH)-
(O3PCH2C6H5)?H2O).
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calculated as perpendicular to the (bc) plane on the hypothesis
that b and c parameters describe the inorganic sheets is found
to be 23.78 AÊ . This value is in accordance with the two stacking
parameters of 26.38 AÊ and 23.44 AÊ proposed respectively for
Al2(O3PC6H5)3?2H2O and Al2(O3PC6H5)3.19 However our cell
parameters b and c are different from those describing the
inorganic sheets for Al2(O3PC6H5)3?2H2O and Al2(O3PC6H5)3.

Compound 3a was formulated as Al2(O3PC6H5)3?H2O on
the basis of elemental analysis, IR spectroscopy and thermal
analysis. The IR spectrum of Al2(O3PC6H5)3?H2O (Fig. 12)
exhibited well-resolved bands in the PO3 vibration region
(#900±1200 cm21), providing a good ®ngerprint of this phase.
The presence of water was revealed on IR spectra through
broad bands between 3100 and 3500 cm21 (nOH, maxima at
3296 and 3200 cm21), a thinner band at 3618 cm21 (nOH) and
another one at 1631 cm21 (dOH); the broad bands were quite
different from the vibrations seen in this region for
Al2(O3PC6H5)3?2H2O.19 Moreover the nPCsp2 was found at
1439 cm21. No band attributable to nPOH (940±950 cm21) was
found. The 27Al MAS NMR spectra showed the existence of
two signals with identical shapes (FWHM 1800 Hz/9.4 T): one
corresponding to an octahedral (diso 213.4) site and one
corresponding to a tetrahedral (diso 51.4) site for the metal
atoms, in a 1 : 1 ratio on the basis of integration (Fig. 13,
Table 4). On the 31P MAS NMR spectrum (Fig. 14), two types
of phosphorus sites appeared clearly with chemical shifts at
2.0 ppm and 21.2 ppm, in a 2 : 1 ratio.

A ®rst mass loss of 3.3% at 225 ³C in the TGA curve
corresponded to the release of one water molecule (Fig. 8). The
weight losses observed above 450 ³C were due to the
degradation of the organic groups associated with a total
destruction of the initial framework leading to AlPO4 and
Al(PO3)3 on the basis of PXRD. The chemical changes
involved in the thermal analysis are summarised below.

2Al2(O3PC6H5)3
.H2O DCCA

{2 H2O
2Al2(O3PC6H5)3 DCCA

z3=2 O2

3a 3b

2Al(PO4)zAl(PO3)3z6C6H5

The IR spectrum of compound 3b obtained at 300 ³C
(Fig. 12) showed the disappearance of the OH bands at
1631 cm21 and in the 3100±3500 cm21 region. On the 27Al

NMR spectrum (Fig. 13) an evolution in the shape of the signal
corresponding to the tetrahedral environments was observed,
along with drastic modi®cation of the signal attributed to an
octahedral environment. This might be the result of the two
previous signals superposed with a new distorted tetrahedral
environment and a pentahedral environment resulting from the
loss of the water's oxygen atom from the octahedral
coordination; nevertheless, attempts to simulate these signals
with two tetrahedral environments, one Al±O5 type chemical
shift and one octahedral environment did not succeed. The 31P
MAS NMR (Fig. 14) exhibited very small down®eld shifts for
the two signals (2.5 and 21.0 ppm, respective ratio 1 : 1).
Rehydration took place within 30 min under ambient condi-
tions, leading back to the initial phase (respective graphs noted
3c) as shown unambiguously by IR, 27Al (diso 50.6 and 213.5)
and 31P MAS (d 2.0 and 21.2) NMR (Figs. 12, 13 and 14 and

Fig. 12 IR spectra of Al2(O3PC6H5)3?H2O 3a, Al2(O3PC6H5)3 3b and
related rehydrated compound 3c.

Fig. 13 27Al MAS NMR spectra of Al2(O3PC6H5)3?H2O 3a,
Al2(O3PC6H5)3 3b and related rehydrated compound 3c.

Fig. 14 31P MAS NMR spectra of Al2(O3PC6H5)3?H2O 3a,
Al2(O3PC6H5)3 3b and related rehydrated compound 3c (an asterisk
denotes spinning side bands).
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Table 4) and subsequent TGA. The thermodiffractogram
exhibits clearly the phase transition around 175 ³C as well as
the reversibility of the dehydration reaction (Fig. 15). During
the dehydration, the stacking parameter drops down to
23.14 AÊ .

Moreover attempts to obtain Al2(O3PC6H5)3?2H2O by
hydration of Al2(O3PC6H5)3?H2O by stirring it at ambient
temperature in water for three days did not succeed, thus
showing the stability of the monohydrated phase under these
conditions.

Discussion

Synthesis

The versatility of the synthesis of aluminium phenylphos-
phonates has been previously highlighted.19,33,34 The formation
of Al(HO3PC6H5)(O3PC6H5)?H2O was reported from an
aqueous solution of aluminium nitrate and phenylphosphonic
acid with a Al/P ratio of 0.25, using re¯uxing conditions instead
of hydrothermal conditions.33 The literature also gives some
indications about the in¯uence of the aluminium precursor:
AlCl3 and Al2(SO4)3,19 or bayerite.34 Although a complete
discussion of synthesis parameters (role of pH, temperature,
pressure etc¼) is beyond the scope of this article, two aspects
are worth pointing out from the present work. First, the Al/P
ratio in the initial mixture seems to be the key factor that
directs the synthesis toward Al2(O3PC6H5)3?H2O [3a] (Al/P
~0.25) or Al(OH)(O3PC6H5) (Al/P~1). Moreover, we herein
show that shaking and a longer heating time yields
Al2(O3PC6H5)3?H2O [3a] rather than a-Al(HO3PC6H5)-
(O3PC6H5)?H2O obtained with a shorter heating time. Thus,
the straightforward formation of a kinetically-favoured
compound such as a-Al(HO3PC6H5)(O3PC6H5)?H2O may
hide the existence of a second compound such as
Al2(O3PC6H5)3?H2O [3a].

Structural characterisation

The difference observed between the structure of Al-
(OH)(O3PCH2C6H4Br)?H2O [1a] and Al(OH)-
(O3PCH2C6H5)?H2O [2a] on the one hand, and the structure
of Al(OH)(O3PC6H5)19 on the other, is noteworthy. The
similarities of the structures of the benzyl derivatives with the
methyl analog f-Al(OH)(O3PCH3)?H2O15,16 may be related to

the benzyl ¯exibility, that allows a high packing within the
layers similar to the methyl phase. Such a ¯exibility does not
exist in the phenyl phase because of the direct phosphorus±
phenyl bond.

Based on the formula, the suggested cell parameters and the
IR and NMR spectra, it is clear that Al2(O3PC6H5)3?H2O [3a]
is structurally different from Al2(O3PC6H5)3?2H2O;19 this
structural difference gives an explanation for our failure to
convert 3a into Al2(O3PC6H5)3?2H2O by hydration. Despite
the poverty of the PXRD data we can infer some structural
information about 3a: if we assume that the PO3 groups are in
(111) connectivity, we have 9 oxygen atoms per formula to
which we add the one from the water. The resulting count is
consistent with the 27Al NMR spectrum (Fig. 13) as it implies 4
oxygen atoms for the tetrahedral environment of aluminium
atoms and 6 for the octahedral environment. The water should
thus belong to the octahedral coordination since its signal is the
most perturbed upon dehydration.

Dehydration±hydration reactions

A common feature for monohydrated phases 1a, 2a and 3a is
that the water molecule is bonded to the aluminium atom, that
dehydration takes place around 150±200 ³C and is reversible,
even though the rehydration rate is much lower for 1a
(probably due to steric hindrance).

It is noteworthy that despite the high structural similarity
between 1a and 2a, 27Al NMR spectra indicate different
environments around the aluminium atoms for the dehydrated
compounds 1b and 2b, and 31P MAS NMR spectra show a
single site for 1b but four sites for 2b. Also, this dehydration
occurs without noticeable modi®cation of the interlamellar
distance for the bromobenzyl derivative while a small increase
in the interlamellar distance was observed for the benzyl
derivative.

The dehydration of 3a took place near 200 ³C, whereas
Al2(O3PC6H5)3?2H2O was reported to undergo a one-step
dehydration reaction as early as 60 ³C,19 thus illustrating the
in¯uence of the structure on the dehydration behaviour. It is
dif®cult to compare unambiguously the dehydrated compound
3b with the compound obtained by Cabeza et al. from the
dehydration of Al2(O3PC6H5)3?2H2O, because of the lack of
information on the PRXD patterns. However 3b easily
rehydrated over a few minutes into the initial monohydrated
compound 3a, whereas the dehydrated compound arising from
Al2(O3PC6H5)3?2H2O hardly rehydrated over several days.
These observations suggest that the dehydration reactions of
Al2(O3PC6H5)3?2H2O and 3a lead to two different compounds
of the same formula Al2(O3PC6H5)3.

Conclusion

This work con®rms the rich diversity of aluminium phospho-
nates. Particularly minor changes in the syntheses of alumi-
nium phenylphosphonates lead to different stoichiometries and
structures. We have shown that the study of the ternary
diagram of Fig. 1 illustrates the existence of kinetic phases such
as a-Al(HO3PC6H5)(O3PC6H5)?H2O. Moreover the hydra-
tion±dehydration behaviour of phases closely depends on their
structure. Thus, the new compound Al2(O3PC6H5)3?H2O [3a],
whose dehydration was shown to be easily reversible, could not
be hydrated into Al2(O3PC6H5)3?2H2O, whose dehydration
was not observed after a few days.19

The two new benzyl phosphonates Al(OH)-
(O3PCH2C6H4Br)?H2O [1a] and Al(OH)(O3PCH2C6H5)?H2O
[2a] also underwent reversible dehydration processes. They
represent an interesting case of isostructurality with f-
Al(OH)(O3PCH3)?H2O as opposed to the Al(OH)(O3PC6H5)
case.

Fig. 15 Thermodiffractogram of compound 3 (initially
Al2(O3PC6H5)3?H2O).
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