Synthesis and characterization of an unusual lamellar aluminophosphate

synthesized from an alcohol systemT
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An unusual lamellar aluminophosphate [Al,P,0,-2C¢H,;NH,-4H,0]-3H,0 was synthesized from a mixture
of H;PO,, AI(OPr'),, ethylene glycol and an unbranched primary alcohol. It was characterized by X-ray
powder diffraction, scanning electron microscopy, infrared, magic angle spinning NMR spectroscopy,
differential thermal and thermogravimetric analysis. It is composed of PO,, AlO, and AlOg structural units,
and the ratio of octahedral to tetrahedral Al in the as-synthesized compound is about 1: 1. This material
exhibits a very large weight loss at elevated temperatures. Upon dehydration it possesses a considerable

water adsorption capacity. The water adsorption isotherm is linear. Of the seven water molecules in the
empirical formula, four are co-ordinated to the Al atoms and the other three are located between adjacent

layers.

During the past two decades considerable research activity has
been devoted to metal phosphates and phosphonates with low
dimensionalities {one-dimensional chain and two-dimensional
lamellar structures) as they are potentially applicable in the
areas of catalysis, ion exchange, molecular recognition, optics
and electronics.’* A number of lamellar metal phosphates and
phosphonates have been discovered,*!* and those falling into
the category of mesophases have an interlamellar distance of
20-100 A. Among them are the molecule-intercalated inorganic
phosphates and metal phosphonate multilayer films. The
former possess inorganic layers with organic molecules
sandwiched between the adjacent layers whereas in the latter
the organic groups are chemically bonded to the phosphorus
atoms. Organic groups can also be bonded to the O atoms of
the phosphate anions which comprise the inorganic layers with
metal cations. Whereas layered phosphates and phosphonates
of di- and tetra-valent metals having a large interlamellar
distance have frequently been encountered, lamellar meso-
phases of trivalent-metal phosphates or phosphonates are
rare. The interlamellar distance of the layered alumino- and
gallo-phosphates reported previously !°'® is invariably less
than 15 A, and although their structures and compositions
can be varied to a great extent, few exhibit significant water
adsorption capacities since the layers are either hydrophobic
or lack void spaces to accommodate guest molecules. Very
recently Ozin and co-workers'® described the synthesis of a
mesolamellar aluminophosphate from an alcoholic system
using tetraethylene glycol [O(CH,CH,OCH,CH,0H),] as
the solvent. This lamellar material has a 4 spacing of 29.42 A
and an Al:P ratio of 1:2. In this paper, we describe the
synthesis and characterization of a lamellar aluminophosphate
mesophase having an Al:P ratio of 2:1, ie. the inorganic
layer for the materials is a basic aluminophosphate. It
contains a large amount of water and upon dehydration at
100 °C  under vacuum it exhibits a considerable water
adsorption capacity. The water adsorption isotherm is linear,
being different from the five conventional types of physical
adsorption isotherms.

T Non-S1 units employed: Torr ~ 133 Pa, atm = 101 325 Pa.

Experimental

The compound was synthesized from a predominantly non-
aqueous system in which a mixture of ethylene glycol (HOCH ,-
CH,0OH) and an unbranched primary alcohol (#-C,H,, , ;OH,
n = 4-8) was used as the medium and hexylamine as the
template. Thus, aluminium triisopropoxide, phosphoric acid
(85%) and hexylamine were successively added to the medium.
After stirring for a few hours a gel with an empirical molar
composition of Al(OPr');:1.8H;P0O,:3.4n-C . H, ;NH,:3.4n-
C,H,,,,0H:13.8HOCH,CH,0H:1.7H,0 was formed. It was
sealed in a Teflon-lined stainless autoclave and heated under
autogenous pressure at 180 °C for 8 d. The crystalline product
was filtered off, washed with water and dried at ambient
temperature.

Element analysis was performed on a Perkin-Elmer 240C
element analyser. X-Ray powder diffraction (XRD) data were
collected on a Rigaku D/MAX III A diffractometer with nickel-
filtered Cu-K« radiation (A = 1.5418 A). The sample was
scanned from 2.5 to 40° (20) at a scan speed of 1° min !.
Scanning electron micrographs were taken on a Hitachi X-650
electron microscope. The infrared spectrum was recorded on a
Nicolet SDX FTIR spectrometer using KBr pellets. A Perkin-
Elmer DTA 1700 differential thermal analyser was used to
conduct the differential thermal analysis (DTA) and a Perkin-
Elmer TGA 7 thermogravimetric analyser to obtain the thermo-
gravimetric analysis (TGA) curves in a nitrogen atmosphere.
The temperature was increased at 20 °C min ! and the flow
of N, was 50 cm® min™!. Adsorption measurements were
conducted on a Cahn 2000 vacuum electrobalance sysiem.

The magic angle spinning (MAS) 27Al NMR spectra were
recorded on a Bruker MSL-400 spectrometer with a magnetic
field strength of 9.4 T and spinning rates of 10 kHz. The single-
pulse excitation technique was applied and the spectra were
obtained at 104.3 MHz. Other parameters: pulse width, 0.5 ps;
recycle delay, 10 s; number of transients, 1000. The chemical
shifts were relative to aqueous AI(NQ,); as external
standard. The MAS !3C and 3'P NMR spectra were obtained
ona Bruker MSL-400 spectrometer (9.4T) with spinning rates of
5 and 6 kHz, respectively. The cross-polarization technique was
applied. The contact time was 5.0 ms and the scan number 1000
with a recycle delay of 14 s. The chemical shifts were relative to
SiMe, and H3PO, (85% w/w), respectively.
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Results and Discussion
Formation and composition

The use of a mixed solvent is very important for the synthesis. If
ethylene glycol and unbranched primary alcohols are used
independently as the solvent, the compound is not obtained. On
the other hand, it seems that the polarity of the co-solvent
(unbranched primary alcohol) also plays an important role as
suggested by the fact that the compound forms readily in the
presence of both ethylene glycol and a larger unbranched
primary alcohol such as butanol, pentanol, hexanol, heptanoi
or octanol, whereas only an amorphous phase exists when a
shorter unbranched primary alcohol (methanol, ethanol or
propanol) is used.

The preferred source of phosphorus is orthophosphoric acid
which has a good solubility in alcoholic solvents. In an alcoholic
medium, an ester of phosphoric acid does not react with
aluminium triisopropoxide and inorganic phosphates are
difficult to dissolve, therefore they are not suitable phosphorus
sources. The most reactive source of aluminium is AI{OPr');
and the Pr'OH evolved from it does not affect the nature of the
alcoholic medium. Pseudoboehmite, an excellent aluminium
source for the preparation of microporous aluminophosphates
in aqueous media, and other inorganic aluminium sources such
as aluminium sulfate and sodium aluminate, has a very low
solubility in the alcohol systems.

The crystallization temperature is also an important factor
for the synthesis. A temperature of 200 °C or above results in a
large amount of AIPO, tridymite in the product without the
appearance of the required phase; whereas at <160 °C only an
amorphous material is formed.

The chemical analysis indicated a P: Al ratio of 0.5: 1 and the
element analysis revealed that the N, C, H contents are 4.30,
21.45 and 6.05%, respectively, corresponding to a molar ratio
N:C:H = 0.17:1.00:3.39. The empirical composition calcu-
lated on the basis of the analysis data is 2.0A1,04-1.1P,05-
2.1C4H,3NH,+7.2H,0, which can be normalized to Al,P,0,,-
2C¢H,3NH,7H,0. Tt is interesting that the A1:P ratio is 2:1,
in contrast with those for previously reported aluminophos-
phates synthesized from alcoholic systems which invariably
have a P: Al ratio greater than [:1. Aluminophosphates with
Al:P ratio greater than unity fall into the basic category, and
are represented by a series of minerals.!’

X-Ray powder diffraction and scanning electron microscopy

The X-ray powder diffraction pattern (Fig. 1) shows only three
peaks, with d spacings of 22,50, 11.23 and 7.50 A, respectively.
As for the lamellar silicate mesophase ®'!®:'%, these peaks are
attributable to the (001), (002) and (003) reflections, showing
that the compound has a lamellar structure, with an inter-
lamellar distance of ca. 22.5 A. Using n-octyl-, n-decyl- or n-
dodecyl-amine as the template, three aluminophosphates have
been synthesized, the XRD patterns of which also show only
three peaks, which can be attributable to the (001), (002) and
(003) reflections, with dgo, = 26.53, 30.68 and 34.70 A,
respectively. They further reveal that the structure of this family
is lamellar. The interlamellar distance is shorter than that (ca. 40
A) of the surfactant-containing lamelar silicate 13-!® owing to
the length of the unbranched fatty chain of the template being
shorter than that of the surfactant in the lamellar silicate.
However, it must be emphasized that this interlamellar distance
is similar to that for the mesolamellar aluminophosphate
material,'® but considerably greater than those (ca. 10 A) of
lamellar aluminophosphates °1* reported previously, where
the templates used were short-chain amines.

A scanning electron micrograph (Fig. 2) shows that the
crystals appear as thin plates with diameters of 10-20 pm,
characteristic of layered materials. The shape of the plate
is irregular, different from that of the known lamellar
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aluminophosphates which normally exhibit well defined three-
dimensional morphologies.

Infrared spectrum

Fig. 3 shows the infrared spectrum in the region 4000400 cm™,
On the basis of the framework vibration model for microporous
aluminophosphates,?°-2* the absorption bands are assigned as
follows: 1075 cm™!, asymmetric stretching of Al-O-P; 794 and
730 cm™, symmetric stretching of Al-O-P; 534 cm™, skeletal
bend of Al-O-P. Bands due to the template n-CcH, ;NH,%* are
also observed: 1546 cm !, bending 8(N-H) of NH,; 1469 and
1384 em™!, bending 8(C-H) of CH,; 2965 and 2931 cm™?,
asymmetric stretching of CH; or CH,; 2861 cm™?, symmetric
stretching of CH; or CH,. The spectrum also exhibits an
absorption around 1638 cm ™, revealing the presence of water
molecules.

MAS NMR spectra

In the MAS 3!P NMR spectra of the mixed reaction gel (Fig. 4)
only one peak at 3 —8.2 is observed, suggesting the presence
of phosphorus atoms in a reasonably uniform tetrahedral co-
ordination environment.?*27 The *'P NMR spectrum of the
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Fig. 1 X-Ray powder diffraction pattern for Al,P,0,,2C¢H, ;-
NH,-7H,0

Fig. 2 Scanning electron micrograph of crystals of Al,P,O,,-
2C¢H3;NH,-7H,0
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Fig. 3 The IR spectrum in the region 4000-400 cm™*
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Fig. 4 The MAS *'P NMR spectra of (a) the reaction gel and (b)
Al,P,0,,-2C,H,;NH,-7H,0. The asterisks represent sidebands

aluminophosphate also exhibits one peak but the maximum
shifts slightly to & —7.8. The similarity between these two
spectra indicates that the local environment of the P atoms
remains more or less the same when the gel is transformed into
the aluminophosphate.

The MAS 27Al NMR spectrum of the gel (Fig. 5) exhibits one
signal at & 4.3, characteristic of aluminium atoms octahedrally
co-ordinated by O atoms.?®*?’ The ligands for the Al are
probably water molecules. The corresponding spectrum of the
aluminophosphate shows a peak centred at & 45.4, attributable
to Al in tetrahedral symmetry, and another at  —8.1 assigned
to Al in octahedral symmetry. It is interesting that the areas of
the two peaks are more or less equal [Fig. 5(a)], suggesting that
the molar ratio of octahedral to tetrahedral Alis ca. 1:1.

Five peaks appear in the MAS '3C NMR spectrum (Fig. 6)
of the aluminophosphate at § 14.2, 23.4, 27.8, 32.2 and 40.0,
respectively, with the ratio of the peak areas «:B:y:6:n =
1:1:2:1:1,%® corresponding to the five different types of
carbons in the template molecule NH,C, H,C ,H,C H,C H,C;-
H,C H;. This also suggests that n-C¢H,;NH, is essentially
intact in the compound.

Thermal properties

Thermogravimetric analysis (Fig. 7) indicates that there is a
weight loss of 23.2%, from 100 to 180 °C and one of 29.1%; from
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Fig. 5 The MAS 27Al NMR spectra of (a) the reaction gel and (b)
AlP,0,-2C,H ;NH,-7H,0
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Fig.6 The MAS '3C NMR spectrum of Al,P,0,,-2C4H,;NH,.7H,0

180 to 430 °C. The first weight loss is associated with the
removal of water and the second to decomposition of the
template n-CqH,3;NH,. Correspondingly, two endothermic
peaks at 113 and 264 °C are observed in the DTA curves. The
temperature for desorption of water is marginally higher than
that of the boiling point of water, indicating that the interaction
between the water molecules and the aluminophosphate layers
is not very strong. The decomposition temperature of the
template n-C¢H,;NH, is high enough for the material to
withstand removal of the water molecules without destruction
of its structure. The total weight loss is about 52.3%, much
larger than that (less than 40°%) for other known lamellar
aluminophosphates containing a template and for the as-
synthesized aluminophosphate molecular sieves, such as
AIPO,-41%° with a one-dimensional medium-pore framework,
AIPO,-173° with a cage-containing framework and JDF-20
{[Al;P0,,H]? 2[N(C;H;);H]"-2H,0},?!*2 an alumino-
phosphate possessing 20-membered ring channels. X-Ray
powder diffraction at different temperature shows that the
present aluminophosphate is stable when calcined below 420 °C
and no phase transformation occurs. However, with an increase
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Fig. 7 (a) The TGA curves for AIPO,-41, AIPO,-17, JDF-20 and
Al,P,0,,:2C;H,3;NH,-7H,0 and (b} the TGA and DTA curves for
AlP,0,;-2C¢H;NH,-7TH,0
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Fig. 8 Adsorption isotherm of water at 293 K

in calcination temperature the crystallinity of the sample
apparently decreases. When the temperature reaches 350 °C,
the material changes from crystalline to amorphous form. With
increasing calcination temperature a series of phase transitions
take place. The XRD analysis of the thermal transformation
sequences indicate the behaviour to be consistent with the
transitions: <320°C, AIlP,0,,-2C;H,;NH,-7H,0; 350-
400 °C, AIPQO, tridymite (mixed with amorphous); 450-850 °C,
AIPO, tridymite and y-alumina; 1000 °C, AIPO, tridymite,
§-and 6-alumina; 1100°C, AIPO, tridymite, -, 0- and
x-alumina.

Isothermal adsorption of water

The water-adsorption isotherm at 293 K for the aluminophos-
phate is shown in Fig. 8. Prior to the measurement the sample
was dehydrated at 373 K and 1073 Torr. The isotherm is linear
within the experimental relative pressure range. In other words,
the adsorption equilibrium of water on the sample can be
described by Henry’s law over quite a wide range of relative
pressure. The isotherms at 273 and 323 K were also measured,
and the amounts of water adsorbed are also linearly
proportional to the vapour pressure (see Fig. 9). Henry's
constants can be calculated from Fig. 9 and are expressed as>?
in equation (1) where Q is the amount adsorbed in cm® g ! and

0/Q° = K,\P 8}
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Fig. 9 Amount of water adsorbed versus vapour pressure at 273, 293
and 323 K
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Fig. 10 Plot of In K, against 1/7° for water adsorption on
AlP,0,,-2C,H,,NH,-7H,0O

(° is the equilibrium adsorption capacity assumed equal to the
amount of water adsorbed (0.232 cm?® g })* at 393 K and
P/P, = 1.0. A standard state of 1 atm is also assumed. To a first
approximation, the adsorption enthalpy A and the adsorption
entropy AS are independent of temperature within the
experimental temperature region, and can be evaluated from
equation ** (2). The AH® and AS® values obtained from a plot

In K, = —(AH°/RT) + (AS°/R) (2)

(Fig. 10) of In K, against 1/7 are presented in Table 1. The
adsorption free energy AG® was calculated from equation (3)

AG® = —RTIn K, 3

and the values at the three temperatures are also listed in
Table 1.

The adsorption enthalpy (—36.88 kJ mol ')t indicates that
the interaction between the adsorbed water molecules and the
framework atoms of the host material is not very strong. The
XRD and MAS 3!'P NMR data for the sample with adsorbed
water are basically the same as those for the sample without this
water, showing that the layered structure of the compound is
not destructively affected by adsorption—desorption, and also
that the template is not desorbed since the d;q, value is basically
not changed, in accord with the TGA-DTA results. The

* This result comes from the largest experimental value, at 393 K and
P{P, = ca. 1, from the equation % adsorbed water = V/M where Vis
the volume of adsorbed water and A the mass of ALP,0,;-
2C¢H,3NH,, nat including co-ordinated and interlamellar water.

t It cannot be considered to be the co-ordination reaction enthalpy
because the adsorption occurs in two steps, co-ordination between the
water molecules and Al and entry of the water molecules into the
interlamellar space. These two steps cannot be resolved.
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Table 1 Thermodynamic data for water adsorption on

Al,P,0,,-2C H, ,NH,

TK K, AG°/k] mot™!
273 1378 =595
293 455  —3.68
323 133 -033

AH° = —36.88kImol!, AS° = —113.4 J K" mol™.
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Fig. 11 The MAS ?’Al NMR spectrum of AlP,0,,-2C¢H, ;-
NH,-7H,0 after dehydratior 2t 373 K and 10°* Torr for 2 h

adsorption entropy (113.4 J X! mol '} is similar to those for
the adsorption of molecules on microporous materials,*?
suggesting that the entropy contribution to the adsorption free
energy of water in the aluminophosphate is similar to that for
microporous packing of guest molecules.

Nature of adsorbed water

The MAS 27Al NMR spectrum (Fig. 11) of the aluminophos-
phate dehydrated at 373 K and 1073 Torr shows a strong signal
at & 38.9 and a very weak one at § —15.0. The former is
attributable to tetrahedral Al, the latter to octahedral Al. This
implies that aimost all the Al atoms in the dehydrated material
are in tetrahedral symmetry. Obviously, the six-co-ordinated Al
atoms in the as-synthesized aluminophosphate are transformed
into four-co-ordinated ones after dehydration. The presence
of the former atoms must be due to the adsorbed water co-
ordinating as extra ligands. This is in sharp contrast with the
lack of co-ordinated water in previously reported layered
aluminophosphates with smaller interlamellar distances.!®!4
These layered aluminophosphates contain only four-co-
ordinated Al atoms. On the other hand, the presence of six-
co-ordinated Al atoms is very common 3337 for hydrated-
detemplated aluminophosphate molecular sieves. It seems that
the water adsorption behaviour of the present aluminophos-
phate is similar to that of microporous aluminophosphate
molecular sieves rather than to that of layered aluminophos-
phates with small intercalated molecules.

Assuming that each six-co-ordinated Al in the as-synthesized
Al P,0,,2C,H,;NH,-7TH,0 is bound to two extra water
ligands, the fact that the octahedral:tetrahedral aluminium
ratio is about 1:1 on the basis of the NMR signals suggest
that four of the seven water molecules in the composition
are co-ordinated to two Al atoms, and the other three are
accommodated somewhere between the layers. Therefore, it
is more appropriate for the formula to be written as
[ALP,O,,2C¢H,;NH,-4H,0]-3H,0.
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