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The structure of an anionic aluminophosphate molecular sieve UT-6 has been determined by single-crystal X-ray di�raction and
19F MAS NMR, 31P CP MAS NMR and 27Al MQ MAS spectroscopy. Large crystals were grown in a non-aqueous synthesis
system when hydrogen fluoride was used in trace amounts. The title compound, [Al3P3O12F]−[C5H5NH]+ ·0.15H2O, crystallizes
in the triclinic space group P1́ (no. 2 ), with Z=2, a=9.118(1), b=9.161(1 ), c=9.335(1) Å, a=85.98(1), b=77.45(1 ), c=89.01(1)°,
V=759.25(14 ) Å3 , R1=0.0280 and wR2=0.0830. UT-6 is a small pore material that has a three-dimensional network of channels
running through the structure. The structure is closely related to that of chabazite. In addition to alternating tetrahedral
phosphorus and aluminium atoms connected by bridging oxygens, there are also isolated pairs of octahedral aluminiums in the
four-membered rings of the UT-6 framework that share two bridging fluorine atoms. The resulting negative charge on the
framework is balanced by pyridinium cations that reside in the chabazite cages. Upon thermal treatment of UT-6, pyridine
molecules and HF are removed from the structure and the material transforms into rhombohedral AlPO4-CHA, as evidenced by in
situ high-temperature powder X-ray di�raction, thermogravimetry and mass spectrometry. This represents the first solid-state
transformation of an anionic aluminophosphate molecular sieve framework to an entirely neutral one.

The synthetic open-framework aluminophosphates have tra- isolated from several solvent systems, including tetraethylene
glycol (TEG) and pyridine. The synthesis involves the use ofditionally been prepared by aqueous methods.1,2 Only in recent
a pyridine–hydrogen fluoride organic additive,11 resulting inyears have non-aqueous synthetic systems been used to isolate
the formation of phase-pure UT-6. Large crystals, up tothese materials, and a series of new structures have been
400 mm, were obtained which were of su�cient size to solvereported.3–9 Many of these crystal structures are two-dimen-
the structure by single-crystal X-ray di�raction (SCXRD). Itsional layered aluminophosphates,5–9 and there are only two
was also found that upon thermal treatment, UT-6 undergoesexamples of a polymeric chain structure.10 Similarly, non-
dehydrofluorination making the material potentially useful asaqueous work in our laboratory has produced a number of
a solid source of hydrogen fluoride.layered aluminophosphate structures,11–14 as well as the third

example of a one-dimensional chain aluminophosphate.12,14
Another strategy that has been successful for the preparation Experimental

of novel structures is the use of fluoride ions in the reaction
Synthesis of UT-6 from TEG solventmixture to produce fluoroaluminophosphates. The stronger

aluminium-complexing action of fluorine over that of oxygen All synthetic reagents were used as received. The ideal
is well known,15 making it likely that the bridging and/or synthesis mixture for this system was 14HO(CH2CH2O)4Hterminal oxygens of aluminophosphates can be partially or (TEG)50.9Al2O3·2.5H2O51.8P2O558.0C5H5N51.0HF–Py. Hy-
fully replaced by fluorine atoms. Indeed, a series of such drogen fluoride was added under a nitrogen atmosphere to
compounds have been reported by Guth and co-workers16,17 the TEG solvent (99% purity, Aldrich or Sigma) in the form
and by others.8,18–22 Most of these materials are frameworks, of hydrogen fluoride–pyridine (70530 mass% HF–Py, Aldrich).
while more recent examples correspond to layered fluoroalum- The alumina source (Al2O3 ·2.5H2O, Dispal 23N4–80, Vista)
inophosphates, as reported by Férey and co-workers.19,21 In was then slurried into the TEG solvent, with magnetic stirring.

Phosphoric acid (85 mass% H3PO4–15 mass% H2O, Aldrich)these structures, the fluorine atoms typically occupy one18 or
was added dropwise, and the mixture was stirred manually totwo19,21,22 vertices of the aluminium octahedra. Interestingly,
homogeneity. Finally, pyridine (BDH assured) was added,aluminium tetrahedra with one oxygen atom replaced by
transforming the mixture into a viscous, opaque, pale yellowa terminal fluorine are also present in one of the layer
gel. The amount of pyridine already added from the HF–Pystructures.21
source was not subtracted from the 8.0 moles of pyridine, butThe aqueous synthesis of a triclinic aluminophosphate with
gave similar results if it was taken into account. The homogen-the chabazite-like topology in the presence of HF and with
ized gels were loaded into 15 ml capacity PTFE-lined stainlessmorpholine as a template was reported by Kessler.23 Based on
steel autoclaves, and treated under static conditions at 180 °Cthe Reitveld refinement data, it was proposed that in this novel
for 2–6 days. The powdery, pale yellow product was recoveredstructure, two fluorine atoms bridge two aluminiums of a four
by filtration, washing with water and acetone and was driedT-atom ring (T=Al, P) that connects two double six-rings of
under ambient conditions. Individual crystals appeared to bethe chabazite structure. This was confirmed later by 27Al MAS
colourless in the optical microscope, and the pale yellow colourNMR spectroscopy.17,24,25 The crystal structure of the material
was therefore attributed to the bulk product.was not reported in the literature and, presumably, has yet to

be precisely solved.
Synthesis of UT-6 from pyridine solventIn the course of our non-aqueous synthetic work, we have

isolated a fluorinated aluminophosphate material whose struc- The reagents used in this system were the same as above. The
synthesis mixture which yielded the highest qualityture is closely related to AlPO4-CHA. The material may be
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Table 1 Summary of crystal data, details of intensity collection andUT-6 material when pyridine was used as the solvent was
least-squares refinement parameters of UT-616 C5H5N50.5Al2O3 ·2.5H2O50.6P2O558.0H2O52.0HF–Py5

0.0–4.0 R [R=Et3N (triethylamine, 99%, Aldrich) or empirical formula C5H6Al3FNO12P3 ·0.15H2OC6H11NH2 (cyclohexylamine, 99+%, Aldrich)]. The synthesis Mr 467.66
procedure was nearly identical to that outlined above, except crystal size/mm 0.40×0.10×0.10

crystal class triclinicthe TEG was replaced with pyridine as the starting solvent.
space group P1́Additionally, reagent amounts of deionized water were mixed
T /K 293(2)dropwise, with stirring, after addition of the hydrogen fluoride–
a/Å 9.118(1 )pyridine, and the second organic additive was incorporated in
b/Å 9.161(1 )the final step. Ideal synthesis conditions were 4–6 days, 150 °C c/Å 9.335(1 )

in the case of triethylamine, and 4–6 days, 180 °C in the case a/degrees 85.98(1 )
b/degrees 77.45(1 )of cyclohexylamine.
c/degrees 89.01(1 )
V /Å3 759.25(14 )

Characterization of UT-6 Z 2
Dc/g cm−3 2.046Powder X-ray di�raction (PXRD) patterns were collected
m(Mo-Ka)/cm−1 6.44on a Siemens D5000 di�ractometer (Cu-Ka radiation, l= F(000 ) 467

1.541 78 Å). The step size used was 0.030°, step time 1.0 s and v scan width/degrees 0.59+0.50tanh
scan range 1–50° ( 2h). The detector in the instrument was a range h collected/degrees 2.23–26.30

absorption correction psi scansKevex 2005–212 solid-state detector. High-temperature (HT-)
min., max. transmission 0.596, 0.616PXRD patterns were obtained by running samples in situ on
no. reflections collected 3292the same instrument under a nitrogen flow, using a Siemens
independent reflections 3087HTK 10 attachment. The heating rate typically used was
Rint 0.015910 °C min−1 between scans, and 1 °C min−1 during data collec- no. observed data [I>2s(I )] 2725

tion. Quick scans were run from 1 to 37° (2h), with a 0.050° R1 [I>2s(I )]a 0.0280
wR2 (all data) a 0.0830step size and a 0.7 s step time. The upper operating limit of
weighting a,b 0.0372, 0.92the HTK 10 attachment was 1200 °C.
goodness of fit 1.072Thermogravimetry (TG) was performed on a Perkin-Elmer
parameters refined 2327 Series analyser, under a nitrogen atmosphere and with a max. density in DF map/e Å−3 0.4545 °C min−1 heating rate.

Scanning electron microscopy (SEM) and energy-dispersive aDefinition of R indices: R1=S (Fo−Fc)/S (Fo ), wR2={S[w(Fo2−Fc2)2]/S[w(Fo2)2]}1/2 .X-ray analysis (EDXA) were performed on a JEOL 840
scanning electron microscope, with accelerating conditions of
10−10 A and 5 kV.

SCXRD data were collected on an Enraf-Nonius CAD4
di�ractometer using graphite-monochromated Mo–Ka radi-
ation (l=0.710 73 Å). A summary of selected crystallographic
data is given in Table 1. The intensities of three standard
reflections measured every 120 min showed no decay. The data
were corrected for Lorentz and polarization e�ects and a
semi-empirical absorption correction was applied.

The structure was solved using the SHELXTL/PC V5.0
package26 and refined by full-matrix least squares on F2 using
all data (negative intensities included). The weighting scheme
was w=1/[s2 (Fo2)+(aP )2+bP] where P=(Fo2+2Fc2)/3.
Hydrogen atoms were included in calculated positions and
treated as riding atoms. The hydrogen atoms from the partial
occupancy water molecule were not included in the refinement
but were included in the molecular formula.

Results and Discussion

The synthesis conditions given above for both the TEG and
pyridine solvent systems are ideal for obtaining the UT-6
material in high yields and, on average, below 50 mm in
size [PXRD patterns, Fig. 1(a), (b), respectively and SEM,
Fig. 2 (a)]. For the TEG product, a trace amount of the layered Fig. 1 PXRD patterns of representative synthesis products: (a) UT-6
pyridinium aluminophosphate of Chippindale et al.6 exists in isolated from the TEG system when 1.0 HF is used; a small amount

of the layered pyridinium aluminophosphate6 is also obtained ($) ;the product, for which only the 100% peak appears, comparing
(b) UT-6 isolated from the pyridine solvent system, showing excellentFig. 1 (a) and (d) (see below). Interestingly, products obtained
crystallinity and no impurities; (c) no HF added, which yields afrom pyridine solvent are phase-pure [Fig. 1(b)], and are of
majority phase of berlinite, and trace ‘impurity’ amounts of UT-6 (%) ;higher crystallinity, giving rise to a more intense di�raction (d) the product using a new PTFE liner, containing no UT-6

pattern. The di�erences in relative intensities in the PXRD fluoroaluminophosphate, and only the layered pyridinium
patterns of Fig. 1 (a) and 1(b) can also be attributed to the aluminophosphate material6
di�erences in the crystal morphology leading to preferred
orientation of the crystals in the samples which we were not phosphate and/or berlinite were obtained as impurities or as
able to avoid. major products. For the pyridine solvent system, use of more

For the TEG solvent system, depending on the synthesis than 4.0 moles of the second organic additive (R) resulted in
conditions such as temperature, water concentration and partial or complete change of the product to aluminophosphate

phases templated by the second organic additive. For example,number of moles of template, the layered pyridinium alumino-
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nation of the PTFE liner with HF prior to its use has a
marked influence on the structures that are obtained in this
and other aluminophosphate systems.27 Work is currently
under way to quantify the exact amounts of HF–Py necessary
to use in order to obtain a berlinite majority phase with a
trace amount of large UT-6 crystals. However, it should also
be noted that there may be a slow release of fluorine occurring
in the process, and work is also under way in this respect.

The large crystal size and concomitant strong di�raction
allowed for a full structure refinement with a low R-factor.
Positions of the hydrogen atoms of the protonated pyridinium
and of the unexpected bridging fluorine atoms (as opposed to
similarly di�racting oxygen) were determined by using a di�er-
ence Fourier map technique. The 19F MAS NMR data pro-
vided supporting evidence for the presence of the F atoms in
the interstices of the framework. The 19F MAS NMR spectrum
of UT-6 is shown in Fig. 3. It contains one strong peak at ca.
−120 ppm, referenced to C6F6 , and is in good agreement with
the data of Klock et al.28 The presence of fluorine is also
reflected in the elemental analysis of the as-synthesized UT-6
material (F: 1.53%; C: 13.56%; N: 2.51%).

The thermal ellipsoids and views of the structure are shown
in Plate 1. The framework contains three independent eight-
membered ring channel systems. The empirical formula
[Al3P3O12F]− reflects the negative charge of the framework,
which is charge-balanced by the pyridinium cations. Two
templatemolecules are observed to reside in each cage, pointing
to opposite corners [Plate 1(c)], as related by the inversion
centre of the P1́ space group. Atomic coordinates, thermal
parameters, and bond lengths and angles have been deposited
at the Cambridge Crystallographic Data Centre (CCDC). See
Information for Authors, J. Mater. Chem., 1997, Issue 1. Any
request to the CCDC for this material should quote the full

Fig. 2 Scanning electron micrographs: (a) UT-6 crystals obtained from literature citation and the reference number 11451/28. Thethe TEG–1.0 HF system; (b) berlinite crystals obtained as majority
experimental PXRD pattern of UT-6 may be fully indexedphase when no HF was added; (c) large UT-6 crystals which allowed
to the computer-simulated pattern based on the SCXRDSCXRD data collection, obtained in trace amounts when no HF

was added structure.
The structure of the UT-6 framework is related to the

neutral aluminophosphate analogue of the microporous zeolite
chabazite, which we denote AlPO4-CHA, since it exists inin the presence of cyclohexylamine, the layered aluminophos-

phates UT-4 and UT-5, which we have recently isolated from several forms such as AlPO4-34 or the metal-substituted
MAPO-34, MAPO-44 or MAPO-47 structure types.29 Thethe TEG–cyclohexylamine synthesis system,13 were the domi-

nant phases. Similar e�ects were observed by varying tempera- AlPO4-CHA framework contains alternating tetrahedral Al
and P atoms connected by bridging oxygens to define an arraytures when 4.0 moles of organic additive were used. In the

case of triethylamine, increasing the temperature above the of hexagonal prisms connected by four-rings. In UT-6, however,
each six-ring of the hexagonal prisms contains one octahedralideal 150 °C led to triethylamine-related aluminophosphate

phases, while in the case of cyclohexylamine, decreasing the aluminium that connects to that of another hexagonal prism,
through two bridging fluorines [AlMF 1.854(2), 1.894(2) Å]temperature from the ideal 180 °C led to cyclohexylamine-

related phases. [Plate 1 (b)]. The octahedra are thereby dimerized into double
octahedra, while the remaining aluminium atoms are tetra-To obtain crystals large enough for SCXRD study, it was

necessary to change the synthesis conditions as follows. UT-6
was initially isolated from the TEG–pyridine reaction mixture
without HF being added to it (molar composition: 14
TEG50.9Al2O3 ·2.5H2O51.8P2O558.0C5H5N). In this initial
experiment, the majority product was berlinite [PXRD,
Fig. 1 (c)]. The particles were large, faceted crystals typically
obtained for this dense phase [SEM, Fig. 2(b)]. However, a
limited number of ca. 200–400 mm plate-like fluoroalumino-
phosphate UT-6 crystals [SEM, Fig. 2(c)] coprecipitated with
the berlinite, as can be seen in the PXRD pattern [Fig. 1(c].
These large crystals were manually separated from the product,
allowing study by SCXRD.

The formation of UT-6 despite the fact that no source of
fluorine was added to the liner, might be due to the presence
of impurities in the walls of the PTFE liner. These impurities
could be introduced by the reaction mixtures of prior synthetic
runs used for the particular liner. In accord with this, the use

Fig. 3 19F MAS NMR spectrum of as-synthesized UT-6 obtained fromof a new and unused PTFE liner yielded only the layered the TEG system. Spectrum collected at 376.4 MHz, with 17 kHz
pyridinium–aluminophosphate,6 and no fluorinated UT-6 spinning rate, 3.0 ms pulse duration and 4.0 s recycle time and

referenced to C6F6 . Asterisks denote spinning sidebands.[Fig. 1 (d)]. We have also found that the deliberate contami-
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(a)

(b)

(c)

Plate 1 (a) Thermal ellipsoids and labelling of the asymmetric unit; (b) a view of two hexagonal prisms, and the nature of their connection through
Al-(m-F)2-Al links. Shading scheme: oxygen, white; fluorine, black; aluminium, grey; phosphorus, black; (c) CERIUS [010] crystallographic
projection of the UT-6 structure. The isolated spheres represent oxygens of intrachannel water molecules that were resolved in the structure
refinement. Colour scheme: oxygen, red; phosphorus, yellow; aluminium, blue; fluorine, white; nitrogen, green; hydrogen, white; carbon, grey.

hedrally coordinated by four oxygens. As observed in AlPO4- ically unique tetrahedral aluminiums, and the upfield peak is
due to the one type of octahedral aluminium.CHA, the hexagonal prisms are tilted and define a three-

dimensional framework. The three channel systems intersect Since the framework is anionic, it is intuitive that the cations
may be ion-exchanged. Although charged aluminophosphateto form chabazite-like cages in which the templates reside. The

electrostatically bonded pyridiniums are also strongly hydro- frameworks are known to exist,8,22,31,32 ion exchange of these
materials is unlikely or not possible owing to the restrictedgen bonded to a bridging oxygen of the octahedral aluminiums,

one for each aluminium (NMH,Oav 1.849 Å). dimensions of the eight-membered ring channels, which reduces
the free aperture for the di�usion of molecules through theThe solid-state NMR specturm of the UT-6 material

obtained from TEG showed one peak for each crystallograph- structure. The relative openness of UT-6, however, may render
the material potentially applicable, for example as an ion-ically unique metal atom, as expected. The 31P CP MAS NMR

spectrum showed three strong and sharp resonances of equal exchanger. Further work is under way in this regard.
Owing to the microporous nature of the material, it isintensity at ca. −8.5, −25.2 and −31.1 ppm (referenced to

[NH4][H2PO4], 400.13 MHz, 10 kHz spinning rate, 3.0 ms possible to remove the organic template molecules by calci-
nation. The van der Waals size of the planar pyridiniumpulse duration and 4.0 s recycle time), and were typical for

aluminophosphate materials.30 The flourine-decoupled 27Al cations (ca. 6.3 Å in the largest dimension) is smaller than the
free aperture of the eight-ring windows between the chabazite-MAS NMR spectrum showed two peaks at ca. 29.5 and

−17.9 ppm (referenced to Al2O3 , 17 kHz spinning rate), in an like cages (ca. 6.5–6.9 Å). However, the negative charge of the
framework would have to be compensated or removed in theapproximately 251 intensity ratio. The former downfield peak

was resolved into two peaks by a 27Al MQ MAS experiment. process. The TG curve of the material (Fig. 4) shows that a
thermal event occurs just above 400 °C, which may beThe values also agree with published values,30 where the two

peaks resolved by MQ MAS are due to the two crystallograph- attributed to loss of the extra-framework pyridiniums and
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where the anionic framework is transformed to the neutral
oxide CHA-type aluminophosphate framework. This may
render the framework useful as a solid source of hydrogen
fluoride. Similar results were reported in the literature for the
morpholine-containing material synthesized in an aqueous
reaction medium, so the structural details reported in this
paper should also be relevant to the structure of that material.
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framework fluorines (observed mass loss: 20.3 mass%; expected:
20.5 mass%). This event in the in situ HTPXRD pattern
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