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Abstract

Mu-33, a new layered aluminophosphate with an Al/P ratio of 0.66, was obtained from a quasi non-aqueous synthesis in
which tert-butylformamide (tBF) was the main solvent and only limited amounts of water were present. During the synthesis,
tBF decomposed and the resulting protonated tert-butylamine is occluded in the as-synthesized material. The approximate struc-
ture was determined from data collected on a microcrystal (200 · 25 · 5 lm3) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, but the quality of these data did not allow satisfactory refinement. Therefore the structure was refined
using high-resolution powder diffraction data, also collected at the ESRF. The structure (P21/c, a = 9.8922(6) Å,
b = 26.180(2) Å, c = 16.729(1) Å and b = 90.4(1)�) consists of anionic aluminophosphate layers that can be described as a six-
ring honeycomb of alternating corner-sharing AlO4 and PO4 tetrahedra with additional P-atoms above and below the honey-
comb layer bridging between Al-atoms. The tert-butylammonium ions and water molecules located in the interlayer spacing
interact via hydrogen-bonds with the terminal oxygens of the P-atoms. The characterization of this new aluminophos-
phate by 13C, 31P, 1H–31P heteronuclear correlation (HETCOR) and 27Al 3QMAS solid state NMR spectroscopy is also
reported.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the seminal paper by Wilson et al. on the syn-
thesis of aluminophosphate molecular sieves in 1982
[1], a large variety of these materials have been prepared.
They are usually characterized by an Al/P ratio of one
and a neutral three-dimensional aluminophosphate
framework of alternating, corner-sharing AlO4 and
PO4 tetrahedra. Some members of this AlPO4-family
of microporous materials have structures analogous to
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those of zeolites. For example, AlPO4-GIS and AlPO4-
20 are isostructural with gismondine (Framework type:
GIS) and sodalite (Framework type: SOD), respectively.
However, other compounds, such as AlPO4-11 (Frame-
work type: AEL) and VPI-5 (Framework type: VFI) do
not have zeolite counterparts.

The synthesis of these solids is usually performed in
aqueous medium, but a number of new phosphate-based
materials have been prepared from non-aqueous or qua-
si non-aqueous media. As a result of such syntheses,
using an organic solvent and only restricted amounts
of water, numerous layered aluminophosphates have
been obtained [2–9]. Under these conditions, hydrolysis
and condensation reaction kinetics are slower than
those of comparable hydrothermal systems. Several
compositions of layered structures have been reported
(e.g. [Al3P4O16]

3�, [Al2P3O12Hx]
(3�x)� (1 6 x 6 2) [10],

[AlP2O8]
3� [11,12], [Al(HPO4)2(H2O)2]

�[13] or
[Al4P5O20H]2� [9]), and most are characterized by an
Al/P ratio of less than one. These compounds contain
layers consisting of 4.62, 4.6.8 and 4.6.12 nets.

The alkylformamide family of solvents was used in
a series of quasi non-aqueous syntheses to produce a
monoclinic variant of jAlPO4j-SOD [14], the two lay-
ered aluminophosphates, Mu-4 [9] and Mu-7 [15], and,
more recently, the two new gallophosphates Mu-30
[16] and Ea-TREN-GaPO [17]. In all cases, with the
exception of jAlPO4j-SOD, the organic solvent partly
decomposed into the corresponding amine, which was
occluded in the final structure.

The title compound Mu-33 (Mu for Mulhouse) was
prepared in a quasi non-aqueous synthesis procedure
using tert-butylformamide (tBF) as the main solvent.
Details of its synthesis, of its characterization by 13C,
27Al, 31P, 1H–31P heteronuclear correlation (HETCOR)
and 27Al 3QMAS solid state NMR spectroscopy, and of
its structure analysis are given in the following sections.
2. Experimental section

2.1. Sample preparation

Mu-33 was first prepared from a gel containing
mainly tert-butylformamide (tBF) as the solvent [18].
In order to obtain a pure material, several experiments
were performed and the amounts of the reactants were
optimized. Typically, 1.23 g of pseudo-boemite (Condéa
hydrated alumina, water loss at 600 �C: 22.2 wt%) was
slowly added to 3.30 g of 85% orthophosphoric acid
(Fluka). The resulting gel was stirred until it was homo-
geneous. Finally, 8.0 g of an aqueous tert-butylforma-
mide solution (BDH, analytical grade) was added to
the mixture. The gel, with the composition 0.66 Al2O3:
1.0 P2O5: 3.0 H2O: 5.9 tBF, was heated in a Teflon-lined
stainless-steel autoclave at 170 �C under autogeneous
pressure for seven days. The solid recovered by filtration
was washed with distilled water and dried at 60 �C
overnight.

2.2. Characterization

The as-synthesized product was characterized
initially by X-ray powder diffraction using a STOE
STADI-P diffractometer equipped with a curved germa-
nium 111 primary monochromator and a linear posi-
tion-sensitive detector (CuKa1 radiation, k = 1.5406 Å).

The morphology and average size of the crystals were
determined by scanning electron microscopy (SEM)
using a Philips XL30 microscope.

Thermogravimetric (TGA) and differential thermal
(DTA) analyses to determine the amount of organic
species and water occluded in the as-made solid were
performed on a Setaram Labsys thermoanalyser by
heating the as-synthesized material under air at a rate
of 5 �C min�1 up to 750 �C.

C and N analyses were performed by coulometric and
catharometric measurements, respectively. The Al and P
content were determined by inductively coupled plasma
emission spectroscopy.

31P, 27Al, 13C and 1H NMR measurements were car-
ried out at room temperature using a Bruker DSX 400
spectrometer (B0 = 9.4T), at frequencies of 161.9,
104.2, 100.2 and 400.1 MHz, respectively. 31P Magic
Angle Spinning (MAS) NMR experiments were per-
formed using standard double bearing probes with
either 4 or 2.5 mm diameter ZrO2 rotors, and data were
acquired using spinning frequencies between 3.5 and
25 kHz, a p/2 pulse duration of 3.5 ls and a recycle
delay of 200 s. 1H–31P Cross-Polarization Magic Angle
Spinning (CPMAS) spectra were recorded using conven-
tional Hartmann–Hahn matching with a spinning fre-
quency of 4 and 25 kHz, a 1H p/2 pulse duration of
4 ls, contact times ranging from 500 ls to 2 ms, and a
recycle delay of 4 s. 1H–31P heteronuclear correlation
(HETCOR) experiments were performed at a spinning
frequency of 25 kHz, with a contact time of 500 ls.
27Al MAS NMR spectra were recorded using a
2.5 mm Bruker MAS probe, a spinning frequency of
15 kHz and a recycle delay of 1 s. The experimental con-
ditions for the 27Al 3QMAS experiment are described
elsewhere [19]. 13C MAS NMR experiments were real-
ized with high power 1H decoupling, a p/2 pulse dura-
tion of 4.5 ls, and a recycle delay of 60 s. Chemical
shifts were referenced to an external standard: 85%
H3PO4 (31P), an aqueous solution of Al(NO3)3(

27Al)
and TMS (1H and 13C).

Although the crystals in the sample appeared to be
quite large in two dimensions (see Fig. 1), they proved
to be too thin for single-crystal data collection on a lab-
oratory instrument. However, it was possible to collect
data on one of these microcrystals using the Oxford Dif-



Fig. 1. SEM images of the lamellar aluminophosphate Mu-33.

Table 1
X-ray data collection parameters for Mu-33

Microcrystal

Size 200 · 25 · 5 lm
Synchrotron facility SNBL at ESRF
Beamline BM01A
Wavelength 0.7500 Å
Instrument Oxford Diffraction KM6
Detector Onyx CCD
Image size 1K · 1K
Temperature 120 K
Beam size 0.5 · 0.5 mm
Sample-detector distance 80 mm
Exposure time per frame 5 s
Omega rotation per frame 1�
Reflections

Measured 91,205
Unique 9903
Rint 0.0583

Powder

Synchrotron facility SNBL at ESRF
Beamline BM01B
Wavelength 0.79999 Å
Diffraction geometry Debye–Scherrer
Analyzer crystal Si 111
Sample Rotating 1.0 mm capillary
2h range 1.0–43�2h
Step size 0.002�2h
Time per step 1.0–15.5�2h 1.0 s

15.5–20.5�2h 2.0 s
20.5–43.0�2h 4.0 s
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fraction KM6 kappa diffractometer equipped with an
Onyx CCD area detector on station BM01A of the
Swiss-Norwegian Beamlines (SNBL) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble.
For data collection, a microcrystal (ca 200 · 25 ·
5 lm3) was mounted on a glass fiber using Fomblin oil
and inserted directly into the cold stream of an Oxford
Cryostream N2 gas cooler operating at 120 K. These
data were of sufficient quality to allow the structure to
be solved, but structure refinement proved to be difficult.
Therefore, high-resolution powder diffraction data were
collected using the powder diffractometer on station
BM01B of the SNBL, in the hope that these would be
more suitable for refinement. Details of both data collec-
tions are given in Table 1.
3. Results

3.1. Characterization

The morphology of the Mu-33 crystals is shown in
Fig. 1(a). Acicular crystals of various sizes were ob-
served, and the closeup view given in Fig. 1(b) shows
that the needles are in fact stacks of plate-like crystal-
lites. This is indicative of a lamellar material.

The C, N, P and Al content was determined by chem-
ical bulk analysis to be 19.63, 5.38, 18.00 and 10.70 wt%,
respectively. The Al/P molar ratio is close to 0.66, which
is similar to that observed for several other lamellar alu-
minophosphates [2,10]. However, the experimental C/N
molar ratio of 4 was different from the value expected
for tert-butylformamide (5C:1N), suggesting that the
solvent might have decomposed into carbon monoxide
and tert-butylamine (tBA) during synthesis. This was
later confirmed by 13C NMR spectroscopy (see below).
As previously shown for other phosphate-based
materials synthesized in the presence of alkylformamide
[9,15,16], the in situ release of the corresponding proton-
ated amine during the synthesis appears to be a key step
in the crystallization of this lamellar aluminophosphate.
Indeed, experiments using tert-butylamine in the start-
ing mixture directly did not lead to the crystallization
of this material.

The thermal behavior of Mu-33 was investigated by
TG/DTA thermal analysis (Fig. 2). The total weight loss
occurs in two steps. The first, below 200 �C (2.5 wt%),
corresponds to the loss water. It leads to a weak and
broad endothermic peak on the DTA curve. The second,
between 200 and 800 �C (30.5 wt%), is associated with at
least two endothermic components on the DTA curve.
This probably corresponds to desorption and decompo-
sition of the organic template, to the removal of water
arising from dehydroxylation reactions (presence of
P–OH groups) and to the collapse of the aluminophos-
phate framework. The exothermic signal, which is
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Fig. 2. Thermal analysis of the aluminophosphate Mu-33 in air. (a)
TGA and (b) DTA.
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Fig. 3. 13C MAS NMR with 1H decoupling of the as-synthesized Mu-
33 at mr = 4 kHz. (a) Full spectrum and (b) spectral region between 58
and 20 ppm.
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Fig. 4. 31P MAS NMR spectra of the as-synthesized Mu-33 at mr = 4 kHz. (a
line) in the spectral region between 0 and �30 ppm. Spinning side bands are
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expected from the oxidation of the tBA, is probably
masked by the overhelming endothermic collapse of
the structure. XRD analysis of the residue left after
heating to 800 �C shows that the material had trans-
formed into a dense AlPO4-tridymite phase.

According to the thermal and chemical analyses and
the structure determination, the following chemical for-
mula has been proposed for the as-synthesized Mu-33
sample: 4½ððCH3Þ3CNHþ

3 Þ4½Al4P6O22ðOHÞ2�ðH2OÞ�.
The amine molecules were considered as protonated

in order to compensate the negative charge of the inor-
ganic layer. This was confirmed by 13C NMR spectro-
scopy (see below).

3.2. Solid state NMR study

3.2.1. 13C MAS NMR

The 1H decoupled 13C MAS NMR spectrum of Mu-
33 (Fig. 3) exhibits one resonance at 52 ppm (quaternary
carbon of the tert-butyl groups) and three more at 29.5,
28.9 and 28 ppm (the three methyl groups of tBA). The
presence of three resolved resonances for the methyl
groups indicates that there are at least three non-equiv-
alent methyl positions in the structure. Note that
although a quantitative 13C MAS NMR experiment
rather than a 1H–13C CPMAS experiment was per-
formed, no signal near 160 ppm that could correspond
to the carbonyl groups of the tert-butylformamide is ob-
served in Fig. 3. This result, in agreement with chemical
analysis data, indicates that tert-butylamine (tBA) and
not tert-butylformamide is occluded in the structure.
The 13C isotropic chemical shifts for protonated and
non-protonated tBA in the liquid state are at 27.7 and
32.9 ppm, respectively for the methyl groups, and at
*

*

* 

* 
(a)

-20 -40 -60 -80 -100 -120

)/85%H3PO4 

) Full spectrum, (b) MAS (line) and 1H/31P CPMAS s = 500 ls (dotted
indicated by (*).
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Fig. 5. 1H–31P HETCOR NMR experiment performed on the as-
synthesized Mu-33 together with F1 (1HMAS NMR spectrum) and F2
(31P MAS NMR spectrum) projections. Arrows indicate the 1H NMR
components.
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52.5 and 47.2 ppm, respectively for the quaternary car-
bon. Thus, as suggested in the previous section, the
tBA occluded in Mu-33 appears to be protonated.

3.2.2. 31P MAS NMR

Four resonances are observed in the 31P MAS NMR
spectrum of Mu-33 at �18.4, �15.5, �13.4 and
75 70 65 60 55 50 45 40

F1

Fig. 6. 27Al 3Q MAS NMR spectrum of the as-synthes
�9.2 ppm with the relative intensities 2:2:1:1, respec-
tively (Fig. 4). This indicates the presence of at least four
(six if all have the same multiplicity) non-equivalent
crystallographic sites for P. Chemical shift anisotropies
of the P resonances range from �52 to �73 ppm with
asymmetry parameters between 0.25 and 0.55 (simula-
tions not reported). 1H–31P cross-polarization experi-
ments, with a short (500 ls) contact time in order to
avoid spin diffusion (Fig. 4(b)), significantly enhance
the resonance at �15.5 ppm and to a lesser extent the
one at �18.4 ppm, indicating a close proximity of these
P-sites to protons from the template and/or water
molecules.

In order to get some insight into the H–P connectiv-
ities in Mu-33, a 1H–31P heteronuclear correlation
experiment was performed (Fig. 5). The F1 projection
in Fig. 5 corresponds to the 1H MAS NMR spectrum
and exhibits five resonances at 1.1, 3.1, 5.1, 7.7 and
11.1 ppm (see arrows). According to liquid state NMR
data, the resonances at 1.1 and 7.7 can be assigned to
the methyl and the amine groups of tBA, respectively.
The resonances at 5.1 and 11.1 ppm might correspond
to ‘‘free’’ water and ‘‘hydrogen-bonded’’ water, respec-
tively. No ‘‘free’’ water was detected by TG, but this
may be a result of the fact that the state of hydration
was not controlled in those experiments. Finally, the res-
onance at 3.1 ppm might be assigned to P–OH groups.
All 31P resonances are correlated with the 1H resonance
at 1.1 ppm, which indicates that the methyl groups of
the template molecules are in close proximity to the
framework. Similarly, the protons from the amine
ppm
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(7.7 ppm) are also correlated with all P resonances. Note
that the 1H resonance at 3.1 ppm is correlated only with
the 31P resonance at �18.4 ppm, so these P-atoms can be
assumed to have a terminal hydroxyl group. H-bonded
water (11.1 ppm resonance) is in close proximity to the
P-atoms associated with the 31P resonances at �18.4
and �15.5 ppm.

3.2.3. 27Al MAS NMR

The 27Al MAS NMR spectrum of Mu-33 (Fig. 6, see
F2 projection) shows a broad resonance between 35 and
50 ppm, indicating that the framework contains neither
five-nor six-coordinated aluminum, which would show
resonances around 10 and 0 ppm, respectively [20]. In
order to remove second order quadrupolar broadening
and to elucidate the number of distinct crystallographic
aluminum sites, a triple quantum MAS NMR (3QMAS)
experiment was performed (Fig. 6). The F1 projection
indicates the presence of at least three distinct tetrahe-
dral aluminum sites. According to the shape of the cor-
relations, sites I to III possess increasing quadrupolar
Table 2
Crystallographic data from the Rietveld refinement of Mu-33

Chemical composition jððCH3Þ3CNHþ
3 Þ16ðH2OÞ4j½Al

Unit cell
a

b

c

b
Space group
Standard peak for peak shape function (hkl, 2h)
3.6–40�2h
2.5–3.6�2h
Peak range (number of FWHM)
Preferred orientation

Vector
Factor

Number of observations
Number of contributing reflections
Number of geometric restraintsa

P–O 1.53(1) Å 24
Al–O 1.73(1) Å 16
O–P–O 109.5(1.0)� 36
O–Al–O 109.5(1.0)� 24
P–O–Al 145(8)� 16
C–N 1.488(5) Å 4
C–C 1.534(5) Å 12
N–C–C 109.5(1.0)� 12
C–C–C 109.5(1.0)� 12

Number of parameters
Structural (non-H) 170
Structural (H) 150
Profile 12

RF

Rwp

Rexp

a The numbers given in parentheses are the esd�s assumed for each of the res
its esd.
coupling constants. Indeed, the spreading (along the
F2 dimension) of the correlation increases from corr-
elation I to III indicating that the site corresponding
to correlation III is more distorted than the others.
Unfortunately, precise values for these quadrupolar
coupling constants could not be determined, because
of the lack of singularities on the respective quadrupolar
lineshapes.

3.3. Structure solution and refinement

The X-ray diffraction data collected on the microcrys-
tal of Mu-33 were indexed (P21/c, a = 9.886 Å,
b = 25.914 Å, c = 16.770 Å, b = 90.29�) and the spots
integrated using the Crysalis RED software package
[21]. These data were then used as input to the direct
methods program SHELXL-97 [22]. The complete struc-
ture, consisting of an aluminophosphate layer, four
independent tBA species and one water molecule, was
found. Unfortunately, the data proved to be of insuffi-
cient quality for refinement, so the structure analysis
16P24O92ðOHÞ8�

9.8922(6) Å
26.180(2) Å
16.729(1) Å
90.4(1)�
P21/c

110, 4.96�
020, 3.50�
20

010
1.179(1)
18392
2836
303

C–H 0.950(1) Å 36
N–H 0.950(1) Å 12
O–H 0.950(1) Å 2
H–N–C 109.5(1.0)� 12
C–C–H 109.5(1.0)� 36
H–N–H 109.5(1.0)� 12
H–C–H 109.5(1.0)� 36
H–O–H 109.5(1.0)� 1

329

0.032
0.090
0.050

traints. Each restraint was given a weight equivalent to the reciprocal of



Table 3
Positional, thermal and occupancy parameters for Mu-33a

Atom x y z Uiso(·100 Å2)

P(1) 0.1038(4) 0.7388(2) 0.8343(2) 2.82(5)b

P(2) 0.9802(4) 0.6698(2) 0.6222(2) 2.82b

P(3) 0.5332(4) 0.6497(2) 0.8526(2) 2.82b

P(4) 0.6457(4) 0.7986(2) 0.8275(2) 2.82b

P(5) 0.9066(4) 0.8232(2) 0.5674(2) 2.82b

P(6) 0.4279(4) 0.7717(2) 0.5930(2) 2.82b

Al(1) 0.1387(4) 0.7451(2) 0.0238(2) 2.74(7)c

Al(2) 0.6625(4) 0.7715(2) 0.4766(2) 2.74c

Al(3) 0.8630(4) 0.7617(2) 0.7227(2) 2.74c

Al(4) 0.3984(4) 0.7471(2) 0.7736(2) 2.74c

O(1) 0.1134(7) 0.7578(3) 0.9206(4) 2.47(5)d

O(2) 0.4872(7) 0.7952(3) 0.8183(4) 2.47d

O(3) 0.4194(7) 0.7437(3) 0.6690(4) 2.47d

O(4) 0.8975(7) 0.6307(3) 0.5747(4) 2.47d

O(5) 0.2299(6) 0.7564(3) 0.7925(4) 2.47d

O(6) 0.5523(7) 0.7531(3) 0.5523(4) 2.47d

O(7) 0.0909(7) 0.6828(3) 0.8282(4) 2.47d

O(8) 0.8690(8) 0.8779(3) 0.5517(4) 2.47d

O(9) 0.9859(6) 0.7666(3) 0.7992(4) 2.47d

O(10) 0.3027(7) 0.7378(3) 0.0413(4) 2.47d

O(11) 0.6943(7) 0.8542(3) 0.8194(4) 2.47d

O(12) 0.4370(7) 0.8288(3) 0.6061(4) 2.47d

O(13) 0.6438(7) 0.6287(3) 0.7984(4) 2.47d

O(14) 0.8792(7) 0.8128(3) 0.6564(4) 2.47d

O(15) 0.4468(7) 0.6050(3) 0.8813(4) 2.47d

O(16) 0.8775(7) 0.7029(3) 0.6739(4) 2.47d

O(17) 0.8233(7) 0.7855(3) 0.5158(4) 2.47d

O(18) 0.0709(7) 0.7033(3) 0.5699(4) 2.47d

O(19) 0.6853(7) 0.7801(3) 0.9120(4) 2.47d

O(20) 0.4367(7) 0.6876(3) 0.8124(4) 2.47d

O(21) 0.6004(7) 0.6736(3) 0.9266(4) 2.47d

O(22) 0.0591(7) 0.8114(3) 0.5493(4) 2.47d

O(23) 0.7072(6) 0.7612(3) 0.7663(4) 2.47d

O(24) 0.0755(7) 0.6429(3) 0.6847(4) 2.47d

Ow 0.2761(9) 0.6180(5) 0.0102(5) 6.2e

N(1) 0.8832(9) 0.6115(4) 0.8790(5) 6.2(1)e

C(2) 0.920(1) 0.5566(4) 0.8661(5) 6.2e

C(3) 0.809(1) 0.5243(4) 0.9054(6) 6.2e

C(4) 0.928(1) 0.5480(5) 0.7746(5) 6.2e

C(5) 1.0587(9) 0.5488(4) 0.9063(5) 6.2e

N(6) 0.6425(9) 0.8939(4) 0.6640(5) 6.2e

C(7) 0.5754(9) 0.9438(4) 0.6793(6) 6.2e

C(8) 0.551(1) 0.9669(5) 0.5949(5) 6.2e

C(9) 0.4426(9) 0.9351(4) 0.7265(6) 6.2e

C(10) 0.6786(9) 0.9761(4) 0.7252(5) 6.2e

N(11) �0.0613(8) 0.6418(3) 0.4084(5) 6.2e

C(12) 0.0350(9) 0.5988(4) 0.3863(5) 6.2e

C(13) 0.0563(9) 0.6055(4) 0.2960(5) 6.2e

C(14) �0.0384(9) 0.5480(4) 0.4034(5) 6.2e

C(15) 0.1737(9) 0.6021(5) 0.4305(6) 6.2e

N(16) 0.6214(9) 0.6469(4) 0.6315(5) 6.2e

C(17) 0.5311(9) 0.6062(4) 0.5986(5) 6.2e

C(18) 0.599(1) 0.5540(4) 0.6163(6) 6.2e

C(19) 0.535(1) 0.6124(4) 0.5055(5) 6.2e

C(20) 0.3833(9) 0.6122(4) 0.6267(5) 6.2e

a Numbers in parentheses are the esd�s in the units of the least sig-
nificant digit given. Values without an esd were not refined. Calculated
hydrogen positions not included.
b–e Thermal parameters with the same superscript were constrained to
be equal.
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was continued with high-resolution powder diffraction
data.

Rietveld refinement was performed using the pro-
gram XRS-82 [23] starting with the model obtained
from SHELXL-97 and with geometric restraints on all
interatomic distances and angles. Initially, these re-
straints were given high weight to guide the structure
to a chemically sensible minimum, and then the weight-
ing factor was reduced to 1. A mismatch between the
observed and calculated patterns was traced to the
presence of some preferred orientation in the sample
along the [010] direction (perpendicular to the alumino-
phosphate layers). Once this factor had been included,
refinement proceeded smoothly.

Positions for the H-atoms on the tBA and water mol-
ecules were calculated and added to the model with
strong restraints to simulate ‘‘riding H-atoms’’. In view
of the NMR results (previous section), the tBA species
were assumed to be protonated. Two other protons (8
per unit cell) are assumed to be associated with the ter-
minal oxygens at O(15) and O(24) of the POOH groups
(phosphorus sites P3 and P2), but their exact location
was not obvious, so they were not included in the final
model. To keep the number of parameters to a mini-
mum, displacement parameters for similar atoms were
constrained to be equal. Refinement of all parameters
eventually converged with RF = 0.032, Rwp = 0.090
and Rexp ¼ 0.050. The details of the refinement are given
in Table 2, the final atomic parameters in Table 3 and
selected distances and angles in Table 4. The fit of the
Table 4
Selected interatomic distances (Å) and angles (deg.) for Mu-33

P–O Min 1.47 Al–O Min 1.66
Max 1.59 Max 1.77
Avg 1.53 Avg 1.73

O–P–O Min 104.8 O–Al–O Min 103.9
Max 114.8 Max 114.1
Avg 109.5 Avg 109.4

Al–O–P Min 126.4
Max 161.8
Avg 143.8

C–N Min 1.50 C–C Min 1.53
Max 1.52 Max 1.57
Avg 1.49 Avg 1.55

N–C–C Min 104.2 C–C–C Min 105.5
Max 113.3 Max 116.1
Avg 107.6 Avg 111.2

N(1)–O(7) 2.90(6) N(6)–O(8) 2.96(14)
N(1)–O(8) 2.90(2) N(6)–O(11) 2.84(5)
N(1)–O(13) 2.75(12) N(6)–O(12) 2.82(7)
N(11)–O(4) 2.83(4) N(16)–O(4) 2.93(9)
N(11)–O(11) 2.83(13) N(16)–O(13) 2.83(2)
Ow–O(12) 2.65(10)
Ow–O(15) 2.77(13)
Ow–O(22) 2.91(5)
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Fig. 7. The observed (top), calculated (middle) and difference (bottom) profiles for the Rietveld refinement of Mu-33. To show more detail, the first
peak has been cut at 20% of its full intensity and the scale for the second half of the pattern has been increased by a factor of 5 in the inset.
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profile calculated for this model to the experimental data
is shown in Fig. 7. Neutral scattering factors were used
for all atoms.
4. Discussion

The structure of Mu-33 can be described in terms of
an aluminophosphate layer with t-butylammonium ions
and water molecules hydrogen-bonded to the terminal
oxygens on both sides of the layer. These gently corru-
gated sheets are stacked following the 21 axis along the
[010] direction (Fig. 8(a)). The aluminophosphate layer
itself can be viewed as a six-ring honeycomb of alternat-
ing tetrahedrally coordinated Al- and P-atoms in which
additional P-atoms above and below the layer bridge be-
tween adjacent Al-atoms. Thus, each of the four crystal-
lographically distinct Al-sites is connected to four
P-atoms via oxygen bridges, while four of the crystallo-
graphically distinct P-sites are connected to three Al-
atoms and the other two (P2 and P3) to two
(Fig. 8(b)). The coordination spheres of the former are
completed with single terminal oxygen species (P@O)
and those of the latter with two (P@O and P–OH).
These terminal oxygens serve as hydrogen-bond
acceptors for the four crystallographically distinct
t-butylammonium ions and the water molecule
(Figs. 8(c) and 9).
Careful consideration of the structure combined
with information from the 2D 1H–31P HETCOR exper-
iment (Fig. 5) allows an assignment for all 31P reso-
nances to be proposed. Phosphorus sites P2 and P3
are both connected to two aluminums via oxygens and
have one terminal oxygen (H-bonded to two amines)
and one hydroxyl group. They have similar environ-
ments (see the scheme in Fig. 9), but P3 is also H-
bonded to the water molecule via the hydroxyl group
(O15). Therefore P2 and P3 are assigned to the 31P
resonance at �18.4 ppm, which exhibits correlations
with the 1H resonances at 3.1 ppm (P–OH) and
11.1 ppm (H-bonded water) in addition to the tBA+

resonances.
Both P5 and P6 are connected to three aluminums via

oxygens and have one terminal oxygen (P@O). In the
case of P5, this oxygen is H-bonded to two amines,
whereas for P6 it is H-bonded to one amine and one
water molecule. The oxygen at O22, bridging from P5
to Al1 is also H-bonded to the water molecule (see
Fig. 9). As these two phosphorus sites are similar, they
are assigned to the 31P resonance at �15.5 ppm, which
is correlated with the 1H resonance at 11.1 ppm
(H-bonded water). The correlation between the 31P res-
onance at �15.5 ppm and H2O (Fig. 5) is slightly more
intense than the one between the 31P resonance at
�18.4 ppm and H2O, which is consistent with the fact
that both P5 and P6 (�15.5 ppm) interact with the water



Fig. 8. Projections of the crystal structure of Mu-33. (a) Down [100] showing the full structure, and (b) down [010] showing the aluminophosphate
layer, the terminal oxygens, and the Al and P numbering scheme (bridging oxygens omitted for clarity), and (c) down [010] showing the hydrogen
bonding network formed by the t-butylammonium ions and water molecules with the terminal oxygens of the aluminophosphate layer. The terminal
oxygen O24, which is not involved in H-bonding is indicated.
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molecule, whereas only P3 of the �18.4 ppm resonance
does.

According to the structure, P1 is connected to just
one amine (via O7) whereas P4 is connected to two
(via O11). Because the 31P resonance at �13.4 ppm is
only weakly connected to the NHþ

3 resonance of the
tBA+ cations, it must correspond to P1. Surprisingly,
according to the 2D 1H–31P HETCOR experiment, the
low field 31P signal at �9.2 ppm seems to correspond
to P4. The larger deshielding of this phosphorus atom
could be explained by the presence of hydrogen bonds
between its oxygen O11 and two amines (N6 and N11)
that would pull some electron density away from the
associated tetrahedron. It should be noted that the
‘‘free’’ water molecules observed by 1H NMR (reso-
nance at 5.1 ppm) were not detected by XRD.



Fig. 9. Hydrogen bonding scheme (dotted lines) for each phosphorus
site together with the proposed 31P resonance assignment.
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5. Conclusion

A new layered aluminophosphate, Mu-33, has been
prepared in a quasi non-aqueous medium using tert-
butylformamide (tBF) as the main solvent. As in several
similar syntheses, the solvent decomposed during the
synthesis, and the corresponding amine was found to
be occluded in the final structure. The in situ release
of the protonated amine during the synthesis appears
to be a key step in the crystallization of this lamellar alu-
minophosphate. Indeed, experiments using tert-butyl-
amine in the starting mixture directly did not lead to
the crystallization of this material.
Although the structure of this new layered material
could be solved from single-crystal synchrotron data
collected on a microcrystal, high-resolution synchrotron
powder diffraction data had to be used to obtain a sat-
isfactory refinement. This underlines the complementar-
ity of the two techniques. Results from X-ray diffraction
and 13C, 31P, 1H and 27Al solid state NMR experiments
are in very good agreement with one another. In partic-
ular, the combination of the structure analysis and the
results of a 1H–31P HETCOR experiment allowed an
assignment of each of the 31P resonances to the corre-
sponding crystallographic P site to be proposed.
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