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A new three-dimensional microporous fluorogallophosphate, named Mu-2, was
synthesized from a fluoride-containing aqueous medium in the presence of
4-amino-2,2,6,6-tetramethylpiperidine as organic template. The new material was
characterized by microprobe analysis, thermal analysis, X-ray diffraction and solid state
NMR spectroscopy. Its structure was determined from X-ray powder as well as single
crystal data. The structure of Mu-2 [Ga32P32O120(OH)16F8(C9H20N2H)4(C9H20N2H2)2·12H2O,
Mr= 6687.0, cubic, space group I23 (no. 197), a= 16.3782(2) Å, V = 4393.38(1) Å3, Z = 1,
RF= 7.7% Rwp= 10.7%] consists of a cubic arrangement of double-four-ring units (D4R)
hosting F− anions which are interconnected to form a three dimensional but interrupted
framework. This arrangement generates a three-dimensional pore system of
eight-membered ring channels. Besides the D4R units, two other types of cages are present
in the structure occluding the protonated amine and a (OH)8-(H2O)6-cluster respectively.
C© 2000 Kluwer Academic Publishers

1. Introduction
In the eighties a new generation of molecular sieves,
AlPO4− n, based on an aluminophosphate framework
were developed [1]. This initial discovery was followed
by a number of reports describing partial isomorphous
substitutions of aluminum and/or phosphorus by an-
other element such as Si [2], Sn [3], or Me (Me=Mg,
Mn, Fe, Co and Zn) [4]. These results proved that
new open framework compositions of oxides outside
of the known aluminosilicate and silicate zeolites were
possible. Since 1985, a large number of gallophos-
phates with a microporous framework obtained by
hydrothermal synthesis were reported in the litera-
ture [5–7]. Recently, cobalt-gallophosphates and metal-
gallophosphates (metal=Zn, Mn, Co) possessing new
microporous framework topologies were obtained by
Chippindaleet al. [8] and Buet al. [9] from quasi non
aqueous mixtures. The use of the fluoride method also
led to the discovery of a large number of new porous
gallophosphates. These materials include for instance
the large pore gallophosphate cloverite whose struc-
ture displays a three-dimensional 20-membered-ring

channel system [10], the LTA-type GaPO4 [11] and
several gallophosphates named ULM-n [12]. In addi-
tion to its mineralizing role the fluoride ion can play
a structuring role stabilizing the double-four-ring units
(D4R) of a structure. This type of secondary building
units had already been observed for the gallophosphate
Mu-1 [13], which contains isolated D4R units, the fluo-
rogallophosphate Mu-3 [14] whose structure consists of
chains of D4Rs and more recently with the gallophos-
phates Mu-5 [15] and ULM-18 [16]. The structures of
the latter two materials can be described as layers of
D4R units. However, in Mu-5, the layers are connected
to each other via a gallium-organic complex leading to
a three-dimensional inorganic framework. Moreover,
F−trapped into D4R of units had previously been ob-
served for the gallophosphate ULM-5 [17], but in this
case F− is also a component of the framework by bridg-
ing gallium atoms.

Here we report the full characterization of a new
fluorogallophosphate named Mu-2, which was ob-
tained in an aqueous fluoride-containing medium in the
presence of 4-amino-2,2,6,6-tetramethylpiperidine as
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organic template. Details of the synthesis of Mu-2 and
a brief description of the material was published else-
where [18].

2. Experimental section
2.1. General characterization of Mu-2
Microprobe analysis (CASTAING-type (CAMEBAX)
electron microscope) was performed on large crystals
to determine the gallium, phosphorus and fluoride con-
tents of gallophosphate Mu-2.

The analysis of C and N was determined by coulo-
metric and catharometric determinations respectively,
after calcination of the samples.

The TG and DSC curves were recorded under air on a
Setaram TG/DSC111 thermoanalyser from ambient to
700◦C at a heating rate of 5◦C min−1. Variable temper-
ature X-ray diffraction (STOE STADI-P diffractome-
ter equipped with a Huber 631 photographic chamber,
Cu Kα radiation) was performed under air from 32◦C
to 752◦C in steps of 45◦C (time per step= 180 min).

The size and morphology of the crystals were ana-
lyzed by scanning electron microscopy using a Philips
XL 30 microscope.

The amount of organic species was confirmed by
quantitative 1H liquid nmr spectroscopy. For that,
a known amount of the as-synthesized gallophos-
phate (ca. 20 mg) was dissolved into 1 cm3 of a
6 M HCl solution. Thereafter, 400 mg of a 0.6wt%
tetramethylammonium-chloride/D2O solution were
added as an internal standard to the dissolved material.
After centrifugation,≈0.5 cm3 of the liquid was trans-
ferred with an equivalent volume of pure D2O in a clas-
sical glass tube for the NMR analysis. The spectra were
recorded on a Bruker AC spectrometer. The record-
ing conditions were: frequency= 250.13 MHz; recy-
cle time= 8 s; pulse width= 2 µs; pulse angle= 30◦.
The water signal was suppressed with the presaturation
technique.

The gallophosphate Mu-2 was characterized by solid
state NMR spectroscopy. The13C CP MAS NMR spec-
trum and the19F,31P,71Ga NMR spectra were recorded
on a Bruker MSL 300 and a Bruker DSX 400 spectrom-
eter respectively. The recording conditions of the CP
MAS and MAS spectra are given in Table I.

2.2. Crystal structure determination
For the structure determination several crystals which
optically appeared to be single crystals were checked

TABLE I Recording conditions of the MAS and CP-MAS NMR
spectra

19F 13C 71Ga 31P

Chemical shift reference CFCl3 TMS Ga(H2O)3+6 85% H3PO4

Frequency (MHz) 376.5 75.47 112.03 161.98
Pulse width (µs) 2 6.5 0.7 3
Flip angle π/2 π/2 π/12 π/2
Contact time (ms) / 1 / /

Recycle time (s) 6 5 0.3 8
Spinning rate (Hz) 8000 4000 10000 8000
No. scans 16 600 264800 16

for their quality using the Weissenberg method. While
most crystals were unsuitable for single crystal work
because of powder-like diffraction patterns a few crys-
tals showed sharp diffraction spots on the Weissenberg
photographs. The best crystal (ca. 100µm in diameter)
was used to collect 2855 intensities on a four circle Syn-
tex R3 diffractometer in omega/22 scan mode. 1014
unique intensities remained after merging the symmet-
rically related reflections. No absorption correction was
made (µ= 5.22 mm−1). Experimental details are listed
in Table II. The structure was solved by Direct Methods
using the SHELXTL program package [19]. Scattering
factors for neutral atoms were used as implemented in
the program.

Because of difficulties to interpret the structural fea-
tures as obtained by the single crystal analysis, X-ray
powder diffraction was also applied to this material.
As-synthesized Mu-2 crystals were handpicked from
the synthesis product to exclude all impurities. The
crystals were then ground and sealed in a 0.3 mm cap-
illary. X-ray powder data were collected on a STOE
STADI-P powder diffractometer using Cu Kα1 radia-
tion in Debye-Scherrer geometry at room temperature.
For the Rietveld analysis of the powder data the XRS-82
program system [20] was used. The atomic coordinates
of the single crystal structure analysis were taken as a
starting model with atomic scattering factors from the
International Tables [21]. After subtracting the back-
ground, a single peak was selected as standard peak
and a peak profile function was calculated. The en-
tire profile was then analyzed for the dependence of
the peak width and the peak asymmetry on the diffrac-
tion angle. Having done the initial refinements of the
profile parameters (2θ zero correction, cell parameters,
peak asymmetry and peak width) the structural param-
eters were refined. Experimental parameters are given
in Table II.

3. Results and discussion
Mu-2 was never obtained as pure phase but crystal-
lized together with variable ratios of two unidentified
phases which according to XRD analysis and SEM mi-
crographs are probably layered compounds. Since the
crystals of Mu-2 are relatively large, it was possible to
eliminate most of the non-desired phases by a repeated
ultrasonication and decantation process.

3.1. Crystal morphology and
chemical composition

The SEM micrographs reported in Fig. 1a show cubote-
trahedral crystals of Mu-2 with a size close to 100µm.
Some crystals are characterized by a smooth sur-
face, whereas others display a rough surface indicat-
ing that these “crystals” in fact consist of aggregates
of very small crystallites (Fig. 1b). According to the
microprobe analysis and the thermal analysis, the as-
synthesized samples of Mu-2 have the following com-
position

(wt%) : Ga : 32.9; P : 13.6; F : 1.73; R : 14.4; H2O : 5.5
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TABLE I I Experimental and crystallographic parameters for the structure analysis of Mu-2

Rietveld refinement Single crystal analysis

Diffractometer STOE STADI-P Syntex R3
Wavelength (̊A) 1.5406 0.71073
22 range of data collection (◦) 7.0–97.0 5.0–60.0
Step size (◦22) 0.02 —
No. steps 3790 —
No. contributing reflections 404 820 (|F|> 2σ |F|)
No. geometric restraints 32 —
No. structural parameters 40 91
No. profile parameters 2 —
FWHM at 23.0◦22 (◦22) 0.108 —
RF 0.077 0.114
Rwp 0.107 —
Rexp 0.113 —
Program for structure solution — SHELX-86
Refinement program XRS-82 SHELXTL
a (Å) 16.3782(2) 16.377(2)
Unit cell volume (Å3) 4393.38(1) 4392(1)
Space group I23
Unit cell content Ga32P32O120(OH)16F8(C9H20N2H)4(C9H20N2H2)2·12H2O
ρ (g/cm3) (calculated) 2.543

(a)

(b)

Figure 1 Scanning electron micrographs of the gallophosphate Mu-2
showing the cubotetrahedral crystals (a), and a detail of the rough surface
of some crystals (b).

or
(molar): 34.4 Ga, 32 P, 6.6 F, 6.7 R, 22.3 H2O

(for comparison normated to 32 P)

The amount of organic species was confirmed by C
and N analysis and by quantitative1H liquid NMR

spectroscopy. Based on all analyses including density
measurement (dexp= 2.48(5) gcm−3) and the results of
the structure determination, the unit cell formula of
Mu-2 is:

Ga32P32O120(OH)16F8(C9H20N2H)4(C9H20N2H2)2

·12H2O.

Because the amine has to balance the negative charge
of the flourine anions, a part of the occluded amine is
assumed to be monoprotonated whereas the other part
should be diprotonated.

3.2. Crystal structure determination
Optical microscopy showed that all Mu-2 crystals are
optically isotropic between crossed nicols proving that
Mu-2 has a cubic symmetry. In agreement, the X-ray
powder diagram of as-synthesized Mu-2 can unambigu-
ously be indexed with a cubic unit cell. The refinement
of the cell parameter led toa0= 16.3782(2) Å, and
V = 4393.38(1) Å3. The analysis of the powder pat-
tern as well as the single crystal data revealed system-
atic extinctions for a body centered cell. No additional
extinctions being observed, this led to six possible cu-
bic space groups: I23, I213, Im-3, I432, I-43m, Im-3m.
Taking into account the morphology of the crystals, all
space groups except I23, I213 and I-43m can be ruled
out since the observed cubotetrahedron (Fig. 1a) is only
allowed for crystals having the point group symmetries
23 or−43m.

3.2.1. Single crystal structure analysis
When analyzing the observed diffraction intensities,
high or very high internalR values (Rint) resulted
for the remaining three possible space groups: I23:
Rint= 0.092, I213: Rint= 0.092, I-43m: Rint= 0.236.
Nevertheless, space group I23 was regarded to be the
most probable one of this material. The structure could
in fact be solved in this space group by direct methods
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as implemented in the SHELXTL system. The calcula-
tion of the electron density map revealed all Ga and P
positions in the asymmetric unit and most of the oxygen
positions. These informations clearly showed the gen-
eral topology of a new microporous GaPO4 framework.
The calculation of difference electron density maps re-
vealed the approximate positions of a fluorine atom,
a water molecule and electron density maxima in the
pore volumes of the structure. Surprisingly, the refine-
ment of the structure model gave a split position for
the gallium atom Ga(2). Moreover, the oxygen atom of
the hydroxyl group (OH(1)) bonded to Ga(2) remained
hidden throughout the refinement. Attempts to refine
the structure in space groups I213 and I-43m gave even
less meaningful solutions. Since non-cubic symmetries
could be ruled out it was concluded that the single crys-
tal used for the structure determination is twinned with
the diffraction spots of the different twin individuals
coinciding exactly. The twin law has, so far, not been
established. In order to avoid the problems related to the
twinning, the structure was finally refined from X-ray
powder data.

3.2.2. Rietveld refinement of
the powder data

The structure model of Mu-2, as observed by the sin-
gle crystal analysis, was used as the starting model,
however with the assumption that the Ga(2) position
is not split and by adding an oxygen at the OH(1) po-
sition which was calculated based on a typical Ga-O
bond length. The refinement converged toRF= 0.077
and RWP= 0.107 with Rexp= 0.113) confirming the
structure model of Mu-2 as deduced from the single
crystal structure analysis. More details of the struc-
ture analysis are summarized in Table II. The observed,
calculated and difference profiles for the Rietveld re-
finement are given in Fig. 2. Atomic coordinates, dis-

TABLE I I I Atomic coordinates, displacement parameters (Uiso) and site occupancy factors (s.o.f.) for Mu-2

Atom X Y Z s.o.f. Uiso (Å2)

Ga(1) 0.1132(3) 0.2643(4) 0.7177(3) 1 0.0253(7)a

Ga(2) 0.6526(3) 0.6526(3) 0.6526(3) 1 0.0253(7)a

P(1) 0.2247(8) 0.2094(7) 0.5827(5) 1 0.0253(7)a

P(2) 0.8577(5) 0.8577(5) 0.8577(5) 1 0.0253(7)a

F(1) 0.758(1) 0.758(1) 0.758(1) 1.00(2) 0.01(1)
O(1) 0.3122(15) 0.7052(13) 0.5869(6) 1 0.056(2)b

O(2) 0.1393(11) 0.2324(17) 0.6141(7) 1 0.056(2)b

O(3) 0.0070(4) 0.2812(12) 0.6836(9) 1 0.056(2)b

O(4) 0.1335(13) 0.3694(8) 0.7471(19) 1 0.056(2)b

O(5) 0.2847(18) 0.2812(17) 0.5893(7) 1 0.056(2)b

OH(1) 0.5870(4) 0.5870(4) 0.5870(4) 1 0.056(2)b

OH(2) 0.9128(6) 0.9128(6) 0.9128(6) 1 0.056(2)b

H2O 0.00000 0.00000 0.900(1) 0.98(2) 0.066(9)c

X(1) 0.00000 0.00000 0.312(2) 1.24d 0.066(9)c

X(2) 0.398(2) 0.056(2) 0.075(2) 1.24d 0.066(9)c

X(3) 0.00000 0.552(2) 0.00000 1.24d 0.066(9)c

X(4) 0.00000 0.895(3) 0.50000 1.24d 0.066(9)c

X(5) 0.223(3) 0.50000 0.00000 1.24d 0.066(9)c

a−c parameters with the same superscript were constrained to be equal.
d X(1), X(2), X(3), X(4) andX(5) are the five highest peaks in the difference Fourier map. For these positions, the scattering factor of the carbon was
used in the refinement. The site occupancy factors of these atoms were fixed at 1.24 to account for the scattering power of the hydrogen atoms of the
guest molecule.

Figure 2 Observed (upper), calculated (middle) and difference (bottom)
profiles for the Rietveld refinement of the as-synthesized gallophosphate
Mu-2.

placement parameters and occupation factors are listed
in Table III. Selected bond lengths and angles are re-
ported in Table IV.

3.2.3. Description of the structure
The gallophosphate framework of Mu-2 can completely
be built from double-four-ring units (D4R) which are
the fundamental building blocks of the structure. Based
on the structure refinement all eight D4R’s of the unit
cell are occupied by a fluoride ion. Each of these
[Ga4P4O15(OH)2F] building blocks (Fig. 3) is inter-
connected with six other building blocks via common
oxygen atoms. The remaining two corners of the D4R
are T-OH groups (one P-OH and one Ga-OH). The
fluorine is off center within the D4R cubes and prefer-
entially linked to three gallium atoms at Ga(1) (Ga(1)-
F= 2.24(2)Å). Such a bond length gives rise to a five-
fold coordination for this gallium atom with a distorded
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Figure 3 The [Ga4P4O15(OH)2F]− unit of the Mu-2 structure.

trigonal bipyramidal geometry (see the F-Ga-O angles
values (Table IV)). In contrast, the Ga(2) atom which
is bonded to the OH(1) group has no additional inter-
action to the fluorine ion (Ga(2)-F= 3.00(1) Å) and
therefore is tetracoordinated to oxygen atoms. Simi-
lar to other gallophosphates which contain fluorine in
D4R units e.g., GaPO4-LTA [22], the F-P distances are
in the range of 2.82(1) to 2.94(2)̊A leading to phos-
phorus atoms with the usual tetrahedral coordination
sphere.

The interconnection of the D4R’s forms a 3-dime-
nsional but interrupted framework which has a 3-dime-
nsional pore system of 8-MR pore openings (Fig. 4).

Figure 4 Framework structure of the gallophosphate Mu-2 showing the
three types of cages. P and Ga atoms occupy vertices of the network, oxy-
gen atoms, organic species and water molecules are omitted for clarity
(large and small spheres represent F− and OH groups respectively).

TABLE IV Selected bond lengths and angles of the structure of Mu-2.
Mean values are given in sharp brackets

a) Gallophosphate framework:

Distances (̊A) Angles (◦)

Ga(1)–O(1) 1.83(2) O(1)–Ga(1)–O(2) 120(1)
Ga(1)–O(2) 1.83(2) O(1)–Ga(1)–O(3) 95.1(6)
Ga(1)–O(3) 1.849(9) O(1)–Ga(1)–O(4) 120(1)
Ga(1)–O(4) 1.82(2) O(2)–Ga(1)–O(3) 89.0(9)
〈Ga(1)–O〉 1.83(1) O(2)–Ga(1)–O(4) 118(1)

O(3)–Ga(1)–O(4) 96.3(9)
Ga(2)–O(5) 1.82(2) 3x O(5)–Ga(2)–O(5’) 109(1) 3x
Ga(2)–OH(1) 1.861(5) O(5)–Ga(2)–OH(1) 110.0(6) 3x
〈Ga(2)–O〉 1.83 (2)
P(1)–O(2) 1.54(2) O(2)–P(1)–O(3) 109(1)
P(1)–O(3) 1.53(1) O(2)–P(1)–O(4) 107(1)
P(1)–O(4) 1.54(2) O(2)–P(1)–O(5) 112(2)
P(1)–O(5) 1.54(3) O(3)–P(1)–O(4) 107(1)
〈P(1)–O〉 1.538(5) O(3)–P(1)–O(5) 109(1)

O(4)-P(1)–O(5) 113(2)
P(2)–O(1) 1.56(2) 3x O(1)–P(2)–O(1’) 110(1) 3x
P(2)–OH(2) 1.565(8) O(1)–P(2)–OH(2) 108.6(6) 3x
〈P(2)–O〉 1.561(3)

P(2)–O(1)–Ga(1) 130(2)
P(1)–O(2)–Ga(1) 126(3)
P(1)–O(3)–Ga(1) 144(3)
P(1)–O(4)–Ga(1) 135(4)
P(1)–O(5)–Ga(2) 145(3)
P–O–Ga 137(9)

b) Fluorine in the D4R:

Distances
Atoms (Å) Atoms Angles (◦)

F–Ga(1) 2.24(2) 3x F–Ga(1)–O(1) 84.6(4)
F–Ga(2) 3.00(1) F–Ga(1)–O(2) 90.5(6)
F–P(1) 2.94(2) 3x F–Ga(1)–O(4) 84.6(7)
F–P(2) 2.82(1) F–Ga(1)–O(3) 178.9(7)
F–O(1) 2.75(1) 3x
F–O(2) 2.90(1) 3x
F–O(4) 2.75(2) 3x
F–O(5) 2.92(2) 3x

c) The water cluster:

Distances
Atoms (Å)

OH(1)–OH(2) 2.85(1) 3x
OH(1)–H2O 2.026(5) 3x
OH(2)–OH(1) 2.85(1) 3x
OH(2)–H2O 2.031(7) 3x
H2O–OH(1) 2.026(5) 2x
H2O–OH(2) 2.031(7) 2x
H2O–H2O 2.33(2) 2x
H2O–H2O 2.29(3) 2x

As expected for a gallophosphate framework there is a
strict alternation of the phosphorus and gallium atoms at
T-sites of the structure. The geometrical analysis of the
GaPO4 framework of Mu-2 (Table IV) gave averaged
distances of Ga-O= 1.83(1)Å and P-O= 1.54(1)Å,
and a mean P-O-Ga angle of 137(9)◦. These values are
similar to those observed for others porous gallophos-
phates [10, 17, 22].

The framework of the gallophosphate Mu-2 displays
three types of cage-like pores (see Fig. 4):

(i) The first one is the very small D4R unit containing
the fluoride anion as described above.
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Figure 5 The (OH)8-(H2O)6-cluster surrounded by eight D4R’s which
contain F− anions.©=OH, H2O;©=F.

(ii) The second cage, noted [46546682], has a free vol-
ume of approx. 500̊A3 and is occupied by the 4-amino-
2,2,6,6-tetramethylpiperidinium cation (the cation is
not shown in Fig. 4). In fact the refined positions of
the five highest peaks found in the Fourier map (X(1)
to X(5)) do not represent the correct geometry of the
occluded template; this is due to positional disorder.
The observation that the 4-amino-2,2,6,6-tetramethyl-
piperidinium guest ion is positionally disordered is in
agreement with the fact that the symmetry of the guest
(point group symmetrym) is incompatible with the
symmetry of the [46546682]-cage (point group symme-
try 222).
(iii) The most interesting feature of this structure type
is the (OH)8-(H2O)6-cluster (Fig. 5) which is located in
the third type of “cage” (in Fig. 4 the water molecules
are omitted). The T-OH groups of eight D4R’s are ar-
ranged such that they point to a common center. The
OH groups interact with each other by hydrogen bridges
with a O-O distance of 2.85(1)̊A forming a cube of hy-
droxyl groups (Fig. 5). This cluster is completed by six
water molecules which are located close to the center
of the faces of the (OH)8 cube. However the distances
for OH-H2O (O-O= 2.03 Å) and H2O-H2O (O-O=
2.30 Å) are abnormally short for hydrogen bonds.
Seemingly, it was not possible to determine the exact
position of the water molecule from the powder data set
which is of somewhat limited quality as indicated by the
expectedR-valueRexp= 0.113 (see also Table II). The
center of the (OH)8-(H2O)6-cluster, however, is vacant
although the void has a free diameter ofca. 3 Å which
would be large enough to house an additional water
molecule for example. Because of the body centered
structure of Mu-2 there are two (OH)8-(H2O)6-cluster
per unit cell, one around the origin and one around the
center of the unit cell (12 , 1

2 ,
1
2).

3.3. Thermal analysis
The thermal stability of Mu-2 was investigated using
high-temperature XRD analysis and TG/DSC analyses.

Figure 6 Thermal analysis of Mu-2, (a) TG under air, (b) DSC under
air.

A complete amorphization of the structure is observed
after heating the as-synthesized sample at 300◦C, a
cristobalite-type gallophosphate crystallizing at about
600◦C. The TG and DSC curves of as-synthesized Mu-2
recorded under air are reported in Fig. 6. Two broad
endothermic signals at∼200 and 300◦C are observed.
They correspond to the elimination of water molecules
of the (OH)8-(H2O)6-cluster, the dehydroxylation of the
T-OH groups (T=Ga, P) and the removal of HF (mass
loss: 7.2%). The elimination of these species gives rise
to the collapse of the structure. The second loss of 7.9%
observed between 340 and 700◦C corresponds to a par-
tial removal of the organic species and is characterized
by several exothermic peaks on the DSC curve. The
sample is black at 700◦C indicating that a considerable
part of the organic material is still present. A complete
expulsion of the organic species was only observed af-
ter heating a Mu-2 sample in a different experiment up
to 1000◦C. In that case the total weight loss was 21.6%
(7.2% corresponding to H2O and HF, 14.4% resulting
from the organic species).

3.4. Solid state NMR spectroscopy
3.4.1. 13C CPMAS NMR spectroscopy
The13C CPMAS NMR spectrum of the as-synthesized
Mu-2 is reported in Fig. 7a. It closely resembles
the spectrum of the pure 4-amino-2,2,6,6-tetramethyl-
piperidineamine molecule used as the template in the
reaction mixture. The three peaks located at 59.2, 45.2
and 40.7 are assigned to the C(2), C(4) and C(3) atoms
of the ring, respectively. The other peaks correspond
to the carbon atoms of the four methyl groups. The
presence of at least three signals indicate that the four
methyl groups of the occluded amine are all symmet-
rically inequivalent in the crystals structure of MU-2.
The organic species in the gallophosphate Mu-2 is as-
sumed to be protonated since the spectrum of MU-2 fits
better with the spectrum of the protonated form of the
amine (Fig. 7b) than with the one of the non protonated
form (Fig. 7c) and because the amine has to balance the
charge of the fluorine ions (see chemical composition).

3.4.2. 19F MAS NMR spectroscopy
The19F MAS NMR spectrum of Mu-2 displays a sin-
gle line at-72 ppm (Fig. 8). Such a chemical shift was

2970



Figure 7 13C CPMAS NMR spectrum of the gallophosphate Mu-2 (a)
and13C liquid NMR spectra of 4-amino-2,2,6,6-tetramethylpiperidine
in neutral (pH∼7), (b) and basic (pH∼12), (c) aqueous solution.

Figure 8 19F MAS NMR spectrum of the gallophosphate Mu-2
(* = spinning side bands).

Figure 9 31P MAS NMR spectra of two different samples of the gal-
lophosphate Mu-2.

previously found for the LTA- and CLO-type gallophos-
phates and is unambiguously assigned to the fluoride
anions trapped in the D4R units of the structure.

3.4.3. 31P MAS NMR spectroscopy
The spectra of two as-synthesized samples of Mu-2 are
reported in Fig. 9a and b. These spectra are character-
ized by the presence of three main components located
at−1.1,−3.4 and−15.5 ppm. The signal at−1.1 ppm
can be assigned to the presence of an impurity, since
the relative intensity of this signal changes from one
sample to the other (compare Fig. 9a and b). The in-
tensity ratio of the two other signals (d=−15.5 and
d=−3.4 ppm) is close to 3 and fits well to the expected
ratio for the two types of phosphorus sites as obtained
by the structure analysis. Therefore, the signal at−3.4
ppm is assigned to phosphorus P(2) (P-OH groups) and
the signal at−15.5 ppm to phosphorus P(1) (P(-OGa)4
groups). This was done despite the fact that no signifi-
cant differences were observed between several1H-31P
CPMAS spectra recorded with different contact times
(not reported).

3.4.4. 71Ga MAS NMR spectroscopy
Because of the quadrupolar effect, the71Ga MAS NMR
spectrum of Mu-2 is poorly resolved (Fig. 10). Never-
theless, two types of crystal chemical environments can
be distinguished since two main signals are observed
at 44 and−74 ppm. According to the chemical shift
values and the intensities of these two components, the
line at 44 ppm is assigned to the gallium in four-fold
coordination (Ga(2)) and the one at−74 ppm to the
gallium in five-fold coordination (Ga(1)). Moreover,
the baseline shows a broad bump which might be due,
as suspected by31P NMR spectroscopy, to the presence
of impurities.

2971



Figure 10 71Ga NMR spectrum of the gallophosphate Mu-2 (* indicates
spinning side bands).

4. Conclusion
The novel hydrated gallophosphate Mu-2 is chemi-
cally closely related to Cloverite. Both materials are
gallophosphates which have an interrupted framework
structure, contain protonated amines as guest ions, wa-
ter molecules and [Ga4P4O15(OH)2F]− units. How-
ever, the structures of the materials differ considerably.
While Cloverite has very large pores, Mu-2 possesses
two types of medium size cages with 8-membered-ring
openings. The first type of cage (six per unit cell) con-
tains the organic template molecule, whereas the second
one (two per unit cell) displays 8 T-OH groups. These
OH groups together with six water molecules form
a unique OH8-(H2O)6-cluster among the gallophos-
phates.
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FÉ R E Y, Phys. Chemistry, accepted.
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