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CHEMISTRY

The title compound (Mu-15) is a new three-dimensional fluorinated gallophosphate synthesized from an
aqueous fluoride-containing medium, using N,N,N',N'-tetramethyl-1,3-propanediamine (TMP) as organic
template. This material was characterized by XRD, SEM, thermal analysis and solid-state NMR spectroscopy
(*c, °F, *'P, "'Ga). The structure of Mu-15 ([Ga;4P16060(OH),FsO4[H,TMP],) was determined from XRD
powder data. It crystallizes in the space group Pna2; [a=16.5779(2), b=9.8223(1), c=13.8562(2) A,
V'=2256.25(6) A%] and consists of an arrangement of double-four-ring units (D4R) hosting F~ anions. The
connection of these units leads to a three-dimensional but interrupted framework, with two types of channels.
The first, parallel to the [100] direction, is delimited by 10-ring apertures, whereas the second channel system,
parallel to the [010] direction, is characterized by 8-ring openings. This fluorogallophosphate is another example
showing the structure-directing role of F~ towards the D4R units.

1 Introduction

Zeolites (i.e. aluminosilicate molecular sieves) have been
known for a long time.! In the eighties, a second family of
microporous materials, the metallophosphates, was discovered
with the synthesis of the first aluminophosphates.? In 1985, the
substitution of Al by Ga allowed Parise to prepare several
microporous gallophosphates.® Since then, a large number of
other gallophosphates have been synthesized, particularly by
using the fluoride route.*™® In this case, fluorine is often present
in the material obtained, and generally displays 3 different
types of environment. It can be incorporated into the
gallophosphate framework bridging two gallium atoms.”” It
can also be found as a terminal Ga—F group.'® Finally, fluoride
anions can play a structure-directing role, stabilizing small
structural units; the so-called double 4-ring (D4R) units.*>!1-14
Table 1 gives a summary of the different gallophosphates
presenting such a fluoride environment.

In addition to the fluoride ions, the reaction mixtures involve
the presence of an organic template. In particular, the family of
diaminoalkanes displays a strong templating role in this system
and was extensively used to prepare new gallophosphates.®'>16
Thus, ULM-18° and Mu-8'® were synthesized in the presence
of N,N,N',N'-tetramethylethylenediamine, whereas, by chan-
ging the length of the carbon chain, Weigel and co-workers
obtained the gallophosphate TMP-GaPO (TMP=N,N,N',N'-
tetramethyl-1,3-propanediamine).'”

In the present work, we report the synthesis of a new

Table 1 Gallophosphates showing F~ anions occluded in the D4R units

gallophosphate, prepared in a fluoride-containing medium in
the presence of the same organic template (TMP). This
material, named Mu-15, was characterized by several techni-
ques such as XRD, chemical analysis, SEM, TG/DTA and
multi-nuclear solid-state NMR spectroscopy. Its structure
determined from XRD powder data is also reported.

2 Experimental
2.1 Reactants

The reactants were N,N,N',N'-tetramethyl-1,3-propanediamine
(TMP, Aldrich, purum >98%), 85% aqueous phosphoric acid
(H3PO,, Prolabo, Normapur) and 40% aqueous hydrofluoric
acid (HF, Prolabo, Normapur). The gallium source was an
amorphous gallium oxide hydroxide that was prepared by
heating a gallium nitrate solution (Rhone-Poulenc) at 250 °C
for 24 h.

2.2 Synthesis procedure

A pure Mu-15 phase was obtained by hydrothermal synthesis
at 130 °C. Typically, the molar composition of the starting gel
was: 1 Ga,O5:1 P,Os:1.5 HF:1 TMP: 80 H,O.

As an example, for sample A (Table 2), the gel was prepared
by adding, under stirring, the gallium source (0.28 g) to H3POy,
(0.29 g) and water (1.7 g). After homogenization, HF (0.09 g)
and TMP (0.17 g) were successively introduced. The pH value

Material or structure type (dimensionality) Largest ring (no. T atoms) Reference
LTA (3D) 8 5
-CLO (3D) 20 4
Mu-1 (molecular anion) — 11
Mu-2 (3D) 8 12
Mu-3“ (1D) — 13
Mu-5¢ (3D) 14
ULM-5“ 3D) 7
ULM-18 (2D) 6

“In these fluorogallophosphates, terminal Ga-F groups or Ga-F-Ga bridges are also present.
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Table 2 Syntheses performed in the system Ga,0s;-P,Os—HF-TMP-H,0 (TMP=N,N,N',N'-tetramethyl-1,3-propanediamine). Starting molar

composition: 1 Ga,03:1 P,Os:x HF:1 TMP:80 H,O

Sample HF (x) Heating temperature/°C Crystallization time/days XRD results

A 1.5 130 6 Mu-15

B 1.5 170 3 Mu-15+TMP-GaPO
C 3 170 3 TMP-GaPO

D 1 170 3 GaPO,-C4*

E 1 130 6 amorphous+ Mu-15

“The underlined phase corresponds to the major phase.

was close to 4. The resulting gel was mixed at room
temperature for one hour and transferred into a 20 ml
PTFE-lined stainless steel autoclave. The crystallization was
carried out at 130 °C under static conditions. After six days of
heating, the product was recovered, washed with distilled water
and dried at 60 °C overnight.

2.3 Thermal analysis

Prior to analysis, the solids were kept in a wet atmosphere over
a saturated aqueous solution of NH4Cl (P/Py=0.85) for 24 h to
set the hydration state. Thermogravimetric (TGA) and
differential thermal (DTA) analyses were performed under
air on a Setaram Labsys thermoanalyser with a heating rate of
2°Cmin~ .

2.4 Chemical analysis

Ga and P analysis was performed by inductively coupled
plasma emission spectroscopy. F~ content was determined
using a fluoride ion-selective electrode after mineralization, and
C and N analyses by coulometric and catharometric determi-
nations, respectively, after calcination of the samples.

2.5 3¢, °F, *'P and "'Ga solid-state NMR spectroscopy

The 3C CP MAS NMR spectrum was recorded on a Bruker
MSL 300, and the '°F, *'P and "'Ga NMR spectra on a Bruker
DSX 400 spectrometer. The recording conditions of the CP
MAS and MAS spectra are given in Table 3.

2.6 Powder X-ray diffraction

For the structure determination the XRD powder data were
recorded, in Debye—Scherrer geometry, on a STOE STADI-P
diffractometer, equipped with a curved germanium(111)
primary monochromator and a linear position-sensitive
detector (6° 20) using Cu-Koy radiation (=1.5406 A). The
unit cell parameters were determined applying Werner’s trial
and error indexing program.'® The structure analysis was
performed using the program package EXPO,'”° which
integrates EXTRA,'” a program that extracts structure
factor amplitudes by the Le Bail method,? and
SIRPOW.92,%? a direct method package especially designed
for powder data. The GSAS?® program was chosen for the
Rietveld refinement. For the structure determination the
extracted intensities of the reflections up to 60° 20
(d=1.541 A) were taken, while the complete pattern (9-90°)

was used for the Rietveld refinement. A summary of the
experimental data is given in Table 4.

3 Results and discussion

3.1 Synthesis and crystal morphology

As can be seen clearly from Table 2, Mu-15 crystallizes in a
very narrow range of synthesis conditions (i.e. 1.5 HF, 130°C,
sample A). When the heating temperature is too high (170 °C,
sample B), TMP-GaPO co-crystallizes as an impurity. In the
same way, an increase in the initial amount of fluoride (3HF,
sample C), leads to the crystallization of TMP-GaPO as a
single phase, which is known to have a high fluoride content.'”
Finally, for a low initial amount of fluoride (1 HF), the
crystallization of Mu-15 is also hampered and the product
obtained at high temperature (170 °C) corresponds to GaPO4—
C4** (sample D), whereas at a lower temperature (130 °C) the
recovered product is still mainly amorphous (sample E).

The SEM micrograph of the pure Mu-15 material (sample A)
is shown in Fig. 1. The crystals display a needle-like
morphology, with sizes ranging from 10-20 pm x 1-2 pm.
Several experiments were performed in order to increase the
crystal size (by increasing the water content or the viscosity of
the starting mixture), but all these attempts were unsuccessful.

3.2 Chemical and thermal analyses

According to the elemental and thermal analyses, the as-
synthesized Mu-15 sample (sample A) has the following
composition (wt%): Ga, 32.8:P, 14.2:F, 3.2-3.4:N, 3.4:C,
10.1:H,0, 3.2 (resulting from adsorbed water and dehydrox-
ylation reactions). The C/N molar ratio, close to 3.5, as in the
pure TMP molecule, shows that the template is occluded intact
in the structure. The Ga/P molar ratio is close to 1 and
corresponds to the value usually obtained for this type of
material.

The results of these analyses are in good agreement with the
unit cell formula found by the structure analysis:
[Ga16P16060(OH)2F604][H2TMP]4. In this formula, the
amine is supposed to be doubly protonated (see section 3.3).

The thermal stability under air of Mu-15 was investigated
using high-temperature XRD analysis and TG/DTA thermal
analysis. The TG and DTA curves of the as-synthesized Mu-15
sample are given in Fig. 2. The total weight loss, close to 22%,
occurs mainly in two steps. The first (3.2 wt%), before 300 °C,
corresponds to the removal of the adsorbed water combined

Table 3 Recording conditions of the MAS and CP MAS NMR spectra for Mu-15

g 3¢ Ga "H-decoupled *'P MAS
Chemical shift standard CFCl; T™MS Ga(H,0)¢> " 85% H3PO,4
Frequency/MHz 376.5 75.47 112.03 161.98
Pulse width/ps 3 6.5 0.7 3
Flip angle /2 /2 /12 /2
Contact time/ms 2 — —
Recycle time/s 20 4 0.5 8
Spinning rate/Hz 10000 5000 10000 8000
Number of scans 24 1450 106 800 56
1346 J. Mater. Chem., 2000, 10, 1345-1351



Table 4 Crystallographic parameters for the structure analysis of the
fluorogallophospahte Mu-15

Data collection

STOE STADI-P, Debye—Scherrer
mode, with PSD

0.3 mm glass capillary

Diffractometer
Sample holder

Wavelength Cu-Ko,
20 range/® 9.0-90.0
Step size (20)/° 0.02
Time per step/s 3200
Refinement

Unit cell formula [Gal6P160(,0(OH)2F604][H2TMP]4

Space group Pna2,

alA 16.5779(2)
bIA 9.8223(1)
cA 13.8562(2)
VIA3 2256.25(6)
Z 1

No. of observations 4125

No. of contributing reflections 960

No. of structural parameters 73

No. of profile parameters 9

“Rexp 0.020
“WRy 0.033

“Rp 0.026

“RE 0.040
R’ 0.063

HXZ 2.70

“The definition of these parameters is given in ref. 23.

with the dehydroxylation of the Ga—OH groups or the removal
of HF. It leads to a very broad endothermic peak on the DTA
curve. The second (18.8 wt%), which corresponds to a series of
exothermic peaks, ranging from 350 to 600 °C, is due to the
decomposition of the organic species occluded in the structure
(15.7 wt% according to the chemical analysis) and the removal
of HF and/or the dehydroxylation of the Ga—OH groups.
According to the high-temperature XRD results, this decom-
position leads to an amorphisation of the structure. A
cristobalite-type gallophosphate material crystallizes after
heating above 600 °C.

3.3 13C NMR spectroscopy

The '*C CP MAS NMR spectrum of the pure as-prepared Mu-
15 sample displays 3 main groups of resonances (Fig. 3a),
showing that the TMP molecule is intact. The first group
consists of two peaks located at 54.8 and 52.6 ppm. They
correspond to the two —CH,—N groups of the TMP molecule
[C(1) and C(3) atoms]. The four signals at 48.2, 46.1, 44.2 and
43.3 ppm can be assigned to the carbon atoms of the methyl
groups, which are crystallographically inequivalent. Finally,

Fig. 1 Scanning electron micrograph of the gallophosphate Mu-15
showing the needle-like morphology of the crystals.

- 11

TG wt loss (%)

T 22

1 1 1
T T 1

300 600 900 1200
T°C

Fig. 2 Thermal analysis of the gallophosphate Mu-15, (a) TG under
air, (b) DTA under air.

the last peak observed at 21.7 ppm corresponds to the C(2)
atom of the organic molecule.

These chemical shifts are closer to those observed, by '*C
liquid NMR spectroscopy, for pure TMP in acid medium
[PH~4, o0(CH;)=20.5, 0(CH3)=43.5 and J(CH,-
N)=54.7 ppm; Fig.3b] than in basic medium [pH=~11,
0(CH,)=24.7, O(CH3)=44.5 and o(CH,-N)=57.1 ppm;
Fig. 3c]. As the two amine functions are probably protonated
at acid pH, we can reasonably suppose that the organic
molecule is occluded in the structure of Mu-15 in its protonated
form, thus compensating the negative charge of the fluoride
anions and hydroxyl groups (see chemical composition).

3.4 'F NMR spectroscopy

In the '’F MAS NMR spectrum of Mu-15, the main signals are
observed at —69.0 and —181.8 ppm (Fig. 4). The former, at low
field, is characteristic of F~ anions occluded in D4R

CH;
~-

CHx. €@ CH,
3

CH /N\/\/N\CH
1 €E)

3 3

CH,-N

l b)

i )

55 45 35 25
o/TMS

Fig. 3 (a) '*C CP MAS NMR spectrum of the gallophosphate Mu-15,

(b) "3C liquid NMR spectra of N,N,N’,N'-tetramethyl-1,3-propanedi-
amine in acid (pH~4) and (c) basic (pH~ 11) aqueous solution.

J. Mater. Chem., 2000, 10, 1345-1351 1347



-100 -130 -160 -190 -220
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Fig. 4 ’F MAS NMR spectrum of the gallophosphate Mu-15
(* indicates spinning side bands).

units.*>!213 As previously observed for the gallophosphate
Mu-3,'? the second resonance, at —181.8 ppm, corresponds to
terminal F~ ions. After deconvolution of the spectrum, the
intensity ratio F(D4R)/F(Ga-F) is about 2: 1.

3.5 "'\Ga NMR spectroscopy

As for many other gallophosphates, the "'Ga MAS NMR
spectrum of Mu-15 (Fig. 5) is poorly resolved. This is due to the
strong quadrupolar effect of the gallium. Nevertheless,
observing the spectrum closely, two types of environment for
the Ga atoms can be distinguished, the former at 66 ppm
[reference Ga(H,O)s°>'] and the latter at a higher field
(=54 ppm). According to the structure determination (see
section 3.7), these two signals might correspond to the two
types of gallium atoms in 5-fold coordination: one with four
oxygen and one fluorine atoms, the other with three oxygens
and two fluorines or one fluorine and one hydroxyl group.

3.6 *'P NMR spectroscopy

The *'P MAS and CP MAS NMR spectra of Mu-15 are very
similar. As an example, the 'H-decoupled *'P MAS NMR
spectrum, given in Fig. 6, displays four different signals with
the following chemical shifts: —7.1, —7.9, —12.1 and
—14.7 ppm. The intensity ratio is close to 1:1:1:1. For

T T T T T T T T T T T 0 T T T T T
800 600 400 200 0 -200 -400 -600 -800
8/Ga(H,0)63*

Fig. 5 'Ga MAS NMR spectrum of the gallophosphate Mu-15.
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Fig. 6 'H-decoupled >'P MAS NMR spectrum of the gallophosphate
Mu-15 (* indicates spinning side bands).

microporous gallophosphates, chemical shift values ranging
from —10 to —20 ppm (reference 85% H3;PO,) correspond
generally to Q* groups [P(OGa)y)], whereas values close to
—5 ppm are usually assigned to Q* groups [HO-P(OGa);].
Consequently, the three resonances at —7.9, —12.1 and
—14.7ppm can be attributed to Q* groups. Moreover,
whatever the contact time, no significant differences are
observed between the MAS and CP MAS spectra, which
indicates, in agreement with the structure determination, that
no terminal P-OH groups are present. These four signals
correspond to the four distinct crystallographic phosphorus
sites (see section 3.7).

3.7 Structure determination and refinement

The X-ray powder pattern was first indexed in orthorhombic
symmetry with the following unit cell parameters: a=16.57,
b=13.85, ¢=9.82 A. The analysis of systematically extinct
reflections indicated that a possible space group could be Pnma,
and thus, this centrosymmetric space group was retained at
first. From the whole of the experimental results given above,
the idealized unit cell chemical composition of Mu-15 is
[Ga6P16060(OH),FcO4[H,TMP],. The structure of Mu-15
was solved in a straightforward process by direct methods
(EXPO) applied to the integrated intensities as extracted from
the X-ray powder data (EXTRA). The calculated Fourier map
revealed a large part of the structure, i.e. framework atoms and
the non-connected fluorine atom. In this way, three distinct
crystallographic phosphorus and gallium sites were found, one
at a general position (multiplicity 8) and two at a special

T T T T T 1 f T

BN L N W G i e

4
-

10 20 30 40 50 60 70 80 90
20/°

Fig. 7 Experimental (4) and simulated (solid line) XRD patterns of
the gallophosphate Mu-15. Vertical lines indicate the positions of the
allowed reflections for space group Pra2,. The lowest trace is the
difference plot. The inset presents the high-angle part of the powder
pattern, which has been expanded to show more details.



Table 5 Atomic coordinates, isotropic displacement parameters U; (A?) and site occupancy factors (sof) for Mu-15, standard deviations are given in

parentheses

Atoms X Y V4 U; x 100 sof
Gal 0.2734(6) 0.1054(1) —0.1144(2) 1.78(4)" 1
Ga2 0.1069(2) 0.3229(4) —0.2505(2) 1.78(4)¢ 1
Ga3 —0.1617(2) 0.0569(4) —0.2490(2) 1.78(4)* 1
Ga4d 0.2712(6) 0.1065(1) —0.3933(2) 1.78(4)¢ 1

P1 0.1386(4) 0.0138(6) —0.2519(3) 2.42(3)¢ 1

P2 —0.0847(4) 0.3432(7) —0.2472(4) 2.42(3)¢ 1

P3 0.2224(7) 0.4063(2) —0.4219(3) 2.42(3)¢ 1

P4 0.2150(7) 0.4042(1) —0.0816(2) 2.42(3)¢ 1

0Ol 0.2350(2) 0.2607(5) —0.4567(6) 2.23(7)" 1

02 0.0901(8) 0.1454(4) —0.2405(7) 2.23(7)¢ 1

03 0.0038(1) 0.3895(1) —0.2523(3) 2.23(7)¢ 1

04 0.1529(2) 0.4124(2) —0.3522(2) 2.23(7)¢ 1

05 —0.1280(1) 0.4186(7) —0.1691(2) 2.23(7)¢ 1
06 0.2035(3) 0.4970(2) —0.5076(5) 2.23(7)¢ 1

o7 —0.2289(1) 0.0144(2) —0.1473(5) 2.23(7)¢ 1

08 0.1939(2) —0.0035(2) —0.1649(7) 2.23(7)¢ 1

09 —0.0878(8) 0.1932(6) —0.2249(6) 2.23(7)" 1
010 0.1355(1) 0.3814(2) —0.1314(2) 2.23(7)¢ 1
Ol11 0.1883(2) 0.0200(2) —0.3416(6) 2.23(7)¢ 1
012 0.3730(2) 0.1287(6) —0.3437(6) 2.23(7)¢ 1
013 0.2984(1) 0.4558(2) —0.3725(4) 2.23(7)¢ 1
014 0.2989(2) —0.0170(1) —0.4903(6) 2.23(7)¢ 1
0O15 0.2533(2) 0.2710(7) —0.0572(5) 2.23(7)" 1

F1 0.2480(2) 0.2459(6) —0.2595(8) 2.1(5)° 1
0Ol16 0.0836(8) —0.0999(5) —0.2582(8) 1.81(6) 1
F2? —0.0928(8) —0.0903(4) —0.2329(2) 2.2(7) 1

NI 0.5034(6) 0.7325(5) —0.4245(7) 15.2(5)¢ 1.14¢
N2 0.4773(4) 0.2905(2) —0.6050(8) 15.2(5)¢ 1.14¢
Cl 0.4554(4) 0.6347(5) —0.4821(2) 15.2(5)¢ 1.33¢
C2 0.5024(9) 0.5088(4) —0.5136(3) 15.2(5)¢ 1.33¢
C3 0.4457(6) 0.3964(7) —0.5379(3) 15.2(5)¢ 1.33¢
C4 0.4496(2) 0.8402(3) —0.3798(6) 15.2(5)¢ 1.5¢
(68 0.5727(7) 0.7926(2) —0.4789(2) 15.2(5)¢ 1.5¢
C6 0.5594(5) 0.2375(6) —0.5794(2) 15.2(5)“ 1.5¢
Cc7 0.4182(7) 0.1759(3) —0.6155(1) 15.2(5)¢ 1.5¢

“Parameters with the same superscript were constrained to be equal. °F2 is a mixed F/OH position and was refined using half occupancies of F
and O. “The site occupancy factors were adjusted to reflect the contribution of the H atoms to the scattering.

position (multiplicity 4). Due to the fact that the atomic
position of the N,N,N',N'-tetramethyl-1,3-propanediammo-
nium cation was not revealed by direct methods and that the
solid state '3*C NMR spectrum (Fig. 3) did not show any
presence of a symmetry element, its only place could be at a
general position with a site occupancy factor of 0.5. The
diammonium cation was placed inside the free volume of Mu-
15 using the conformation given by Robertson er al.?® An
energy minimization performed with the Cerius2 software
was used for a better location. For that, the organic species was
defined as a rigid body and the framework atoms fixed. This
system gave the starting model for the Rietveld analysis.
During the Rietveld refinement, restraints on the bond lengths
and angles of the framework atoms were applied and an
adequate set of soft constrains to transform the organic cation
to a pseudo-rigid body was defined. At the end of the
refinement, the reliability factors converged to R,=0.076 and
wR,=0.125. These values are quite high and the structure is
not exactly consistent with the solid state >'P NMR spectrum
of the as-prepared Mu-15 which unambiguously shows four
distinct peaks of the same intensity (see Fig. 6).

For this reason, and despite the fact that the powder second-
harmonic generation (PSHG) measurements were negative, the
refinement was performed in a non-centrosymmetric subgroup
Pn2ia. In order to work with the conventional space group
(Pna2y), an (ach) rotation of the axis was necessary and
consequently an adequate matrix was applied to the atomic
coordinates found in the centrosymmetric Pnma space group.
Afterwards the missing atoms were added to complete the
framework (1 gallium, 1 phosphorus and 6 oxygen atoms). At
the end of the Rietveld refinement the reliability factors
converged to much better values. Further details of the

crystallographic data are given in Table 4. The profile fit is
given in Fig. 7. Atomic coordinates, displacement parameters
and site occupation factors are given in Table 5. Selected bond
lengths and angles are reported in Table 6.

3.8 Structure description

The framework of Mu-15 can be built completely from D4R
(Gay4P,40,5) units, which are the fundamental building blocks of
the structure. It is closely related to the structures of the
gallophosphates Mu-2'2 and Mu-5'* and differs only by the
connection scheme of the D4Rs.

As observed for these two gallophosphate materials, all the
D4R units contain a fluoride anion inside. Each unit is
interconnected with six other building blocks vie common
oxygen atoms. The remaining two corners of the D4R are P=O
(or P-O7, see below) and Ga-F/OH (see Table 5 and Fig. 8).
The structure consists of layers of D4Rs parallel to the (b,c)
plane, showing 10-ring openings. Such layers are linked to each
other to form a three dimensional framework with two types of
channel systems: the first, delimited by 10-MR, runs along the
[100] direction (Fig. 9), whereas the other, parallel to the [010]
direction, is delimited by 8-ring apertures (Fig. 10).

The fluorine atom F1 is occluded in the D4R unit, whereas
F2 is a terminal ion (F~ or OH™, see Table 5 and Fig. 8). All
the gallium atoms are in 5-fold coordination with a trigonal
bipyramidal geometry, but do not display exactly the same
environment. Gal, Ga2 and Ga4 are coordinated to four
framework oxygen atoms [1.77(2) A <d(Ga-0)<1.87(2) A]
and the fluorine occluded in the D4Rs [2.34(4) A <d(Ga-
F)<2.48(4) A], whereas Ga3 is coordinated to three frame-
work oxygen atoms [1.84(2)<d(Ga-0)<1.85(1)A], the

J. Mater. Chem., 2000, 10, 1345-1351 1349



Table 6 Selected interatomic distances (A) and bond angles (°) in the
structure of Mu-15, standard deviations are given in parentheses

Atoms Distances/A Atoms Distances/A
Gal-0O5 1.82(2) Ga3-07 1.84(2)
Gal-06 1.86(2) Ga3-09 1.85(1)
Gal-08 1.84(2) Ga3-013 1.84(2)
Gal-O15 1.84(2) Ga3-Fl1 2.45(2)
Gal-F1 2.43(4) Ga3-F2 1.86(1)
Ga2-02 1.77(1) Ga4-0O1 1.85(2)
Ga2-03 1.83(1) Ga4-0l11 1.77(2)
Ga2-04 1.83(2) Ga4-012 1.83(2)
Ga2-010 1.81(2) Ga4-014 1.87(2)
Ga2-Fl1 2.46(2) Ga4-F1 2.34(4)
Atoms Angles/® Atoms Angles/®
05-Gal-06 94.1(9) 07-Ga3-09 115.3(8)
05-Gal-08 114.3(9) 07-Ga3-013 118.6(7)
05-Gal-0O15 117.2(8) 07-Ga3-F1 81.7(11)
05-Gal-F1 83.509) 07-Ga3-F2 96.0(8)
06-Gal-08 96.7(9) 09-Ga3-013 117.1(8)
06-Gal-O15 101.6(8) 09-Ga3-F1 81.0(7)
06-Gal-F1 177.6(10) 09-Ga3-F2 97.7(6)
08-Gal-0O15 123.3(8) 013-Ga3-Fl1 77.2(11)
08-Gal-Fl1 83.9(10) 013-Ga3-F2 106.3(9)
015-Gal-Fl1 80.0(10) F1-Ga3-F2 176.5(14)
02-Ga2-03 101.8(6) 01-Ga4-0Ol11 109.5(8)
02-Ga2-04 126.9(8) 01-Ga4-012 112.3(8)
02-Ga2-010 106.4(8) 01-Ga4-014 105.6(8)
02-Ga2-F1 81.5(6) 01-Ga4-F1 81.0(10)
03-Ga2-04 102.0(10) 011-Ga4-012 128.4(9)
03-Ga2-010 98.2(10) 011-Ga4-014 99.8(8)
03-Ga2-F1 175.3(12) O11-Ga4-F1 80.4(10)
04-Ga2-010 116.2(6) 012-Ga4-014 96.9(8)
04-Ga2-F1 73.3(11) 012-Ga4-F1 77.6(9)
010-Ga2-F1 84.0(12) 014-Ga4-F1 172.8(10)
O-P-O minimum 108.7(4)°

maximum 110.2(4)°
average 109.5°

trapped fluoride ion F1 [d(Ga—F1)=2.45(2) A] and a terminal
anion F2 [F~ or OH ™, see Table 5, d(Ga—F2)=1.86(1) A]. This
might explain the two main signals observed in the "'Ga MAS
NMR spectrum (Fig. 5).

All the phosphorus atoms are in 4-fold coordination with
oxygen atoms and are not affected by the presence of the
fluoride ion trapped in the D4R units [d(P-F1)=2.78(4) A] so
that they all adopt an almost perfect tetrahedral environment
(average O-P-O angle=109.5°). P2, P3 and P4 correspond to
phosphorus only connected to gallium atoms via four oxygens
[1.49(1) A <d(P-0)<1.54(1) A], whereas P1 is connected to
three gallium atoms and one oxygen atom. It should be noticed
that it is difficult to distinguish between a P=0 (or a P-O™) and
a P-OH group from powder data. Nevertheless, the distance

F (F1, F2 =F or OH)

@ O (P=0)

.P

Fig. 8 Scheme of the D4R unit hosting F™: the fundamental building
block of the structure of Mu-15.
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® P ® N

® F(F1,F2) o O (P=0)

Fig. 9 Projection of the structure of Mu-15 along the [100] direction
showing the 10-membered ring openings (for clarity, the oxygen bridges
are omitted).

0 O (P=0)

® F(F1,F2)

Fig. 10 Projection of the structure of Mu-15 along the [010] direction
showing the 8-membered ring channels (for clarity, the oxygen bridges
are omitted).



P1-0O16 is very short [1.44(1) A] and fits better with a P=O than
a P—-OH (expected bond length ~1.56 A).?” Moreover, accord-
ing to the chemical analysis (neutrality of the compound) and
the *'P MAS NMR spectroscopy (no significant difference
observed between the MAS and CP MAS spectra, whatever the
contact time), the absence of a P-OH group seems to be
confirmed.

The structure reveals short contacts between the organic
cation (N,N,N',N'-tetramethyl-1,3-propanediammonium) and
the oxygen atoms of the framework. The shortest distances are
N1:-:0=2.96(3), N2---0=2.58(3) and NI---F2(F/OH)=
3.40(3), N2---F2(F/OH)=2.86(3) A. These interactions are
somewhat hydrogen bonding in nature.

4 Conclusion

Mu-15 was obtained in the presence of N,N,N',N'-tetramethyl-
1,3-propanediamine (TMP) as organic template. The fact that
it crystallizes with the same structure-directing agent as that
used to prepare TMP-GaPO,!” constitutes further proof of the
wide reactivity of the gallophosphate system.

The structure of this new gallophosphate is closely related to
the structures of Mu-2'2 and Mu-5.'* All these materials result
from the connection of fluorinated D4R units. The structure of
Mu-15 differs from the two other fluorogallophosphates by the
connection scheme of these units.

This new fluorogallophosphate is another example showing
the very specific effect of the fluoride anion for stabilizing the
D4R units. It should be noted that, at the present time, in the
gallophosphate system, such units have never been obtained in
the absence of fluoride anion.
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