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A new two-dimensional microporous fluorogallophosphate
with porous layers, named Mu-34, has been synthesized by
in situ generation of ethylamine as the structure-directing
agent, the latter arising from the decomposition of ethyl-
formamide. The fluorogallophosphate Mu-34, Ga6-
P8O32FC14N7H56 (Z = 2), crystallizes in the triclinic space
group P1̄ with the following unit cell parameters: a =
11.0832(6), b = 11.393(6), c = 21.335(1) Å, α = 100.62(4), β =
99.66(5), γ = 108.34(5)°. The structure was solved from single

Introduction

Since the discovery of the microporous aluminophos-
phates by Wilson et al.,[1] research in the field of micro-
porous materials has attracted considerable interest, owing
to their potential uses as molecular sieves, heterogeneous
catalysts, or ion exchangers.[2] The family of crystalline
microporous phosphates is not limited to aluminophos-
phates; it also includes in particular zincophosphates and
gallophosphates. These latter compounds allow a wide vari-
ety of structures to be formed, because gallium atoms can
adopt 4-, 5-, and 6- coordinations. A main advance in the
synthesis of these solids was achieved when fluoride anions
were introduced in the starting mixture.[3] Thus, numerous
fluorogallophosphates were obtained[4,5] such as cloverite,
which was until now the molecular sieve with the largest
3D pore channel system.[6] In most cases F– was found to
be present in the inorganic framework as terminal Ga-F
groups, bridging gallium atoms or trapped into small build-
ing units such as the so-called double four rings (D4R
units). In the latter case it seems that fluorine, besides its
mineralizing role, plays a templating role stabilizing these
units.[5–8] To date, a large number of metallophosphates
with 0D, 1D, 2D, or 3D frameworks have been re-
ported.[3–13] Some of these solids were obtained through a
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crystal XRD data. This new fluorogallophosphate displays
porous layers with apertures delimited by 12-membered
rings intercalated by protonated ethylamine molecules. Mu-
34 was also characterized by powder XRD, SEM, elemental
and thermal analyses, and 13C, 19F, and 31P MAS solid state
NMR spectroscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

newly developed synthesis route that consists of the in situ
formation of the structure-directing agent (SDA).[9–13] In
this synthesis route, alkylformamides are introduced as the
main solvents in the starting mixture and during the synthe-
sis they partly decompose into the corresponding amine
which acts as a template and is occluded in the final mate-
rial. With this method, it was possible to produce the two-
layered aluminophosphates, Mu-4,[9] Mu-7[10] and, more re-
cently, the three new gallophosphates MIL30,[11] Mu-30,[12]

and Ea-TREN-GaPO.[13]

In this paper, we report the synthesis, structure determi-
nation, and characterization of a new porous 2D fluorogal-
lophosphate named Mu-34 (Mu standing for Mulhouse),
which was prepared in a quasi nonaqueous medium using
ethylformamide (EFD) as the main solvent. As for the other
solids described above, in this case too, the in situ formation
of ethylamine seems to play a key role in the formation of
this solid.

Results and Discussion

Synthesis and Crystal Morphology

The synthesis results are summarized in Table 1. The
fluorogallophosphate Mu-34 crystallizes after 4 days at
200 °C (Table 1, sample A). With a similar starting molar
composition but with a longer heating period (50 days) the
gallophosphate ULM-3 was obtained as a pure phase (sam-
ple B). Such a result reveals the instability of Mu-34 in this
reaction medium. Under these experimental conditions, it
appears that the pH has to be high enough otherwise, what-
ever the gallium source (GaOOH or Ga2O3), the gallophos-
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Table 1. Syntheses performed in the system GaOOH/H3PO4/HF/ethylformamide (EFD)/Tripropylamine (TPA)/H2O.[a]

Sample Molar composition of the starting mixture XRD results
(Heating time) GaOOH H3PO4 HF EFD H2O[a] TPA T [°C]

A (4 days) 2 2 1 10 4.7 1 200 Mu-34
B (50 days) 2 2 1 10 4.7 1 200 ULM-3
C (2 days) 2 2 1 10 4.7 – 200 Ea-TREN-GaPO + GaPO4–C4

[b]

D (2 days) 2* 2 1 10 4.7 – 200 Ea-TREN-GaPO + GaPO4–C4
[b]

E (50 days) 2 2 2 10 6.3 – 200 ULM-4 + impurity[c]

[a] H2O arising from the orthophosphoric acid (85% H3PO4) and hydrofluoric acid (40% HF). [b] The two phases crystallize with the
same proportion. [c] Unknown phase. * The gallium source was Ga2O3.

Figure 1. Scanning electron micrographs of the fluorogallophosphate Mu-34.

phates Ea-TREN-GaPO[13] and GaPO4–C4[14] co-crys-
tallize. This is clearly reflected by the experiments C and D
performed in the absence of tripropylamine as a pH modi-
fier. The presence of fluorine is also crucial. In its absence
no crystalline phase is obtained. However, too large an
amount leads to the formation of the gallophosphate
ULM-4[15] (see sample E).

As can be seen in Figure 1, the crystals of Mu-34 display
a pseudo-hexagonal shape. A close-up view shows that the
crystals are in fact stacks of plate-like crystallites. This is
indicative of a lamellar material.

XRD Analysis

The experimental powder diffraction pattern of the fluo-
rogallophosphate Mu-34 is reported in part a of Figure 2
(a). From the single crystal XRD analysis, it has been in-

Figure 2. XRD patterns of the fluorogallophosphate Mu-34: (a)
experimental pattern; (b) simulated pattern (radiation Cu-Kα1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 237–243238

dexed in a triclinic symmetry with the following unit cell
parameters: a = 11.0832(6), b = 11.393(6), c = 21.335(1) Å,
α = 100.62(4), β = 99.66(5), γ = 108.34(5)°. For comparison,
the simulated XRD pattern of Mu-34 is reported in Fig-
ure 2 (b).

Chemical and Thermal Analyses

According to the elemental analyses, the as-synthesized
Mu-34 sample has the following composition (wt.-%): Ga
27.46; P 15.56; F 1.57; N 6.19; C 10.74. Such results are in
agreement with the composition obtained from the struc-
ture determination (wt.-%) Ga 27.20; P 16.11; F 1.26; N
6.37; C 10.93. The experimental C/N molar ratio equal to
2 is different from the value expected for ethylformamide
(3C:1N), suggesting that the solvent partly decomposed
into carbon monoxide and ethylamine (EA) during synthe-
sis. This was later confirmed by 13C NMR spectroscopy (see
below). As previously shown for other phosphate-based
materials synthesized in the presence of alkylfor-
mamide,[9–13] the in situ release of the corresponding pro-
tonated amine during the synthesis appears to be a key step
in the crystallization of this lamellar gallophosphate. In-
deed, experiments using ethylamine directly in the starting
mixture led to the crystallization of the fluorogallophosph-
ate ULM-3 with a nonidentified impurity.

The Ga/P molar ratio smaller than one (0.78 from chemi-
cal analyses, 0.75 from the structure determination) would
indicate the presence of an interrupted framework, and
more precisely the presence of terminal P=O and/or P–OH
groups.

The thermal behavior of the fluorogallophosphate Mu-
34 was investigated by TG/DTA thermal analyses. The TG
and DTA curves of the as-synthesized fluorogallophosphate
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Mu-34 are reported in Figure 3. The total weight loss oc-
curs mainly in one step. However, a small weight loss close
to 0.8 wt.-% appears before 200 °C. It might correspond to
the loss of water molecules or fluorine (probably under the
form of HF) since a weak and broad endothermic peak is
observed on the DTA curve. The main weight loss (20.2
wt.-%), between 200 and 800 °C, is associated with at least
three endothermic components on the DTA curve. This
probably corresponds to desorption and decomposition of
the organic template, to the removal of fluorine, and to the
collapse of the gallophosphate framework. The exothermic
signal, which is expected from the oxidation of the EA, is
probably masked by the overwhelming endothermic col-
lapse of the structure. The latter is confirmed by the XRD
analysis of the residue left after heating to 800 °C, which
shows that the starting material is transformed via an amor-
phization-recrystallization process into a cristobalite-type

Figure 3. Thermal analysis (TG and DTA) under air of the fluoro-
gallophosphate Mu-34.

Figure 4. Projection of the structure of the fluorogallophosphate
Mu-34 along the [–111] direction, showing the inorganic layers with
the 12 MR openings. (For clarity, the oxygen atoms are omitted).
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gallophosphate. This recrystallization might occur in two
steps as reflected by the presence of two exothermic peaks
on the DTA curve at 600 °C and 750 °C. Such a thermal
behavior is often observed for microporous gallophos-
phates.[16] All of these analyses are in good agreement with
the unit cell formula found by structure analysis:
[Ga12(PO4)16F2(C2H8N)14].

Structure Description

The fluorogallophosphate Mu-34 displays a 2D structure
composed of porous macroanionic layers, parallel to the
{–111} faces of the crystal and containing 12-membered
ring apertures (12MR) arranged in a pseudo-hexagonal way
(Figure 4). The asymmetric unit (not reported) contains six
crystallographically distinct Ga-sites, three in fourfold coor-
dination with oxygen atoms (Ga1, Ga5, and Ga6) and three
in fivefold coordination with four oxygen atoms and one
fluorine (Ga2, Ga3, and Ga4). The GaO4 tetrahedra exhibit
a regular geometry, with an average Ga–O bond length of
1.81(±1) Å. The GaO4F trigonal bipyramids have more dis-
perse Ga–O bond lengths [�Ga–O� = 1.84(±3) Å] with
three shorter bonds in the basal plane and a larger apical
one, opposite to the Ga–F bond. Eight crystallographically
distinct P-sites are also present: each phosphorus atom
shares three of its oxygen atoms (labeled O1–O24) with gal-
lium neighbors whereas the fourth oxygen atom (O25–O32)
points towards the layer (Figure 5). The P–O distances in-
volving these nonbonding oxygen atoms, 1.50(±1) Å, are
typical of P=O bonds. They are significantly shorter than
those involving bridging oxygen atoms [�P–O� =
1.54(±1) Å], except for O12 and O15 whose interaction with
phosphorus is increased [P3–O12 = 1.503(6) Å, P4–O15 =
1.516(8) Å] as their bonding with gallium is weakened by

Figure 5. Projection of the structure of the fluorogallophosphate
Mu-34, showing the localization of the protonated amine. (For
clarity, the framework oxygen atoms are omitted except the ter-
minal ones).
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the presence of the supplementary fluoride ion. The crystal
structure shows that all the terminal oxygen atoms act as
hydrogen-bond acceptors for the seven crystallographically
distinct protonated ethylamine molecules located in the
interlayer space (Figure 5 and Figure 6). The positive
charges of the organic molecules (see section 13C NMR)
compensate exactly the global negative charge of the layers
if one considers formal P+5, Ga+3, O2–, F– ions. As ex-
pected, in protonated ethylamine molecules, the displace-
ment parameters are smaller for the nitrogen atoms which
are precisely in interaction with O=P groups. The water
molecules, which might be observed by thermal analysis,
were not detected by XRD, which is not surprising con-
sidering their predictable high mobility and low site occu-
pancy factors.

The 12-membered ring porous anionic layers can be de-
scribed as resulting from the connection of two types of
building units, encircled in Figure 4, via four-membered
rings (Ga2P2O4). The first type of these building units (Fig-
ure 7, left) has already been observed in other 12 MR po-
rous layered aluminophosphates.[17–19] It is a phosphate-
capped six-membered ring (Ga3P3O6) containing three tet-
racoordinate gallium atoms and four tetracoordinate phos-
phorus ones. The second building unit is original (Figure 7,
right) and consists of a phosphate and fluorine (F1) capped
six-membered ring. The six-membered ring is composed of
three gallium and three phosphorus atoms located on crys-
tallographic sites Ga2, Ga3, Ga4 and P6, P7, P8, respec-
tively. These three gallium atoms are also connected to flu-

Figure 6. Hydrogen bonding scheme (dotted lines) for each phosphorus site.
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orine F1 and phosphorus P1 and adopt a distorted trigonal
bipyramidal geometry, the angle between apical O–Ga–F
angles ranging from 177.0(3) to 178.8(3)°. Fluorine is three-
coordinate to gallium atoms with one short bond [d(Ga3–
F) = 2.080(5) Å] and two long bonds [d(Ga4–F) =
2.274(5) Å and d(Ga2–F) = 2.402(6) Å]. Such bond lengths
are larger than those previously found in other fluorogal-
lophosphates[16] [typically 1.94 � d(Ga–F) � 2.04 Å] but
the presence of the third interaction could explain the dif-
ference between these values and those reported for ideal
bonds.

Figure 7. The two basic building units of the fluorogallophosphate
Mu-34. (For clarity, the framework oxygen atoms are omitted).

13C CP MAS NMR Spectroscopy

The 13C CP MAS NMR spectrum of the fluorogal-
lophosphate Mu-34 reported in Figure 8 shows two main
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peaks situated at δ = 15.0 and 36.4 ppm. They are assigned
to the CH3 and CH2 groups of the ethylamine molecule,
respectively.[20] No carbonyl group is observed on this spec-
trum (line expected at δ � 160 ppm),[9] which means that
EFD is decomposed into ethylamine (EA) and carbon
monoxide under our experimental conditions. The 13C iso-
tropic chemical shifts for protonated and nonprotonated
EA in the liquid state are at δ = 13 and 18 ppm, respectively
for the methyl group, and at δ = 37 and 36 ppm, respectively
for the CH2 group. Thus, as suggested in the previous sec-
tion, the EA occluded in Mu-34 appears to be protonated.

Figure 8. 13C CP MAS NMR spectrum of the fluorogallophosph-
ate Mu-34.

19F MAS NMR Spectroscopy

The 19F MAS NMR spectrum of the as-synthesized
product, reported in Figure 9, exhibits one signal located at
δ = –82 ppm. As observed for the gallophosphate Mu-28[16]

Figure 9. 19F MAS NMR spectrum of the fluorogallophosphate
Mu-34.
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and in good agreement with the crystal structure analysis,
such a chemical shift value could be assigned to the three-
coordinate fluorine atoms.

31P MAS NMR Spectroscopy

The 31P MAS NMR spectrum of the fluorogallophos-
phate Mu-34, shown in Figure 10, displays six signals at δ
= 2, –2.3, –4.4, –6.6, –7.7, and –9.9 ppm. After decomposi-
tion, the relative areas are close to 1:1:1:2:1:2 respectively,
indicating, in agreement with the structure determination,
the existence of eight crystallographically distinct phospho-
rus sites. 1H-31P CP MAS NMR experiments have also been
performed (spectrum not reported) and whatever the con-
tact time (0.1, 0.05 ms) no significant difference was ob-
served between the MAS and CP MAS spectra which me-
ans that all the atoms have the same proton environment.
According to the structure and despite the low field chemi-
cal shift values observed no terminal P–OH group is pres-
ent. Such a result is quite expected since all P atoms are
hydrogen bonded via their P=O group (see Figure 6). A ten-
tative assignment of the NMR peaks might be proposed
on the basis of the empirical relationship between the 31P
isotropic chemical shift and the bond valence sum of the
oxygen atoms connected to the phosphorus atom.[21] From
the equation developed by Brown[22] and using the P–O and
Ga–O bond lengths, the total oxygen bond valences [Σs(O)]
including the contribution of the hydrogen bonds[23] for the
phosphorus atoms P1, P2, P3, P4, P5, P6, P7, and P8 are
equal to 8.04, 8.23, 8.27, 8.48, 8.35, 8.64, 8.29, and 8.27,
respectively. Consequently, the assignment of the eight
NMR peaks might be made as follows. The most highfield
signal is attributed to the phosphorus atom, which has the
highest oxygen bond valence. Therefore, the peak at δ =
–9.9 ppm, which has a relative area close to 2, could be
assigned to P6 and P4 respectively [Σs(O) = 8.48 for P4 and

Figure 10. 31P MAS NMR spectrum of the fluorogallophosphate
Mu-34 and its decomposition.
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8.64 for P6], the signal at δ = –7.7 ppm to P5 [Σs(O) = 8.35],
and the signal at δ = 2 ppm to P1 [Σs(O) = 8.04]. Due to
similar Σs(O) (8.23, 8.27, and 8.29), the other remaining
signals are more difficult to assign.

Conclusions

In this paper the synthesis and characterization of a
novel fluorogallophosphate Mu-34, with a rather unusual
structure, has been reported. It was prepared in a quasi
nonaqueous medium using ethylformamide as the main sol-
vent. As in several similar syntheses, the solvent decom-
posed 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 ap-
pears to be a key step in the crystallization of this lamellar
gallophosphate. Indeed, experiments using ethylamine in
the starting mixture directly did not lead to the crystalli-
zation of this material.

The fluorogallophosphate Mu-34 displays porous layers
built up from 4-, 6-, and 12-membered rings and resulting
from the connection of two types of building units: a phos-
phate-capped six-membered ring and a phosphate and flu-
orine capped six-membered ring. It is noteworthy that in
this latter unit, the fluorine atom is three-coordinate to gal-
lium atoms. In order to compensate the negative charges
of the anionic layers protonated ethylamine molecules are
intercalated between. These molecules interact strongly
with the inorganic layers via hydrogen bonds.

Experimental Section
Synthesis: The fluorogallophosphate Mu-34 was prepared in a
quasi nonaqueous fluoride medium at 200 °C from a mixture con-
taining the ethylformamide as a precursor of the SDA (ethylamine).
The molar composition of the starting mixture was 2 GaOOH : 2
H3PO4 : 1 HF : 10 ethylformamide (EFD) : 4.7H2O. The amount
of water arises from the phosphorus and fluoride sources. The pH
value of the reaction mixture was adjusted to 4.5 with tripropylam-
ine (TPA, Fluka 98 wt.-%), the latter presenting no structure-di-
recting effect in the fluorine-containing gallophosphate system.[24]

The amorphous gallium oxyhydroxide GaOOH was prepared by
heating a gallium nitrate aqueous solution at 250 °C for 24 h. The
other reactants were orthophosphoric acid (Labosi H3PO4 85 wt.-
%), hydrofluoric acid (Prolabo HF 40 wt.-%), and EFD (Fluka
99 wt.-%). The starting mixture was prepared by adding the

Table 2. Recording conditions of the NMR spectra.

13C CP MAS 31P MAS 31P CP MAS 19F MAS

Chemical shift reference TMS 85% H3PO4 85% H3PO4 CFCl3
Frequency [MHz] 75.47 161.98 161.98 376.5
Pulse width [µs] 3.7 3.5 4.5 2
Flip angle π /2 π /2 π /2 π /2
Contact time [ms] 1 / 0.05–0.1 /
Recycle time [s] 8 30 10 20
Spinning rate [Hz] 5000 25000 25000 25000
Number of scans 80 64 64 32
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amorphous gallium source (1.13 g) to the ethylformamide (3.65 g)
under magnetic stirring. Then orthophosphoric acid (1.15 g) and
hydrofluoric acid (0.25 g) were introduced. In order to increase the
pH value, tripropylamine was added (0.72 g) and the mixture was
stirred until it was homogeneous. Then, it was transferred to a
20 mL PTFE-lined stainless-steel autoclave and heated at 200 °C
for 4 days. The product was filtered, washed with distilled water
and dried at 60 °C overnight.

Characterization: The as-synthesized product was characterized by
powder X-ray diffraction (XRD) with a STOE STADI-P dif-
fractometer equipped with a curved germanium (111) primary
monochromator and a linear position-sensitive detector using Cu-
Kα1 radiation (λ = 1.5406 Å). The morphology and average size of
the crystals were determined by scanning electron microscopy
(SEM) with a Philips XL30 microscope. Elemental analyses were
carried out with the Induced Coupled Plasma technique using
Atomic Energy Spectroscopy (ICP AES) for Ga and P, and by
coulometric and catharometric methods for C and N quantifica-
tions, respectively. Thermogravimetric (TGA) and differential ther-
mal (DTA) analyses were performed under air with a Setaram Lab-
sys thermoanalyser with a heating rate of 5 °Cmin–1 up to 1000 °C.
The 13C CP MAS NMR spectrum was recorded with a Bruker
MSL 300 spectrometer and the 19F MAS, 31P MAS, and 31P CP
MAS spectra with a Bruker DSX 400 spectrometer. The recording
conditions are reported in Table 2. For the structure determination,
a crystal plate was cut out of a larger aggregate and selected after
optical examination under crossed polars. The single-crystal X-ray
diffraction experiment was carried out at room temperature with an
Oxford diffraction Xcalibur diffractometer equipped with a CCD
detector. A full redundant Ewald sphere was collected with Mo-Kα

radiation up to the maximum resolution sinθ/λmax. = 0.78 Å–1.
Bragg intensities were integrated with CrysAlis software,[25] and
averaged in Laue group P1̄ with the SORTAV program[26] after an
absorption correction (µ = 3.633 mm–1) based on the crystal shape.
Data collection details are summarized in Table 3. The crystal
structure was solved by direct methods using SHELXS[27] and re-
fined with JANA2000.[28] The positions of all non-H atoms were
found straightforwardly on successive Fourier maps. Hydrogen
atoms were introduced in the structural model assuming ideal con-
formations for all protonated ethylamine molecules. Atomic dis-
placement parameters of H atoms were restrained to 1.5 times the
value of that of the heavy atom they were attached to. All bond
lengths and bond angles of protonated ethylamine molecules were
also restrained to the expected values observed in CH3 (methyl),
CH2 (methylene), and NH3 (amine) groups.

[29] The refinement con-
verged to R = 0.0575 (R = Σ||Fo| – |kFc||/Σ|Fo|) and Rw = 0.0591
[Rw = {Σw(|Fo| – |kFc|)2/Σw(|Fo|2)}1/2] for 6644 reflections [I �

3σ(I)]. The supplementary crystallographic data are available online
via http://www.fiz-karlsruhe.de (the reference file number is CSD-
415650).
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Table 3. Experimental single crystal XRD data and structure analysis of the fluorogallophosphate Mu-34.

Mu-34

Chemical formula (asymmetric unit) [Ga6(PO4)8F(C2H8N)7]
Cell parameters a = 11.0832(6) Å, b = 11.393(6) Å, c = 21.335(1) Å

α = 100.62(4)°, β = 99.66(5)°, γ = 108.34(5)°
V [Å3] 2438.7(2)
Space group P1̄
Z 2
Crystal size [µm] 40 ×100×120
Diffractometer Oxford diffraction Xcalibur 2 + Sapphire CCD
Radiation source, wavelength Mo-Kα, λ = 0.71073 Å
Absorption coefficient [mm–1] 3.633
Temperature [K] 293
Reflections measured, independent 90333, 17034
Observed reflections [I � 3σ(I)] 6644
Overall completeness (sinθ/λmax. = 0.78 Å–1) 88.7%
Rint 0.076
Structure refinement [I � 3σ(I)] R = 0.0575, Rw = 0.0591, goof = 2.42

w = 1/σ2(Fobsd.), m is the number of reflections used, n the number of parameters

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1–S3 of atomic coordinates, displacement parameters,
selected bond lengths and angles.
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