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A new 1D fluorogallophosphate, Ga(PO4H),F[N,CcH 4], was synthesized solvothermally using 1,4-
diazabicyclo[2.2.2]octane (DABCO) as a templating agent. The structure was determined ab initio from X-ray
powder diffraction data. It crystallizes in the orthorhombic space group P2,2,2,, with a=14.8725(9) A,
b=12.0132(7) A, ¢=7.0700(6) A, ¥=1263 A* and Z=4. The 1D structure contains discrete inorganic chains
built-up by fluorine sharing GaO4F, octahedra, corner linked by bridging PO4H tetrahedra. These chains,
similar to those found in tancoite type minerals, are linked to each other via hydroxy groups and via hydrogen
bonding with the ammonium groups of the doubly protonated DABCO molecules.

Introduction

The discovery of microporous aluminophosphates in the early
eighties' spawned numerous research programs that resulted in
a wealth of new inorganic open-framework materials.”> In
particular, many efforts have been devoted to the hydrothermal
or solvothermal synthesis of new alumino- and gallo-phos-
phates (ALPOs and GAPOs). Two major breakthroughs
in this field were the introduction of the fluoride ion in the
synthesis medium?® and the use of non-aqueous solvents such as
alcohols, glycols, amines etc.*> Since aluminium and gallium
can be non-tetrahedrally coordinated, many ALPOs and
GAPOs exhibit new framework topologies that are not
encountered in classical aluminosilicate zeolites. 3D and 2D
topologies have attracted the most attention because of their
potential applications in catalysis or molecular sieving;
comparatively few 1D phases have been reported. Among
linear GAPOs, two different chain topologies have been
encountered so far: in the tancoite® type chain, the gallium
atoms are octahedrally coordinated and share their (OH) or F
vertices with each other to form the chain backbone;”™ in the
other type all gallium atoms are tetrahedrally coordinated.'®!!
In both cases successive gallium centered polyhedra are
connected to each other via PO, tetrahedra which leads to a
gallium to phosphorus ratio of 1 to 2. The charge carried by
this inorganic macroanion is compensated by alkali metal
ions'>!'* or more commonly by protonated amines.” "

Recent work” has shown that a tancoite-type 1D gallo-
phosphate can be synthesized at room temperature and can be
used as a precursor for the solvothermal synthesis of a 3D
phase. As a rule, high dimensionality compounds are obtained
under more severe conditions than low dimensionality
phases. The study of these low temperature intermediates is
important in deciphering the complex reaction pathways
taking place during the solvothermal synthesis of a zeotype
phase.

Continuing our work on organically templated gallophos-
phates'*!> we have obtained a new 1D fluorogallophosphate
using DABCO as the structure directing agent. We report here
on its synthesis and ab initio structure determination by X-ray
powder diffraction.

DOI: 10.1039/b103579¢

Experimental
Synthesis

The title compound was prepared under solvothermal condi-
tions using a 23 mL Teflon-lined stainless steel Parr autoclave.
The chemicals used in the reactions were: hydrated gallium
sulfate (Alfa Aesar), phosphoric acid (Fisher, 85 wt%), hydro-
fluoric acid (Fisher, 49 wt%), DABCO (Aldrich), pyridine
(Fisher), and deionized (D.I.) water. 0.38 g of gallium sulfate
was first dissolved with stirring in a mixture of 0.70 g of
D.I. water and 0.23 g of phosphoric acid. Then 0.08 g of
HF, 4.00 g of pyridine and 0.30 g of DABCO were added
sequentially with stirring. The starting molar ratios were thus
1 Ga:2 P:2 F:2.7 DABCO:50 H,0:50 pyridine. The
reaction mixture was stirred for one hour at room temperature
and transferred to the reactor. The autoclave was then heated
to 170 °C for 4 days and cooled overnight to room temperature.
The resulting product consisted of agglomerated colorless
fibers up to about 100 microns in length and 5 microns in
diameter. The product was separated from the dark solution by
vacuum filtration, washed with D.I. water and acetone and
dried in air at 50 °C.

Characterization

Elemental analysis was performed by Galbraith Laboratories
Inc. (Knoxville, TN). The methods used are inductively
coupled plasma—optical emission spectroscopy for gallium
and phosphorus, an ion-selective electrode for fluorine and
combustion analysis for carbon, nitrogen and hydrogen.
Thermogravimetric analysis was carried out on a TA Instru-
ments SDT 2960 simultaneous Thermo Gravimetric Analyzer—
Differential Thermal Analyzer (TGA-DTA) under flowing
oxygen (50 cm® min~') and a heating rate of 5°C min~!. The
X-ray powder diffraction patterns were measured with a
Siemens D500 diffractometer, in Bragg—Brentano geometry,
with Ni filtered Cu-Ka radiation.

Results and discussion

Since no suitable single crystals were obtained, an ab initio
structure determination from powder diffraction data was
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carried out. The positions of the first twenty peaks were refined
with the program XFIT'® using a split Pearson VII function for
the more asymmetric low angle peaks and a pseudo-Voigt
function for the peaks above 15°. The pattern was then indexed
with good figures of merit!” (May=58, Fy= 128) by the
program TREOR90'® with a primitive orthorhombic cell
of approximate cell parameters a=14.87 A, b=12.01 A and
¢=7.07 A. The refined lattice constants (program LATCON'?)
are given in Table 1. A structureless whole pattern profile
refinement by the Le Bail method?® (program FULLPROF982")
confirmed the adequacy of this cell and showed that the
systematic absences are consistent with the space group”
P2,2,2,. The needle-like character of the crystallites required
trying to minimize the preferred orientation. The sample was
thus thoroughly ground under ethanol, mixed with an equal
volume of an amorphous filler (namely, instant coffee®®) and
back loaded in the sample holder which was rotated during the
measurement. The data collection conditions are summarized
in Table 1.

The structure determination was performed using the
EXPO** package, which combines an integrated intensities
extraction routine (EXTRA?) and a direct method program
(SIRPOW?®) optimized for powder diffraction data. The
elemental chemical analysis gave the following atomic ratio:
Ga/P=0.55 and Ga/F=1.11. The organic fraction had
composition Cg N,H g5, showing that the DABCO molecule
was very likely intact and gave a Ga/DABCO ratio close to 1.
Based on the elemental analysis, the mean atomic volume in
similar phases (about 16 A* per non-hydrogen atom) and the
multiplicity of the only site in P2,2,2; (4a; x,y,z) we expected
the idealized composition Ga(PO4H),F-[CsN,H 4] with Z=4.
This would correspond to 20 independent non-hydrogen atoms

Table 1 Crystal data and structure refinement parameters

Compound Ga(PO4H),F-[N,CeH 4]
Chemical formula GaP,FOgN,C¢H¢
Formula 394.9

weight/g mol ™!
Temperature/K 298(2)
Radiation source Cu-Ky o0
Crystal system Orthorhombic

Space group
Unit cell dimensions;

P2|2|21 (HO. 19)
14.8725(9), 12.0132(7), 7.0700(6)

a, b, A
Volume/A? 1263.2(1)
Z 4
DJgem ™3 2.06
F(000) 800
20 range/° 8.5-85.0
Step size 20/° 0.04
Time per step/s 30
Min FWHM/° 0.12
No. of free parameters” 81
No. of structural 63
parameters”
No. of “independent” 549
reflections

No. of soft constraints 23 distances and 12 angles constrained:
P-0=1.53(2) A (8 x); Ga-0=1.95(5) A
(4x); Ga-F=1.95(5)A 2x); N-C=
1.48(1) A (6x); C-C=1.50(1) A (3%);
0O-P-0=109(2.5)° (12 x)

Final R indices R,=12.30%; Ry,=13.38%;
(background substracted) Rexp,=4.13%; ){2: 10.52; Rprage=4.92%
“60 positional parameters and 3 isotropic atomic displacement para-
meters. 18 profile parameters: scale factor; 3 cell parameters; zero-
point; 3 variable pseudo-Voigt parameters; U, V, W for the Cagliotti
function;** 2 asymmetry parameters;*> 1 preferred orientation correc-

tion factor®® and 4 polynomial background coefficients.
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per unit cell, a structure of moderate complexity by current
standards in conventional X-ray powder diffraction.””’

The first E-map revealed the location of the gallium site, one
of the two phosphorus sites, and several possible sites for
oxygen or fluorine atoms. The completion of the structure
by successive difference Fourier maps was hampered by the
preferred orientation effects that had not been completely
eliminated by the specimen preparation, and cannot be
properly taken into account in the initial stage of a structure
determination. The overall 1D character of the structure was
nevertheless clearly defined. The distance between adjacent
gallium atoms within a chain was dg, Ga=3.54 A, very similar
to those encountered in ‘tancoite type’ phases (dg. Ga=
c2=3.56 A for GaF(HPO4)>N,CsH 5} dgaga=3.58 A=
/2 for [trans-1,2-C¢H,o(NH3),][Ga(OH)(HPO,),]-H,0’ and
dGa.Ga=bI2=3.58 A for Na;Ga(OH)(HPO,).!? By analogy to
those phases, the present compound should therefore contain
a zigzag chain of fluorine sharing GaO4F, octahedra, corner
linked to each other by bridging PO, tetrahedra. The free
Rietveld refinement (program WinMprof>®) of this manually
built partial model converged to Rprage=20% but this led to
unreasonable bond distances and angles and furthermore did
not allow the location of the DABCO template. The use of
soft distance and angular constraints to regularize this starting
structural model increased Rpage to about 28% but gave a
slightly clearer difference electron density map. It was then
possible to identify five sites sensibly belonging to the DABCO
molecule. Their inclusion in the model lowered the agreement
factor to Rprage = 18%. Further alternate cycles of refinement
and difference Fourier maps allowed the completion of
the template molecule and of the structure. The refinement
eventually converged to a satisfactory agreement factor
Rgrags =4.9%. The observed and difference Rietveld plots are
given in Fig. 1.

The DABCO molecule was refined from the start using bond
distance constraints corresponding to typical values encoun-
tered in DABCO-templated zeotypes.” The constraints
applied to the inorganic chain could not be fully relaxed as
this led to two (and only two) unreasonable bond distances
(P1-02=1.70 A and P1-O3=1.43 A). The final values of the
soft constraints are given in Table 1. The template molecules
are assumed to be doubly protonated and their hydrogen
positions were geometrically calculated using SHELX97%
within the WinGX system.?! These 14 hydrogen sites were
included in the final stages of the refinement and kept fixed at
their idealized positions. No other guest molecules, such as
water or pyridine, were detected and no voids were present in
the structure.®> The preferred orientation (fiber axis (001))
was corrected using the March function.*® The summary of
crystallographic data, including the values of the geometrical
constraints is given in Table 1. Non-hydrogen atom coordi-
nates are presented in Table 2 and selected distances and bond
angles given in Table 3. Although the structure was solved and
refined in the non-centrosymetric space group P2,2,2;, no
increase in symmetry was evidenced afterwards (option
ADDSYM in PLATON). In order to balance the charges,
two oxygen atoms per formula unit have to correspond to
hydroxy groups but the accuracy of the P-O bond distances is
too low to further precisely define their assignments. The
complete ionic formula of the phase should therefore be given
as [Ga(POH),FT* ™ [N2CeHial* ™

Ga(PO4H),F-[N>,CgH 4] is a 1D compound that consists of
the infinite macroanions [Ga(PO4H),F]*~ (shown in Fig. 2),
whose charges are balanced by doubly protonated DABCO
molecules. The backbone of the chain consists of GaO4F,
octahedra connected by their F vertices. The octahedron is
fairly regular, with Ga-O distances ranging from 1.95(2) to
2.00(2) A and the two nonequivalent Ga—F distances being
both equal to 1.97(2) A. It should be noted that the bond
and angle constraints used are sufficiently relaxed to allow
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Fig. 1 Observed, calculated and difference powder X-ray diffraction pattern of Ga(PO4H),F-[N,C¢H 4] (Cu-K,, radiation). Insert: high-angle part

of the patterns, magnified 6 x .

significant excursion from the prescribed values. For example,
constraining the Ga-O distance to be 1.90 A instead of 1.95 A
does not change the observed bond lengths. The observed
regularity of the gallium coordination sphere is therefore not
strictly imposed a priori. The resulting Ga—F chain is not linear,
with Ga-F-Ga=129.3(7)° and F-Ga-F =169.2(4)°. Successive
octahedra are thus tilted in opposite directions and are linked
together by two POy, tetrahedra. The equatorial oxygen atoms
of the octahedra are thus all bonded to phosphorus atoms (see
Fig. 2). The resulting chains run along the ¢ axis and are
roughly packed in a pseudo-hexagonal manner, as b/a=0.93
[(\/3)/2] (see Fig. 3).

In order to differentiate between oxygen atoms and hydroxy
groups, we employed bond valence sum* (BVS) calculations.

confirm here that the gallium, phosphorus and non-terminal
oxygen atoms have essentially expected valences. Hence, the
two protons necessary to balance the charges are likely to be
bonded to the terminal oxygen atoms O1, O3, O7 or O8. We
can assume that those two hydroxy groups are not bonded
to the same phosphorus atom. Since O3 is hydrogen bonded
to N1, and Ol and OS8 interact with each other with
01:---08=2.38(2) A, we can postulate that the two protons
are bonded to O1 and O7 (see Fig. 4). An extensive network of

Table 3 Selected bond
Ga(PO4H),F[N,CeH 4]

lengths (A) and angles (°) for

> : Ga(1)-0(2) 1.95(2) Ga(1)-0(5) 1.95(2)
BVS are of limited accuracy when applied to a structure deter- Ga(1)-0(4) 1.96(2) Ga(1)-0(6) 2.00(2)
mined from powder diffraction data because of the inherent Ga(1)-F(1) 1.97(2) Ga(1)-F(1y 1.97(2)
imprecision of bond distances. Nevertheless, BVS calculations — . — .
P P(1)-0(1) 1.55(1) P(1)-0(2) 1.59(1)
P(1)-0(3) 1.47(1) P(1)-O(4) 1.56(1)
P(2)-0(5) 1.54(1) P(2)-0(6) 1.52(1)
Table 2 Atomic coordinates for non-hydrogen atoms for P(2)-O(7) 1.57(1) P(2)-0O(8) 1.55(1)
Ga(PO4H),F[NoCeH 4] N(1)-C(1) 1.49(1) N(1)-C(4) 1.48(1)
N(1)-C(6) 1.49(1) N(2)-C(2) 1.49(1)
Atom x ¥ z N(Q2)-C(5) 1.48(1) N(2)-C(3) 1.48(1)
C(1)-C(2) 1.50(1) C(3)-C(4) 1.51(1)
Gal 0.7483(4) 0.9854(3) 0.5783(7)  ¢(5).C(6) 151(1)
Pl 0.6819(5) 0.7921(7) 0.852(2)
P2 0.8917(5) 0.8712(6) 0.300(2) F(1)-Ga(1)-0(2) 91.8(8) F(1)-Ga(1)-0(5) 87.4(8)
Fl 0.702(1) 0.963(1) 0.321(3) F(1)-Ga(1)-F(1Y 169.2(4) F(1)-Ga(1)-O(4) 92.7(7)
Ol 0.578(1) 0.792(1) 0.862(3) F(1)-Ga(1)-0(6) 87.0(7) 0(2)-Ga(1)-0(5) 86.7(7)
02 0.714(1) 0.835(1) 0.652(3) 0(2)-Ga(1)-F(1y 99.9(8) 0(2)-Ga(1)-O(4) 175(1)
03 0.705(1) 0.674(1) 0.875(3) 0(2)-Ga(1)-0(6) 91.4(7) 0O(5)-Ga(1)-F(1Y 94.4(8)
04 0.716(1) 0.861(1) 0.026(3) 0(5)-Ga(1)-0(4) 94.4(8) 0(5)-Ga(1)-0(6) 174.009)
05 0.861(1) 0.921(1) 0.490(3) F(1)-Ga(1)-O(4) 76.6(7) F(1)-Ga(1)-0(6) 91.4(6)
06 0.873(1) 0.956(1) 0.145(3) 0(4)-Ga(1)-0(6) 87.9(7) Ga(1)-F(1)-Ga(ly 129.3(7)
07 0.832(1) 0.767(1) 0.258(3) O(1)-P(1)-0(2) 110(1) O(1)-P(1)-0(3) 103.6(9)
08 0.993(1) 0.842(1) 0.307(4) O(1)-P(1)-O(4) 106(1) 0(2)-P(1)-0(3) 110(1)
NI 0.854(2) 0.608(2) 0.765(5) 0(2)-P(1)-0(4) 115.7(9) 0(3)-P(1)-0(4) 110(1)
N2 0.992(2) 0.543(3) 0.583(5) 0(5)-P(2)-0(6) 108.1(9) 0(5)-P(2)-0(7) 108(1)
Cl 0.832(2) 0.584(3) 0.564(6) 0(5)-P(2)-0(8) 110(1) 0(6)-P(2)-O(7) 107(1)
€2 0.915(2) 0.561(2) 0.451(4) 0(6)-P(2)-0(8) 110(1) O(7)-P(2)-O(8) 112.3(9)
3 0.018(2) 0.643(3) 0.693(6) C(1)-N(1)-C(4) 107(3) C(1)-N(1)-C(6) 101(3)
C4 0.929(2) 0.689(2) 0.764(6) C(4)-N(1)-C(6) 1112 C(2)-N(2)-C(5) 1072)
G5 0.964(2) 0.455(3) 0.718(5) C(2)-N(2)-C(3) 114(3) C(3)-N(2)-C(5) 108(3)
C6 0.884(2) 0.497(3) 0.831(5) N(1)-C(1)-C(2) 111(3) N(1)-C(4)-C(3) 115(2)
Isotropic atomic displacement parameters: B(ZGa):B(P):l.9(1) A% N(1)-C(6)-C(5) 112(2) N(@2)-C(3)-C(4) 104(3)
B(F)=B(0)=1.6(2) ,Ez; B(C)=B(N)=6.2(5) A% N(2)-C(2)-C(1) 109(3) N(2)-C(5)-C(6) 109(2)
J. Mater. Chem., 2001, 11, 2559-2563 2561



Fig. 2 Representation and atom numbering of the [Ga(PO,H),F]*~
tancoite-type macroanion (small numbered spheres: oxygen atoms).
Drawing software: ORTEP3 for Windows.*®

Fig. 3 Polyhedral representation of the inorganic chains down the ¢
axis. Drawing software: STRUPLO.*’

hydrogen bonds thus contributes to the cohesion of the
compound through chain—chain and chain-template interac-
tions. The shortest interchains distance is O1---08=2.38(2) A
and shows that every chain is directly linked to its four nearest
neighbors by (O-H)---O bonds. The ammonium groups of
the template also interact strongly with the chains, with
N1---03=2.483) A and N2---:06=2.77(3) A; the DABCO
molecules therefore also link adjacent chains together. The
interactions between the chains and with the template
molecules are schematically shown in Fig. 4. The fluorine
atoms are marginally involved in hydrogen bonding with the
amine, with F---N2=3.18(3) A; similar distances F--"N=3.0 A
are found in GaF(HPOy),-N,C;H;,.%

Ga(PO4H),F-[N,CsH 4] has moderate thermal stability.
TGA-DTA measurements under flowing oxygen show an
abrupt weight loss of about 10 wt% with an onset at 250 °C,
which likely corresponds to the loss of the hydroxy groups and
the beginning of decomposition of the template. This first step
is followed by a continuous weight loss until a plateau is
reached around 1000 °C. The total loss is 44 wt% whereas the
DABCO molecules represent only 29 wt% of the compound
mass, which indicates that part of the inorganic moiety has also
evolved. The end-product at 1100 °C is a glass which was not
further characterized.

Only three other organically templated GAPOs of the
tancoite type have been reported so far and they were all
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Fig. 4 Hydrogen bonding in Ga(PO4H),F-[N,CcH4]. Hydrogen
atoms omitted for clarity.

synthesized under milder conditions than those employed here
(120°C%° or even room temperature’). The use of distinctly
different reaction conditions to synthesize compounds with
essentially the same structure type is somewhat surprising and
warrants further exploration of the phases of phosphate based
zeotypes.
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