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Abstract

Tren amine cations and carbonate anions adopt a ternary symmetry while fefra amine cations are tetrahedral. The symmetry of these
constitutive ions influences strongly the nature of the solids which crystallise from solutions. Large fluorinated aluminate polyanions with
tetrahedral symmetry appear in the presence of tren amine, while infinite chains of AlFg octahedra are observed with fetra amine and that
noncentrosymmetric structures are frequently encountered in rare earth fluoride carbonates.
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1. Introduction

It is commonly accepted that the shape and size of amine
cations play a significant role on the formation of organically
templated microporous solids [1]. Charge density of the
protonated amine is supposed to match the charge density of
the oligomeric building species. The nature of the structural
building units depends on numerous factors such as
concentration and nature of the starting materials, the
solvent or temperature [2]. Consequently, the prediction of
the structures of the crystallised solids is not straight-
forward; several structures with differing dimensionality
(OD-3D) can be obtained with a same templating cation.
However, it can be observed that a (pseudo) three-fold
symmetry is frequently encountered in microporous oxydes:
AIPOy4-5 [3], ULM-5 [4], ULM-16 [5], VSB-1 [6], MIL-31
[7]. Cubic symmetry also occurs, for example in cloverite
(Fm-3c, a=52.712 A) [8]. This last phase is obtained with
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quinuclidinium cations, which present a three-fold sym-
metry axis. In this paper, it is shown that ternary symmetry
of the organic cations favours the formation of large
inorganic building anions with a high symmetry. Similarly, a
ternary symmetry of inorganic anions favours the formation
of structures with high symmetry, eventually acentric. Such
trends are encountered in fluoride aluminates, fluoride
carbonates and carbonates.

2. Ternary and tetrahedral symmetry in
fluoroaluminates

Only one 3D fluorinated inorganic network is reported to
date in the fluoride zirconate (H30)-[CN3Hgls:(ZrFs)g [9]
where guanidinium cations present a ternary symmetry.
Consequently, guanidine CN3H; (gua) and tris(aminoethyl)-
amine [N(C,H4)NH,]; (tren), which gives also a cation with
a three-fold symmetry, were tested in order to promote the
crystallisation of open frameworks in fluoride aluminates.
An organic cation with a higher symmetry, tetrahedral
tetra-2-aminomethyl-methane (fetra), was also used. All
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Fig. 1. Tsolated (Al,F;5)°" units in (H;0),[Hgual s (ALF}g)s.

experiments were performed by solvothermal or hydro-
thermal synthesis in a microwave oven.

2.1. Guanidinium fluoroaluminates

Few experiments were performed in the Al,O3—gua—HF-
ethanol system at 7= 190 °C during 1 h. One cubic phase
is worth to note: (Hs30), [Hgual s (Al4Fg)s, 1-43d,
a=20.597(2) A, Z=12. The structure is built up from
tetrahedral units of AlFg octahedra linked by corners
(Fig. 1). CNj3 groups of guanidinium cations lie in a plane;
however, it is not yet clear if hydrogen atoms are slightly
displaced from the mean plane or not. A second phase was
found: (H30)-[Hgual,-(AlFs) (C2/m, Z = 2).

2.2. Tris(aminoethyl)ammonium fluoroaluminates

The Al,Oz;—tren—HF—ethanol system was investigated
over a large range of concentrations of the starting materials
at 7=190 °C during 1 h. In Fig. 2, the compositions of the
crystallized phases are indicated and their positions are
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Fig. 2. Crystalline phases obtained in the Al,Os;—tris(aminoethyl)amine—
HF-ethanol system.

representative of the ratio of the starting materials for a given
Al,Os/ethanol ratio.

At high HF and amine concentrations, three forms of
[Hatren]-(AlFg)-H,O are evidenced (o, B, vy [10]), together
with (H30)s-[Hstren],-(AlFg)3-3H,0. The stability of the
structures, built up from AlF¢ octahedra and triprotonated
amines, is mainly ensured by a network of hydrogen bonds.

At decreasing HF and amine concentrations, it is
remarkable that a condensation of the AIFg octahedra
gradually occurs, leading to the largest polyanions observed
in fluorides. (Al,F,0)*~ anions (dimers of octahedra linked
by a F-F edge), (Al4F9)%~ (already mentioned for
guanidinium fluoroaluminate (H30),-[Hgual ¢ (Al4F1g)3),
(AlgFs5)'"™ and (Al,F;30)° appear (Fig. 3). Further
condensation leads to 1D structures, where . (Al;F59)%~
and . (AlgF»4)®" chains are found (Fig. 4), and finally, to
(Al,(OH)g 5sFy.5)6-H0O [11] pyrochlore or to the hexagonal
tungsten bronze type Al(OH,F);-0.33H,O (HTB) [12].
The corresponding compounds are [Hytren]-(AlF0)-H,O
[10], [Hatren]-[Hutren]-(Al4F;g5)-(F)-3H,0 [10], [Hstren]y
“(AlgF3s)-(F) [10], (H30)-[Hatren]y (Al;F30) [13], [Hatren],
-(Al;F59)-2H,0, [Hytren],-(AlgF,4)-(F), [10]. It must be
noted that other microcrystalline phases are evidenced;
their structure determination from powder diffraction data is
difficult and is not yet achieved.

Fig. 3. (Al4F15)°7, (Al;F30)°" and (AlgFss)''™ units in [Hatren]-[Hatren]-(Al4F g)-(F)-3H,0 (left), (H30)-[Hatren],-(Al;F30) (middle) and [Hstren]s

-(AlgF35)-(F) (right), respectively.
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Fig. 4. O0(A17F29)8’ and w(A16F24)6’ chains in [Hytren],-(Al;F,9)-2H,0 (top) and [Hytren],-(AlgF.4)-(F), (bottom), respectively.

The geometry of the amine cations is strongly correlated
with the protonation state. Planar or non planar configura-
tions are found and the distances from central tertiary N, to
external primary N, nitrogen atoms lie into three groups
around 3.0, 3.3 and 3.8 A (Fig. 5). [Hstren]®* cations adopt
exclusively a “spider” shape with the shortest N—N,
distances (2.90-3.02 A or 3.23-3.33 A). [Hutren]*" cations
exhibit one short (3.23-3.30 A) and two long distances
(3.63-3.80 A) or three long distances (3.75-3.86 A); the
corresponding configurations are either planar (non hydro-

gen atoms lie approximately in a plane) or non planar with a
“scorpion” shape (Table 1).

2.3. [Hy tez‘ra—Z-aminomez‘hyl—methane)]4+
fluoroaluminates

Infinite chains of cis or trans connected AlFg octahedra
are ordered in a body-centred tetragonal arrangement
[14] which perfectly fits the tetrahedral symmetry of
organic [H4tetra]4+ cations (Fig. 6). In both phases

a

N\

Fig. 5. Configurations of tren cations: planar [H4tren]4+ (middle) and non planar [H3tren]3* “spider” (left) or [H4tren]4+ ““scorpion” (right).
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Table 1

NN, distances (A) from central to external nitrogen atoms in (protonated fren) cations

NN, distances

a-[Hstren]-(AlFg)-H,O 2.99 3.00
B-[Hstren]-(AlFs)-H,O 2.99 3.00
v-[Hstren]-(AlFs)-H,O 3 x3.33
(H50)3:[Hstren],-(AlFg)3-3H,0 3.23 3.24
3.23 3.25

[Hytren]-(Al,F,o)-H,O 3.29 3.63
[Hstren]-[Hytren]-(Al4F;g)-(F)-3H,O 3 x 296
3 x3.75

[Hatren]s (AlgFss)-(F) 2.90 291
(H30)-[Hytren],-(Al;F30) 3.23 3.77
[Hytren],-(Al;F,9)-2H,0 3.30 3.77
[Hytren]y-(AlgFa4)-(F)> 3.72 3.78
3.78 3.80

<N-Np>
3.01 3.00 £ 0.01 [Hstren] Spider
3.01 3.00 + 0.01 [Hatren] Spider
3.33 £0.01 [Hstren] Spider
3.29 3.254+0.04 [Hstren] Spider
3.29 3.26 +£0.03 [Hstren] Spider
3.78 [Hytren] Scorpion
2.96 + 0.01 [Hstren] Spider
3.75 £0.02 [Hytren) Plane
3.02 2.94 +0.08 [Hstren) Spider
3.79 [Hytren) Scorpion
3.80 [Hytren] Scorpion
3.86 3.79 £ 0.07 [Hytren) Scorpion
3.85 3.81 £0.04 [Hytren) Scorpion

[Hytetra]-(AlFs),, the intra-molecular N-N distances are
5.05 £ 0.03 A in the (0 0 1) plane; all other N-N distances
are 3.66 = 0.03 A.

3. Ternary and tetrahedral symmetry in fluoride
carbonates and carbonates

The hydrothermal systems Na,COs;—LnF3-H,O (A =
Na, K; Ln =rare earth, Y) are very rich. Five different
phases are evidenced either in Na,CO5;-YbF;-H,O0 [15] or
in NayCO3-YF;-H,0 [16] systems at 7=190 °C. With
potassium carbonate, three phases are found [17]. The
ternary symmetry of carbonate ions favours the formation of

Fig. 6. [0 0 1] projection of the structure of trans-[C(CH,NH3)4]-(AlFs),.

a coordination 6+ 3, 3+3+3 or 6 +2 of the rare earth
cations. The resulting anionic entities share (CO;)>~ ions
and build the three-dimensional network in which alkaline
cations are inserted. Generally, three carbonate groups,
which lie in a plane, surround the metal cation. Infinite
layers, with a three-fold symmetry, result from the
connection of these Ln(COs); entities. Non centrosymmetric
phases derive from the parallel stacking of such layers.

3.1. Rare earth Ln™ Ln'Y Sfluorides

In K4Ln2m(CO3)3F4 [17], fluoride anions lie above and
below the mean plane Ln(COj3); and two polyhedra, linked
by a common F-F edge, form a dimer (Fig. 7). In
K,Ce"™(CO5);0,-2H,0 [18], these fluorine atoms are
replaced by one peroxide ion, disordered on two equally
probable positions (Fig. 7). In K4Ce"(C0O5);0-2H,0 [19],
the Ln(COs3);0, polyhedra are linked by axial opposite
oxygen atoms and the resulting infinite chains are separated
by alkaline cations.

In Na3Ln,(CO3)sF [20], three oxygen atoms from three
carbonate groups and one fluoride ion complete the

Fig. 7. Dimers of polyhedra in K4anz(CO3)3F4 (left) and K4CeIV
(CO3)30,-2H,0 (right).
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Fig. 9. Comparison of the connection of the AlXg octahedra (X = OH, O, F) by corners in the pyrochlore structure of Al,(OH,F)s-H,O (left) and by (Na,Ln)
polyhedra in Na,LiLn(CO3); (right). Evidence of the double tetrahedra of AlX octahedra in both structures.

Fig. 8. Hexagonal tungsten bronze (HTB) type layers of LiOg octahedra in
Na,LiLn(CO3);.

coordination Ln(COj3); polyhedra. Double layers are formed
by the connection of dimers built up from two Ln(CO3);
(COs);5F polyhedra, linked by one fluoride ion.

3.2. Cubic symmetry in Na,LiLn(COj3);

The addition of lithium carbonate to the preceding
Na,CO;-LnF;-H,0 systems strongly affects the crystal-
lization domains. Only one solid phase is found over the
whole range of studied compositions: Na,LiLn(COs); [21].
In spite of the disorder, which affects both the cation and
the anion sub-networks, a cubic symmetry is observed.
It is remarkable that Li* cations, in 16¢ sites, occupy the
positions of metal cations in the pyrochlore structure and

adopt the same octahedral coordination. They build infinite
HTB type layers of LiOg octahedra connected by carbonate
groups (Fig. 8). Moreover, the LiO¢ octahedra are linked by
Na* or Ln** cations, disordered on 48f positions, while
the MX¢ octahedra are linked by corners in pyrochlore. It is
also remarkable that double tetrahedra of octahedra, linked
by a common octahedron, are found in the structures of
AlL(OH,F)¢-H>O pyrochlore, Na,LiLn(COs); (Fig. 9),
[Hytren],-(Al;F,9)-2H,0 and [Hytren],-(AlgFa4)-(F), (Fig. 4).

4. Conclusion

Numerous fluoroaluminates and rare-earth fluoride
carbonates or carbonates are compared. It is found than
three-fold symmetry of protonated tren amine favours the
crystallization of fluoroaluminates with large or infinite
polyanions. Three-fold symmetry of carbonate anions leads
to the formation of M(CO5);X,, entities (M = rare earth Ln**
or 3d transition M?* cations, X = F~, 0%, (02)2_, (CO3)2_)
and to the crystallization of acentric structures. At the
opposite, a tetrahedral symmetry of tetra amine favours the
formation of infinite chains of cis or trans connected AlFg
octahedra. These general trends help to design and to test
new organic templates, which are currently investigated in
order to promote the crystallization of open 3D fluorinated
frameworks.
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