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Novel Layered Hybrid Fluoroaluminate in the Composition Space Diagram of the
Al(OH);-HguaCl-HF,,-EtOH System
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A composition space diagram is used to establish the stability regions of hybrid fluoroaluminates synthesized by
solvothermal reactions in the Al(OH);—HguaCl—HF,,—EtOH system. The syntheses are conducted using micro-
wave heating at 190 °C for 1 h. The structures of two new guanidinium fluoroaluminates, (H3O),-[Hgualsg*
(Al4F1g)3-Ho0 and [Hgual, - (AlsF47), are reported. (H30), - [Hgualsg - (Al4F1g)3 - H20, determined from single-crystal
X-ray data, consists of discrete (Al4F15)°~ polyanions, while [Hgual, - (AlsF-), solved from powder X-ray diffraction
data in direct space, contains unprecedented AlsF,; layers constructed from the intergrowth of HTB and perovskite
columns. A disorder of H,O and HzO™ is evidenced in (Hz0), - [Hgua]s - (AlsF1g)3- Ho0 together with a disorder of
guanidinium cations in the interlayer space of [Hgual, - (AlsF47).

Introduction

The solvothermal reaction of inorganic reagents with
amines and aqueous acids under subcritical conditions (7 <
500 K and P < 100 bar) is well-known to be the leading
technique for organic—inorganic material elaboration. During
the past decade, the uncountable combinations led to numer-
ous hybrid compounds, which belong to the metal oxide class,
with structural inorganic architectures ranging from molecular
to three-dimensional (3D). This continued interest, especially
for materials with open frameworks, is driven by expected
applications such as catalysis, ion exchange, separation, or gas
storage.'* In contrast, the research activity in the solvothermal
chemistry of metal fluorides is weak. The list of hybrid
fluorides with purely fluorinated inorganic layers is relatively
limited. That with a 3D inorganic network is even more
restricted; only four compounds are reported (Table 1).

Our current work is focused on the hybrid fluoride chem-
istry, specifically with aluminum. For example, the recent
investigation of the AlL,O;—fren—HF,q—ethanol (EtOH)
system at 190 °C revealed more than 18 hybrid fluoroalumi-
nates that are built up from isolated inorganic polyanions
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(AlFe)’".} (ALFi)*." (ALF)° (ALF3)’".° and
(AlgF35)'"".7 or infinite inorganic chains such as Al;Fa°
and AlgF,,;® most of these entities were unknown. However,
these phases have a low dimensionality, limited to one-
dimensional (1D). To study the chemical systems, we apply
the concept of compositional space diagrams.”'® Although
the representation of the compositional space diagrams is
similar to that of phase diagrams, important differences exist.
Only the crystallized solid products are analyzed. Conse-
quently, the amorphous products and/or solution species are
neglected. The domain limits are visually estimated, and
mixtures of crystallized phases are systematically found at
the vicinity of the limits. Nevertheless, compositional space
diagrams, which precisely fit the stability domains of crystal-
line solids, are useful in the synthesis of the compounds in a
phase-pure form. Because of the very short time of synthesis
(1 h), microwave heating is applied. This route offers the
advantage of exploring a diagram on large-concentration
domains. Moreover, large quantities of pure powders can be
obtained and single crystals frequently grow.

Herein, we report on the microwave-heating-assisted sol-
vothermal synthesis in the Al(OH);—HguaCl—HF,,—EtOH
system at 190 °C for 1 h and the structural characterization
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Table 1. Hybrid Fluorides with Purely Fluorinated Inorganic Layers (2D) or
Frameworks (3D)

layers (2D)

[Hpy]- (A13F10)22

[Haen] - (Li,Be,Fg)*
[Hmeam), - (Li>Be,Fg)-2H,0?
[C¢H4(CH+)CH,NH;]- (LiBeF,)**
[C¢H4(CCH,NH;]- (LiBeF,)**
[Hadap]- (LiBeFy),™
[CeHs(CH,)3NH;]- (LiBeF4)24
[Hopipz]>- (Mn4F16)25

frameworks (3D)
[Hmeam]-(Li,Be,F,)**
[Haenly s+ (Y2F7)™
[Haodaply s+ (Y3F 10)*
(H30)-[Hguals-(ZrFs)s"’

dap = 1,3-diaminopropane

[Haen] - (ScoFg)*® dab = 1,4-diaminabutane
2

[Hopipzlo s- (Tth)‘7 dah = 1,6-diaminohexane

[Haen]-(M5F o) (M = Ce,*® en = ethylenediamine

U 29 Np30)
[Hadap]-(UsF o) - 2H203I
[Hadab]- (U5F )+ 31'12031
[Hadah] - (U,F;0)-2H,0%!

gua = guanidine
meam = methylamine
pipz = piperazine

[Hytren]-(UsFay)*! py = pyridine
[Haen] - (ZryF o) - H,O2 tren = tris(2-aminoethyl)-
amine
[Hadap]- (Z1,F 10)- H,0™
[Hmeam], - (Zr>F ) - H,03
gua

(H,0)," [Hgual,;* (Al 1&)3. ®

®
HF o 10 20 30 40

Figure 1. Compositional space diagram of the Al(OH);—HguaCl—
HF,,—EtOH system at 190 °C and [AI'*] = 0.4 mol L™" (AL[(OH), s-
Fosls- HO = pyrochlore).

of two new guanidine (gua)-templated aluminum fluorides.
(H30),-[Hgual,6 (Al4F5)3- H,O shows isolated (Al,F;5)®~
polyanions, while [Hgual, - (AlsF,7) contains a 2D architec-
ture with an unprecedented perovskite—HTB-related layer.

Experimental Section

The composition space diagram was constructed for the
Al(OH);—HguaCl—HF,,—EtOH system from approxi-
mately 30 separate reactions and a constant aluminum con-
centration [AI’*] = 0.4 mol L™ ! (Figure 1). All reactions were
performed from a mixture of AI(OH); (Merk), guanidinium
chloride noted as HguaCl (Aldrich), a hydrofluoric acid
solution (40% HF, Prolabo), and EtOH. Al(OH); and HF 4
were first loaded into a poly(tetrafluoroethylene)-lined auto-
clave. After a quick stirring, EtOH and guanidinium chloride
were then added, and the solvothermal reactions are per-
formed at 190 °C in a microwave oven (CEM 2100) for 1 h.
After natural cooling to room temperature, the solid products
were washed with EtOH and dried at room temperature. All
samples were characterized by powder X-ray diffraction
(XRD) on a PANALYTICAL MPDPRO diffractometer
(geometry Bragg—Brentano) equipped with a linear X’cel-
erator detector.

Thermogravimetric analyses were performed with a TA
Instruments SDT-Q600 with a heating rate of 10 °C min ™
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and in the temperature range 25—1200 °C. Under an air
atmosphere, hydrolysis occurred above 600 °C to give Al,O3;
the total weight losses were in good agreement with the
expected values: expt/theor = 74.1/71.4 for (H50),-[Hgual,s*
(A14Flg)3' HzO and 559/587 for [nga]z' (A15F17).

Aluminum (inductively coupled plasma) and fluorine (ion-
specific electrode) elemental analyses (expt/calcd) of (H50),-
[Hgualie- (Al4F15)3- H,O [Al 12.6(3)/13.7; F 41.8(9)/43.3]
and of [Hgual, - (AlsF7) [Al 23.0(6)/23.3 and F 40.0(9)/55.9]
suggest a F/OH substitution for [Hgual, - (AlsF 7).

Perkin-Elmer Spectrum One equipped with a diamond
ATR was used for IR spectroscopy (450—4000 cm ™ !). Both
compounds exhibit very strong bands at 1680 and 3200—
3500 cm™ ! because of characteristic vcn and vay vibrations
of the guanidinium cations, respectively. A broad and weak
band around 2800 cm ™' is observed for (H50),-[Hgual 6"
(Al4Fg)5 - H>O and could correspond to the voy vibrational
frequency of the hydronium cations.

An optical test of second harmonic generation (SHG) was
performed on both phases. Opposite from [Hgual, - (AlsF;7),
asignal, significant for noncentrosymmetry, was observed for
(H30),-[Hgua)i6* (AlsF15)3- H20.

The structure of (HzO),:[Hgualis:(Al4F5)3-H,O was
solved from single-crystal X-ray data collected on a Bruker
APEX II CCD diffractometer [Bruker Triumph monochro-
mator Mo Ko (4 = 0.71069 A)] at 150 K. The structure
solution was found by direct methods (TREF option) and
extended by Fourier maps and subsequent refinements
(SHELXS-97 and SHELXL-97"" programs included in the
WINGX package'?). All non-hydrogen atoms were refined
anisotropically, whereas hydrogen atoms of
the [Hgua]t cations were geometrically constrained (HFIX
option).

In the absence of single crystals of [Hgual,-(AlsFy7), a
powder pattern was recorded in Bragg—Brentano geometry
with a Bruker D8-Advance diffractometer equipped with a
diffracted beam graphite monochromator (radiation Cu Ka).
A C-centered orthorhombic cell was obtained from the
McMaille indexing software [M(20) = 30; F(20) = 43]."*
This cell was confirmed by a satisfying whole powder pattern
fit by the Le Bail method'* using the Fullprof software."
However, a few additional intense peaks with larger broad-
ening could only be explained by the presence of a cubic-
phase AlF;-H>O (a = 3.61 A).'® Several experiments allowed
a reduction of the presence of the cubic phase, varying the
HF—guaratio. The extracted intensities from the best powder
pattern, retaining the Crnumm space group, were used for the
structure solution by direct space methods (ESPOIR soft-
ware'”); two rotating and translating independent AlF octa-
hedra and one CN; group were used in a Monte Carlo
process, until R ~ 15%. The octahedra were found to be
connected by corners, forming layers parallel to the bc plane.
Then, Rietveld'® refinements led to a good fit, as shown in
Figure 2. In order to obtain satisfying C—N and N—N
distances, the geometry of the CN3 group was constrained
to be a carbon-centered nitrogen triangle (hydrogen atoms
were not located). However, the thermal parameter of the N1
atom remained very high, indicating a disorder or a lower
symmetry. Attempts to obtain better results in Crmm2 and
(222 space groups failed. This fact is in agreement with the
negative test of SHG. With such a high thermal parameter,
there even is doubt about the presence of the atom; however,
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Figure 2. Final profile refinement of [Hgual, - (AlsF7): observed (line), calculated (point), and difference (bottom) profiles of XRD data. Vertical bars are
related to the calculated Bragg reflection positions (lower second raw = AlF;-H,0).

Table 2. Crystallographic Data of (H30),:[Hgua)s(Al4F 5);-H,O and

[Hgual,+ (AlsF17)

compound

formula
fw (g mol™ ")

diffractometer
monochromator,
wavelength (A)
cryst syst, space
group
a(A)
b(A)
¢ (A)
V (A%, Z
-3
Pealeds Pexpt (g cm )
26 range (deg),
temperature (K)
reflns measd/unique/
[ > 20(D)]
(hkl) limits

refined param

R1, wR2, GOF (F)

Apmina Apmax (e Ai})

Flack parameter

no. of indep reflns

no. of intensity-
dependent param

distance restraints

Rp, Ry

RB: RF

(H30), - [Hgual;-
(Al4F5)3-H,O

AloF5403N45C16H 104

2367.02

single crystal

Bruker APEX II CCD

Bruker Triumph,
0.71073

cubic, [43d

20.465(1)

8571.1(7), 4
1.834, 1.83(1)
3-60, 150

78214/4651/1850

—16<h=16-28 <
k=28 —-29</=<29

107

0.0555, 0.189, 0.978

—0.43,0.83

0.0(5)

[Hgual,- (AlsF,7)

AlsF17NgCoH
578.04

powder

Bruker D8-Advance
—, 1.540 56

orthorhombic,
Cmmm
22.609(1)
9.638(1)
3.593(1)
783.0(1), 2
2.45,2.30(1)
3-90, 293

218
82

4
0.12,0.130
0.034, 0.030

its removal produces an increase of the Bragg R factor
from 3.4 to 12.4%, which is not really surprising in a
structure in which all atoms are light X-ray scatterers
(AP and F~ ions being isoelectronic). No clue for a
symmetry lowering to the monoclinic symmetry can be
found from the powder pattern. It must be noted that
anisotropic line broadening for (200) and (hk/) peaks with
large / values was detected but not accounted for during
the Rietveld refinements. This anisotropic broadening
suggests crystallite size effects and/or stacking faults
along the « axis; these effects are expected from the

Table 3. Selected Interatomic distances (A) in (H30),-[Hgua) ¢ (Al4F 5);- H,0

All—F4 1.767(3) CI—NI1 1.324(5)
All-F1 1.772(3) C2—N3 1.293(9)
All—F2 1.777(3) C2—N2 1.339(8)
All—=F5 1.829(2) C2—N4 1.363(8)
All-F3 1.837(3)

All-F3 1.855(3)

Table 4. Selected Interatomic Distances (A) in [Hgual, - (AlsF,7)

All-F1 2 x 1.80(1) C—NI1 1.33(1)
All-F2 1.70(1) C—N2 1.30(1)
All-F3 1.82(1)

All—-F4 1.80(1) NI-F2 2 x 2.83(1)
All—F5 1.82(1) N2—-F2 4 % 3.23(1)
Al2—F3 4 x 1.82(1)

AI2—F6 2 x 1.80(1)

two-dimensional (2D) character of the structure and are
probably exalted by a F/OH substitution.

The details of the structure determinations are given
in Table 2. The main bond lengths are given in Tables 3
and 4.

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplemen-
tary publication nos. CCDC 729488 ((H;0),-[Hgualis*
(Al4Fg)5- H>,O) and 729489 [Hgual, - (AlsF,5). Copies of the
data can be obtained, free of charge, upon application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, U .K. (fax +44
1223 336033 or e-mail deposit@ccdc.cam.ac.uk).

Results

The compositional space diagram for AI(OH);—HguaCl—
HF,,—EtOH is shown in Figure 1. The labels, associated
with the composition of the solids, are located at the figura-
tive points of the starting compositions. The objective of
preparing new dense hybrid fluorides led to exploration of the
high HF concentration part of the composition space. Five
distinct crystallization fields appear in this system at 190 °C
and [AP"] = 0.4 mol L™". The inorganic hydroxyfluoride
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Figure 3. Densities of known hybrid aluminum fluorides and five forms of AlF;. The regions separated by the dotted lines are related to the inorganic

sublattice dimensionality.

Figure 4. Hydrogen bonds between the [Hgua]* cations and the (Al4F,4)®™ polyanions in (H;0),-[Hgual;¢- (Al4F;5)3- HoO.

pyrochlore Alz(Fo's,OHO.S)G-HZO19 crystallizes at low HF
and guanidine concentrations, below 0.6 and 0.1 mol L™,
respectively. At [HF] < 1.5 mol L™" and 0.2 mol L™" <
[HguaCl] < 0.8 mol L™, no reaction occurs and only the
metallic precursor AI(OH); gibbsite™ subsists. The last three
regions are dominated by [Hgua]s - (AlF¢), (H;0), - [Hguals
(Al4F15)3-H>0 and [Hgual- (AlsFy7). [Hguals- (AlF), pre-
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Figure 5. Hydrogen bonds between the H;O™" cations or H,O and the
(A14F|g)67 polyanions in (H30)2 . [ngah(, . (Al4F1 3)3 . HQO
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in two sets; the short and long distances correspond to terminal
and bridging fluorine atoms, respectively. The Al—Al distances
(3.50 and 3.52 A) and Al—Al—Al angles (59.59 and 60.21°) in
this tetrameric entity, already observed in [Hsdien],+ (Al4Fg).
are close to ideal. One out of two crystallographically indepen-
dent guanidinium cations possesses an ideal ternary symmetry
(Figure 4, left). However, all guanidinium environments, con-
stituted by three (ALF)°~ polyanions, are similar (Figure 4),
with average F- - -H distances of 2.15 A. A total of 12 oxygen
atoms occupy statistically the 48e sites; the electroneutrality is
satisfied when eight oxygen atoms are attributed to the hydro-
nium cations and four to the water molecules. A network of
hydrogen bonds establishes itself between these H;O molecules
or the H;O™ cations and the tetrameric entities (Figure 5).

In [Hgual, - (AlsFy7), no geometrical restraints on the AlFg
octahedra were applied during the refinements. Neverthe-
less, the average Al—F interatomic distance is close to the
expected value (1.81 A), with the exception of the too short
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Figure 6. [001] projection of [Hgual,- (AlsF 7).

Several attempts to grow crystals were performed by both
classical (Parr autoclaves) and microwave-heating methods;
however, only powders were obtained. Before the structural
determination was started, the interest of this phase was
evaluated by considering its density. Figure 3, gathering all
known hybrid fluoroaluminates, indicates clearly a correla-
tion between the density and the dimensionality of the
inorganic network. The experimental density of [Hgual,-
(AlsF17) (2.10), intermediate between 1D and 3D fluoroalu-
minates, suggested a formulation with 2D inorganic layers.

Discussion

Two new hybrid aluminum fluorides, (H;0),-[Hgua]¢-
(A14F18)3'H20 and [nga]z‘(A15F17), are evidenced in the
composition space diagram of the AI(OH);—HguaCl—
HF,,—EtOH system at 190 °C.

In (H30),+[Hgual;6* (Al4Fg)5- H-O, the association of four
AlF; octahedra by vertices leads to (Al4F;5)® entities with
a —4 tetrahedral symmetry. The Al—F distances (Table 3) range

All—F2distance. The structure is builtup from AlsF;; layers,
shifted by the translation of the C-centered lattice. These
(100) layers, resulting from the intergrowth of HTB and
perovskite columns, are separated by guanidinium cations
(Figure 6). The CN3H¢ " cations lie in (001) planes perpendi-
cular to the inorganic AlsF;; sheets.

Conclusion

This work presents a composition space diagram in the
Al(OH);—HguaCl—HF,,—EtOH chemical system estab-
lished from microwave-heating-assisted solvothermal synth-
esis. The most important feature of this diagram is the first
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observation of AlsF,7 layers in [Hgual, - (AlsF17). This phase
is the second example of a hybrid fluoroaluminate after
[Hpy]- (AlsF0)* with a 2D inorganic sublattice. This work
demonstrates that the interesting region of the space diagram
to obtain dense hybrid fluoroaluminates is located around
the composition 25:10:65 Al(OH);—HguaCl—HF,,.
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