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Coupling Sol-Gel Synthesis and Microwave-Assisted Techniques: A New
Route from Amorphous to Crystalline High-Surface-Area Aluminium
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Abstract: A non-aqueous sol-gel Al-
based fluoride has been subjected to
the microwave solvothermal process.
The final material depends on the tem-
perature heat treatment used. Three
types of material have been prepared:
1) for low temperature heat treatment
(90°C) X-ray amorphous alkoxy fluo-
ride was obtained; 2) for the highest
temperature used (200°C) the metasta-
ble form pB-AlF; was obtained with a
very large surface area of 125m’g.
The mechanism of the amorphous#
crystalline transformation has been ra-
tionalised by the occurrence of a de-
composition reaction of the gel fluoride

induced by the microwave irradiation.
3) Finally, at intermediate temperature
(180°C) a multi-component material
mixture exhibiting a huge surface area
of 525m’g~' has been obtained and
further investigated after mild post-
treatment fluorination using F, gas.
The resulting aluminium-based fluoride
still possesses a high-surface-area of
330 m?’g. HRTEM revealed that the
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solid is built from large particles
(50 nm) identified as a-AlF;, and small
ones (10 nm), relative to an unidenti-
fied phase. This new high-surface-area
material exhibits strong Lewis acidity
as revealed by pyridine adsorption and
catalytic tests. By comparison with
other materials, it has been shown that
whatever the composition/structure of
the Al-based fluoride materials, the
number of strong Lewis acid sites is re-
lated to the surface area, highlighting
the role of surface reconstruction oc-
curring on a nanoscopic scale on the
formation of the strongest Lewis acid
sites.

Introduction

A non-aqueous sol-gel process has been reported by Kem-
nitz et al.l'l for the preparation of X-ray-amorphous metal
fluorides with high-surface-area and exhibiting very strong

Lewis acidity. In the first step, an incomplete reaction be-
tween a metal alkoxide and hydrofluoric acid takes place in
an organic solvent: M(OR);+xHF—MF,(OR);_,+xROH.

fluoride,

Whereas the formation of the M—F bond is thermodynami-
cally favoured when compared to the M—OR bond, the for-
mation of a gel limits the OR/F substitution. After drying
this gel by heating up to 70°C, a powdered metal alkoxy
named dry gel,

with the general formula

MF,(OR);_,yROH can be obtained. In a second step, a
post-fluorination treatment, using gaseous CFCs or anhy-
drous HF, is performed to replace the remaining alkoxy

groups by fluoride anions and to obtain pure high-surface-

area aluminium fluoride (HS-AIF;).

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

WWILEY

) InterScience’

6205



CHEMISTRY—

A EUROPEAN JOURNAL

At every step, those parameters which could have an in-
fluence on the properties of HS-AIF; have been fully inves-
tigated regarding the surface area and the reactivity proper-
ties of the final solid.”! Concerning the liquid-phase fluori-
nation step, the authors have pointed out a minor effect on
the final solid properties of parameters such as the sol-gel
synthesis temperature, the concentration, and even the
nature of the alkoxide.

On the other hand, due to the peculiar heating mode® re-
sulting from the interaction between the material and the
electric field component, microwave-assisted synthesis has
proved to be a promising new technique.”! Recently, this mi-
crowave-assisted solvothermal route was successfully ap-
plied to the synthesis of nanosized, crystalline aluminium
hydroxy fluorides.”!

The present work deals with the transformation under mi-
crowave heating of a fluoride gel obtained through the sol-
gel process previously described. The influence of the tem-
perature heat treatment on the final product will be dis-
cussed. In addition, the morphology and some catalytic
properties of a high-surface-area aluminium fluoride ob-
tained by fluorination of the dry gel using F, gas is reported.
(Herein, for the sake of simplicity the material is quoted as
“aluminium fluoride” even if it contains traces of
hydroxyls).

Experimental Section

Synthesis procedure: A wet gel, obtained by reacting aluminium isoprop-
oxide dissolved in isopropanol with an anhydrous HF/diethyl ether mix-
ture in the molar concentration ratio Cy/C,; =3, was used as the starting
precursor. Syntheses were conducted inside a microwave digestion
system (MARS 5, CEM Corporation). The microwave procedure consist-
ed of two steps, both in the same system: a heat treatment and a drying
step. The heat treatment was performed in solvothermal conditions, that
is, in a closed system, for one hour. The gel (50 mL) was enclosed in a
PTFE container. The temperature was monitored by an optical fibre and
was regulated by percent increments of the microwave power (300 W,
2.45 GHz frequency). Four different temperatures were used: 90, 130,
180, and 200°C. The internal pressure was measured by a pressure
sensor. After the heat treatment, the gel was allowed to cool down to
room temperature prior to the drying step. Such a second microwave
treatment was performed at 7=90°C by using a specific device in which
solvents were evaporated through primary vacuum and argon flow. It
should be noted that there is no modification induced on the final com-
pound by the drying conditions. To ascertain this, various drying tempera-
tures were used (50 <7'<150°C) and no influence on the final state of
the compound was observed. In the present work, only the influence of
the heat treatment parameters on the final compound properties will be
discussed. Finally, the obtained dry gel, a white powder, was outgassed in
a conventional oven at 200°C for 4 h under primary vacuum.

Characterisations

X-ray diffraction analysis: Powder X-ray diffraction patterns were record-
ed on a Philips PW1820, PANalytical X'Pert diffractometer in a Bragg-
Brentano geometry (6-26), using Cuyq ., radiation (A=1.54051 A).

Textural measurements: N, adsorption isotherms were recorded at 77 K
on an ASAP 2000 instrument from Micromeritics. The powder sample
(~200 mg) was evacuated overnight at 473 K under 0.1 Pa pressure, prior
to N, adsorption. The total pore volume, V., was calculated from the
volume of nitrogen adsorbed at relative pressure P/P°=0.99. The appar-
ent specific surface area, Sger, was calculated from the BET method ap-
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plied in the P/P° range between 0.03 and 0.25. The pore size distribution
was obtained taking the Barrett-Joyner—Halenda (BJH) algorithm using
the adsorption branch. In Table 1, the mesopore size was taken as the
value at the “top” of the (dV/dlog D) plot, in which D is the pore diame-
ter.

Table 1. Porosity measurements by N, isotherm results.

Heating temperature Viore SgeT Pore size
[°Cl [mLg] [m’g"] [nm]

90 0.43 425 4.1
130 0.62 470 53
180 0.76 525 7.4
200 0.77 125 ~50

Post-fluorination treatment: The sample was placed in a Ni crucible and
was outgassed at 80°C for 1h. Undiluted F, gas was introduced with a
flow of 10 mLmin~". The temperature was increased to 225°C and main-
tained for 5 h. At the end of the experiment, unreacted F, gas was elimi-
nated from the oven by a N, flow and reacted on soda lime.
High Resolution Transmission Electron Microscopy (HRTEM): HRTEM
was performed on TECNAI F20 equipment with a field emissive gun, op-
erating at 200 kV and with a point resolution of 0.24 nm. TEM samples
were prepared by dispersing a few milligrams of powder in isopropanol.
The dispersion was then immersed for ten minutes in an ultrasonic bath
in order to disagglomerate the powder particles. Finally, one drop was de-
posited on a Formvar/carbon copper grid.

FT-IR spectroscopy: Approximately 20 mg of powder was pressed into a
self-supported disc (2 cm?® area). Transmission IR spectra were recorded
in the 500-5600 cm™' range with a 4 cm™' resolution on a Nicolet Nexus
spectrometer. The cell was connected to a vacuum line for the evacuation
and activation steps. Samples were activated at 300°C for 4 h under
vacuum.

After activation, the acidity of the material was studied by IR spectrosco-
py, with adsorbed pyridine as a spectroscopic probe. Pyridine (Aldrich,
99+ % grade) was dried on molecular sieves prior to use. Introduction of
pyridine was performed at equilibrium pressure (133 Pa) and then evacu-
ated under vacuum at increasing temperatures to remove physisorbed
species.

Catalytic tests: Dismutation of CHCIF, was performed in a continuous-
flow fixed-bed reactor. A mixture of CHCIF,:N, (5:20 mLmin"") was
passed through the sample. The temperature was increased stepwise and
held at each respective temperature for 20 min. After reaching 99 % con-
version, the reactor was cooled down to 50°C.

The isomerisation of 1,2-dibromohexafluoropropane CBrF,CBrFCF; was
tested at room temperature. Inside a glove box, the sample (20 mg) was
placed in a flask equipped with a magnetic stirrer. The flask was then
sealed with a rubber septum cap. CBrF,CBrFCF; (~300 uL) was added
through the septum by using a pL syringe and the mixture was stirred at
ambient temperature for 2 h. The yield of the target product was deduced
by "“F NMR spectroscopy (solvent: CDCI;).

Elemental analysis: Fluorine and aluminium contents were quantified by
the Service Central of Analysis (SCA-CNRS, Vernaison): F titration with
a specific electrode and Al by ICPMS. The carbon content was deter-
mined by the combustion method using LECO CHNS-932 apparatus.

Results and Discussion
Microwave-assisted synthesis
Synthesis features and characterisation of the dry gel: During
the solvothermal step, the synthesis temperature was tuned

at four levels: 90, 130, 180, and 200°C. Table 2 summarises
the internal pressure measured during the heat treatment.
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Table 2. Experimental parameters of the microwave process. The reported chamber pressure was measured
before the end of the heat treatment. The appearance of gel was noted after cooling down to room

temperature.
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sists of smaller particles. Final-
ly, when the reaction tempera-

Heating tem-
perature (°C)

Chamber pres-
sure (bars)

Appearance after solvo-
thermal treatment

Final F/Al molar ratio
of the dry gel

ture is 200°C, a very crystal-
line aluminium fluoride is
formed that exhibits the hex-

Weight loss (%) of the
dry gel at 200°C

% <1 Gl L3 >0 agonal tungsten bronze type
130 4-5 viscous gel 1.7 42 . 8]

180 16-18 viscous gel 2(C: 12 wt%) 26 Struct.ure, that. is, B-AlF;.

200 48-51 liquid 2.7 (C: 0.1 wt%) 5 This evolution of the crystal-

The state of the gel observed after the corresponding treat-
ment is also noted. Based on these observations, it is clear
that the synthesis temperature is a crucial parameter.
Whereas at temperatures below 200°C the gel state remains,
for T=200°C a liquid is obtained after reaction, which is in
contrast with the initial gel state of the starting material. It
should be noted that a high pressure is measured under the
latter conditions (see Table 2).

After the final microwave-assisted drying, the nature of
the obtained solid depends on the synthesis temperature.
From the powder X-ray diffraction patterns displayed in
Figure 1, three steps can be distinguished. At 90 and 130°C,
X-ray amorphous materials are obtained. At 180°C the crys-

10 20 30 40 50 60 70
20/°
Figure 1. X-ray diffraction powder patterns of samples obtained after mi-

crowave irradiation at various temperatures (*refers to an unknown
phase).

tallisation has started, as revealed by two well-defined X-ray
lines at approximately 260 =25 and 51°, which are related to
the main lines of the thermodynamically stable a-AlF;
phase.[! Several additional broad X-ray peaks, located at 4.7
and 3.1 A and marked by asterisks in Figure 1, were detect-
ed, but no satisfactory indexing could be found using the
JCPDS data files. A derived rutile aluminium oxy fluoride
has been reported!”! and the main X-ray peak of this phase
is close to the peak detected at 3.1 A. These peaks present
large full width at half maximum (FWHM) values compared
to those of a-AlF;, suggesting that this unknown phase con-
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line features can be related to
the increase of the F/Al molar
ratio, as displayed in Table 2.
A slight increase of the fluorine content from 1.5 to 1.7 is
observed when the heat treatment temperature is increased
from 90 to 130°C. Treatments at higher temperature greatly
improve the fluorine content. Moreover, the F/Al molar
ratio increases sharply from 2 to 2.7 when the temperature
is increased from 180 to 200°C. In addition, the content of
organic moieties can be basically quantified by measuring
the weight loss after outgassing at 200°C under dynamic
vacuum (Table 2). A general trend can be observed: the
higher the fluorine content, the lower the weight loss and
the lower the organic content. For dry gels obtained at high
temperatures (180 and 200°C), the carbon contents were
measured to be 12.7 and below 0.1 wt %, respectively. Such
results imply the formation of intermediate alkoxy fluorides
with the already reported general formula AlF; .-
(OiPr),-yiPrOH™ when the synthesis was conducted below
200°C. The 0.1 wt% C content is clear evidence that the
phase obtained at 200°C is no longer an alkoxy fluoride, but
is more likely to be an oxy or hydroxy fluoride.

Concerning the textural properties of the obtained dry
gels, the nitrogen adsorption—desorption isotherms, as well
as the derived pore size distribution, are collected in Fig-
ure 2A. The BET specific surface area, total pore volume,
and mesopore size are listed in Table 1.

The most salient observation is the very large surface area
of the obtained materials. As far as the textural properties
are concerned, a clear distinction can be made between the
sample prepared at 200°C and those obtained at lower tem-
peratures. Samples prepared below 200°C are mesoporous
materials exhibiting a type IV isotherm with a well-defined
plateau and an H2-type (IUPAC) hysteresis loop. When the
treatment temperature is raised from 90 to 180°C, the total
pore volume increases from 0.43 to 0.76 mLg ', whereas the
surface area only increases from 425 to 525 m?g". This is as-
cribed to an enlarging of the width of the mesopores, which
is directly confirmed by a shift of the hysteresis loop toward
higher relative pressures. The mesoporous network could be
described by a distribution of mesopores centred at increas-
ing width, from 3.7 to 6.3 nm (Figure 2B).

The sample prepared at 200°C also exhibits a type IV iso-
therm, but with a very different shape and an H1-type loop
observed at high relative pressures (above ~0.95). So it can
be observed in Figure 2B that this material exhibits a very
broad distribution of wide pores. The decrease of the surface
area down to 125 m?g™' while a high pore volume is pre-
served (0.77 mLg™!) is consistent with the completion of a
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Figure 2. A) N, adsorption isotherms of materials prepared at various
temperatures. Filled symbols correspond to the adsorption branch and
empty symbols to the desorption branch. For the sake of readability the
isotherms are shifted upwards for nx100 mLg'. B) Pore size distribu-
tion.

crystallisation process, in agreement with the very well crys-
tallised state of this material.

From amorphous to crystalline materials—proposed mecha-
nisms: Based on the above results, it appears that the tem-
perature at which the microwave treatment is performed is
the main factor that drives the nature of the final product.
However, the temperature factor seems to induce a complex
mechanism involving the different constituents of the mix-
ture, and this point will be discussed below.

At 90 and 130°C, the fluorination of the alkoxide remains
very low and the resulting aluminium alkoxy fluoride is X-
ray amorphous due to the presence of a large number of or-
ganic moieties, which limit the coherence length of the crys-
tallites. At these temperatures, the dry gel should exhibit the
topology of the original gel, which consists of an AI(F,OR);
network. An increase of the synthesis temperature up to
180°C favours the formation of higher fluorinated species,
as revealed by the increase of the F/Al molar ratio up to 2
(Table 2). This increase in fluorine content is simultaneous
with the appearance of crystalline domains, most of them
being the a-AlF;. The appearance of this phase within an
amorphous matrix reveals the inhomogeneity of the activat-
ed gel mixture. Such inhomogeneities have also been dem-
onstrated by YAl NMR spectroscopy on the dry gel pre-
pared with a low Cye/C, molar ratio (R=2). Aluminium
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species with various anionic environments,? that is, fluori-
nated species located at —10 ppm and oxygenated species at
14 ppm, are highlighted. Regarding the rather low FWHM
for the X-ray peaks of the a-AlF; phase obtained at 180°C
(Figure 1), it is clear that this phase consists of large parti-
cles relative to the other constituents. The other constituents
of this sample should be considered as an AlF;_(OiPr),
and/or an Al oxy fluoride phase with very small particle size
giving rise to the extremely high-surface-area (525 m*g ).

The crystallisation process begins between 130 and 180°C
and induces an increase of the kinetics of fluorination and,
surprisingly, an increase of the surface area. It can be sug-
gested that the densification of a-AlF; particles implies a
migration of matter which results in a high improvement of
the porous volume associated with only a slight increase of
the surface area.

Finally, the sample obtained at 200°C preserves a high
pore volume (0.77 mLg™"), but the surface area is decreased
by a factor of 4.2, from 525 to 125 m?g~'. This drastic de-
crease of the surface area is consistent with the completion
of a full crystallisation process, which is also unambiguously
highlighted by several factors: 1) the appearance of the f3-
AlF; phase revealed by the XRD pattern (Figure 1), 2) the
strong increase of the fluorine content (Table 2), 3) the dis-
appearance of organic moieties revealed by the very low
carbon content (C% =0.1 wt%) and 4) a strong increase of
the internal pressure, from 20 to 50 bar. The last two fea-
tures suggest that between 180 and 200°C, the decomposi-
tion of the organic constituents takes place thanks to the
high energy brought to the system. The strong increase of
the internal pressure is indicative of a decomposition reac-
tion. It has already been reported that microwave irradia-
tion is able to induce side reactions: decomposition of or-
ganics molecules,'” redox processes”® and decomposition of
ionic liquids.'¥l The reaction mixture also contained some
diethyl ether molecules as solvent, which are considered as
inert under microwave irradiation since they are non-polar.
Therefore, it can be assumed that diethyl ether molecules
are not decomposed under microwave irradiation. Addition-
ally, during the microwave synthesis of oxides, K. J. Rao et
al.'? reported the formation of diethyl ether molecules by
condensation of alcohol molecules. Moreover, MS-coupled
DTA/TG-investigations on the dry aluminium alkoxy fluo-
ride clearly showed the formation of diethyl ether and water
as result of Lewis acid (AP’*) induced alcohol condensa-
tion.l”) Hence, it is considered likely that such a mechanism
occurs here too: 2R-OH—R-O-R+H,0O. The released
water can thus favour the hydrolysis of the alkoxy fluoride
species as follows: AlF;_(OiPr),+xH,0 — AlF;_ (OH),+
xiPrOH. The kinetics of fluorination can thus be improved
by the decrease of steric hindrance induced by alkoxy li-
gands. Taking into account the already mentioned MS-cou-
pled thermal investigations”) an alternative reaction path
can be discussed. In this investigation, most of the solvated
isopropanol molecules were desorbed between 100 and
150°C; then the formation of propene as well as a very
small amount of diethyl ether was detected between 175 and

Chem. Eur. J. 2008, 14, 6205—-6212
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225°C. Consequently, in this temperature range a fluorinat-
ing gas must be provided to complete the fluorination. This
conclusion is in full agreement with the synthesis procedure.
By analogy with the thermal decomposition mechanism of
the aluminium alkoxy fluoride, the process inducing the
transformation of an amorphous phase into crystalline fluo-
rides from microwave heating can be described as follows:
1) the increase of the synthesis temperature up to 180°C fa-
vours the fluorination of the already formed aluminium
alkoxy fluorides; thermal motions induced by the microwave
irradiation increase the reactivity of fluoride anions toward
the alkoxy group substitution; 2)at temperatures above
180°C, breaking of the Al-OiPr bonds can be considered to
occur. In this scheme, bonds are cleaved forming propene
and OH groups, as previously reported:” Al-O—CH-
(CH;),—Al-OH+ CH,=CH—CHj. This scheme is in good
agreement with the drastic increase of the internal pressure
occurring between heat treatments performed at 180 and
200°C. The textural properties of the solid obtained at
200°C exhibit a large pore size (50 nm in Table 1), which is
consistent with the decomposition reaction that occurs. Ad-
ditionally, after cooling down to room temperature, an inter-
nal pressure still remains inside the vessel, suggesting the
presence of a gas phase.

Another remarkable point is that the decomposition of
solvent molecules occurring between 180 and 200°C induces
a dissolution/recrystallisation process, leading to the meta-
stable phase -AlF; and the disappearance of the thermody-
namically stable phase a-AlF;. This reaction could be com-
pared with the synthesis of nano-structured aluminium hy-
droxy fluorides by using microwave irradiation of a solution
containing nitrate as the aluminium precursor in alcohol.!
During such a synthesis an exothermic phenomenon occurs,
involving the reduction of the nitrate precursor into ammo-
nium species coupled with the oxidation of isopropanol. In
this case also, the synthesis of the metastable beta phase im-
plies a side reaction, which, finally, through drastic variation
of the thermodynamic state (P, T), provides the required
energy for the stabilisation of such a metastable f3-form.

High-surface-area AIF; and acidic properties

Post-fluorination treatment using F, gas: It has been shown
above that the microwave-assisted sol-gel synthesis leads to
fluoride materials exhibiting a high-surface-area (above
500 m*g™!). However, such a material still contains large
numbers of organic moieties, since the carbon content is still
around 12wt% after microwave treatment at 180°C
(Table 2). To remove these species while retaining the high-
surface-area, a low-temperature fluorination was performed
with gaseous F,. The sample obtained at 180°C was selected
because of its high-surface-area of up to 525 m*g~". To avoid
a full crystallisation process, a medium temperature (225°C)
was chosen for the fluorination.

This post-fluorinated sample still exhibits a high-surface-
area 330 m?g~!, providing a suitable material for catalytic
ability. It should be noted that the decrease of the surface

Chem. Eur. J. 2008, 14, 6205-6212
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area occurs along with a slight increase of both the pore size
(8.5nm) and the porous volume (0.87 mLg™') ascribed to
the substitution of fluorine species for alkoxy groups. All
the carbon atoms were removed, showing that the post-fluo-
rination treatment enables the complete removal of organic
moieties. No significant change was observed by X-ray dif-
fraction analysis except for the detection of a peak located
at 9.4 A and noted with a sign “+” in Figure 3. The broad

40 50 50 70
20/°

Figure 3. X-ray diffraction powder pattern of samples, a)microwave
treated at 180°C and b) after fluorination with undiluted F, gas at 225°C
(* unknown phase, + shoulder at 9.4 A).

peaks located at around 4.7 and 3.1 A are still present (as-
terisks in Figure 3). It should be noted that these three
peaks can be indexed as multiples of reticular planes with
d=94A.

Figure 4 displays some TEM images of the F,-treated
sample. The solid consists of agglomerates built from large
and small particles, denoted 1 and 2 in Figure 4A, respec-
tively. Some of these large particles (50 nm) are displayed in
Figure 4B. A zoom on a particle with a rodlike structure,
50 nm in length, shows interplanar distances of approximate-
ly 3.5-3.7 A (insert in Figure 4B), which correspond to (012)
inter-reticular distances of a-AlF;. These large particles can
therefore be ascribed to a-AlF; in agreement with the
narrow FWHM of their X-ray peaks. The second type of
particle, consisting of small crystalline domains of about
10 nm or less, are shown in Figure 4C. These domains pres-
ent some interplanar distances of about 3 A (Inset, Fig-
ure 4C). Such a distance is very close to the X-ray peak de-
tected at 3.1 A, which, in turn, is considered to characterise
this phase. According to the high-surface-area of the solid, it
is clear that these small particles of around 10 nm should be
preponderant in the material.

Surface acidic properties: The surface acidic properties of
this new high-surface-area aluminium fluoride (330 m®g™")
have been investigated by catalytic tests and adsorption of
pyridine by means of FT-IR spectroscopy.

First, catalytic tests were performed regarding the catalyt-
ic activity upon the CHCIF, dismutation reaction. According
to the data given in Table 3, the full catalytic activity of
CHCIF, dismutation proceeds after an activation period at
200°C. This inductive period is required to remove water
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Figure 4. A) Transmission electron micrograph, B) and C) HRTEM image of high-surface-area aluminium fluoride.

Table 3. Catalytic activities of post-fluorinated high-surface-area AlF;
(330 m*g ") sample toward the dismutation reaction of CHCIF, and the
isomerisation of 1,2-dibromohexafluoropropane (1,2-DBP).

CHCIF, 1,2-DBP
dismutation isomerisation
T [°C] 100 150 200 150 100 50
COMVEISION — » 5 97.98 ~100 ~100 =100 18
rate [%]

molecules adsorbed on the surface. Once the catalyst is
active, the dismutation reaction proceeds to completion
even at 50°C, showing high catalytic properties.

The isomerisation of 1,2-dibromohexafluoropropane has
also been tested. This reaction is a good indicator of the
presence of very strong Lewis acid sites, since it takes place
only in presence of the strongest Lewis acids (amorphous
HS-AIF;, SbFs, aluminium chloro fluoride). The rate of con-
version is found to be 18 % and accounts for the presence of
strong Lewis acid sites.

The type of surface acidic sites (Lewis or Brgnsted) and
their number have been determined by using pyridine (Py)
adsorption at room temperature. The high-surface AlF;
sample was outgassed at 300°C prior to pyridine adsorption
at room temperature. The spectrum obtained after introduc-
tion of 1torr of pyridine and followed by evacuation at
room temperature is shown in Figure 5. The 1400-1800 cm™!
range displayed contains typical
vibration modes of coordinated
pyridine. It is concluded that

1453
Abs

0.2

1619

1550 1500 1450

Wavenumber / cm™!

1650 1600

Figure 5. IR spectrum recorded after introduction of 1 torr of pyridine at
room temperature on high-surface-area AlF; after outgassing at 300°C
followed by evacuation at room temperature.

is, the higher the wavenumber, the stronger the Lewis acidi-
ty. They are close to those previously reported for the f3-
AlF; compound,™ and higher than those characterising the
Lewis acidity of alumina™! (1614 and 1448 cm™). Pyridine
desorption at a higher temperature increases the v8a and
v19b wavenumbers (Table 4). This phenomenon can be ex-
plained either by the site heterogeneity, by the weakest sites
being liberated first, or by the pyridine inductive effects,
which depend on the amount of adsorbed pyridine. The con-
centration of Lewis acid sites, estimated from the integrated

Table 4. Strength and concentration of Lewis acid sites detected by pyridine adsorption on fluorinated materi-
als and alumina. F samples and alumina were pre-treated under vacuum at 300 and 500 °C, respectively.

only Lewis acid sites are detect-

. . Outgassing  HS AIF LS B-AlF; HS B-AlF; Pyrochlore  a-AlF v-Alumina
ed, since no band due to pyri- 3 3 3 3
diI;e protonation (Brmi}t,e J temperature (330 m*g™") (20m’g™") (82m’g") (130m’g) (60 m*g™!) (290 m*g")
. . ‘1. RT 1453 1454 1453.5 1451.5 1453 1448
acid site) was detected. Pyridi- xll?l?nz?;:[?riv-?]_ 200°C 1455.5 1455 1455 1454.5 1455 1454
nium species are indeed charac- 300°C 1456 1456.5 1457 1456 1456 1455
terised by bands occurring
around 1540 and 1640 cm™. Site numbers XL 615 35 200 336 158 480
The wavenumber of the two  [umolg™] iggog ;gi ig 41;20 27 gg 41“1)0
bands at 1619 and 1453 cm™!
(v8a and v19b modes, respec- site numbers KT 112 1.05 147 1.56 1.59 1.00
tively, of coordinated Py spe- [per nm?] 200°C 0.52 0.60 0.73 0.63 0.63 0.23
p 300°C 0.37 0.30 0.32 0.36 0.32 0.08

cies) accounts for the strength

of the Lewis acid sites,'® that
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[a] Estimated standard deviation: 6 %.
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area of the v19b band assuming a molar absorption coeffi-
cient value of 1.8cmpmol™ ™ is equal to about
615 pmolg~!, or 1.1 sitenm ™2

It was important to compare the strength and the number
of strong Lewis acid sites determined for this high-surface-
area AlF; sample to those measured for other divided AlF;
materials. Table 4 reports the strength and number of Lewis
acid sites determined as reported above from the wavenum-
ber and the intensity of the ¥19b band after pyridine desorp-
tion at RT, 200, and 300°C. The quoted AlF; materials are:
1) the post-fluorinated sample exhibiting a high-surface-area
(330 m*g™!) and therefore denoted HS-AIF;, 2)two HTB
samples with different surface areas!'*" (20 and 82 m’g™")
denoted LS (low surface area) and HS (high surface area)
p-AlF;, respectively, 3) a hydroxy fluoride exhibiting the py-
rochlore type-structure'® (130 m?’g™") and 4) a derived form
of a-AlF; (60 m?g!)."7

As far as the AlF; samples are concerned, the signal for
the v19b band after pyridine outgassing at RT is shifted to a
slightly lower wavenumber in the case of the pyrochlore
sample. This can be related to the low fluorine content (F/
Al=1.8) of this material by comparison with the other com-
pounds (F/Al>2.5). The inductive effect of fluoride ions is
also evidenced by the position of the v19b band of y-AlL,O,,
which possesses weaker Lewis acid sites than fluorinated
materials.'®

After pyridine desorption at 300°C, the position of the
v19b band of the residual adsorbed species is similar what-
ever the sample, showing that the Lewis acid sites present
similar strengths. This point should be regarded carefully
and specified by adsorption of other probes like CO, which
enables the discrimination between Lewis sites with differ-
ent acid strengths.

The thermodesorption performed at 300°C characterises
the strongest Lewis acid sites. The ratio between the
number of sites measured after thermodesorption at 300°C
and those measured after evacuation at RT enables the
quantification of the proportion of strong Lewis acid sites
exhibited by each solid. The highest proportion of strong
Lewis acid sites is found on the HS-AIF; material, with 33 %
of the Lewis acid sites being strong. This result suggests the
occurrence of more homogeneous Lewis acid sites on the
HS-AIF; material than on the other materials. In agreement
with the promoting effect of fluoride ions, y-alumina pos-
sesses the lowest fraction of strong Lewis acid sites, just 8 %
of the total number of sites.

The most interesting result presented in Table 4 relates to
the concentrations of Lewis acid sites per gram of material.
They are much higher on HS-AIF; whatever the tempera-
ture of pyridine evacuation. Figure 6 clearly shows that the
number of Lewis acid sites is correlated to the specific area.

This is the first time that such a correlation has been ex-
emplified. This result underlines the interest of probe mole-
cules adsorption/desorption experiments for characterising
the number and strength of Lewis acidic sites in highly di-
vided fluorine-based materials. Finally, it is worth noting
that the number of strongest Lewis acid sites (Py outgassed

Chem. Eur. J. 2008, 14, 6205-6212
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Figure 6. Dependence of the concentration of Lewis acid sites detected
by pyridine adsorption on the specific area. Filled symbols: pyridine out-
gassed at room temperature; empty symbol: pyridine outgassed at 300°C.

at 300°C) does not depend on the origin of the AlF; sam-
ples, as illustrated in the case of the pyrochlore sample. The
latter indeed exhibits a large number of Lewis acid sites
after thermodesorption at 300°C. This fact can be rational-
ised by considering the finite size effect. The increase of the
surface area is basically related to a decrease of the particle
sizes. Chaudhuri et al.!'®! have clearly shown that a decrease
of the particle size was correlated with an increase of the
number of under-coordinated APP* ions, that is, potential
strong Lewis acid sites. Surface reconstruction taking into
account the nanometric scale led to five- and even fourfold
coordinated AI’* ions, which should be regarded as very
strong Lewis acid sites. This is consistent with our results, in
which we find that the number of strong Lewis acid sites is
related to the surface area, that is, to the particle size.

Conclusion

This work was based on the combination of two synthesis
methods in which non-aqueous sol-gel fluoride material was
further subjected to microwave irradiation. The crystalline
state of the final material depends on the microwave-tem-
perature treatment. An amorphous product is achieved at
90°C and a crystalline phase exhibiting the HTB type struc-
ture at 200°C. The mechanism of the amorphous=crystal-
line transformation of the gel under microwave irradiation
has been discussed. It has been suggested that the decompo-
sition of the gel induces the crystallisation process of the
HTB phase.

In addition to a high-surface-area B-AlF;, (125 m?g!), a
multi-component material exhibiting a huge surface area of
525 m?g ! has been prepared. This material contains residu-
al organic moieties that were completely removed by low-
temperature fluorination by using F, gas. This technique
allows preservation of a surface area as high as 330 m?g .
From HRTEM experiments this material is shown to be
built of two types of nano-particles: 50 nm crystallites ascri-
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bed to a-AlF;, and smaller particles of about 10 nm related
to an unidentified phase.

This work has also confirmed that the microwave-assisted
synthesis is a suitable route to achieve high-surface-area ma-
terials. This method is a fast and simple procedure that
could be easily applied to the synthesis of other high-sur-
face-area metal fluorides. It opens a promising way to devel-
op more divided materials and stabilise novel phases. Since
the interaction between the microwaves and the mixture is a
decisive step on the final stabilised material, further work
should be performed incorporating different organic sol-
vents such as butanol or ionic liquids to tune the reactivity
and the behaviour of the mixture under microwave irradia-
tion. The ability of solvents to generate heat under micro-
wave irradiation could be one way to obtain new alumini-
um-based fluoride frameworks, as well as highly divided ma-
terials.

FT-IR spectroscopy on Al-based fluorides materials shows
for the first time that the number of strong Lewis acid sites
is primarily related to the surface area, whatever the struc-
ture/composition of the compound. This result highlights the
role of surface reconstruction occurring on a nanoscopic
scale leading to the formation of the strongest Lewis acid
sites.
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