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Abstract Periodic mesostructured organosilicas (PMO)
were synthesized wusing 1,2-bis(trimethoxysilyl)ethane
(BTME) under acidic conditions using Pluronic 123 as
surfactant. The PMO ethane-silicas were then grafted with
1,2,2-trifluoro-2-hydroxy-1-trifluoromethylethane sulfonic
acid fS-sultone yielding a new perfluoroalkylsulfonic acid
PMO catalyst. Ordered hexagonal mesostructures (P6mm)
with surface areas up to 500 m*/g and narrow pore size
distribution (around 5.1 nm) were obtained. This work thus
provides an example of chemical modification for the
conception of functionalized PMO acid catalysts. Liquid
phase self-condensation of heptanal and acetalization of
heptanal by 1-butanol were performed at 30 and 75 °C in
the presence of these catalysts and results were compared
with those obtained with several other heterogeneous
hydrophobic acid catalysts.

Introduction

Periodic mesostructured organosilicas (PMOs) with
organic groups bridged in the framework have opened a
new area in development of heterogeneous catalysts [1-3].
Since the discovery of PMOs, various organosilica pre-
cursors with bridging organic groups such as methane,
ethane, ethylene, benzene, thiophene, and biphenyl have
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been incorporated in the framework [4-9]. Recently, self-
assembly of trimethylene-bridged cyclic silesquioxane
precursor to yield the well-ordered trimethylene-bridged
3-ring PMO have been performed by Landskron and Ozin
[10]. Che et al. [11] have proposed a new templating route
for preparing hybrid mesoporous materials using anionic
surfactants. Efforts have been made to create solid acid
catalysts with strong Bronsted acidity, similar to zeolites,
but with larger pore diameters accommodating larger
substrates. Diaz et al. [12] have grafted mercaptopropyl-
trimethoxysilane on MCM-41 and MCM-48. A propyl-
sulfonic acid moiety was then produced by the oxidative
reaction of the thiol functional group with H,O,. This
method was further applied to other mesostructured
materials (FSM-16 [13] and SBA-15 [12, 13]). Lin and
co-workers [14] reported a new co-condensation method to
generate carboxylic and sulfonic acid-functionalized mes-
ostructured silica MCM-41-type nanosphere materials
while controlling the surface concentration of the organic
functional groups. The method involves the utilization of
disulfide-containing organosilanes, such as 3-[3'-(trime-
thoxysilyl)propyldisulfanyl]propionic acid and 2-[3-(tri-
methoxysilyl)propyldisulfanyl]ethanesulfonic acid sodium
salt, to electrostatically match with the cationic template
(CTAB) in a base-catalyzed reaction of TEOS. The pres-
ence of electron-withdrawing fluorine atoms in the struc-
ture significantly increases the acid strength of the terminal
sulfonic acid group. Alvaro et al. [15, 16] presented the
preparation of hybrid MCM-41 and SBA-15 silicas func-
tionalized with perfluoroalkylsulfonic acid groups by a
single-step reaction between the surface OHs of the mes-
ostructured materials and 1,2,2-trifluoro-2-hydroxy-1-tri-
fluoromethylethane sulfonic acid fS-sultone (THTSAS).
These heterogeneous catalysts yielded a better catalytic
activity in the etherification of octanoic acid with ethanol
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(Cg acid conversion of 88% at 60 °C) than N afion® (Cg acid
conversion of 57% under the above conditions). Moreover,
the acylation of anisole was also possible, with high selec-
tivity for 4-methoxyacetophenone. Hybrid material with
maximum acid capacities of 0.5 mmol H*/g was obtained.
The same preparation procedure was used by Athens et al.
[17] to synthesize mesostructured aluminosilica-grafted
THTSAS. On the other hand, Macquarrie et al. [18] pre-
sented a nonoxidative direct synthesis of mesostructured
silica-perfluorosulfonic acid materials with strong Bronsted
acid sites. The materials were prepared using a perfluoro-
sulfonic acid silane and TEOS using the sol-gel co-con-
densation route. The complete incorporation of both silanes
gave a well-ordered material with a loading of 0.2 mmol S/g.
The catalyst presents a high selectivity for the reaction
between 2-methylfuran and acetone to give the bis-furan.
Acid functional groups can also be directly incorporated
in PMOs. Acid silane precursors may be introduced in the
PMO synthesis mixture and co-condensed with the sils-
esquioxane. All these techniques allow to create acid sites
in a less polar organic environment while increasing the
diffusivities of reactants and products owing to the large
pore diameters of the sulfonic acid-functionalized PMOs so
produced [19-24]. Kondo and co-workers [25, 26] have
proposed a chemical modification technique to create a
new type of PMO acid catalysts. In this procedure, ethylene
sites at the surface of an ethylene-bridged PMO are con-
verted to phenylene sulfonic acid groups in a two-step
process. The procedure involves a Diels—Alder reaction
with benzocyclobutene followed by sulfonation in the
presence of H,SO,4. Dubé et al. [27] have prepared a sul-
fonic acid-functionalized PMO (ethylene bridged) by
chemical modification technique in two steps. First, the
ethylene bridges were arylated with benzene using AICl; as
catalyst. This material was further treated with H,SO, for
the sulfonation of the phenyl moieties yielding the sulfonic
acid-functionalized PMO. Several reactions have been
tested with different sulfonic acid mesostructured silicas or
organosilicas such as estherification of glycerol with fatty
acid [12, 28], estherification of acetic acid with ethanol
[24], synthesis of 2-ethoxytetrahydropyran from 3,4-dihy-
dro2H-pyran and ethanol [29], synthesis of bisphenol A by
condensation of phenol with acetone, alkylation of phenol
with 2-propanol [23], etherification of 1-butanol [19],
heptanal self-condensation [27], and liquid phase acetal-
ization of heptanal by 1-butanol [30]. Among these reac-
tions, all the water-producing ones should benefit from the
increased hydrophobicity of the acid-functionalized PMOs.
Self-condensation of carbonyl compounds is an impor-
tant reaction in synthesis of fine chemicals because it leads
to C—C bond formation. This reaction can be catalyzed by
acids or bases. Most of the studies in the literature have
reported the self-condensation over solid base catalysts
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[22, 31, 32]. Moreover, acetalization is a reaction produc-
ing acetals and it is used as protecting groups for carbonyl
compounds. Acetals are used in cosmetic, as fragrances,
pharmaceuticals, and detergents. The homogeneous cata-
lysts used industrially produces highly toxic waste [13, 33,
34].

Herein, we propose a simple method to produce a per-
fluoroalkylsulfonic acid-functionalized PMO with high
acid capacities. The two-step synthesis involves an acid-
catalyzed hydrolysis and condensation of 1,2-bis(trime-
thoxysilyl)ethane (BTME) using Pluronic P123 as the
structure-directing agent followed by a soxhlet extraction.
PMO was further functionalized by the grafting on its
surface of the perfluoroalkylsulfonic acid group. The cat-
alytic properties in the self-condensation of heptanal and
acetalizations of heptanal by I1-butanol in which both
reactions produce water were studied.

Experimental
Catalyst preparation

The designation of the catalysts reflects three characteris-
tics of the material. Here, PMO stands for ethane silica, PF
means perfluoroalkyl, and SOzH indicates the sulfonic acid
moiety so that PMO-PFSO;HO0.8 designates a perflu-
oroalkylsulfonic acid-functionalized ethane-silica having a
loading of 0.8 mmol H*/g. A schematic illustration of the
synthetic pathway to the new sulfonic acid-functionalized
PMO is shown in Fig. 1.
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Fig. 1 Schematic representation of the two-step synthesis mechanism
of PMO acid catalyst
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Preparation of ethane-silica PMO

Ethane-bridged PMO samples with hexagonal symmetry
were prepared using BTME and following the synthesis
procedure described by Inagaki et al. [4]. In a typical
synthesis, 9.64 g of Pluronic 123 (EO»y-PO7y-EO,y,
BASF) was dissolved in 58.16 g of 2 M HCI and 250 mL
of water at room temperature. After complete dissolution,
the solution was heated at 40 °C before addition of 12.58 g
of BTME. The resulting solution was stirred for 20 h. The
synthesis gel molar composition was: 1.00:BTME;
0.039:P123; 2.84:HCI; and 414:H,O. The resulting mixture
was transferred into an autoclave for aging at 100 °C for
24 h. The gel was filtered, washed with deionized water,
and dried overnight at 80 °C. The template was removed
from the as-synthesized material using a Soxhlet extractor
and ethanol for 48 h.

Preparation of SBA-15 mesostructured silica

SBA-15 mesostructured silica samples were prepared using
tetraethyl orthosilicate (TEOS) and following the synthesis
procedure described by Choi et al. [35]. In a typical syn-
thesis, 3.46 g of P123 was dissolved in 62.8 gH,O and 2 g
of concentrated HCI (35%) at room temperature. After
complete dissolution, the solution was heated at 35 °C
before addition of 6.21 g of TEOS. The resulting solution
was stirred for 20 h. The resulting mixture was transferred
into an autoclave for aging at 100 °C for 24 h. The gel was
filtered, washed with deionized water, and dried overnight
at 80 °C. The template was removed from as-synthesized
material by calcination at 550 °C.

Grafting procedure of THTSAS on ethane-bridged PMO
and SBA-15 mesostructured silica (Schlenk technique)

The mesostructured support (2 g) was dried at 200 °C
under vacuum (overnight) and kept under dry argon in a
Schlenk tube. The support was added to 50 mL of toluene
(sodium dried) in the reaction tube under dry argon
atmosphere. To this solution was added 2 g of THTSAS
(PMO-PFSO;HO0.8) stored at 4 °C. The mixture was
refluxed for 4 h under dry argon and then filtered and
washed three times with dry toluene (50 mL). The func-
tionalized PMO and SBA-15 were dried overnight at
80 °C.

Characterization

X-ray diffraction patterns were recorded using a D4
Endeavor/Bruker AXS powder diffraction system with
CuKo radiation (4 = 1.5406 A). Diffraction patterns were
recorded with scan step of 0.02° for 20 between 0.5° and 5°.

Nitrogen adsorption/desorption isotherms were mea-
sured at liquid nitrogen temperature using a QUANTA-
CHROME NOVA 2000 instrument. Before adsorption, the
samples were evacuated at 120 °C for 6 h. Specific surface
area was calculated using the BET method in the relative
pressure range of 0.05-0.25. The pore diameter was esti-
mated from the peak position of the BJH pore size
distribution.

The weight loss curves (TGA) were recorded using a TA
Instruments TGA model Q500 from ambient temperature
to 700 °C at a heating rate of 5 °C/min under helium. The
samples were dehydrated at 110 °C for 2 h before TGA
analysis.

Sample compositions were established by elemental
analysis using a CNS analyzer CARLO ERBA model 1500.
The ion exchange capacities of the sulfonic acid catalysts
were determined using aqueous solutions of NaCl (0.1 M)
and NaOH (0.005 M) [20]. In a typical experiment, 0.05 gof
solid was added to 10 g of NaCl solution. The resulting
suspension was allowed to equilibrate and thereafter titrated
by a drop wise addition of NaOH solution.

Impedance spectroscopy measurements were performed
over the frequency range 1-10” Hz with oscillating voltage
100 mV, using a PC-controlled SI 1260 impedance/gain-
phase analyzer (Solartron) at room temperature. The
impedance data were corrected for contribution from the
empty and short-circuited cell. The proton conduction of
most solid electrolytes is a water-assisted phenomenon,
which is extremely sensitive to water adsorption. The
procedure for conductivity measurements used in this work
is described elsewhere in detail [36].

Adsorbed pyridine infrared spectra (IR-pyridine) were
recorded using a BIO-RAD FTS-60 FTIR spectrometer.
The self-supporting wafers were evacuated in situ in an IR
cell at 100 °C overnight. Pyridine was permitted to desorb
at 25-100 °C. The spectra were recorded after cooling at
room temperature.

29Si MAS NMR spectra were obtained at room tem-
perature on a BRUKER AVANCE 300 MHz. *°Si NMR
was recorded at a frequency of 59.6 MHz and at 4 kHz
spinning rate.

Catalytic tests
Heptanal self-condensation

The liquid-phase catalytic test was performed in a glass
batch reactor equipped with an in situ ATR-FTIR probe
(ASI, Mettler-Toledo, USA) [19]. Linear calibration curves
were established as previously described [19, 30]. Before
each reaction test, the catalyst was predehydrated for 1 h
under vacuum at 60 °C. This predehydration operation was
found to be crucial since the contact with humid air yields
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drastic catalyst deactivation [19]. Typically, 0.5 g of the
dried catalyst was added to 50 mL of pure heptanal. In one
series of experiments, the catalyst mass was varied from
one catalyst to the next to keep the same total content of
acid sites in the reactor. The reaction was carried out in
absence of solvent under autogenous pressure at 30 and
75 °C. The IR spectra of the reaction medium were
recorded at specific time intervals and were later processed
using the React IR software. A calibration was previously
realized at 30 and 75 °C with different concentrations of
heptanal using the 1720 cm™' band. Two hybrid meso-
structured materials (ASMES: arene sulfonic acid-func-
tionalized ethane silica [19], PMO-PSA: benzene sulfonic
acid-functionalized ethylene silica [27]) and Nafion® SAC-
13 were used as reference samples.

Recycle studies of the PMO-PFSO;HI.3

The initial heptanal self-condensation test described above
was repeated several times to study the catalyst reusability.
Upon completion of a 3-h reaction test, the reaction mix-
ture was filtered and the catalyst was washed with benzene
and dried under vacuum at 60 °C. The reactor was then
recharged with fresh heptanal and the used catalyst.

Acetalization of heptanal by I-butanol

The liquid-phase catalytic test was also performed in a
glass batch reactor equipped with an in situ ATR-FTIR
probe (ASI, Mettler-Toledo, USA) [19]. Before each
reaction test, the catalyst was predehydrated for 1 h under
vacuum at 60 °C. Typically, 100 mg of dried catalyst was
added to 50 mL of a mixture of 1-butanol and heptanal
(molar ratio: 1-butanol/heptanal = 2). In one series of
experiments, the catalyst mass was varied from one catalyst

Table 1 Physicochemical properties of the catalysts and their precursors

to the next to keep the same total content of acid sites in the
reactor. The reaction was carried out in absence of solvent
under autogenous pressure at 75 °C. The IR spectra of the
reaction medium were recorded at specific time intervals
and were later processed using the React IR software. A
calibration of the FTIR probe was performed at the reaction
temperature of 75 °C using heptanal/1-butanol mixtures of
known composition. The 1720 cm™" band ascribed to the
elongation of the heptanal carbonyl group was used for the
quantification of heptanal conversion. At the end of each
test, a sample of reaction medium was injected into a
GC/MS (Varian Saturn 2200) for confirmation of the
reaction products and independent measurement of hepta-
nal conversion.

Results
Characterization

Two perfluoroalkylsulfonic acid-grafted PMO catalysts
were synthesized and analyzed. They were prepared using
different mass ratios THTSAS/PMO (1.0 and 2.0) to obtain
two different concentrations of perfluoroalkylsulfonic acid
functions. The textural and compositional properties of the
catalysts and their PMO supports are presented in Table 1.
Nitrogen adsorption—desorption isotherms for PMOs,
PMO-PFSO3HO0.8, and PMO-PFSOsH1.3 show type IV
curves according to the IUPAC nomenclature, which
indicates the mesoporous nature of the catalysts. The spe-
cific surface area and pore diameter of each catalyst
decrease during the OH grafting treatment. Those changes
are due to the surface modification by the grafting reactions
(THTSAS) onto the surface of PMOs. The sulfur content
reflects the density of sulfonic acid groups, and the values

Catalyst Mass THTSAS/ SBET Pore diameter Pore volume [S] (mmol/g) [H"] (mmol/g)
mass support (mzlg) (nm) (mL/g) (£0.01) (£0.05)

PMO?* - 676 53 1.01 - -
PMOP - 761 5.4 1.16 - -
SBA-15 - 697 6.5 1.05 - -
PMO-PFSO;H0.8 1.0 468 4.9 0.71 0.83 0.85
PMO-PFSO;H1.3 2.0 504 5.1 0.70 1.27 1.30
SBA-PFSO5H0.2 1.0 534 6.5 0.80 0.22 0.25
ASMES [15] - 780 6.0 1.16 0.81 0.84
PMO-PSA [29] - 725 5.5 1.08 0.83 0.87
Nafion® SAC-13 - 200° 10° - 0.12°¢ -

? PMO ethane-silica used for the preparation of PMO-PFSOsHO0.8
® PMO ethane-silica used for the preparation of PMO-PFSO;H1.3

¢ Values supplied by the manufacturer
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Fig. 2 TEM images of PMO-PFSO;H0.8. a Side. b Top
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Fig. 3 X-ray diffraction pattern of (¢) PMO and (b) PMO-
PFSO;HO0.8

reported in Table 1 indicate that the lowest mass ratio
THTSAS/PMO results in a lower content of grafted sul-
fonic acid groups. The TEM images (Fig. 2) and XRD data
(Fig. 3) show that the mesoporous structure is preserved
after the chemical modification. Diffraction peaks in XRD
pattern and regular hexagonal arrangement in TEM images
reveal that the synthesized material has the characteristic of
2-d hexagonal (P6mm) structure, which indicates that the
ordering of the PMO is not affected by the grafting of
perfluoroalkylsulfonic acid function. Compared to the ini-
tial PMO, it is found that the 100 peak of PMO-PFSO5;HO0.8
sample is slightly shifted toward higher diffraction angles
after the grafting operation, likely associated with the
average decrease in pore diameter due to the introduction
of the perfluoroalkylsulfonic acid function.

Figure 4 shows the *°Si MAS NMR spectra of the PMO
support and the PMO-PFSO3;HO0.8 with the deconvolution
curves of each peak. The PMO presented three peaks
at —64,—57, and —47 ppm attributable to T [RSi(OSi);5],

Intensity (a.u.)

Intensity (a.u.)

TyT,T,=652:206:52

Fig. 4 2Si MAS NMR spectra of (a) PMO and (b) PMO-PFSO3H0.8

T2 [RSi(OSi),0OH], and T! [RSi(OSi)(OH),] resonances,
respectively [37]. For the PMO support, the surface ratios of
the peak components associated to these silica species are
recognized to be T>:T%T! = 47.3:41.4:11.3. After grafting
step, T? decreases, T3 increases, and the ratio becomes
T*:T%T' = 65.2:29.6:5.2. These results indicate that the
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perfluoroalkylsulfonic acid is grafted on the surface of the
PMO as the increase in T° corresponds to the disappearance
of some of the support OHs. There is no occurrence of Q"
[Si(0OSi),(OH)4_,,] resonances which attests that essentially
all silicon atoms were covalently bound to carbon.

The thermogravimetric curves for the PMO-PFSO;H1.3
catalyst sample are shown in Fig. 5. The differential ther-
mogravimetric analysis for PMO-PFSO3;H1.3 shows three
peaks. The peak centered at 180 °C corresponds to the
decomposition of the sulfonic acid groups. The peak at
450 °C is ascribed to the perfluoroalkyl groups. The peak at
580 °C is due to the thermal degradation of the ethane-
silica framework of the support.

The kind of acid sites of the catalysts were characterized
using FTIR spectra of adsorbed pyridine (pyridine-FTIR).
Spectra of the PMO-PFSO3HO0.8 evacuated at 50 and 75 °C
show two bands (1490 and 1550 cm™") attributed to pyridine
adsorbed on Bronsted acid sites (Fig. 6). The band at
1550 cm ™! is attributed to Bronsted acid sites, and the band
at 1490 cm ™' may belong to both Bronsted and Lewis acid
sites [38]. The absence of any line in the 1450 cm™! area
indicates a complete absence of Lewis acid sites. The band at
1440 cm ™' observed before desorption is associated with
physisorbed pyridine. The nonfunctionalized PMOs did
not display significant pyridine FTIR signals (not shown),
indicating that these PMOs have no acidic properties. For
both temperatures, the only acid species detected on the
sulfonic acid-functionalized catalyst were Bronsted acid
sites.

Impedance spectroscopy was used to determine the
proton conductivity of the perfluoroalkylsulfonic acid-
functionalized PMOs. The obtained conductivity results are
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Fig. 6 FTIR spectra of PMO-PFSO;H0.8 (a) evacuated at 100 °C
before pyridine adsorption, after pyridine adsorption and evacuation
(b) at 50 °C, and (c¢) 75 °C

presented in Fig. 7. As expected, the proton conductivity
increases with water content. The maximum value obtained
for PMO-PFSO3;H1.3 and PMO-FSO3HO0.8 at a water content
around 100 and 150% is 1.0 x 10~ and 5.8 x 107> S/cm,
respectively (expressed as weight percent compared to
the dry material). Nafion® SAC-13 presented a lower con-
ductivity at 2.8 x 107 S/cm. Moreover, the comparison
between acid catalysts revealed that the proton conductivity
is proportional to the acid site density.
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Catalytic performance

The catalytic properties of the catalysts were evaluated in the
self-condensation of heptanal at 30 and 75 °C (Fig. 9),
which generates water. The analysis of the reaction products
using GC-MS showed that the only product obtained was
crotonaldehyde. This analysis showed no trace of the inter-
mediate aldol product shown in Fig. 8a. Thus, the secondary
dehydratation of the aldol product seems to be much faster
than the primary aldol condensation. Figure 9 shows the
heptanal conversion (calculated from the heptanal FTIR
signals) over perfluoroalkylsulfonic acid-functionalized
PMOs with a sulfur content of 0.83 and 1.27 mmol S/g for
the same number of acid sites of PMO-PFSO5H0.8 and
PMO-FSO;H1.3 in the reactor, respectively. Curves (a) and
(b) being almost identical indicate that at the temperature of
75 °C, the density of acid sites does affect neither the spe-
cific catalytic activity nor the rate of deactivation since the
same reaction rates are obtained when the comparison is
made on the basis of the same number of acid sites. Curves
(c) and (d) being also almost identical show that the above
conclusion is also valid at 30 °C. Curves (e) and (f) were
observed at 75 °C when using two acid-functionalized
PMOs previously reported in our laboratory. Curve (e)
corresponds to a phenylsulfonic acid-functionalized ethyl-
ene-silica (PMO-PSA in Table 1), and curve (f) corresponds
to an arene sulfonic ethane-silica (ASMES in Table 1). The
comparison between, on one hand, curves (a) and (b) with,
on the other hand, curves (e) and (f) shows the much higher
specific activity of the perfluoroalkyl sulfonic acid groups in
PMO-PFSO;H catalysts. Even at 30 °C [curves (c) and (d)],
these catalysts show a significantly higher catalytic activity

Water content (%w/w)

(a)
N N N N .

¢ ™

(b) NN
/\/\/\L( + OH \x
]
AT
-HP LllH

Fig. 8 Schematic representation of (a) self-condensation of heptanal
and (b) acetalization of heptanal by 1-butanol over an acid catalyst

than the nonperfluoro-sulfonated sites at 75 °C. The con-
version plateaus at 61 and 49% observed at 75 and 30 °C,
respectively, suggest that the system reaches a chemical
equilibrium under these conditions.

To illustrate the effect of the hybrid nature of the PMO
walls on catalytic activity, a sample of perfluoroalkylsulf-
onic acid-grafted SBA-15 (pure silica of same pore structure)
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Fig. 9 Heptanal conversion for the self-condensation reaction over
(a) 0.5 g of PMO-PFSO5HO0.8 at 75 °C, (b) 0.3 g of PMO-PFSO3H1.3
at 75 °C, (¢) 0.5 g of PMO-PFSOsHO0.8 at 30 °C, (d) 0.3 g of PMO-
PFSO;H1.3 at 30 °C, (e) 0.5 g of PMO-PSA at 75 °C, and (f) 0.5 g of
ASMES at 75 °C (for the same number of acid sites in the reactor)
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Fig. 10 Heptanal conversion for self-condensation reaction over (a)
0.046 g of PMO-PFSO;H1.3, (b) 0.273 g of SBA-PFSO;H0.2, and
(c) 0.5 g Nafion SAC-13 at 75 °C (for the same number of acid sites
in the reactor)

was prepared (see Table 1). Even though the preparation
conditions of this sample were same as the ones of PMO-
PFSO;HO0.8, the acid site density was much lower amounting
to 0.25 mmol/g compared to 0.85 mmol/g. The comparison
of catalytic performance is reported in Fig. 10. The same
number of acid sites was introduced in the reactor for the
catalysts PMO-PFSO;H1.3, SBA-PFSO;HO0.2, and Nafion®
SAC-13 which imposed a very small mass of the more acidic
PMO-PFSO;H1.3. It is seen from Fig. 10 that the specific
activity of PMO-based catalyst is significantly higher than
the SBA-15-based one.

Typical reusability tests performed with sample PMO-
PFSO;H1.3 are shown in Table 2. The sulfur content of the
catalyst at the end of each of the 3-h tests is also reported in
this table.
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Table 2 Recycle studies of the PMOPFSO3H1.3 catalyst at 75 °C

Reaction Conversion Deactivation [S]* (mmol/g) Leaching
(%) (%) (£0.01) (%)
1 62 - 0.94 28
2 45 27 0.81 38
3 41 35 0.73 43
# After reaction test
A5O’ -— - - e — —— ——— ——
S (a)
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R 40
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Fig. 11 Heptanal conversion for the acetalization of heptanal by 1-
butanol at 75 °C for various catalysts (a) 0.05 g of PMO-PFSO5H0.8,
(b) 0.03 g of PMO-PFSO3H1.3, (¢) 0.048 g of PMO-PSA, and (d)
0.05 g of ASMES (for the same number of acid sites in the reactor)

The scheme of acetalization of heptanal by 1-butanol
over an acid catalyst is presented in Fig. 8b. The heptanal
conversion curves as functions of reaction time for differ-
ent catalysts (for the same number of acid sites) are shown
in Fig. 11. In this case, it is also possible to provide a direct
comparison of specific activities per acid site for a reaction
monitored at 75 °C. The conversion plateau is obtained at a
heptanal conversion of 47% for all catalysts which also
suggests a limitation by thermodynamic equilibrium [30].
The two PMO-PFSO;H catalysts (plateau reached after
3 min) clearly exhibit a higher activity compared to PMO-
PSA (10 min) and ASMES (15 min).

Discussion

The results presented above suggest that the chemical
modification (grafting step) of the surface does not affect
the structure of the support. There is no significant change
in the XRD pattern recorded after the grafting step of
THTSAS on PMO ethane-silica. In addition, only a dimi-
nution of specific surface area was observed as a result of
the chemical modification of the PMO surface. Moreover,
the hydrophobicity of the ethane-bridged PMO (even at
high acid content, up to 1.30 mmol/g) allows a better dif-
fusion of the S-sultone (THTSAS) in the PMO pore lattice
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than in a mesostructured silica support (a 0.25 mmol/g of
THTSAS was indeed grafted on both the calcined and
ethanol-extracted SBA-15) which results in a higher den-
sity of grafted acid functions.

The acid properties (pyridine-FTIR, ion exchange
capacity, CNS analysis, and proton conductivity) obtained
for the perfluoroalkylsulfonic acid-functionalized PMOs
are coherent with the literature for similar compounds [15,
23, 24, 33]. The FTIR spectra of chemisorbed pyridine
showed the presence of only Bronsted acid sites for per-
fluoroalkylsulfonic acid-functionalized PMO catalysts. The
predominance of Bronsted acid sites is confirmed by ion
exchange capacity measurements since Lewis acid sites
would not exchange ions from NaOH solutions.

The sulfonic acid-functionalized PMOs exhibited ther-
mal stability up to 120 °C, which corresponds to the tem-
perature of the beginning of the sulfonic acid function
decomposition. The electronegative F atom tends to
enhance the electron density in the C—F bond, thus weak-
ening the Si—~O-C bridge of the perfluoroalkylsulfonic acid
functional group.

The higher activity per unit mass of PMO-PFSO;H1.3
compared to PMO-PFSO3;H0.8 for both reactions is obvi-
ously ascribed to its higher density of acid sites (Table 1).
The higher heptanal conversion for the self-condensation
and acetalization obtained with PMOPFSOz;H1.3 materials
in comparison with ASMES and PMO-PSA samples can be
related to their stronger sulfonic acid sites. In this case, the
perfluoroalkyl chain is more electrophilic than the benzene
ring of the PMO-PSA hybrid sulfonic acid catalyst. The
electrophilic effect of the perfluoroalkyl chain is so strong
that the conversion of heptanal is higher at 30 °C for PMO-
PFSO;H1.3 than for both PMO-PSA and ASMES catalysts
used at 75 °C for the self-condensation reaction. Further-
more, the highly hydrophobic character due to the presence
of organic groups in the framework may allow a faster
diffusion of heptanal toward the acid sites. The water
produced can also be easily transferred out of the catalyst
particle in the large hydrophobic mesopores and thus does
not contribute as extensively to the acid site deactivation
compared to silica-supported catalysts.

The reusability tests shown in Table 2 indicate that both
sulfur lixiviation and loss activity of the materials acid sites
contribute to deactivation. These results also suggest that
sulfur-containing species in solution are not catalytically
active.

Conclusion
The synthesis of perfluoroalkylsulfonic acid functionalized

PMOs by a one-step chemical modification of an ethane-
bridged PMO was described. This ethane-bridged PMO was

synthesized using BTME as framework precursor under
acidic conditions using Pluronic 123 as structure-directing
agent. Surface OHs were then functionalized by grafting
THTSAS. The resulting solid acid catalysts show high acid
site density (up to 1.30 mmol H*/g) and exceptional RT
proton conductivity (up to 1.0 x 10~' S/cm). These new
perfluoroalkylsulfonic acid-functionalized PMOs exhibit a
high catalytic activity in self-condensation of heptanal and
heptanal acetalization by 1-butanol, owing to their high
density of acid sites, their high acid site strength, and the
presence of hydrophobic ethane-bridged framework.
Indeed, the specific catalytic activity of the perfluoroalkyl-
sulfonic acid sites in hydrophobic environments in materials
such as PMO-PFSO;H1.3 and PMO-PFSO;HO0.8 were
shown to be higher than those of phenyl acid sites samples
such as the ones of PMO-PSA and ASMES. This underlines
the potential assets of PMOs and high-strength acid func-
tions as catalysts supports in water-generating reactions
whenever the acid sites are deactivated by water.
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