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The hydrolytic sol-gel polymerization of a variety of molecular precursors with a “rigid” geometry 1,4-
CecHy[Si(OMe)s], 1 and a “flexible” geometry (MeO);Si-(CH,);0-Si(OMe); 2 was investigated varying the nature
of the catalyst, the temperature and the length of ageing. The reactions were performed using ionic and non-
ionic catalysts. The ionic ones were a nucleophile [tetrabutylammonium fluoride (TBAF)] or acid (HCI) and the
non-ionic one was dimethylaminopyridine (DMAP). The solvent was THF. In all cases, the length of ageing
had a minor effect on the level of condensation at silicon atoms of the different xerogels. Only a small increase
was observed. In contrast, the specific surface area, the porosity and the pore size were highly dependent on the
length of ageing. The longer ageing times favoured the formation of mesoporous solids with high specific

surface areas and narrow pore size distribution.

Introduction

Over the past few years, there has been growing interest in
“Chimie Douce”,! and particularly in the elaboration of solids
by the sol-gel process.>”” This method allows the preparation
of both nanocomposite and nanostructured hybrid organic—
inorganic materials under smooth conditions.® ' In the case of
nanostructured hybrid materials, the molecular precursor
undergoes an inorganic polymerization which leads to a
highly crosslinked solid through a hydrolytic polycondensa-
tion. 310131718 We have recently shown that the kinetic
parameters involved during the hydrolytic process'® control
the macroscopic data which describe the texture of xerogels:
organic moiety,>%?! leaving group,® solvent,”’ catalyst,?
concentration?'?? and temperature.”*** We have particularly
shown that the nature of the organic group, “rigid” or
“flexible”, has a drastic influence on the properties of the
hybrid solids.?*!

In this paper, we are focusing our interest on the influence
of the ageing time on both the level of condensation and the
textural properties of the resulting materials. We have
chosen for this study two molecular precursors having
different structural features: the linear ‘rigid” rod p-
phenylene precursor 1 and the “flexible’ one 2 presenting
a saturated aliphatic long chain. We report here the results
concerning the influence of varying the ageing time from 0 to
30 days for a given temperature of gelation on the properties
of the xerogels obtained with different catalysts: ionic
nucleophile (TBAF), acid (HCl) and non-ionic nucleophile
(DMAP) in THF. Ageing was also performed at different
temperatures.

(MeO)3Si4©7$i(OMe)3

1 2(n=10)

(MeO);Si \M,Si(owle)s

n

Experimental

Syntheses of precursors and preparation of the gels were
carried out under argon using a vacuum line and Schlenk

DOI: 10.1039/b6008362n

techniques.>®> THF and DMAP were dried and distilled before
use. Compounds 1?® and 227 were prepared according to
literature procedures. The TBAF solution (1 mol 17! in THF as
measured by electrochemistry?®), HCI solution (1 mol1™! in
H,0) was commercial and was titrated before use.

Solid state CP MAS NMR spectra were obtained with a
Bruker FT AM 300 spectrometer:>’Si CP MAS NMR at
59.62 MHz, recycling delay 10 s and contact time 5 ms. The
spinning rate was 5000 Hz in all cases. Chemical shifts are given
relative to tetramethylsilane.

Specific surface areas, pore volumes and pore size distribu-
tion were determined using a Micromeritics Gemini III 2375
apparatus. The density of the materials was determined by a
pycnometry measurement with helium: Micromeritics Accupyc
1330 apparatus.

Affinity of xerogels for water (Eys) was calculated by
measurement of weight increases of solid in a 60% humidity
atmosphere at 25°C. This atmosphere is obtained with a
saturated NaBr solution under vacuum.

Preparation of silsesquioxane gels

The preparation of gels was carried out according to the
following general procedure. The preparation of xerogel 1TAb
is given as an example. The entire experiment (addition of
reagents, gelation and ageing) was performed at —20°C. To
2.86 g (9 moles) of 1 in 9 ml of THF was added at —20°C a
solution of 90 pl (90 pmoles) of TBAF and 486 pl (27 mmoles)
of H,O in 8.40 ml of THF. The mixture was kept at —20 °C and
after 90 minutes a monolithic gel formed. After ageing for 6
days at —20°C, the solid was collected, then ground and
washed twice with ethanol, acetone and diethyl ether. The
resulting solid was dried at 120 °C in vacuo for 3 hours yielding
1.70 g of a white powder 1TAb.

The experimental conditions, the textural characteristics and
2Si NMR data for the xerogels obtained from 1 and 2 are
reported in Tables 1 and 2.

Results and discussion

The two precursors 1 “rigid” and 2 “flexible”” have been studied
(Scheme 1). The hydrolysis was performed in THF, the
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Table 1 Structural and textural characteristics of xerogels obtained from 1 in THF (0.5 M) with 1 mol% catalyst

Temp./°C 2Si NMR (%) BET results
Entry Xerogel Catalyst ——— —  Ageing time/d

Gel®  Ageing ™ T T T LC SSA/m’g ' Micropores (%)?  Size/A¢
1 1TAa TBAF -20  -20 0 16 49 35 73 700 55 20-70"
2 1TAb 6 0 18 49 33 71 900 55 20-70"
3 1TAc 15 0 24 32 4 73 940 45 20-80/
4 1TAd 30 0 22 50 28 69 915 35 0-60/
5 1TBa TBAF 20  +55 6 0 11 5 39 76 1385 5 50
6 1TCa TBAF +20  +20 0 0 18 55 27 170 940 30 20-60"
7 1TCb 6 0 16 64 20 67 1300 10 20-120
8 1TCc 15 0 7 66 27 73 1370 5 20-80/
9 1TCd 30 0 13 54 33 73 1430 5 45
10 1TCe 90 0 9 52 39 77 1385 5 20-50/
11 1TDa TBAF +55 =20 6 0 19 44 37 73 1015 20 20-50"
12 1TEa TBAF +55 455 0 0 22 4 37 12 1135 15 20-60"
13 1TEb 6 0 18 42 40 74 1300 5 65
14 1TEc 15 0 15 39 46 77 1290 0 65
15 1TEd 30 0 10 38 52 80 1270 0 50
16 1HAa HCI +20  +20 0 0 38 6 0 54 <10 — —
17 1HAb 3 0 40 51 14 56 <10 — —
18 1HAc 6 0 21 65 14 64 540 80 20-120
19 1HAd 15 0 31 51 18 62 185 65 20-120"
20 1HAe 30 0 32 60 8 59 35 30 20-120
21 1DAa DMAP  +30 430 0 9 28 37 26 60 <10 — —
22 1DAb 3 9 28 37 26 60 475 65 20-60"
23 1DAc 6 5 30 34 31 64 680 65 20-70"
24 1DAd 15 0 27 45 28 67 875 45 20-50
25 1DAe 30 0 21 49 30 70 1160 15 20-50/

“Temperature of gelation. “Level of condensation. “Specific surface area. “Percentage of micropores. “Size of mesopores. "No narrow pore size

distribution.

Table 2 Structural and textural characteristics of xerogels obtained from 2 in THF (0.5 M) with 1 mol% catalyst

Temp./°C 2Si NMR (%) BET results
Entry Xerogel Catalyst ——— —  Ageing time/d

Gel*  Ageing ™ T T T LC® SSA/m’>g '  Micropores (%)  Size/A
1 2TAa TBAF +20 420 0 5 1 28 66 85 <100 — —
2 2TAb 6 0 0 27 73 91 290 5 20-70"
3 2TAc 15 0 0 35 65 88 350 5 20-50/
4 2TAd 30 0 0 27 73 91 410 0 45
5 2HAa HCl +20 420 0 0 24 54 22 66 <100 — —
6 2HAb 6 0 28 51 21 64 <100 — —
7 2HAc 15 0 21 60 19 66 <100 — —
8 2HAd 30 0 27 54 19 64 <100 — —

“Temperature of gelation. “Level of condensation. “Specific surface area. “Percentage of micropores. “Size of mesopores. "No narrow pore size

distribution.

concentration of the precursor was 0.5 mol 1! and the catalyst
was 1 mol% in all cases. Three catalysts were used in the case of
1: ionic ones (TBAF and HCI) and a non-ionic one (DMAP).
Three temperatures were chosen for the whole process (gelation
and ageing): —20°C, +20°C and +55°C. In addition, when
the catalyst was TBAF, gelation was performed at —20 °C and
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Scheme 1 Sol-gel process.
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ageing at +55°C and conversely gelation at +55°C and
ageing at —20 °C. In the case of 2, TBAF and HCI were used at
+20°C. All the xerogels obtained were analysed by 2°Si CP
MAS NMR spectroscopy. The texture of the solids was studied
by measuring specific surface area, pore size, density and
hydrophilicity.

Xerogels obtained from 1

*Si CP MAS NMR data. The **Si CP MAS NMR data of
the xerogels obtained from 1 were very similar whatever the
gelation and ageing conditions. When the catalyst was TBAF,
the T' [C-Si(OR)(0Si), & —62.0 ppm], T? [C-Si(OR)(OSi),, o
—69.5 ppm] and T3 [C-Si(OSi);, & —78.0 ppm] substructures
were observed in all cases. The percentages of the different
substructures were estimated by deconvolution of the spectra,
since it has been shown previously that single pulse experiments
did not reveal any significant variation in relative peak intensity
from the CP MAS spectra in the case of 1.2! The values are



reported in Table 1. When the gel was prepared at a given
temperature, no drastic variations were observed for the
percentages of the different T units when the length of ageing
time increased. Thus the level of condensation at silicon atoms
lay in the same range: at —20°C (xerogels 1TAa-1TAd,
Table 1, entries 1-4) and at +20°C (1TCa-1TCe, Table 1,
entries 6-10) it was 69—73% and 67-77% respectively. When the
whole process was performed at +55°C, the degree of
condensation appeared slightly higher (72-80%), and as
normally expected the site populations of T and T increased
when the T! decreased (1TEa-1TEd, Table 1, entries 12-15). A
comparison between the xerogels 1TAb, 1TBa, 1TDa and 1TEb
(Table 1, entries 2, 5, 11 and 13) which were prepared under
different conditions and aged during the same time (6 days)
showed only a minor influence of the ageing conditions on the
2Si NMR data of the resulting solids (1TAb and 1TBa: gel
formation —20 °C and ageing temperature —20 °C and +55°C
respectively; 1TDa and 1TEb: gel formation at +55°C and
ageing temperature —20 °C and + 55 °C respectively).

In the case of HCI catalysis, only T' and T? substructures
were detected when no ageing of the gel was performed (1HAa,
Table 1, entry 16) and the level of condensation at silicon atoms
was low (54%). When the ageing time was increased, T° units
appeared and the degree of condensation increased slightly.

In the case of the nucleophilic catalyst (DMAP), T°
[C-Si(OR)3, 6 —54.4 ppm] substructures were detected for the
shorter ageing times (1DAa-1DAc, Table 1, entries 21-23). The
degree of condensation at silicon atoms ranged between 60%
(IDAa) and 70% (1DAe).

Texture, density and hydrophilic character of the solids. The
specific surface areas of the xerogels were determined. They are
reported in Table 1. Thirty-five points from the adsorption—
desorption isotherm plot measurements were used.’® The
specific surface areas were evaluated using the BET equation.!
The determination of the porous volume by the BJH
method**** and the evaluation of the microporous volume
by analysis of the ¢-plot diagram were achieved in each case.

With TBAF as catalyst, the specific surface areas were very
high in all cases. The values lay in the range 700-
1400 m?> g~!. When the whole reaction was performed at
—20°C (xerogels 1 TAa—1TAd, Table 1, entries 1-4) the shape
of the curve of adsorption—desorption isotherms was the
same whatever the ageing time (Fig. 1a). The isotherm was of
type I, indicating a largely microporous solid with a low
mesoporous contribution. The microporous volume repre-
sented 35-55% of the total porous volume and the mesopores
exhibited no narrow pore size distribution (20-80 A). The
specific surface area increased slightly when the ageing time
was longer (700 m? g~ ! after 0 day, 1TAa, to 915 m? g~ ! after
30 days, 1TAd, Table 1, entries 1 and 4). After ageing for 6
days, no influence was detected on the surface; however the
microporous volume decreased from 55% to 35%. The
mesopore size did not depend on the ageing time. When
the hydrolytic process was performed at 420 °C, with TBAF
catalyst, the same behavior was observed. After ageing 0 day
(1TCa, Tablel, entry 6), the BET surface area was
940 m”> g~ ! and the microporous volume was 30% (isotherm
type I). When the ageing time increased from 6 to 90 days,
the specific surface area did not change significantly; only 5—
10% of micropores were present. The shape of the isotherm
became characteristic of type IV.3*3> The pore size distribu-
tion became narrower and for 1TCd (Table 1, entry 9), the

tThe level of condensation has been evaluated according to the
following formula:*

0.5(areaT')+ 1.0(areaT?)+ 1.5(areaT>)

level of condensation = 13
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Fig. 1 N, adsorption — desorption isotherms of xerogels obtained from
1in THF with TBAF after 6 days of ageing: a) 1TAb, b) 1TBa, c) 1TDa,
d) 1TEb.

mesopore size was 45 A. Similar behavior was observed when
the  temperature of the whole reaction was
+55°C. Interestingly in this case, mesoporous solids with
narrow pore size (50 or 65 A) and high specific surface area
were obtained after the longer ageing times (1TEc and 1TEd,
Table 1, entries 14 and 15). Fig. 1 shows the N, adsorption—
desorption isotherms of xerogels obtained from 1 with TBAF
after ageing 6 days. A comparison between these four
xerogels was of great interest. The xerogels 1TAb (curve a)
and 1TBa (curve b) were prepared at —20°C and aged at
—20°C and +55°C respectively (Table 1, entries 2 and 5),
whereas 1TDa (curve ¢) and 1TEb (curve d) were gelified at
+55°C and aged at —20°C and +55°C respectively
(Table 1, entries 11 and 13). The xerogels 1TBa and 1TEb
exhibited very similar textural properties (same specific
surface area, same microporous volume, very close meso-
pores sizes—cf. Table 1, and same N, adsorption—desorption
isotherms—cf. Fig. 1, curves b and c). This result could be
indicative that the texture of the xerogels might be controlled
during the ageing time, and that the temperature of ageing
was an important parameter. Comparison between 1TAb and
1TBa illustrated this fact very well. In the same way, 1TAb
and 1TDa (Table 1, entries 2 and 11) gelified respectively at
—20°C and +55°C and aged at the temperature —20 °C had
also quite similar textural characteristics (lower specific
surface area, micro and mesoporosity and no narrow pore
size distribution).

When the catalyst was HCI, the xerogels 1HAa and 1HAb
(Table 1, entries 16 and 17) obtained after 0 and 3 days of
ageing exhibited no significant specific surface area. After 6
days, a highly microporous solid (80%) was obtained with a
BET surface of 540 m? g~ !. After longer ageing times, the
specific surface area decreased, as well as the microporous
volume (1HAd, 1HAe, Table 1, entries 19 and 20).

In the case of the non-ionic nucleophilic catalyst DMAP, the
ageing time had a high influence on the textural properties of
the resulting xerogels. When no ageing was performed (1DAa,
Table 1, entry 21), no specific surface area was observed. When
the ageing time increased from 3 to 30 days, the specific surface
area increased from 475 to 1160 m? g~ ! whereas the micro-
porous volume decreased from 65 to 15% (1DAb to 1DAe,
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Table 1, entries 22-25). In each case no narrow pore size
distribution was observed.

The length of ageing did not change drastically the densities
of the gels. In the case of TBAF catalyst, they ranged between
142 and 1.46gcm™> at —20°C and between 1.45 and
1.54gem ™ at +55°C. They appeared in the same range
with HCI catalyst (range 1.40-1.47 g cm>) and slightly lower
in the case of non-ionic nucleophile DMAP (1.37-1.44 g cm ).
This result is consistent with the previous results obtained with
these catalysts.?>>*

All the solids obtained from 1 exhibited a moderate to high
affinity for water. The weight increases in a 60% humidity
atmosphere at 25°C (Ey¢) have been determined. The higher
reaction temperature (+55°C) appeared to favor the gels
having the lower affinity for water: range 20 to 34% at —20°C
or +20°C and 17 to 21% at +55°C with TBAF catalyst.

Xerogels obtained from 2

»Si CP MAS NMR data. The *’Si CP MAS NMR data of the
xerogels obtained from 2 are reported in Table 2. In the case of
TBAF catalyst, when no ageing was performed (2TAa, Table 2,
entry 1) very low percentages of T® (9 —45.4 ppm) and T' (9
—51.0 ppm) units were observed whereas after 6, 15 and 30 days
of ageing, only T> (5 —59.4ppm) and T® (& —66.2 ppm)
substructures were present. The xerogels 2TAa—2TAd (Table 2,
entries 1-4) were highly polycondensed (85-91%) whatever the
ageing time. Using HCl as catalyst, the xerogels were moderately
polycondensed (64-66%) in all cases and T!, T? and T?
substructures were observed whatever the ageing time.

Texture, density and hydrophilic character of the solids. The
specific surface areas of the xerogels obtained from 2 are
reported in Table 2. They depended strongly on the catalyst as
previously observed.?* With HCI catalyst no significant specific
surface area was observed. In the case of TBAF as catalyst, the
specific surface area varied with the ageing time. When no
ageing was performed (2TAa, Table 2, entry 1) no significant
specific surface area was observed. Increasing the ageing time
led to a small increase of the surface. The solids were mainly
mesoporous and after 30 days of ageing mesopores of 45 A
(2TAd, Table 2, entry 4) were obtained.

The densities of xerogels obtained from 2 ranged between
1.12 and 118 gem™> and were not influenced by the ageing
conditions. The solids were highly hydrophobic in all cases.

The results presented here show that the level of condensa-
tion at silicon atoms for xerogels mainly depended on the
nature of the organic group and the catalyst, and was only
weakly influenced by the ageing time. The lowest degrees of
condensation were obtained using HCI as catalyst for both
compounds 1 and 2. The percentages of the T' site populations
for long ageing times indicated the increase of polycondensa-
tion at silicon atoms in all cases as normally expected. A
different behavior corresponding to changes in T’ distribution
with the same level of polycondensation at silicon atoms has
been already reported in the case of NaOH catalyst:*° it was
explained by Si—~O-Si bond cleavage due to nucleophilic attack
of OH ™ at silicon atoms which induces redistribution reactions.
The specific surface areas and porosities of xerogels appeared
highly dependent on the ageing conditions of the gels. After
long ageing times, the solids obtained were mainly mesoporous
and exhibited high specific surface areas, whereas with short
ageing times, microporous solids or solids exhibiting no
significant specific surface area were obtained.

Conclusion

The results presented here conclude our studies concerning the
influence of the kinetic parameters on the hydrolysis poly-
condensation reactions involved in sol-gel process. They
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confirm that hybrid materials obtained by hydrolytic poly-
condensation are under kinetic control and that the textural
properties (specific surface area, porosity, ...) are controlled by
the experimental parameters of the reaction.!** The level of
condensation at silicon atoms for xerogels mainly depends on
the nature of the organic group, the solvent, the catalyst, the
temperature and the ageing conditions (length and tempera-
ture) have only a minor influence. In contrast, the ageing
conditions, as well as the other parameters, were fundamental
for the textural properties of the xerogels. The solids prepared
at low temperature with short ageing times were mainly
microporous and exhibited no narrow pore size distribution.
Increasing the temperature either of the gelation and/or ageing,
and increasing the length of ageing led to the formation of
mesoporous solids having high specific surface areas and
narrow pore size distribution.

The results presented here strengthen the importance of
the kinetic control of the solid formation. The sum of all
results,'” %3¢ obtained during these studies, would suggest that
the obtention of mesoporous hybrid organic-inorganic materi-
als having high specific surface areas and a narrow pore size
distribution is favoured whatever the organic group by high
temperature and/or long ageing times of gelification. They
confirm that the level of condensation at silicon atoms and the
texture are not determined during the same steps of the process:
the texture being matured during the last steps and particularly
the ageing.
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