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Abstract

Periodic mesoporous organosilica (PMO) have been prepared from bis(triethoxysilyl)methane (BTM) and cetyltrimethylammonium chloride
(C16TAC). A large range of synthesis conditions (pHsTAC/BTM ratio, post-treatment and concentration) were used to study their effects
on the structure of the as-prepared meso-structured samples. The sample obtained with the optimised composition presents a 2D-hexagona
structure with a large surface area of about 93@yniThis material has been pyrolysed under Argon up to 2@0@onversion into a silicon
oxycarbide glass has been followed by X-ray diffraction. The organised structure can be retained u@tilB@ther characterisations were
performed by?°Si MAS NMR, 3C CP MAS NMR and N adsorption—desorption experiments to follow the structural changes occurring
during the pyrolysis.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction which the organic groups X are part of the framework.
A large range of groups has been used among which

After the important discovery of ordered mesoporous sil- —CHy—,3 —CH>—CH,—47 —CH=CH-2 benzené:10 The
ica in 1992 synthesised from inorganic precursors and am-co-existence of SiO and S+C bonds makes them very suit-
phiphilic molecules via a self-assembly procésanother able as precursors for porous silicon oxycarbide glasses.
class of materials emerged with the introduction of organic Previous studies on sol-gel-derived SiCO glasses have
groups covalently bonded to the silica framew8ik. a first demonstrated the unique high temperature properties of these
step, organotrialkoxysilanes (X(Of3)were combined with materials in terms of mechanical strengtiand chemical
tetraalkoxysilane to yield organically modified porous silica durability? Additionally, if these materials can exhibit a
in a one-pot synthesis. In that case, the organic functions areperiodic porous network, then they can find applications as
pendant groups at the surface of the pores. A large rangefilters, catalysts or membranes for severe operating condi-
of alkoxysilanes and surfactants have been used to develogions.

a great variety of functionalised silica with controlled pore Recently, we have demonstrated that PMOs ob-
structures. tained from bis(triethoxysilyl)ethane (BTEE: (OEB—

In 1999, three research groups have simultaneously pub-CH,—CH,—Si(OEti) and  bis(trimethoxysilyl)ethane
lished a new class of material called periodic mesoporous (BTME: (OMe)zSi-CH,—CH,—Si(OMe)) present 2D-
organosilicas (PMOS$)®° based on bis-silylated precursors, hexagonal or 3D-cubic structures, respectiVélyThe
(RO);SIX—Si(OR). They are true hybrid materials in  2D-hexagonal structure is based on a packing of cylindrical

micelles whereas the cubic one withParn3n space group
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2D-hexagonal structure collapses after pyrolysis at°@0  2.3. Characterisation

under argon, the cubic structure is retained up to T@O0

leading to a SICO glass with a large surface area of X-ray diffraction (XRD) patterns were recorded with a
730 /g4 Hence, the presence of a highly interconnected Bruker D8 X-ray diffractometeri(= 1.54A) or on the D43
porous network in the starting PMO seems to be a key beamline at the French synchrotron (LURE, Orsay)=(
parameter to retain a large porosity in the final SiCO glass. 1.447,&). 293i magic angle spinning (MAS) NMR spectraand
Indeed, the cubi®nBn structure has already been reported 13C cross polarisation (CP) MAS NMR spectrawere recorded
to be more robust towards heat treatment under air than thewith a Bruker AVANCE 300 spectrometer at 59.62 MHz for
hexagonal structur® However, we have also shown thatthe 2°Si and 75.47 MHz for'3C using 7 mm rotor spinning at
SiCO glass obtained from BTME still contains a free carbon 4 kHz. Scanning electron micrographs (SEM) were obtained
phase (12 wt.%) that can be detrimental for high temperaturewith a Cambridge Stereoscan 120 microscope at an accel-
properties. Hence, in order to decrease the carbon ratioeration voltage of 10 kV. Transmission electron micrographs
in the final material, we have carried out an investigation (TEM) were recorded with a JEOL JEM 100 cx Il micro-
on PMOs prepared from 1,2-bis(triethoxysilyl)-methane scope at an acceleration voltage of 93 or 120kV. The N
(BTM: (OEt)3Si—-CH,—SIi(OEty). In that case, the C/Si  adsorption—desorption isotherms were measured at 77 K us-
molar ratio is reduced to 1 compared to 2 for PMOs ing a Micromeritics ASAP 2010 surface analyser. Elemental
derived from BTME or BTEE. In a first part, we have analyses were carried out by the Service Central d’Analyse,
investigated different synthetic parameters to see whetherVernaison, France.

various porous structures and more specifically cubic ones,

could be obtained. In a second part, the conversion of

the PMOs into SiCO glasses was characterised combin-3. Results and discussion

ing X-ray diffraction with solid-state NMR and porosity
measurements. 3.1. Effects of the synthesis conditions on the ordering of

the as-prepared PMOs

After some attempts to synthesise PMOs under acidic con-
ditions that resultin no ordering, we have restricted our inves-
tigation to basic conditions using NaOH as catalyable 1
summarised the range of experimental conditions that were
tested.

2. Experimental section
2.1. Chemicals

1,2-Bis(triethoxysilyl)-methane (BTM) was obtained
from Gelest. Hexadecyltrimethylammonium chloride
(C16TAC) (25wt.% in water), sodium hydroxide (NaOH),
and ethanol (99.5%) from Aldrich were used as re-
ceived.

3.1.1. Effect of the pH

The basicity of the reaction mixture is an important factor
that influences the degree of structural ordering and the yield
of the self-assembly reaction. Three samples have been pre-
pared at pH values of 12.7 (sample 1), 13.4 (sample 2) and
2.2. Synthesis 13.9 (sample 3). First, one can notice that the yield largely

decreases by increasing the pH. This can be due to the better

BTM was hydrolysed and condensed in the presence of solubility of the silicate species at high pH, which prevents
C16TAC surfactant to yield methane-containing PMOs. Sam- condensation reactions. Indeed, no suspension is observed at
ples were prepared according to previously published con-this highest pH at room temperature and the XRD pattern
ditions with slight modifications.In a typical experiment, ~ obtained on the small amount of precipitate recovered after
C16TAC was added to a mixture of BTM, NaOH and de- treatment at 90C (Fig. 1a) shows almost no ordering. On
ionised water. The white suspensionimmediately formed was the contrary, at lower pH values, the yield is much higher
let under vigorous stirring at room temperature during 24 h (70-80%) and the XRD patterns present a peak arodrd 2
and then kept at 9CC for 48 h without stirring. After less ~ 1.70°. The best ordering is observed for sample 2 prepared
than 1 h, the suspension precipitated. The latter was filteredat pH 13.4. The corresponding pattern can be assigned to
off after cooling, washed twice with water and then dried @ 2D-hexagonal phase, even if no higher order peaks can
at 100°C overnight. The surfactant was removed by stir- be clearly distinguished. However, a better resolved pattern
ring under reflux for 18h, 1.0 g of as_synthesised product recorded with a synchrotron radiation shows one main peak
in 100 ml of ethanol and 3 ml of a 36% HCI aqueous solu- at 2 = 1.57" and two weak peaks ab2= 2.73 and 2.89
tion. The filtered sample was washed twice with ethanol and (Fig. 22), which allows to calculate an hexagonal cell param-
then dried at 80C overnight. The samples were pyrolysed €ter,a=6.1nm. Similar patterns have already been reported
under Argon in a tubular furnace at 200, 400, 600, 800 and in the literature’ The corresponding TEM image shown in

1000°C with a heating rate of ¥min, and a final plateau of ~ Fig. 2o confirms the well-ordered hexagonal structure of the
2h. sample.
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Table 1
List of samples with the corresponding synthesis and structural parameters
Sample Molar composition (with respect to BTM) pH Post-treatment Yield® (%) DRX® Sset (M2/g)
Ci16TAC? H,O
1 0.12 114 13.9 24h, RT/48h, 9C 22 No
2 0.12 (0.11) 114 134 24 h, RT/48 h, 0 72 S 950
3 0.12 114 12.7 24h, RT/48h, 9C 83 X 730
4 0.25(0.22) 114 134 24 h, RT/48 h, 0 70 X 1040
5 0.5 (0.28) 114 134 24 h, RT/48h, %0 77 X
6 0.75 (0.31) 114 134 24 h, RT/48 h, 0 73 X
7 1.0 (0.30) 114 134 24 h, RT/48h, %0 78 X
8 0.12 114 134 24h, RT/24h, 9C 67 S 770
9 0.12 114 134 24h,RT 35 X
10 0.12 114 134 48h, 9C 65 X 950
11 0.12 228 134 24h, RT/48h, 9C 49 X
12 0.12 342 134 24h, RT/48h, 9C 25 X
@ The value corresponds to the ratio introduced in solution. The value extracted from elemental analysis performed on the dried precipitatd is indicat
parentheses.

b The yield is defined as the amount of powder collected after precipitation by comparison with the theoretical one.
¢ Degree of ordering detected by XRD: S, good; X, medium; x, poor order.
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Fig. 1. XRD patterns of as-prepared BTM-derived samples after surfactant extraction. (a) Influence of the pH; (b) influencesGAGTM molar ratio;
(c) influence of the post-treatment and (d) influence of the concentration. The numbers for each pattern correspond to the sampleblested in
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Fig. 2. (a) XRD pattern recorded with the synchrotron radiation and (b)

TEMimage characteristic of sample 2. Fig. 3. XRD patterns of BTM-derived sample (#2), calcined at 200, 400,

600, 800 and 1000C.
3.1.2. Effect of the GTAC/BTM molar ratio

Samples have been prepared with variols =
C16TAC/BTM molar ratios Table 1 samples 2, 4-7). In-  times in 2—than for the BTEE-derived sampté This sug-
terestingly, elemental analysis performed on these sam-gests that it seems rather difficult to obtain a well-ordered
ples shows that above 0.25, only part of the surfactant structure with BTM. Indeed, very few papers have been pub-
is incorporated in the material. The maximum amount lished with this precursor compared to BTEE or BTME that
seems to level out around 0.30 even if the startRg have been much more investigated. Also, only hexagonal
value is as high as 1. Whatever tife value, the vyield phases have been obtained, another difference with respect
remains almost constant around 70-80%, but with a de-tothe BTME-derived samples for which cubic as well as 3D-
crease in the ordering wheR increases Kig. 1b). This hexagonal phases have been repoftdévertheless, the spe-
behaviour was already reported for the BTME-derived cific surface area of the BTM-derived PMO can reach almost
samples. 1000 nt/g, which is a good characteristic for a mesoporous

material.

3.1.3. Effect of the post-treatment
The standard curing procedure (24 h at room temperatureg 5 Study of the thermal stability
and 48h at 90C) has been changed to estimate whether

these two steps had an influence on the extent of order- The best ordered BTM-derived PMO (sample 2) was py-
lngo (Table 1 samples 2, 3_10)' Suppres'_5|on of the step at rolysed under Argon up to 100C. The corresponding XRD
90°C (sample 9) results in a very low yield and a poorly - werns are presentedhify. 3 XRD peaks are observed until
ordered sampleHg. Ic). Suppression of the step at room gngoc: 4t 1000°C, the structure has finally collapsed. With

temperature is less dramatic for the structure (sample 10);j, reasing temperature, the peaks slightly shift to greater 2

howeyer, th.e combination _of both steps yields to the best values, especially foF > 600°C indicating a contraction of

ordering, with almost no difference between 24 or 48h at the cell parameter{9% at 800°C). The peaks are also broad-

90°C. ening with temperature, which might indicate a decrease in

_ the long-range mesoscopic order of the sample.

3.1.4. Effect of the concentration N, adsorption—desorption isotherms were recorded on
Samples have been prepared with different concentrationseach sample, and the results data are summariseabie 2

of reactants in the aqueous solutidiafle 1 samples 2, 11, Upto 400°C, the porosity parameters remain almost constant

12) The yleld greatly decreases with dilUtion, and this is also with a |arge surface area around 960_98’7@)’& pore volume

affecting the extent of orderind-(g. 1d). determined with the BJH model around 1.1%gand pore
size around 4 nm. Interestingly, up until 80D, the surface
3.1.5. Conclusion area decreases to a small extent (78fyn The pore volume

This study allows to define the synthesis parameters thatdrops to 0.65 crflg at 800°C, and down to 0.20 cffg at
seem to be the most appropriate to obtain ordered BTM- 1000°C. On the other hand, the pore diameter remains con-
derived samples. The following composition was obtained: stant (4 nm) until 800C, and decreases to 2 nm at 10@D
BTM:C16TAC:NaOH:H,O = 1:0.12:0.5:114 (molar ratio). The large changes observed at 10CG&re in good agreement
However, one can notice that even for this optimised com- with the total collapse of the structure observed by X-ray
position, the XRD peaks are much broader —about sevendiffraction.
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Fig. 4. 2°Si MAS NMR spectra of BTM-derived sample (#2), calcined at
200, 400, 600, 800 and 100GQ. Asterisk (*) corresponds to spinning side
bands.

295i NMR experiments were recorded on the different py-
rolysis intermediates to follow the changes of the local envi-
ronment of Si sites during the ceramisation proc&ss. @).

The spectrum of the PMO sample displays a main broad peak

around—67 ppm characteristic ofz units: O)3—Si—(C)}—
showing that the SiC bonds survived to the synthesis pro-
cedure. The dissymetry of the peak at low field is due to the
presence of a peak arourdb0 ppm due tol, units with

one terminal StOH group. However, th@>/T3 molar ra-

tio (1:2) shows a rather high degree of condensation for the
organosilica framework. The presence of a weak signal at
about—100 ppm which is characteristic @funits: Si-(O)s—
indicates that the cleavage of someSibonds occurs during
the synthesis course, butto a low extent (3% of total Si atoms).
At 200°C, the environment of the Si sites does not change.
As the treatment temperature increases up to°@@ con-
tinuous conversion of thEunits intoQ units occurs. Th&/Q

ratio varies from 15:85 at 40, to 45:55 at 600C, 85:15 at
800°C and finally 100:0 at 100TC. At this temperature, the

Table 2
Results extracted from Nadsorption—desorption isotherms and XRD pat-
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Fig. 5. 13C CP MAS NMR spectra of BTM-derived sample (#2), calcined
at 200, 400, 600, 800 and 1000.

Si-containing phase can be described as a pure amorphous
silica phase, with no residual-ST bonds.

All the samples were also analysed'S¢ CP MAS NMR
(Fig. 5. The spectrum of the PMO sample shows a main peak
at—0.6 ppm, with a shoulder arounés.4 ppm. The use of a
modified version of the CP sequence, called inversion recov-
ery cross polarisation (IRCB) allows us to assign the two
peaks to SFCHo—Si and SHCHg3 groups, respectively. The
presence of this last peak confirms that a part of theCSi
bonds has been cleaved during the synthesis (supposedly
through hydrolysis), in good agreement with the presence
of Q units in the?°Si MAS NMR spectrum. The two peaks at
15.7 and 58.3 ppm are due to ethoxy groups, which have been
certainly introduced during the surfactant extraction step that
uses ethanol as solvent. The weak peak around 29.6 ppm is
due to a small amount of residual surfactant that can be elim-
inated after an additional solvent extraction step. Increasing
the temperature up to 40C did not cause major changes, ex-
cept the total disappearance of the surfactant peak. At600
the ethoxy peaks have now disappeared, but the major change
is the increase of a sharp peak-at.6 ppm due to SiCH3
groups and the broadening of the peak previously assigned
to SHCH»>—Si groups. These changes occur simultaneously
with the large increase @J units in the?%Si MAS NMR spec-
trum. They can thus be viewed as the cleavage-e€5h—Si

terns obtained on the BTM-derived sample pyrolysed at various temperaturesbonds to give SiCHs groups and new SO bonds. This re-

N2 adsorption data XRD data

SBET VBJH oA 26 (°)/d100 a(nm)

(m?/g) (cm?/g) (nm)
PMO 980 1.10 40 1.72/5.13 5.92
200°C 980 1.10 40 1.72/5.13 5.92
400°C 960 1.05 40 1.75/5.03 5.81
600°C 840 1.00 40 1.81/4.87 5.62
800°C 790 0.65 39 1.93/4.57 5.28
1000°C 210 0.20 - - -

action could be assisted by the presence ef351 group as
already suggested by Ozin and co-work&rst 800°C, the
poor signal/noise ratio of the spectrum indicates a large de-
crease of the proton content which prevents a good efficiency
of the magnetisation transfer between the protons antf@e
spins. In the aliphatic C range, the sharp peak duet@Hj
groupsis still present in agreement with the good temperature
resistance of the SC bond in such groups. The component
at lower field is broadening, suggesting the presence of a
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the presence of SC bonds. The resulting glass can be de- References

scribed as an amorphous Sithase inwhich afree C phaseis
embedded.

4. Conclusion

PMOs have been prepared from bis(triethoxysilyl)- 4
methane and cetyltrimethylammonium chloride varying a
large number of synthetic parameters (pH, concentration of
surfactant, dilution, curing treatment) to optimise the extent ¢
of ordering of the porous phase. Only 2D-hexagonal phases
were obtained with surface areas as high as 986 nPy-
rolysis under argon retain an ordered structure up to°800
with a large surface area of 79Gfy. At this temperature, the
silica-based framework still contains some-Gibonds, but
most of the C is now present in a free C phase. By T@O0
the Si-C bonds are totally cleaved and the ordered structure 9.
has collapsed.

This behaviour is very similar to what has been
already found for 2D-hexagonal PMOs prepared from 77
bis(triethoxysilyl)ethane, and different from the great tem-
perature resistance of tRer3n cubic structure obtained from
bis(trimethoxysilyl)ethane that resists to pyrolysis tempera-
tures as high as 100C, leading to a true silicon oxycarbide
porous phase.

In conclusion, it seems very difficult to convert a PMO
sample with a 2D-hexagonal structure into a SiCO glass with 15.
ordered porosity. By 1000C, the structure collapses with a
complete cleavage of the-S€ bonds. Up to now, the only
success to produce a porous SiCO glass was obtained startingg
from a PMO with a cubic structure.
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