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Abstract: A new aromatic periodic mesoporous organosilica material containing benzene functional groups
that are symmetrically integrated with three silicon atoms in an organosilica mesoporous framework is
reported. The material has a high surface area, well-ordered mesoporous structure and thermally stable
framework aromatic groups. The functional aromatic moieties were observed to undergo sequential thermal
transformation from a three to two and then to a one point attachment within the framework upon continuous
thermolysis under air before eventually being converted to periodic mesoporous silica devoid of aromatic
groups at high temperatures and longer pyrolysis times. The mesoporosity of the material was characterized
by powder X-ray diffraction (PXRD), transmission electron microscopy (TEM), and nitrogen porosimetry,
whereas the presence and transformation of the aromatic groups in the walls of the materials were
characterized by solid-state NMR spectroscopy, mass spectrometry, and thermogravimetric analysis. The
attachment of a benzene ring symmetrically onto three siloxanes of the framework was used advantageously
as a cross-linker to enhance the thermal stability of the organic group. Some of these properties are
investigated in comparison with other aromatic PMOs that have only two point attachments and an
amorphous phenylsilica gel that has only one point attachment. The successful synthesis of the first aromatic
PMO with its organic group attached within the framework through more than two points is an important
step toward the synthesis of PMOs having organic groups with more complex and multiple attachments
within the framework.

Introduction reduction in the degree of long range order of the materials is
often observed particularly when the amount of organotrialkoxy-

Inorganic mesoporous materials synthesized through surfac-~. ) . .
tant-mediated self-assembly methods have attracted muchsnane with a pendant organic functional group exceeded ca. 40

0 >
attention in recent years due to their high surface area and We”_molar % of the total S|I|con0 source. TWO r_ecent suiccessful
ordered porous structurés? The incorporation of organic attemp.ts to reach up o 5(635/olfunct|onalll|zat|on Ieyé’l‘~ are
groups on the surfaces of ordered mesoporous silicas throughexCeIDtIonS from the aforementioned typical behavllor, but even
co-condensation of organotrialkoxysilanes that have terminal In these two cases, the degree of structural ordering was quite

organic groups with tetraalkoxysilanes (Si(QEd) Si(OMe)) lﬁw sn%the adsor_p tion caplaci(tj)_/ was Ireiggzd for matlerials Wm:]
that have no organic functional group can be carried out to the highest organic group loadings. In » a novel approac

obtain organic-functionalized ordered mesoporous silica materi- for making ordered surfactant-templated periodic mesoporous

als> However, when this method is used, a loss or a significant organosilicas (PMOs) with bridging organic groups in the
' ' framework by using bridging organosilane precursors was
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condensation methods in the presence of tetralkoxysikirfes. OR'OR b 5°
This new method allowed the synthesis of various ordered PMO 1: R = CHyCHs 1
materials that have hybrid organitorganic channel walls as
well as unigue physical, surface, and chemical properties. The
synthesis of PMO materials has also opened up a broad range wo\(s?ilfom 05 0
of research opportunities on the investigation of the chemistry P S
of functional groups in the framework of a solid mesoporous [ j - . Surfactant
silica host, which is dubbedthemistry of the channel wall§*"8 oy Surfactant oy,

So far, the kinds of PMO materials reported are limited to a OR' O/c'>
few types of alkane, alkene, alkyne, organometallic, and 2:R' = CHyCHs 2
aromatic bridging functional grouf§s4 On the other hand, there
are many papers in the literature on the synthesis of numerous or o
different kinds of organosilica precurstdfrom which many RO\ J-OR 00
other possible new PMO materials with novel properties can H20, Catalyst,
be made. In all of the reported PMO materials so far, the T sumemm
incorporation of bridging organic groups can be thought of as
a mere replacement of some of the-8i—Si linkages of a 3:R'=CHyCH; 3

mesoporous silica (MCM-41) material by-SR—Si linkages.
However, unlike oxygen atoms, which are bivalent, the organic
functional groups can be made to bind to more than two silicon
atoms allowing the opportunity to use them not only as
functional groups but also as cross-linkers in the structures to
form rigid hybrid organie-inorganic frameworks. In this paper,
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Commun.1999 2539-2540. (d) MacLachlan, M. J.; Asefa, T.; Ozin, G.
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2002 141, 1-26. (k) Asefa, T.; Coombs, N.; Grondey, H.; Jaroniec, M.;
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Materials Division, Fall 2001, Boston, MA.
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Inagaki, B.Phys. Chem. B001, 105

we demonstrated this possibility by using a 1,3,5-benzene group
bound to three silicon atoms of the framework of a PMO
material both as a functional group and a cross-linker (Scheme
2). The possibility of the synthesis and the remarkable thermal
stability of the resulting ordered mesoporous materials were
briefly mentioned during a recent MRS meetfffgHerein,
details on the synthesis, structure, thermal stability, and
thermally induced transformations are reported for the first time.
From a potential applications point of view, aromatic groups
within solid supports are important for anchoring various
catalytic reagents and for separation of toxic organic wdstes.
For instance, half-sandwich tricarbonylchromium organometallic
compound have been successfully anchored within aromatic
silica gels and their catalytic properties for the polymerization
of phenylacetylene along with their electrochemical properties
have been reportéd2 Corriu et al. also reported various types
of aromatic functionalized xerogels from organosilane precursors
containing mono-, di-, and trisubstituted benzenetricarbonyl-
chromium(0) complexes. Some of these materials were also
successfully used for preparing chromium nanocluster-contain-
ing nanocomposites. The presence of aromatic groups in ordered
mesoporous materials might give additional advantages for
controlling the size and shapes of such nanostuctures and during
size and shape selective catalysis. Ozin et al. reported the first
aromatic PMO containing a bridging benzene grétip)lowed
by a paper on several other functional aromatic group containing
PMOs along with some preliminary evidence of the ordering
of the aromatic moieties in the channel walls/ery recently,
detailed work on similar materials with complete ordering of
aromatic functional groups throughout the channel walls was
reported by Inagaki and co-workels.These are the first
examples of mesoporous materials with crystalline-type frame-
works. However, in all these previously reported aromatic PMO

(17) (a) Moran, M.; Cuadrado, |.; Pascual, M. C.; Casado, CQviganometallics
1992 11, 1210-1220. (b) Cerveau, G.; Corriu, R. J. P.; LepeytreCBem.
Mater. 1997, 9, 2561-2566. (c) Shea, K. J.; Loy, D. AChem. Mater.
2001 13, 3306-3319. (d) Thevenonemeric, G.; Tchapla, A.; Martin, M.
J. Chromat.1991, 550, 267—283.
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materials except fqo-benzyl-methylene PMO briefly discussed sample was also prepared in CTABr solution from precutsand the

in a recent worlél the aromatic ring containing functional group ~ resulting material is denoted .

is directly attached to only two silicon atoms with a simple  For atypical synthesis in CPCl solution, 0.11 g (0.3 mmol) of CPCI
bridging topologyt:® The successful synthesis of this PMO Was taken and mixed with water (4.36 g, 0.24 mol) under mild stirring
with more than two-point attachment described here also & Cal' 4O°Cd:. r‘:’o this solution v]:/ahs ad‘i'e‘_’ 0.81g ';CI (32'?@"‘3’;;/0' 8.1
provides evidence that rigid organosilicate units with multiple- mmol), and the temperature of the solution was adjuste en

0.90 g (1.6 mmol) ofl or 0.96 g (2.4 mmol) of or 0.77 g (3.2 mmol)

point attachments can be assembled to form periodic MESOPO-,¢ 3 \was added and the solution was left under moderate stirring for

rous mgterlals with h',gh adsorption CaF’aC'ty’ ““',que thermal 15 min. Initially, a phase separation was observed, which then
properties, and potentially useful properties for various applica- jmmediately disappeared, and a white precipitate formed while the
tions. organosilane underwent hydrolysis and condensation. The resulting
solution was neutralized to pk 8 with portion-wise addition of
NaHCGQ; after ca. 10 min. Soon after, 0.1 mg bH(2.7 umol) was
Reagents.Cetylpyridinium chloride (CPCI), cetyltrimethylammo-  added and the slurry was allowed to age at room temperature-fr 2
nium bromide (CTABr), ammonium fluoride, sodium bicarbonate d. The white powder was then collected by filtration, washed thoroughly
(NaHCQy), anhydrous ethanol, and phenyltriethoxysilane were obtained With water, and air-dried under ambient conditions (yrel®.45 g for
from Aldrich and used without further purification. Hydrochloric acid ~ 1). For the synthesis of materials from precur8pa similar procedure
(HCI, 35.5 wt. %) solution was obtained from BDH Inc. and methanol Was employed and the resulting mateBalas recovered as a chunk
was received from ACP Chemicals Inc. Tetrahydrofuran (THF) was Of soft solid, which was ground later into fine powder for analysis.
also received from ACP and was dried over GaHd molecular sieves For the synthesis of 1,3,5-benzene PMD) using CTABr as a
before being distilled further over Na/benzophenone. Chlorotriethox- template, a solution composed of molar ratio Si:CTABOHNH,OH
ysilane (CISi(OEf) was synthesized following a literature procedéire  of 1.0:0.12:130.1:35.7 was prepared. Typically, a solution was made
from the reaction between tetrachlorosilane ($i@nd anhydrous of water (4.8 mL, 0.27 mol), ammonium hydroxide (10.9 g, 30 wt. %
ethanol followed by repeated fractional distillation. in water) and CTABr (0.24 g, 0.658 mmol). The surfactant was
Synthesis. 1,3,5-Tris(triethoxysily)benzene(1) was synthesized  dissolved by warming the solution to 40C. Then, 1,3,5-tris-
through Grignard reaction as reported by Shea & &ypically, 1.90 (triethoxysilyl)benzenel) (1 g, 1.77 mmol) was added dropwise to
g Mg (78 mmol) was activated by stirring it with iodine in a three- this solution with rapid stirring. Once the solution had homogenized,
neck round-bottom flask for 2 h, after which 61.4 mL of freshly distilled the stirring was slowed for an additional 10 min. After aging af@0
anhydrous THF and 6.72 g (43 mmol) chlorotriethoxysilane were added for 4 d, the productl’ was isolated by filtration as a white powder;

Experimental Section

into it. A solution of 4.09 g (13 mmol) 1,3,5-tribromobenzene in 61.4
mL THF was prepared and about 15 mL of this solution was added
dropwise at room temperature. After the reaction turns mildly exo-
thermic (after ca. 20 min), the reaction mixture was cooled &0
and the remaining solution was added dropwise over 30 min. The

solution was stirred overnight at room temperature. Then, the solvent

was pumped off and the residue was extracted witiexane. After
pumping off then-hexane, the residue was fractionally distilled (125
°C/0.035 mmHg) and stored under dry nitrogen (typical yield, 0.79 g,
10.8%).'H NMR (300 MHz, CDC}) 6 1.22 (t, 27 H, CH,), 3.8 (q, 18
H, CHy), 8.1 (s, 3 H, Ar-H). 13C NMR (75.48 MHz, CDGJ) ¢ 19.27
(CHg), 0 59.67 (CHO), 6 130.11, 143.89 (CH aromatic).

1,3-Biqtriethoxysily)benzend2) was synthesized similarly by using
1,3-dibromobenzene as a reagent with chlorotriethoxysfiae.a
typical synthesis, 8.24 g Mg (0.34 mol) was activated with iodine under
vigorous stirring in a three-neck round-bottom flask for 2 h. Then 250
mL of freshly distilled anhydrous THF and 29.6 g (0.19 mol)
chlorotriethoxysilane were added into it. A solution of 16 g (67.8 mmol)
1,3-dibromobenzene in 150 mL THF was prepared and about 20 mL
of this solution was added dropwise at room temperature. After the
reaction turns mildly exothermic (after ca. 20 min), the reaction mixture
was cooled to 0C, and the remaining solution was added dropwise
over 40 min. After work up as above, the product was distilled (149
°C/0.035 mmHg), a typical yield was 4.10 g (15%H NMR (300
MHz, CDCk) 6 1.17 (t, 18 H, CH,), 3.88 (q, 12 H, CH), 7.29 (t, 1 H,
Ar—H), 7.89 (d, 2H, Ar-H), 8.34 (s, 1H, Ar-H). *C NMR (75.48
MHz, CDCL) 6 19.10 (CH), 6 59.42 (CHO), 6 127.47, 130.98,
136.96, 141.05 (CH aromatic).

Synthesis of Aromatic PMOs and Silica GelsThe syntheses of
organosilicas were carried out in the presence of CPCl| or CTABr

yield = 0.41 g.

As a control sample, a 1,3,5-benzenesilica gel material with the same
composition of reactants d$ above was prepared but in the absence
surfactant. It was also agedrfd d and was collected as a chunk of
glassy precipitate.

Surfactant-Extraction. The surfactant template was removed from
the organosilica materials through solvent extraction. An as-synthesized
sample (0.5 g) was gently stirredrf@ h in asolution of ca5 g HCI
(36 wt. %) and 100 g of methanol in 5@ water bath. The powder
was filtered, washed with methanol, and air-dried at room temperature.

Calcination under Air and Pyrolysis under Nitrogen. The calcined
materials were obtained by putting ca. 0.5 g surfactant-extracted material
on a quartz crucible inside a temperature-programmable furnace under
air or under a flow of nitrogen, by raising the temperature from room
temperature to 350 or 450C over a period b1 h and holding the
temperature at 350 or 45C for 6 h. The resulting materials are denoted
as1C350A (samplel calcined at 350C under air), 1C450A (sample
1 calcined at 450C under air), 1C350N (samplel calcined at 350C
under nitrogen)1C450N (samplel calcined at 450C under nitrogen),
1'C350A (samplel’ calcined at 350C under air) and’'C450A (sample
1' calcined at 450C under air).

Characterizations. Powder X-ray diffraction (PXRD) patterns were
obtained on a Siemens D5000 diffractometer using a high power Ni-
filtered Cu—K, radiation withA = 1.541 78 A source operating at 50
kV/35 mA. Transmission electron microscopy (TEM) images were
recorded on a Philips 430 microscope operating at an accelerating
voltage of 100 kV. The nitrogen adsorption measurements for samples
1, 2, and3 were obtained at McMaster University Powder Processing
Facility using a Quantachrome Autosorb 1. Samples were outgassed
at 200 °C before the measurements were done at 77 K. Nitrogen

surfactant solutions in a plastic bottle. Three materials were preparedadsorption isotherms for samplg and the corresponding calcined

in CPCI solution from precursors, 2, and 3 (phenytriethoxysilane)
and are denoted &k 2 and 3, respectively. A 1,3,5-benzene PMO

(18) Peppard, D. F.; Brown, W. G.; Johnson, W.JCAm. Chem. Sod 946
68, 70-72.

(19) Small, J. H.; Shea, K. J.; Loy, . Non-Crystalline Solid4993 160,
234-246.
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samples were measured at 77 K on a Micromeritics ASAP 2010
volumetric adsorption analyzer. Before the measurements, the samples
were outgassed under vacuum at 240 Thermogravimetric analysis
(TGA) data for PMO samples, 2, and3 were obtained at a heating
rate of 10°C min~* under a flow of nitrogen on a Perkin-Elmer TGA-7
instrument. The TGA analysis for sampl#sand the corresponding
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calcined samples was recorded under air and nitrogen on a TA (A)
Instruments TGA 2950 thermogravimetric analyzer in a high-resolution

mode with a maximum heating rate of & min"%. Solution phase 4

nuclear magnetic resonance spectra were taken with a Varian VXR
300 spectrometer using tetramethysilane (TMS) as an internal reference.
Solid-state magic-angle spinning nuclear magnetic resonance (MAS
NMR) spectra were obtained using a Bruker DSX 400 spectrometer
on samples packed into a zirconia rotor spinning at 6 kHz. The
experimental parameters were as follows: @ (100.6 MHz) cross
polarization magic angle spinning (CP-MAS) NMRs recycle delay,

2.5 ms contact timeg/2 pulse width of 5.57.0 us, and 2006-5000
scans; for'3C nonquaternary suppression (NQS) CP-MAS NMR
experiment3 s recycle delay, 50s dephasing delay, and 2068000
scans; and fof°Si (79.5 MHz) CP-MAS NMR 3 s recycle delay, 10

ms contact timez/2 pulse width of 6.6-7.5us, and 10 006150 000
scans. Adamantane (major peak, 38.4 ppm vs. TMS) and Si[9){fzH
(major peak,—9.98 ppm vs. TMS) were used as external references
for 13C- and?°Si-NMR spectra, respectively.

Intensity (arbitrary units)

Results and Discussion /\

Sol-Gel Processing of 1 (Synthesis of 1,3,5-benzene (a)
PMO). It is known that mesoporous silica materials can be MR T Tt
synthesized from tetraalkoxysilane precursors both under acidic 2 3 4 5 6 7
and basic conditions in a wide concentration range. On the
contrary, synthesis using some organosilane precursors should 20 / (degrees)
be done more carefully during self-assembly and—sgell
processing as the SC bonds are more vulnerable to cleavage (B)
under certain synthetic conditions in acidic and basic solutions.
For instance, StC bonds were reported to cleave significantly
in 1,1-bis(triethoxysilyl)ferrocene and slightly in 1,4-bis- 3
(triethoxysilyl)benzene during sebel processing and self- 3 {
assembly in aqueous HCI or ammonia solutions while those of 3 |
bis-triethoxysilylated ethylene, methylene, and ethane precursors 3 !
remained intact under the same conditiéno avoid or

|

minimize these problems, the self-assembly of some PMO %= 3\ /“
precursors under neutral conditions could be done successfiilly. E ] \QWL \
In this study, the hydrolysis and self-assembly of 1,3,5-tris- K
(triethoxysilyl)benzenel, was therefore carried out under acidic § | o JJ | \“’M«M\,
conditions followed by immediate neutralization to avoid the & \‘u,, \ T —
possible cleavage of one or more of the-Sibonds. Addition- ;'3 f |
ally, the self-assembly of in basic solution was performed. g’ \:/ i

Structural Characterization. The PXRD pattern of the as- § ),ﬁ‘ it
synthesized PMO sample (Figure 1A) showed a strong and = S

samp , i S
sharp low angle diffraction corresponding to the presence of /i
an ordered mesostructured material. The position of the XRD “\:'}"'l'
peak (arbitrarily denoted here as (100) peak) corresponds to the \.:,//\ B
interplanar spacing of37 A. The PXRD pattern (Figure 1A) M

of the surfactant-extracted material also revealed the presence
of the 100 reflection with itsd-spacing position remaining ’ ! !
unchanged but its intensity increased, which is a clear indication
that the ordered structure of the material was intact after template
removal in acid/methanol solution. The slight increase in the Figure 1. (A) PXRD of 1,3,5-benzene PMO materials, (a) as-synthesized
intensity of the peak after template removal is probably due to a_nd (b) surfactant-extracted. (B) Variable temperature powder X-ray

. . diffraction of surfactant-extracted 1,3,5-benzene PMO, heated under
an increase In eIeCtron_ContraSt between the pores and th%itrogen. The temperatures from bottom to top indicate RT (room
channel wall, a case that is common to as-synthesized surfactanfemperature), 200, 375, 500, 600, and 800
containing and surfactant-free PMO materfalsiterestingly,
the 100 reflection on the PXRD pattern of the 1,3,5-benzene probably due to the loss of water adsorbed inside the channel
PMO remained observable after the material was pyrolyzed and the increase in electron contrast between the channel walls
under nitrogen up to 80CC (Figure 1B). The variable  and the pores. But the peak position did not start to change
temperature PXRD patterns of surfactant-extracted PNi@der until 375°C. Above 500°C, the peak position started to shift
nitrogen atmosphere (Figure 1B) also showed an initial increasesignificantly to high angle and the mesoporous structure began
in the intensity of the diffraction peak as the material was heated, to shrink substantially driven by the transformation and subse-

N -
P S
S
oC
—
]

2-theta (degrees)
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Figure 2. TEM image of surfactant-extracted hexagonal mesoporous

materials obtained from. Figure 3. Nitrogen adsorption/desorption isotherms and pore size distribu-
tions of 1,3,5-benzene PMO.

quent elimination of the benzene groups and further cross-

linking through condensation of silanol groups (3H). After

pyrolysis at 800 C, the (100) interplanar spacing changed from 100% 1

37 to 27 A (Adioo = 10 A) due to the overall process of

condensation of silanol groups and loss of the aromatic groups. . 0%
The TEM images of both as-synthesized (not shown) and %ﬁm%
solvent-extracted materials (Figure 2) show ordered domains 2

that appeared to have a 2-dimensional hexagonal symmetry 70%
throughout the sample. Moreover, the TEM images showed that
the ordered PMO phase dominates over any disordered (amor-
phous) organosilicate phase. The TEM images also provided
further evidence that the structural integrity of the material was

maintained after the extraction of the template, a result consistent
with the PXRD patterns. (B)

For comparative purposes and for thorough investigation of 0.000
the properties of 1,3,5-benzene PMO, the hydrolysis and
condensation of 1,3-bis(triethoxysilyl)benzei2e &nd phenyl-
triethoxysilane g) in surfactant solutions were conducted under

0 100 200 300 400 500 600 700 800
Temperature / °c

~ 0015
similar reaction conditions and a white power prod2iébr the i
former and a soft chunky produ8ffor the latter were obtained. g
Sample3 was ground into powder and after which both materials =

2 and3 were also subjected to some characterizations (see the
Experimental Section). The PXRD pattern #was found to

be similar to that ofl showing a low angle reflection with
similar unit cell dimension while that of samp®& which is
expected to form stable silosesquioxane oligomers, showed no
low angle reflections as expected. Temperature (°C)

The solvent-extracted 1,3,5-benzene PMIQ gynthesized Figure 4. Thermogravimetric analysis (TGA) plot (A) and differential
using CTABr as a surfactant exhibited a single, rather broad thermogravimetric analysis (DTGA) plot (B) of 1,3,5-benzene PMO under
peak in its XRD pattern (see Supplementary Figure 1S). The Mtoden
position of the peak corresponded to the interplanar spacing of
3.4 nm. The position of the peak also shifted to higher angles
and the intensity decreased upon calcination under air at 350
and 450°C, with a decrease in the corresponding interplanar
spacing to 3.3 and 3.1 nm, respectively. The TEM images
(Supplementary Figure 2S) showed that this PMO is locally

well ordered, but they are not sufficient to identify the structure Supplementary Figure 3S and the corresponding pore size

type. _ o distributions are shown in Supplementary Figure 4S. The
The nitrogen adsorption isotherm of 1,3,5-benzene PMO gq|vent-extracted PMO exhibited an adsorption capacity that

samplel (Figure 3) was of type | rather than type IV. This \yas very high for an ordered mesoporous material with such a
indicates that the pore size of this material is either on the

borderline between the micropore and mesopore ranges, Or in(20) Kruk, M.; Jaroniec, MChem. Mater2001, 13, 3169-3183.

Wi
=
=]
o

-0.045

the micropore rang®. The BET surface area was 88 gr?,
the total pore volume was 0.55 ém1, and the primary pore
volume was 0.41 cfg~L. The average pore diameter was found
to be below 22 A.

Nitrogen adsorption isotherms for 1,3,5-benzene PMO samples
synthesized using the CTABr templat&, are shown in
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Table 1. Chemical Shift Data for Various Aromatic PMO 1 and 2 physisorbed water, comparedi@nd?2 as seen from the higher
and Phenylsilica Gel 3 (see Scheme 3) weight loss at ca. 85100°C for the former than the latter two.
chemical This is probably due to the more highly cross-linked structure
compd carbon shif/ppm (see?°Si NMR spectra below), nonporous nature and strong
12 Si-C 130.2 hydrophobic character caused by the pendant phenyl groups in
2 gfc 1‘3%:; material3 compared to materials and2. The larger amount
a-C 140.4 of physisorbed water in samplésand2 may also suggest that
a-C 136.4 the benzene groups enclosed within the walls by the surrounding
p-C 127.6 hydrophilic siloxane moieties are not as accessible and hydro-
3 Si—C 130.8 . :
o-C 134.6 phobic as the pendant phenyl group that lie on the surface of
B-C 128.2 the channels of sampl& The decrease in weight at 26800
y-C 128.2 °C for surfactant-templated materials may in general be at-

alts chemical shift assignment was further supported®yNQS CP- tributable to the decomposition of residual surfactant. The lack
MAS NMR experiment? Attempted“C NQS CP-MAS NMR measurement ~ Of @ny substantial weight .IOSISES in this range for surfactant-
for it did not give clear results. Overlapping peaks. extracted sampled and 2 indicated that the surfactant was

) ) successfully removed via solvent extraction. In the case of
small pore diameter (2.6 nm, see Supplortlng Table 1S). The samples, there was not much surfactant even before the solvent
BET specific surface area was 1116 g, and the primary  exgraction, as this material was amorphous and did not seem to
pore volume was 0.62 f?"g - The calcination of solvent  phaye self-assembled with the surfactant. Interestingly, weight
extracted sampl# at 350°C resulted in a decrease in the BET  |nsses corresponding to benzene groups in 1,3,5-benzene PMO
specific surface area, primary pore volume and pore dlameter(l) were observed to start at ca. 600, whereas those in 1,3-
—1 -1 i .

t01010ntg™*, 0.52 cnig™, and 2.5 nm, respectively, whereas penzene PMOZ) and 1-benzenesilica xeroged)(at ca. 500
the calcq’mon at 45@31“3‘3' to a more dramatic decrease 10 gng ca, 450C, respectively. The differences in the decomposi-
800 nf g%, 0.37 cnt g%, and 2.1 nm, respectively. The heat {jon temperature for benzene rings clearly indicate the increase
treatment also led to a decrease in low-pressure nitrogeni, thermal stability of the organic functional group when
adsorption (see Supplementary Figure 5S). This decrease camynchored onto three rather than two or one siloxane. Further-
be related to some extent to the increase in the degree ofore, the decomposition temperature for the benzene groups
exposure of organic groups on the surface of the PMO causedi,, 3 also appeared much lower than those for the other two
by the transformation of these groups to the species with tWo- samples 1 and 2. It is important to keep in mind that other
point and one-point attachment (see below). In particular, the organgsilica xerogels with benzene groups attached in one point
latter groups can be fully located on the pore surface and would (simjlarly as in3) and two points (similarly as i) are known
be likely to weakly interact with nitrogen molecules, which are 5 exhibit exceptionally high thermal stabilit§2! so further
known to interact much more weakly with the surface organic gnpnancement of stability observed for 1,3,5-benzene PMO
groups than with the hydroxylated silica surfd€&lowever, it yeported herein is remarkable. It will be shown later that the
needs to be kept in mind that the 1,3,5-benzene PMO samplesherma) transformation of benzene groups with three-point
were found to exhibit a strong low-pressure adsorption, which 4ttachment proceeds via intermediates with two-point or one-
is quite unexpected for mesoporous organosilicas. Th|s behav_lorpoint attachment, so the differences in the decomposition
may b(_a related to surface roughness or frameW(_)rk MICroporosity temperatures may be in part due to the slower kinetics of
that arise from a low degree of pore wall consolidation. Another gecomposition processes that require the cleavage of a relatively
possibility is that the ordered material is contaminated with & pigher number of bonds.
disordered phase that would exhibit a strong low-pressure \yeight change curves acquired under air for the CTABI-
adsorption. Therefore, a 1,3,5-benzene gel that was Synthes'ze‘ﬂemplated 1,3,5-benzene PMO (solvent-extratteshd calcined
in the absence of surfactant template was indeed found to exhibit; ~350 and 1C4504) and the corresponding weight change
a strong low-pressure adsorption related to its primarily mi- gerjyatives are shown in Supplementary Figure 9S. The weight
croporous nature (see Supplementary Figures)s These  |og5 ohserved below 10 can be attributed to the thermode-
results indicate that contamination of the 1,3,5-benzene PMO gqpiion of water (and perhaps some solvents left after surfac-
with a disordered phase may contribute to the unexpectedly ;antextraction in the case of the solvent-extracted matéfial
strong low-pressure adsorption observed for this PMO. HOW- g6 the surface of the samples. It appears that the heat treatment
ever, the remarkably large adsorption capacity for this PMO o4 to an increased hydrophobicity of the surface of the PMO.
suggests that the content of the disordered phase, if any, is likely o minor weight loss at about 25T for the solvent-extracted
to be low. Therefore, other factors considered here, such assample can be attributed to the decomposition and thermode-
surface roughness or framework microporosity, are likely to lead sqhtion of the residual surfactant left after the extraction. The
to a strong low-pressure adsorption in this PMO. In particular, smajl magnitude of this weight loss indicates that the solvent-
the thermally induced decrease in low-pressure adsorption isgytraction procedure employed was successful in removing
consistent with the notion that the walls of the solvent-extracted 5most all of the surfactant from the as-synthesized material. A
material are unconsolidated, perhaps microporous, or rough topmajor weight loss observed at 57G can be attributed to the
a significant extent and they become more consolidated or oyt of the organic bridging groups. This event mostly took
smooth only after the thermal treatment. place in a narrow temperature range for the solvent-extracted

Thermal Properties. TGA analysis of surfactant-extracted PMO, whereas some broadening of the decomposition range
samples (Figure 4) showed that air-dried san3xdter storage

under ambient atmosphere showed a very low amount of (21) Babonneau, F.; Leite, L.; Fontlupt, &.Mater. Chem1999 9, 175-178.
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was observed after calcination at 38D and especially at 450

°C. On the basis of the extensive NMR study of the 1,3,5-

benzene PMO sample templated by cetylpyridinium surfactant, ‘\

this broadening is attributable to a partial transformation of the ‘

benzene groups with three-point attachment in the framework | \

to benzene groups attached with two points and one point | '\

attachment. Clearly, such a bonding heterogeneity is likely to / !

lead to a wider temperature range for the decomposition. The \

decomposition behavior of solvent-extracted 1,3,5-benzene PMO

was found to be similar to that for a disordered material / T2 ©
synthesized from the same organosilica precursor in the absence /
of surfactant structure-directing agent (see Supplementary Figure

10S). However, the disordered sample exhibited a somewhat /
broader temperature range for the organic group decomposition.

As can be seen from the comparison of Supplementary Figures T
9S and 11S, the organic groups were more thermally stable

under nitrogen than they were under air atmosphere. The weight , ®)
loss related to the removal of the organic groups under nitrogen

was observed at ca. 65C. It is interesting to note that the WWN‘/ oot
weight loss observed under air for the solvent-extradtexhd

calcined 1'C350A correlated very well with their formulas

assessed on the basis of NMR data. Under the assumption that

the product of the decomposition of these samples under air is Q

SiO, and that the surfactant content is negligibly small, the ratio @
of the weight loss between ca. 15200 and 1000C (surface : : : M
dehydroxylation and organic group decomposition) to the weight -40 270 -100 -130
at ca. 156-200 °C was predictable with absolute accuracy of
1~2% On.the basis of the formulas derived from NMR data Figure 5. 2%Si CP-MAS NMR spectra of surfactant-extracted 1,3,5-benzene
below. This excellent agreement between TGA and NMR data (5) and 1,3-benzene PMOs (b) and 1-benzene gel (c).

allowed us to estimate the amount of organic groups lost for

the sample heated at 45G from the TGA data. This estimate ~ Scheme 3

Chemical shift (ppm)

OR' ' '
suggests that less than 50% of benzene groups were removed RO JOR R'o\ilfow ro_TRor
from the PMO as a result of calcination at 480 for 6 h under i
air. alpha alpha alpha alpha' alpha alpha

i i i 9G;j RO, ~OR RO beta beta beta
NMR Characterization. The solid-stat@®Si CP-MAS NMR ROST s T<oR oy o
. . . alpha '
spectra (Figure 5) of the as-synthesized aromatic PMOs and or P or or P gamma
gel samples described here showed virtually pesi@nals (Si 1 2 3

sites attached to four oxygen atom) betweed8 and—111 essentially no evidence for cleavage of-§i bonds during the

ppm. This clearly indicated that all the -SC bonds of the synthesis, as the population of,Gites was found to be
materials remain uncleaved during the-sgél processing and  pegjigible. The degree of framework condensation was low, as
under the synthetic conditions employed. The samples, however,gaan from the presence of 18.5% afilicon sites, 57.4% of
showed characteristic,Bignals attributed to 8{OSi); (Tsat T, sijlicon sites and only 24.1% of fully cross-linked 3ilicon

—79 ppm), G(OSik(OH) (T2 at—71 ppm) and S(OSH(OHE  sjtes. A small amount of Qsilicon sites appeared after
(T at—62 ppm) (Figure 5). The peak corresponding tan'1 calcination at 350C (2.9% of Q sites and a total of 12.7% of
and2 was found to be the major signal indicating the presence Qs and Q sites, in addition to 7.0% of {Tsites, 48.9% of T

of significant number of SiOH groups and a rather low degree gjtes and 28.7% of Tsites), so the heating at this temperature
of polymerization in the materials. This is probably caused by already caused some cleavage of Sibonds. After calcination

the mild sot-gel processing condition and the low aging at 450°C, more than half of the SiC bonds were cleaved, as
temperature used as well as the higher number of cross-linkablejnferred from the occurrence of 10.8% of Gites, 18.1% of

SiOH groups available frort, (9 cross-linkable SiOH groups Q; sites and 25.3% of gsites, in addition to 9.3% of {Tsites,

per each molecule of precursbcompared to only 4in TEOS 16,99 of T, sites and 19.7% of Jsites. These NMR data

or 3 in precursoB) that the structure of the solid may remain  zjjowed us to derive the following formula of the solvent-

stable even for very low degrees of framework condensation. extracted 1,3,5-benzene PMO: SiAOH)0.04CeH3)o.33 If we

The 2°Si NMR spectra also revealed that surfactant-extraction fyrther assume that the sample calcined at 35@id not lose

from the materials under dilute acidic condition did not cause any organic groups (although some of the bonds that connected

cleavage of the SiC bonds. them into the framework were severed) and the organic groups
The 2°Si MAS NMR spectra of the 1,3,5-benzene PMO present would be exclusively of types shown in Scheme 3, then

synthesized using CTABr as a templatg) (Supplementary  the following approximate formula is obtained: $i(OH)o 75

Figure 12S), were very similar to those of PMO materials (CgHs.47)0.33 It can be seen that the thermal treatment did reduce

templated with cetylpyridinium chloride surfactant. There was the amount of silanols (OH groups), but the latter amount is
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Figure 6. 13C CP-MAS NMR spectra of (A) once and (B) thrice surfactant extracted AN®indicates new peak formed due to cleavage efGbond),
(C) once solvent-extracted PM®and (D) gel3.

high even after the heat treatment. It should be noted that it g pome 4

does not seem to be possible to derive the formula for the Si

material calcined at 450C (samplel'C450A) on the basis of H*

NMR data alone, because this material exhibited a significant —_— /@\ +SiOH
loss of organic groups upon the thermal treatment, as discussed Si si M0 g Si

above on the basis of the TGA data.

The3C CP-MAS NMR spectra (Figure 6) of the PMOs and overlapping 8-C and y-C carbons, respectively. It is also
gel materials showed that the aromatic groups were indeed intactnoteworthy that the NMR peaks for sam@eappeared much
after the sotgel processing and surfactant-extraction. The sharper than those for samplesind2 due to the fact that the
molecular structures of the precursors and the final saniples phenyl group in the former is more mobile on its—& axis.

2, and3 show that the benzene rings contain 2, 4 and 4 different Furthermore, thé3C CP-MAS NMR spectra of a bifunctional
kinds of carbons, respectively (SC anda-C for 1, Si—C, two PMO (BPMO) prepared from mixtures of precursdrand 3

kinds of a-C and ones-C for 2 and Si-C, a-C, 8-C, y-C for as well as2 and 3 (25% 3 based on the molar ratio of phenyl

3) (Scheme 3). Thé&*C CP-MAS NMR spectrum of contains group and their syntheses were conducted under the same
two peaks at 130.2 and 141.7 ppm corresponding +6Csand conditions as the other PMOs) also showed signals correspond-
o-C (Si—C—C) carbons of the benzene ring, respectively. These ing to the various carbons of the aromatic groups indicating
assignments were further corroborated'@ NQS CP-MAS the quantitative incorporation of the two differently bonded
NMR experiments in which case only the quaternary carbons aromatic functional groups. The method of incorporating
were observable (spectra not shown). Moreover, an additionalterminal and bridging organic groups simultaneously into
new peak at 137.5 ppm and a shoulder peak at ca. 128.6 ppnmesoporous materials has actually been described and demon-
appeared after PMQ underwent repeated solvent-extraction strated recently to offer an opportunity to make materials with
(at least three times) resulting most likely from the cleavage of unprecedented tunable bifunctional and multifunctional proper-
some of the SiC bonds after successive acid leaching (Scheme ties that are potentially useful for various applicatiéh&!

4). This hypothesis was also supported by the very close Stepwise Channel Metamorphosis ofl (Pyrolysis of 1
proximity of the position of these new peaks to those of PMO under Air and Nitrogen). 1,3,5-benzene PMO was found to

2 which has resonance peaks at 130.2, 140.4, 136.4, and 127.8how interesting channel metamorphosis in a stepwise fashion
ppm corresponding to SiC, a-C, o'-C, and g-C carbons during thermolysis in air (Scheme 5). Figure 7 shows i@
(Scheme 3). The chemical shifts for the phenyl groug3n CP-MAS NMR spectra of surfactant extracted PMMefore
CP-MAS NMR spectrum foB appeared at 130.8, 136.4, and and after calcination under air and nitrogen at 350 and°450
128.2 ppm and these were assigned te-Gi o-C, and for 6 h. The spectra showed that most of the aromatic signals
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Figure 7. 13C CP-MAS NMR spectral change of surfactant-extracted solid
from 1 heated (A) under air, 6 h, at 33C€ and 450°C (signal at 152 ppm
(w) is attributed to a new peak formed due to oxidation of the phenyl ring)
and (B) under nitrogen 6 h, from RT to 45C.

Scheme 5. Schematics of the Thermal Transformation of the
Benzene Functional Groups from 1,3,5-benzene PMO under
Nitrogen
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remained intact in the material only with slight cleavage of their
Si—C bonds after calcinations up to 48C for 6 h further
proving the high thermal stability of the aromatic ringslin
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Figure 8. 13C CP-MAS NMR spectral change of surfactant-extracted solid
from 2 heated under nitrogen, 6 h, from RT to 480.

ppm suggested the occurrence of thermal transformation of the
phenyl rings during thermolysis. Moreover, new small signals
at 152 and 122 ppm appeared in the material only when it was
calcined in air at 450C and this was assigned to carbons in
oxygen containing oxidized phenyl groups,RD; that were
likely to result due to possible oxidation of the phenyl ring under
air while it was still intact in the framework or while it
underwent decomposition. Similar oxidative intermediate prod-
ucts were reported to occur in other PMO and BPMO materials
containing other organic groups when thermally treated under
air5h On the other hand, ti&Si CP-MAS NMR spectra of PMO

1 pyrolyzed under air shows a relatively large amount of
cleavage of S+C bonds at 450°C as observed from the
appearance of gxites in its spectrum unlike the materials that
were pyrolyzed under nitrogen and that underwent a much less
extensive cleavage (Figure 9). The cleavage of theC3bonds

and the transformations of the phenyl rings are believed to occur
from the nucleophilic attack of silicon atoms of-ST (benzene)

by water from air and/or by residual-SOH groups, processes
which are common in PMOs during thermoly&tsThe Si-C
bond may also be cleaved as a result of reaction with oxygen
or even with nitroger!

Possible kinetics in the course of channel metamorphosis upon
thermolysis ofl and2 in air assuming similar rate constants,
ki, ko, andks for the stepwise transformation of benzene groups
in the channels shown in Scheme 5 is summarized in Supple-
mentary Figure 13S. It was assumed tkat= k, = ks, which
may not be particularly accurate due to the possible differences
in decomposition behavior and the decrease in the number of
SiOH groups upon thermolysis and annealing of the materials.
Nevertheless, the figure qualitatively represents expected changes

However, the appearances of new peaks between 130 and 14@ chemical composition during the thermal process, as expected
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(A) (Supplementary Figure 14S) showed CO,, CH,, and CO

P as major decomposition products in all cases. However, there
J" ‘" exist some striking differences in the spectra. For instance, a
! \ peak atm/z = 78 corresponding to benzene appeared much
AoV higher in intensity for sampl8 than those for sampleisand?2.
\ \ It is reasonable, therefore, to suggest again that the thermode-
/! \\ v \ sorption of benzene groups at 540 in sample3 whose benzene

\ \ group is attached only to one silicon atom took place more easily
P e than those in samplelsand?2 in which the benzene groups are
[ \/\\x attached to two or more than two silicon atoms and are more
o (U m T , thermally stable.

S VAV Conclusion

The synthesis of 1,3,5-benzene PMO, the first PMO material
Chemical shift (ppm) with organic functional group bonded via three-8i linkages
within the framework, is reported. When cetylpyridinium
B) surfactant was used as a template, the resulting PMO exhibited
/\/\ a moderate adsorption capacity and pore diameter close to the
’/\ \ micropore range, but a PMO with a larger pore diameter and a
\\ very high specific surface area can be synthesized using CTABr
NlLoe template. Detailed thermal studies indicated that 1,3,5-benzene
/& PMO undergoes thermally induced sequential channel meta-
Il \, \\"% morphosis resulting in the formation of disiloxybenzene PMO
] ,\\\\\_,/\ and monosiloxybenzene materials before losing the benzene
/u‘,\" i\ s groups completely. The benzene rings in aromatic PMOs in
et/ TR TR\ R SN general and in 1,3,5-benzene PMO in particular were also found
w56/ | \w% to be more stable due to their linkages to two and three siloxanes
I A\ B respectively, compared to alkene containing PMOs. The pres-
Jw I e ence of benzene rin iformly bound in the f k of
/ \ gs uniformly bound in the framework of a
~ mesoporous structure with such enhanced thermal stability and
T T T T T large specific surface area can make the material useful in
50 270 -90 -110 -130 various applications. Moreover, the successful synthesis of PMO
with three-point attachment of the organic group that exhibits

Chemical shift (ppm) strictly defined angles between the attachment points provides
Figure 9. 2°Si CP-MAS NMR spectral change of PMDafter pyrolysis a strong_indication t_hat itis p_ossi_ble to synthesize a_variety of
(A) under air, 6 h, at 350 and 45€ and (B) under nitrogen, 6 h, 35C PMOs with three-point or multi-point bonding of organic groups
to 450°C. in the framework and with strictly defined bonding geometry.
On the basis of earlier studi€$/c such novel aromatic PMO
from changes in intensity of the various signals in #®i and compositions may exhibit ordering of the aromatic groups in

13C NMR spectra during pyrolysis (Figures 7, 8, and 9). For the framework to give crystalline-type frameworks, and therefore
instance, the formation of only a little Q signal at lower may be ordered on both molecular and nanoscopic levels.
calcination temperatures for samplewas indicative of the
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Pyrolysis Mass Spectra.The thermal decomposition mass
spectra (540C, under vacuum) of solid samplds 2, and3 JA027877D

J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002 13895



