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Although work on periodic mesoporous organosilicas (PMOs) |
dealt overwhelmingly with ethanesilicAMOs based on silses- A
quioxane precursors with organic spacers originating from methane,z 31
ethylene, acetylene, butene, benzene and substituted benzen .°
biphenyl, thiophene, bithiophene, ferrocene, and others have bee
achieved."8 However, there are hardly any studies on pure PMOs = 1000
with spacers containing more than a single organic functional group. o _ 3 : , . . :
Burleigh et al® approached this issue by using mixtures of ethane 0 10 20 0 0 02 04 06 08 1
and phenylene-containing silsesquioxane precursors. Another im- 2¢theta (degree) PIPo
portant aspect of PMOs containing aromatic linkers is the occur- Figure 1. (A) X-ray diffraction pattern forSBTSEB. (B) Nitrogen
rence of molecular order within the pore walls. Inagaki étfalind ads_?rsplggﬁdesorptlon isotherm and pore size distribution (inset) for
that periodic mesoporous 1,4-phenylene-bridged organosilica pre- ’
pared under basic condition using octadecyltrimethylammonium
chloride (ODTMACI) as structure-directing template exhibits, in
addition to the (100), (110), and (200) reflections associated with
the long-range order of the material with hexagonal symmetry, a
series of XRD peaks at 7.6, 3.8, 2.5, and 1.9 A. The latter were
attributed to an additional structural periodicity with a spacing of
7.6 A along the channel direction due to the-z stacking of
bridging phenylene groups. Similar observations were made for
phenylene-bridged PMOs prepared in the presence of alkyltrim-
ethylammonium surfactants with different carbon chain lengjths.

Moreover, Inagaki et al. found that other aromatic-containing
precursors also lead, under basic conditions, to PMOs with similar
molecular ordeP:51° However, molecular order within the pore
walls of PMOs prepared under acid conditions was less striking,
but it could be improved by postsynthesis hydrothermal treatment
in the presence of basé&s.

The objective of the current investigation was 3-fold: (i)
synthesize for the first time a PMO which contains an aromatic
ring and two ethylene groups using BTSEB, bis(triethoxysilylethen- 6 2 4 6 & 10 12
2-yl)benzene ((@4:0)sSi—CH=CH—CgHs—CH=CH—Si(OCGH2)s), Distance (nm)
as a single precursor; (i) establish the occurrence of molecular orderFigure 2. High-resolution TEM image fo5-BTSEB and intensity across
within the pore walls of the PMO; (i) demonstrate for the first Parallel fringes along the white line.
time that the long-range molecular order may occur without tures. In addition, four other peaksaspacings of 11.9, 6.0, 4.0,
surfactant templating effect and in the absence of a periodic poreand 3.0 A occurred. They were assigned to a periodicity with a
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system. spacing of 11.9 A and higher-order harmonics. High-resolution
The precursor BTSEB was synthesized via the Heck reaction TEM images provided direct evidence of such a molecular order
using vinyltriethoxylsilane and 1,4-dibromobenzéh&he BTSEB- (Figure 2) as lattice fringes with 12 A spacing, close to the length

derived PMO was prepared in the presence of ODTMACI using a of the organic linker, were clearly observed. This indicates that,
gel with the following molar composition BTSEB:ODTMACI:  driven by ther—x interactions, the flat organic spacers are stacked
NaOH:H,0 = 1:1.27:11.91:1318 (see Supporting Information). This parallel to each other, thus forming a lamellar structure within the
sample will be referred to aS-BTSEB. Another sample denoted PMO pore walls.

NS-BTSEB was prepared using the same procedure, except that The nitrogen adsorption isotherm (Figure 1B) ®BTSEB was

no surfactant was added. A third sample design&€eBTSEB typical of periodic mesoporous materials. It exhibited a sharp uptake
was prepared in the absence of surfactant using-agamethod atP/Py = 0.1-0.3 due to capillary condensation of nitrogen in the
as described elsewhefe. mesopores. The KJS (Kruklaroniee-Sayari}* pore diameter

The XRD profile of the surfactant-fre& BTSEB sample (Figure (Wkys), BET surface area, and pore volume were 3.06 nm, 583 m
1A) exhibited a strong peak a®2= ca. 1.98 (dioo Spacing of 4.82 g, and 0.34 cr¥ig, respectively. The pore wall thickness calculated
nm) characteristic of long-range order in 2D hexagonal mesostruc- using the equatiob = 2d;o¢/(3)¥2 — wykjs was 2.51 nm.

12194 m J. AM. CHEM. SOC. 2005, 127, 12194—12195 10.1021/ja054103z CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

1500

1000 A

500 A

Intensity (cps)

10 20 30
2 Theta (degree)

Figure 3. X-ray diffraction patterns for (a)S-BTSEB and (b)SG-BTSEB
(shifted upward by 200 units for clarity).

The3C CP MAS NMR spectra (Figure S1, Supporting Informa-
tion) exhibited four strong peaks at 120.0, 126.7, 137.3, and 147.8

first time that long-range molecular order can be achieved,
regardless of the occurrence of a periodic pore system. Several other
organosilicates containing aromatic rings exhibited similar behavior.
These findings will be reported in a forthcoming paper.
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ppm. The peak at 120.0 ppm was assigned to the two carbon atomsspectra (PDF). This material is available free of charge via the Internet

of the ethylene groups, which bond to the silicon atoms. The peak

at http://pubs.acs.org.

at 126.7 ppm was due to the four carbon atoms of the phenylene

ring, which are not connected to the ethylene groups. The peaks atReferences

137.3 and 147.8 ppm were attributed, respectively, to the carbon
atoms of the phenylene ring, which are connected to the ethylene
groups, and the carbon atoms of the ethylene groups, which are
linked to the phenylene ring. Th&Si CP MAS NMR spectra
(Figure S2, Supporting Information) exhibited only two main signals
at —69.29 and—79.44 ppm, assigned to Si species covalently
bonded to carbon atomg TC-Si(OH)(OSi)] and T [C-Si(OSi)],
respectively. The absence of Si€pecies at ca-100 ppm confirms

that no carbosrsilicon bond cleavage occurred during the synthesis
or solvent extraction.

Surprisingly, sampl&S-BTSEB prepared in the absence of the
supramolecular templating effect of an amphiphile molecule also
showed a distinct series of weak, but clearly visible diffraction peaks
at11.7,5.9, 3.9 (shoulder), and 2.95 A (Figure 3a), consistent with
the occurrence of molecular order of the bis(ethene-2-yl)benzene
moieties. However, no low-angle diffraction peak was observed,
indicating the absence of mesoscopic structure. This material had
a broad distribution of mesopores and exhibited a surface area of
202 n¥/g. Moreover, using selgel condensation in the presence
of tetrabutylammonium fluoride catalyst at 86, as described by
Corriu et al.l® also afforded a high surface area (44G/gh
organosilica whose XRD pattern showed a broad, yet distinct peak
at ca. 12.5 A, indicative of a long-range molecular order (Figure
3b). Corriu et al. carried out extensive work on the anisotropic
organization of organosilicas with rigid (e.g., aromatic) organic
spacers prepared by sajel polymerization. As shown by small-

angle X-ray scattering and birefringence measurements, these

materials often exhibit only short-range order as no Bragg diffrac-
tions were observet#:'> However, long-range order was achieved
only under special conditions, such as the occurrence of strong
interactions by H-bondiri§ or of mesogen-like organic spacérs.
Though more highly ordered, the lamellar structure of the pore walls
described here is reminiscent of the structure obtained by solid-
state thermal polycondensation of lamellar organo bis-silanetf{eis

In conclusion, we reported the first example of pure PMO using
a single precursor containing aromatic and olefinic functional
groups. The occurrence of carbecarbon double bonds and
phenylene groups provides new opportunities for further chemical
transformations within the pore walls. Moreover, we found for the

(1) (a) Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, Am.
Chem. Soc1999 121, 9611. (b) Melde, B. J.; Holland, B. T.; Blanford,
C. F.; Stein, AChem. Mater1999 11, 3302. (c) Asefa, T.; MacLachlan,
M. J.; Coombs, N.; Ozin, G. ANature 1999 402 867. (d) Wang, W.
Xie, S.; Zhou, W.; Sayari, AChem. Mater2004 16, 1756. (e) Kuroki,
M.; Asefa, T.; Whitnal, W.; Kruk, M.; Yoshina-Ishii, C.; Jaroniec, M.;
Ozin, G. A.J. Am. Chem. So2002 124, 13886. (f) Lu, Y.; Fan, H,;
Doke, N.; Loy, D. A,; Assink, R. A.; LaVan, D. A,; Brinker, C. J. Am.
Chem. Soc200Q 122, 5258. (g) MacLachlan, M. J.; Asefa, T.; Ozin, G.
A. Chem—Eur. J.200Q 6, 2507. (h) Sayari, A.; Hamoudi, S.; Yang, Y.;
Moudrakovski, I. L.; Ripmeester, J. Rhem. Mater200Q 12, 3857. (i)
Hamoudi, S.; Yang, Y.; Moudrakovski, I. L.; Lang, S.; Sayari JAPhys.
Chem. B2001, 105 9118.

(2) Temtsin, G.; Asefa, T.; Bittner, S.; Ozin, G. A. Mater. Chem2001,

11, 3202.

(3) Inagaki, S.; Guan, S.; Ohsuna, T.; TerasakiNature 2002 416, 304.

(4) Bion, N.; Ferreira, P.; Valente, A.; Goalves, |. S.; Rocha, J. Mater.
Chem.2003 13, 1910.

(5) (a) Kapoor, M. P.; Yang, Q.; Inagaki, 3. Am. Chem. So@002 124,
15176. (b) Okamoto, K.; Kapoor, M. P.; Inagaki,Ghem. Commur2005
1423.

(6) Kapoor, M. P.; Yang, Q.; Inagaki, &£hem. Mater2004 16, 1209.

(7) Wang, W.; Zhou, W.; Sayari, AChem. Mater2003 15, 4886.

(8) (a) Olkhovyk, O.; Jaroniec, MJ. Am. Chem. SoQ005 127, 60. (b)
Morell, J.; Wolter, G.; Frba, M.Chem. Mater2005 17, 804. (c) Hunks,

W. J.; Ozin, G. A.Chem. Mater2004 16, 5465. (d) Lee, B.; Im, H.-J.;
Luo, H.; Hagaman, E. W.; Dai, SLangmuir2005 21, 5372.

(9) Burleigh, M. C.; Jayasundera, S.; Spector, M. S.; Thomas, C. W,
Markowitz, M. A.; Gaber, B. PChem. Mater2004 16, 3.

(10) Kapoor, M. P.; Inagaki, S.; Ikeda, S.; Kakiuchi, K.; Suda, M.; Shimada,
T. J. Am. Chem. So®005 127, 8174.

(11) Goto, Y.; Okamoto, K.; Inagaki, Rull. Chem. Soc. Jpr2005 78, 932.

(12) Dubois, G.; ReyeC.; Corriu, R. J. P.; Chuit, Cl. Mater. Chem200Q
10, 1091.

(13) Cerveau, G.; Corriu, R. J. P.; Framery JEMater. Chem200Q 10, 1617.

(14) Kruk, M.; Jaroniec, M.; Sayari, A.angmuir1997, 13, 6267.

(15) (a) Boury, B.; Corriu, R. J. P.; Delord, P.; Nobili, M.; Le Strat,Ahgew.
Chem., Int. Ed1999 38, 3172. (b) Ben, F.; Boury, B.; Corriu, R. J. P;
Le Strat, V.Chem. Mater200Q 12, 3249. (c) Boury, B.; Ben, F.; Corriu,
R. J. P.; Delord, P.; Nobili, MChem. Mater2002 14, 730. (d) Cerveau,
G.; Corriu, R. J. P.; Framery, E.; Lerouge, Ghem. Mater.2004 16,
3794.

(16) (a) Moreau, J. E.; Vellutini, L.; Wong Chi Man, M.; Bied, £.Am. Chem.
Soc.2001, 123, 1509. (b) Moreau, J. J. E.; Vellutini, L.; Wong Chi Man,
M.; Bied, C.; Bantignies, J.-L.; Dieudonne, P.; Sauvajol, J:lAm. Chem.
S0c.2001, 123 7957. (c) Moreau, J. E.; Vellutini, L.; Wong Chi Man,
M.; Bied, C.; DieudonngP.; Bantignies, J. L.; Sauvajol, J. Chem—
Eur. J 2005 11, 1527. (d) Cerveau, G.; Chappellet, S.; Corriu, R. J. P.;
Dabiens, B.; Le Bideau, Drganometallic2002 21, 1560. (e) Cerveau,
G.; Corriu, R. J. P.; Dabiens, B.; Le Bideau,Ahgew. Chem., Int. Ed
200Q 39, 4533.

(17) Ben, F.; Boury, B.; Corriu, R. J. Adv. Mater. 2002 14, 1081.

(18) (a) Cerveau, G.; Chappellet, S.; Corriu, R. JJPMater. Chem2003
13, 1905. (b) Cerveau, G.; Chappellet, S.; Corriu, R. J. P.; Dabiens, B.
Silicon Chem2003 1, 321.

JA054103Z

3

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12195



