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Molecularly Ordered Bipheny|-Bridged Mesoporous Table 1. Structural Properties of Biphenyl-Bridged Organosilica
Organosilica Prepared under Acidic Conditions Seer o poresize pore volume
sample aging (m%g) (nm) (nm) (cm®g)
; % BPO-1  95°C, 2 days 773 8.84 5.7 1.10
Yong Yang and Abdelhamid Sayari BPO-2 95°C. 14days 667 852 59 1.30
. : BPO-3 120°C,2days 611  9.18 6.0 1.20
Department of Chemistry and Centre for Catalysis Research 5,5, 140C 2days 710  9.38 59 115

and Innasation (CCRI), Uniersity of Ottawa, Ottawa,

Ontario, Canada K1N 6N5 . . L .
Since its successful application for the synthesis of the

Receied May 9, 2007 so-called SBA-15 mesoporous silica under acidic conditfons,
Revised Manuscript Receéd July 12, 2007  the triblock copolymer Pluronic P123 (E&-PO;;—EO,)
has been widely used as structure-directing agent for the self-
Because of their unique surface properties, periodic assembly of various mesoporous inorganic and organosilica
mesoporous organosilicas (PMOs) have gained considerablénaterials® More recently, different silica mesophases were
attention since their discovery in 199®rogress in this field  also synthesized using P123 in the presence of butarol.
has been the subject of several authoritative revieWs.  similar strategy was adopted here to prepare biphenyl-bridged
addition to the long-range-ordered pore system, PMOSs, mesoporous organosilica (BPO-n) using' 4i(triethoxy-
particularly those containing conjugated organic species, silyl)-1,1'-biphenyl-[(GHs0)sSi(CsH4)-Si(OGHs)4] in the
exhibit crystal-like pore walls stemming from a layered presence of P123 (MW 5800) as supramolecular template
molecular arrangement of the organic spacers. Such aand n-butanol as additive. The molar composition was
molecular order was observed directly by X-ray diffraction 1:0.012:1.16:1.22:130 silane:P123:BUOH:HGIH In a
(XRD) and transmission electron microscopy (TEMAI- typical procedure, Pluronic P123 (0.25 g) was first dissolved
though there were some hints that limited molecular order in 9 g of distilled water and 0.49 g of 35 wt % HCI solution
in the pore walls of PMOs may occur under acidic condi- with stirring at 308 K. After complete dissolution, 0.37 g of
tions? to date, all reported PMOs with clear molecularly putanol was added to this clear solution. Afteh of stirring,
ordered pore walls were obtained exclusively under basic 0.80 g of precursor was added and the mixture was left under
conditions in the presence of alkyltrimethyl ammonium vigorous stirring at 308 K for 24 h. At this stage, some white
surfactant$:> Nevertheless, PMOs prepared under acidic precipitate appeared. The mixture was then transferred into
conditions undergo some molecular ordering via postsyn- a Teflon-lined autoclave and aged at higher temperature
thesis hydrothermal treatment in the presence of basicunder static conditions. The specific aging conditions are
solutions® It should be mentioned that under sglel and  Jisted in Table 1. The materials were thoroughly characterized
similar condensation conditions, i.e., without any amphiphile, by XRD, nitrogen adsorptiondesorption measurements at

many organosilsesquioxanes with aromatic spacers give rise77 K, TEM, 2°Si and'*C CP MAS NMR, thermogravimetry,
to molecularly ordered, lamellar phases Withnd without and Raman spectroscopy.

porosity. In the current work, we report the first successful
synthesis of molecularly ordered, large-pore biphenyl-bridged
organosilica using Pluronic P123 as structure-directing agent
under acidic conditions.

The powder XRD patterns (Figure 1) exhibited a main
peak at 2 ~ 1° (d spacing~ 9.0 nm), indicating the
occurrence of a mesophase. The absence of additional
diffraction peaks associated with the pore structure indicates

. _ that the latter consists of a disordered wormhole pore
(1) (a) Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, O. L Thic . . . .
Am. Chem. Sod999 121, 9611. (b) Melde, B. J.; Hollande, B. T.; Systeml. This is consistent with direct observation by TEM
Blanford, C. F.; Stein, AChem. Mater1999 11, 3302. (c) Asefa, (Figure 2a). Moreover, the XRD profiles exhibited a series

ggﬂaCLa‘:h'a”' M. J.; Coombs, N.; Ozin, G. Nature1999 402 of peaks at-spacings 11.5, 5.7, 3.9, 2.9, and 2.3 A. These

(2) (a) Sayari, A.; Hamoudi, SChem. Mater.2001, 13, 3151. (b) peaks were attributed to a lamellar structure with a spacing
m?ﬁlrznda%'oz'Zscosrgiguié)hgéeﬁofl!' dglgg"‘é'\"j -Ag‘iﬁ%dgﬁeﬁ"”c of 11.5 A and higher-order harmonics (Figure 2b). Although
Adv. Mater.200Q 12, 1403. (d) Hunks, W. J.; Ozin, G. A. Mater.  NOt as sharp as the peaks exhibited by mesoporous biphen-
Chem.2005 15, 3716. _ ylsilica prepared under basic conditiofighis is the first

®) g%)_ '(’;;’;‘ia;‘;;oi-;, f‘,lu?gn sgnog’hé”_?ﬁ;%éﬁifrﬁwgﬁgfnz_%ooz@g%g time that a molecularly ordered mesoporous organosilica was
124, 15176. (c) Sayari, A.; Wang, W. Am. Chem. So2005 127, obtained under acidic conditions. Interestingly, high-resolu-
12194. tion TEM provided direct evidence of the molecular order

(4) (a) Temtsin, G.; Asefa, T.; Bittner, S.; Ozin, G. A. Mater. Chem. . _ . . )
2001, 12, 3202. (b) Wang, W.; Zhou, W.; Sayari, £hem. Mater. within the pore walls (Figure 3). Lattice fringes with ca. 11.5
2003 15, 4886.
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Figure 1. XRD data for BPO-n.
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Figure 3. High-resolution TEM image for BPO-1, and intensity across
parallel fringes along the white line.
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Figure 4. Nitrogen adsorptiordesorption isotherms and corresponding
pore size distributions for BPO-n.
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Figure 2. (a) TEM image for BPO-4, (b) schematic of pore wall structure. CONsistent with the occurrence of pores larger tha:” 4%1'51-_
Moreover, the hysteresis loop extends to very high relative

A spacing, similar to the XRD-derived periodic spacing, are
clearly observed. (12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
Optimization of the molecular structure of-Si—(CeHa)— M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,

. . . - . K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
Si—O species using the density functional theory at the V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.

_ * i A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
B3LYP/6-31G* level and the Ggu;san 03 pl‘Ogl%de. to Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
a calculated length of 11.9 A. This indicates that the biphenyl H.: Klene, M. Li, X.: Knox, J. E.: Hratchian, H. P.: Cross, J. B.:
species are tilted only slightly with respect to the direction Eaklfm V. Sd?Oi,C-kJananéi“Ov J.; F?Ofgpeftflz Fé: %tférl]tpar&nvf-

. o . ., Yazyev, O.; Auslin, A. J.; Camml, R.; Pomelll, C.; Ochterski, J.
perpendicular to the silica layers. In a previous repfowe W Ayala, P, Y.. Morokuma, K.; Voth, G. A Salvador, P..

demonstrated that the occurrence of molecular order within Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;

il ; ; i ; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
organosilicates is not necessarily associated with an ordered K.: Foresman. J. B.- Ortiz, 3. V.. Cui, Q.- Baboul, A G.: Clifford. S.

mesopore system. The current work provides a different Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;

example from those reported earlfeas the molecular order Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

. . d with hol Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

Is assoclated with a wormhole pore system. Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Nitrogen adsorptiOﬁdesorption isotherms and the corre- Gaussian 03revision C.02, Gaussian, Inc.: Wallingford, CT, 2004.

. . L (13) Kruk, M.; Jaroniec, M.; Sayari, A.angmuir1997 13, 6267.
sponding pore size distributions as calculated from the (14) (a) Sayari, A.; Liu, P.; Kruk, M.: Jaroniec, Nchem. Mater1997, 9,

adsorption branch using the KJS (Kruk, Jaroniec, Sayari) i49K9- SIJ_) Llewellyn,“;’.tl_.;%gftéYé;féchh, F.; Reichert, H.; Unger,
3 ; ; ; . K. Microporous Mater. , .

mEt_hOd gre shown in Flgu_re 4. All isotherms showed a (15) Sayari, A.; Hamoudi, S.; Yang, Y.; Moudrakovski, I. L.; Ripmeester,

distinct nitrogen condensation step and a hysteresis loop ~ J. R.Chem. Mater200Q 12, 3857.
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Figure 6. Raman spectrum for BPO-1.

i.e., improve the degree of condensation, we extended the
aging period to 14 days (BPO-2) at the same temperature

T|
ores (95 °C), but no significant changes in thé felative amounts
BPO-2 occurred. However, using higher aging temperature (120 or
[\ 140 °C) for 2 days (BPO-3 and BPO-4) brought about a

BPO-t significant increase in Tspecies at the expense of and
0 =0 100 150 T? (see Table S1 in the Supporting Information), indicating
Chemical shift, ppm further condensation of the organosilica framework.
Figure 5. (A) 13C CP-MAS NMR and (B)Si MAS NMR spectra of Additional evidence for the occurrence of biphenylsilica
extracted biphenyl-bridged organosilice)(—~OCzHs, (*) side bands, ®) species was obtained by Raman spectroscopy, as shown in

P123 template. Figure 6. Although this technique does not provide conclu-

pressures associated with interparticle porosity. The averagesive evidence for the SiC bond:® all peaks can be
mesopore size for all samples wass#& nm. This is actually ~ associated with the biphenyl spacer (see Table S2 in the
the first successful synthesis of large-pore mesoporousSupporting Information)®a1
biphenylsilica. Other structural properties of the materials  In summary, wormhole large-pore, molecularly ordered
are collected in Table 1. As seen, increased aging time orbiphenyl-bridged mesoporous organosilica was successfully
temperature did not affect such properties. synthesized under acidic conditions using triblock copolymer

TGA analysis of selected organosilica samples (see FigureP123 as structure-directing agent and butanol as additive.
S1 in the Supporting Information) showed that the material Characterization results clearly indicate that these materials
is stable under nitrogen until 30C. The somewhat lower have a wormhole mesoporous structure combined with
stability compared to mesoporous biphenylsilica prepared molecular-scale order of biphenyl species into a layered
under basic conditioR%is to be associated with the lower structure within the material pore walls. In addition to their
degree of condensation (vide infra). The total weight loss high surface area, these mesoporous organosilicas have larger
was 60%, in excellent agreement with the 59.4% weight loss pores and pore volume than the corresponding materials
calculated on the basis of the formula 4Si(CsHy4),SiO; 5. prepared under basic conditions.

Solid-state'3C CP MAS NMR spectra exhibited four peaks
at 125.5, 131.4, 135.0, and 141.2 ppm (Figure 5), attributable ~Acknowledgment. The generous financial support of the
to the four different carbon atoms of the biphenyl species in Natural Sciences and Engineering Research Council of Canada
the O sSi—(CsH,),—SiOy 5 network. Two additional small (NSERC) and the Ontario Research & Development Challer]ge
signals at 16.2 and 58.0 ppm were assigned to nonhydrolyzed und (ORDCF) is acknowledged. A.S. thanks the Canadian
ethoxy groups. The signal at 71 ppm is associated with someGovernment for a Canada Research Chair in Catalysis by

g . . Nanostructured Materials (2001-2008). Thanks to S. Gorelsky
remaining P123 template. Solid-st&#8i MAS NMR spectra f . ; : :
. . . or theoretical calculations and Y. Liu for the HRTEM image.
(Figure 5B) featured typically three signals-a63.5,—72, ' wiatt |u 'mag

ag‘d_8_6 ppm, which were attr_lbute_d tolICS'(OS')(OH)Z]’ Supporting Information Available: Thermogravimetry analy-
T [CS'(OS')ZSH] and T [CSi(OSi)] silicon resonances, s gata, relative content of silicor Epecies, and Raman peak
respectively:'> Moreover, no Q[Si(OSik(OH)s—r] species assignment (PDF). This material is available free of charge via the
were detected in the range90 to —110 ppm, indicating Internet at http://pubs.acs.org.
that no separate silica phase occurred, and all th€ ®ionds
. . . CM071258S

were preserved during the material synthesis and template
removal. In Compa“.son to the blphenyl-bndged organosmc_a (16) (a) Hoffmann, F.; Gogerich, M.; Klar, P. J.; Filga, M.J. Phys. Chem.
prepared under basic conditions at the same temperature, i.e.; * ¢ 2007 111, 5648. (b) Morell, J.; Gogerich, M.; Wolter, G.; Jiao,
95 °C, the current material (BPO-1) prepared under acidic an J(.;)Hyngir,afl.; glﬁr, P.JJ.';\AFmLi, M.i(. Miater. Ehe\r(nZOgGClaG, 2809.

e . A : a u, K. A.; ee, J. M.; Lee, Y.; Lee, K.} YU, S.-Cangmulr
pondltlons showed Tto be the dpmlnant silicon species 2001, 17, 52. (b) Lee, C. W.: Pan, D.: Shoute. L. C.. Phillips, D. L.
instead of P. To increase the relative content of 3pecies, Res. Chem. Interme@001, 27, 485.




