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Abstract: Ordered porous silicas with unprecedented loadings of pendant vinyl groups have been
synthesized via co-condensation of tetraethyl orthosilicate (TEOS) and triethoxyvinylsilane (TEVS) under
basic conditions in the presence of cetyltrimethylammonium surfactant. The resulting organosilicate-
surfactant composites exhibited at least one low-angle X-ray diffraction (XRD) peak up to the TEVS:TEOS
molar ratio of 7:3 (70% TEVS loading) in the synthesis gel. The surfactant was removed from these
composites without any structural collapse. Nitrogen adsorption provided strong evidence of the presence
of uniformly sized pores and the lack of phase separation up to TEVS:TEOS ratios as high as 13:7 (65%
TEVS loading), whereas 2°Si MAS NMR and high-resolution thermogravimetry showed essentially
guantitative incorporation of the organosilane. Thus, a hitherto unachieved loading level for pendant groups,
considered by many to be impossible to achieve for stable organosilicas because of the expected framework
connectivity constraints, has been obtained. The resulting vinyl-functionalized silicas exhibited gradually
decreasing pore diameter (from 2.8 to 1.7 nm for TEVS loadings of 25—65%) and pore volume as the
loading of pendant groups increased, but the specific surface area was relatively constant. Because of the
reactivity of vinyl groups, ordered silicas with very high loadings of these groups are expected to be robust
starting materials for the synthesis of other organic-functionalized ordered microporous materials. Herein,
we demonstrate that these starting materials can also be transformed via calcination into ordered
microporous silicas with pore diameters tailorable from 2.5 to as little as 1.4 nm simply by using an
appropriate loading of the vinyl-functionalized precursor. This ease of the micropore size adjustment and
the attained degree of structural ordering (as judged from XRD) have not been reported before. The novel
ordered microporous materials reported herein are promising as adsorbents and catalyst supports.

Introduction The content of organic groups is a major factor that determines

any important properties of composites, such as adsorption
Over the last several years, there has been a quest for ordereg] v Imp prop P p

g . ) X ) apacity for metal ions (including highly toxic ones, such as
mesoporous organignorganic composites with a high content mercury)? ion-exchange capacifiand surface hydrophobiciy.

of organlc7 groups uniformly distributed over the ordered Moreover, organic groups incorporated in the framework
structuret~” These materials are desirable from the point of view influence dielectric constant, hardness, and modtlugereas

of specific adsorption, ion-exchange, and catalytic applications. surface-bonded (pendant) organics may improve hydrothermal
stability!® and mechanical propertiésThe uniformity in organic
group distribution may affect the surface properties, the organic
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3816. E-mail (G.A.0.): gozin@alchemy.chem.utoronto.ca. functional group reactivity, and accessibility of the porous
Iseht St{v:te '}JqlverSltty- organic-inorganic composite. A common way to synthesize
niversity or 1oronto. . . . .
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agent (usually organosilanés)!3If the organic moiety intro- ordering based on XRD daff. However, the degree of
duced is reactive, its structural and chemical properties canframework cross-linking in these materials was not particularly
further be tailored:24However, the postsynthesis modification low, because the silanol group content was very small.

has some drawbacks, including its multistep nature, some degree It was recently demonstrated that high loadings of organic
of nonuniformity of organic group distributiol,and a limited groups can readily be incorporated into frameworks of ordered
loading of organic group, although the latter can be made high mesoporous silica-based materials via the condensation of bis-
using a method based on the formation of self-assembled (trialkoxysilyl)organic precursors or the co-condensation of the
monolayers$:1®> Some of the aforementioned limitations can be latter with tetraalkyl orthosilicate in the presence of surfactant
largely overcom¥17when as-synthesized rather than surfactant- template’~7 This approach gave rise to a new group of ordered
free ordered mesoporous silica is modifi§d? which involves organosilicas with hybrid inorganiorganic framework; 711,29

a surfactant-displacement reactinAnother approach to the  referred to as periodic mesoporous organosilicas (PMOs). PMOs
synthesis of ordered silicas with high loadings of pendant exhibit up to 100% of silicon atoms bonded to organic groups,
organic groups is based on the surfactant-templated co-but in contrast to silicas with pendant organic groups, each of
condensation of organotrialkoxysilane and tetraalkyl ortho- these organic bridging groups is connected with at least two
silicate?921 This methodology has become widely used because silicon atoms, thus promoting framework cross-linking. Ben-
of its many beneficial features, including its simplicity, versatil- eficial features of organosilicate frameworks and pendant
ity, and high efficiency:222 Another attractive feature of this  organic functionality have recently been realized in a novel class
method is the ability to attain high loadings of organic groups, of materials called bifunctional PMOs (BPMOs) that are formed
as silicas with up to 40% of their silicon atoms carrying pendant via co-condensation of bis(trialkoxysilyl)organic and organo-
organic groups can readily be synthesizédlowever, further trialkoxysilane precurso®:21BPMOs can be synthesized with
increase in the loading was envisioned to be hindered by theas much as about 50% of silicon atoms functionalized with
fact that the introduction of pendant groups may decrease thependant organic groups, whereas attempted higher loading of
degree of cross-linking to a level at which a stable ordered silica- pendant groups results in the formation of disordered matéfials.
based framework cannot forfA This view has been expressed BPMOs with a high loading of pendant groups have a rather
in recent review articlek:® The validity of this framework low silanol content, which allows them to attain an appreciable
connectivity rule has been supported by unsuccessful attemptsdegree of framework cross-linking. It was also recently dem-
of the synthesis of ordered silicas with higher loadings of onstrated that methylene groups in PMO can transform to
pendant groups, which resulted in the formation of nontemplated pendant methyl groups upon heat#igrhis potentially allows
disordered materiaf8:24 However, the preparation of ordered one to obtain an ordered silica with up to 50% of silicon atoms
materials with potentially higher loadings (based on the synthesisthat carry pendant methyl groups. However, the actual achiev-
mixture composition) has also been described in the liter&ttie. able loading and the suitability of this procedure for other
Yet, in most of these cases, no evidence of structural ord€ring organic groups are yet to be explored.

and quantitative incorporation of organic groups was re- Herein, we report a successful synthesis of ordered silicas
ported?>28while in another case, a strong evidence of separation with extremely high loading of pendant organic groups via
into an amorphous organosilica-rich phase and ordered silica-templating with a cationic surfactant. More than three out of
rich phase was four®l. To the best of our knowledge, the only ~ five silicon atoms (up to 62%) in these ordered materials can
well-documented exception from the putative framework con- be functionalized with vinyl groups without inducing phase
nectivity rule was the successful synthesis of mercaptopropyl- separation. Pendant vinyl groups are known to undergo various
functionalized silicas using a neutral amine template, in which reactions, such as brominatiéhhydroboratior?334that can be
case a 50% functionalization level was attained, and even afollowed by alcoholysis# as well as epoxidation, that can be
sample with 60% functionalization level exhibited some residual an intermediate step to the formation of diol functional grotips.
Therefore, one can envision that a host of highly functionalized
(13) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; ordered mesoporous and microporous materials can be derived

Schmitt, K. D.; Chu, C. T.-W.; Olson, D. H.; Sheppard, E. W.; McCullen, invl- i i ili
S.B.- Higgins, J B.: Schlenker, J.1. Am. Chem. 506992 114, 10834 from the vinyl-functionalized silicas. Because of the presence

10843, _ _ _ of an ordered silica backbone of tailorable dimensions in the
(14) Brunel, D-zauvel, A Fajula, F.; DiRenzo, Stud. Surf. Sci. Catal 995 vinyl-functionalized silicas, they can also be readily transformed

(15) zemanian, T. S.; Fryxell, G. E.; Liu, J.; Mattigod, S.; Franz, J. A.; Nie, Z.  to ordered microporous silicas with high specific surface area,

Langmuir2001, 17, 8172-8177. . . .
(16) Amgchshuk, \l, Jaroniec, MChem. Commuri999 2373-2374. appreciable pore volume, and tailorable pore diameter. Such

17) Iz_érquéf.;zggfzg]éé_.—Y.; Mou, C.-Y.; Liu, S.-B.; Lee, H.-K\ew J. Chem. materials were a subject of a very active research during the
, . 45 i iavi

(18) Yanagisawa, T.. Shimizu, T.: Kuroda, K.; Kato, Bull. Chem. Soc. Jpn. last several yea®, 5 but the success in achieving ordered
199Q 63, 1535-1537.
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E.; McCullen, S. B.; Hellring, S. D.; Beck, J. S.; Schlenker, J. L.; Olson, Angew. Chem., Int. EQ200Q 39, 1808-1811.
D. H.; Sheppard, E. WChem. Mater1994 6, 2317-2326. (30) Asefa, T.; Kruk, M.; MacLachlan, M. J.; Coombs, N.; Grondey, H.; Jaroniec,

(20) Burkett, S. L.; Sims, S. D.; Mann, Ehem. Commuril996 1367-1368. M.; Ozin, G. A.J. Am. Chem. SoQ001, 123 8520.

(21) Macquarrie, D. JChem. Commurl996 1961-1962. (31) Burleigh, M. C.; Dai, S.; Hagaman, E. W.; Lin, J.Ghem. Mater2001,

(22) Macquarrie, D. JGreen Chem1999 195-198. 13, 2537-2546.

(23) Fowler, C. E.; Burkett, S. L.; Mann, £hem. Communl1997, 1769~ (32) Lim, M. H.; Blanford, C. F.; Stein, AJ. Am. Chem. So@997, 119, 4090~
1770. 4091.

(24) Macquarrie, D. J.; Jackson, D. B.; Tailland, S.; Wilson, K.; Clark, J. H.  (33) Anwander, R.; Nagl, I.; Widenmeyer, M.; Engelhardt, G.; Groeger, O.;
Stud. Surf. Sci. CataR00Q 129 275-282. Palm, C.; Rosen, TJ. Phys. Chem. B00Q 104, 3532-3544.

(25) Itoh, A.; Masaki, Y.Synlett1997 1450-1452. (34) Asefa, T.; Kruk, M.; MacLachlan, M. J.; Coombs, N.; Grondey, H.; Jaroniec,

(26) Moller, K.; Bein, T.; Fischer, R. XChem. Mater1999 11, 665-673. M.; Ozin, G. A. Adv. Funct. Mater.2001, 11, 447—456.

(27) Goletto, V.; Imperor, M.; Babonneau, $tud. Surf. Sci. CataR00Q 129, (35) Ogawa, M.; Yamamoto, Nl. Porous Mater1999 6, 19—24.
287-294. (36) Eswaramoorthy, M.; Neeraj, S.; Rao, C. N.Microporous Mesoporous
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microporous materials other than those with crystalline frame- (major peak, 38.4 ppm vs TMS) and Si[Si(gk. (major peak,—9.98
works and pore sizes below 1.3 ffiwas limited42 The simple ppm vs TMS) were used as external reference$¥and®Si spectra,
strategy proposed herein allows one to readily synthesize respectively_._Nitrogen adsorption isotherms were measured at 77 K on
exclusively microporous silica that exhibits a narrow X-ray a Micromeritics ASAP 2010 volumetric adsorption analyzer. Before

diffraction (XRD) peak, whose position corresponds to a (100) the measuremgnts, the samples were gutgasseq under vacuum in a port
. g of the adsorption analyzer f@ h or until the residual pressure was
interplanar spacing as low as 2.28 nm.

equal to or below G:m Hg. The outgassing temperature was 373 K
for VINXE, and 473 K for VINVAC and VINXEC samples. Weight
change curves under nitrogen and air atmospheres were measured on
a TA Instruments TGA 2950 thermogravimetric analyzer in a high-
resolution mode with a maximum heating rafe5oK min—1.

Calculations. The BET specific surface ar€avas calculated in a
relative pressure range from 0.01 to 0.02. It was shown elsewhere that
the use of this range allows one to obtain a good estimate of the specific
surface area for small-pore silic®#sThe total pore volum€ was
evaluated from the amount adsorbed at a relative pressure of 0.99. The
primary pore volume (primary pores are defined herein as uniform
interparticle pores, whose arrangement may give rise to XRD reflec-
tions) and the external surface area was evaluated usingstp&®t
method”48in the as range from 1.5 to 2.00( is defined as the amount
adsorbed at a given relative pressure divided by the amount adsorbed
at a relative pressure of 0.4). Reference adsorption data for macroporous
silica®® were used in thes plot analysis. The pore size distributions
(PSDs) were evaluated using the Barrekbyner-Halenda (BJH)
calculation method with the pore diameteapillary condensation
pressure relation and the statistical film thickness curve (reported in
ref 48) determined using a series of MCM-41 siliéd3he BJH pore
diameter is defined as the position of a maximum on the BJH PSD. In
the case of ordered porous silicas, their pore diameteryas estimated
using a geometrical equation derived under the assumption of a 2-D
hexagonal (honeycomb) porous structéfte:

Experimental Section

Reagents and Materials.Organic-functionalized silicas were syn-
thesized using the following synthesis gel compositiaft00 TEVS
(or /100 TEMS), (100— x)/100 TEQOS, 0.24 CTAB, 16.10 Ni®H,
128.70 HO, where CTAB, TEVS, TEMS, and TEOS stand for
cetyltrimethylammonium bromide, triethoxyvinylsilane, triethoxy-
methylsilane, and tetraethyl orthosilicate, respectively. CTAB and all
the silanes were obtained from Aldrich and were used as received. The
amount of organosilane was varied fror 25 to 100 in the case of
TEVS and fromx = 20 to 100 in the case of TEMS. The following
synthesis procedure was typically used. In a tightly closed plastic bottle,
a solution of CTAB (0.54 g, 1.48 mmol), ammonium hydroxide (5.7
g, 30 wt %, 0.10 mol), and water (10.6 g, 0.59 mol) was prepared at
room temperature. To this solution was added 6.23 mmol of silica
source prepared from a mixture of TEOS and TEVS (for instance, for
43% TEVS x =43, 0.51 g (2.70 mmol) TEVS and 0.74 g (3.53 mmol)
TEOS). The mixture was stirred for 30 min at room temperature and
then aged at 353 K for 4 days. The product was then filtered and washed
thoroughly with a copious amount of water and dried under ambient
conditions resulting in a fine white powder. The surfactant was extracted
from the samples by mildly stirring ca. 0.2 g of the as-synthesized
materials in HCI (5 g, 35 wt %)/methanol (100 g) solution at 313 K
for 6 h. The product was then isolated by filtration on ‘aBuer funnel,
washed with methanol, and dried in air. The materials prepared from V.o 05
100% TEVS and 100% TEMS remained as a gel after aging for 4 days, w, = CleO( PVp ) 1)
and the bottle was left open at 353 K to let the solvent evaporate and 1+ pV,
to obtain solid products. The resulting vinyl-functionalized samples are
denoted VINA and VINXE, where x reflects the synthesis gel  wherec is a constant equal to 1.213 for cylindrical pore geomairy,
composition (see above), and A and E denote the as-synthesized ands the pore wall density assumed to be 2.2 geior silicas, V, is the
solvent-extracted form, respectively. The synthesis, structure, and primary pore volume, andyo is the (100) XRD interplanar spacing.
reactivity of the sample with the lowest loading of vinyl groups
(VIN25A and -E) have been reported elsewh&orous silicas were Results
synthesized from either as-synthesized ¥AN\or surfactant-extracted
VINXE precursorsy = 25—65) via calcination under air at 823 K for Vinyl-Functionalized Silicas. XRD. Shown in Figure 1 and
16 h and are denoted VIAC or VINXEC, respectively. Supporting Information Figure 1S are XRD patterns for vinyl-
Measurements Powder XRD patterns were acquired on a Siemens  functionalized silicas synthesized with different TEVS:TEOS
D5000 diffractometer operating at 35 mA/S0 kV using Ni-filtered Cu  ratios in the synthesis gel. At least one peak was observed for

Ko radiation ¢ = 0.154178 nm). Solid-stat€C (100.6 MHz) and  poth as-synthesized and surfactant-extracted products when up
°Si (79.5 MHz) NMR spectra were obtained on a Bruker DSX 400 1, 709, of silicon atoms in the precursors came from the

spectrometer with the following experimental parameters:¥o1CP- - . . : .
MAS NMR experiments, 6.5 kHz spin rat8 s recycle delay, 2 ms organosilica precursor, while materials obtained using a larger

contact time /2 pulse width of 6.5, 5006-10000 scans; fofSi proportion of organosilica_t in th(_a synthesis gel had featurelt_ess
CP-MAS NMR experiments, 6.5 kHz spin ra@s recycle delay, 10 ~ XRD patterns. The XRD intensity decreased as the proportion
ms contact timez/2 pulse width of 6.8-7.5us, 200-1000 scans; and  Of organosilica precursor increased, whereas the position of the
for 2Si MAS NMR experiments, 6.5 kHz spin rate, 100 s recycle delay, main XRD reflection shifted to higher angles for loadings up
7/6 pulse width of 2.2us, 500-1000 scans were used. Adamantane to 60%. This shift corresponds to the interplanar spacing
reduction from about 3.3 to 2.6 nm for 260% loadings (see

(37) Aguado, J.; Serrano, D. P.; Escola, J.Ncroporous Mesoporous Mater. i i i i
5006 34 45ea Table 1 and Figure 1B). The decrease in the interplanar spacing

(38) Bastardo-Gonzalez, E.; Mokaya, R.; Jones, ®iem. Commun2001, as the loading of pendant groups increases is a known
1016-1017. i . . L . .
(39) Zhu, G.; Qui, S. Terasaki, O.: Wei, ¥. Am. Chem. So2001, 123 7723 phenomenon .for organic functlonallzed'smcas synthesagd via
7724, co-condensatioh The products with the intended organosilica
(40) Kim, M. J.; Ryoo, RChem. Mater1999 11, 487—491. f 0 i ;
(41) Bagshaw, S. A: Hayman. A. Rdo. Mater. 2001, 13, 1011-1013. loadings of 25, 33, and 43% exhibited XRD patterns with up
(42) Ryoo, R.; Park, I.-S.; Jun, S.; Lee, C. W.; Kruk, M.; Jaroniec JMAM.
Chem. Soc2001, 123 1650-1657. (47) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R.
(43) Larsen, G.; Lotero, E.; Marquez, Nl. Mater. Res200Q 15, 1842-1848. A.; Rouquerol, J.; Siemieniewska, Pure Appl. Chem1985 57, 603~
(44) Sun, T.; Wong, M. S.; Ying, J. YChem. Commur200Q 2057-2058. 619.
(45) Park, M.; Komarneni, S.; Lim, W. T.; Heo, N. H.; Choi,J.Mater. Res. (48) Jaroniec, M.; Kruk, M.; Olivier, J. A.angmuir1999 15, 5410-5413.
200Q 15, 1437-1440. (49) Kruk, M.; Jaroniec, M.; Sayari, ALangmuir1997 13, 6267-6273.
(46) Davis, M. E.Chem-Eur. J.1997, 3, 1745-1750. (50) Kruk, M.; Jaroniec, M.; Sayari, AChem. Mater1999 11, 492-500.
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Figure 1. (A) XRD patterns for solvent-extracted vinyl-functionalized

silicas and (B)i00 values as a function of the percentage of the organosilica
in the synthesis mixture.

Table 1. Structural Properties of Vinyl-Functionalized Silicas? VIN2SE
100 Seer Vi Vo Sex w

sample (m) (g™  (mPgH)  (mPgY) (Mg (nm)
VIN25E 330 830 0.68 0.64 30 2.7 AN
VIN33E  3.06 840 0.57 0.53 20 2.3 -50 -100 ppm
VIN43E 2.94 850 0.49 0.44 30 2.1 . .
VINS0E 2.90 870 0.48 0.44 20 2.0 Chemical shift
VINSSE 2.78 790 0.41 0.36 30 18 Figure 2. 13C CP MAS and?®Si MAS NMR spectra for selected solvent-
VIN6OE 2.67 710 0.36 0.32 20 1.7 extracted vinyl-functionalized silicas.
VING5E 2.63 680 0.36 0.31 30 1.8
VIN70E 2.64 530 0.43 0.21 o]0z 1.7 . o )
VIN75E b 360 0.83 0.14 17C° 1.6 bonded with one carbon atom, withsilicon atoms via oxygen
VINBOE b 300 1.41 0.06 260° e bridges and with 33 silanols), it was possible to determine
VINIOOE b 250 113 0.00 d e approximate formulas of the products. For intended 25, 50, and

0 SN .
2 Notation: dhoo XRD (100) interplanar spacingier, BET specific 65@ functionalization Ievels,. the obtained formulas were
surface area,, total pore volume\,, primary pore volumeS, external SiO1.63{OH)o.46d CH=CHy)o.253 SiOy.54d OH)o.38 CH=CHz)0.518

surfelzce te)lreaw, é)_rli_rr?ary poreltdiametgr cz_alct_;fl_atedﬂas_ in ref i%: XRD and SiQ s54{OH)o.28{CH=CH,)o 616 These formulas show that
peaks observed.These results may be significantly inaccurdt&ger can : . .

be considered aS.x. © No observable peak for primary pores on pore size the loadings of 25, 52, E_md 62% Were_ actually _aCh'eved’ which
distribution. are very close to those in the synthesis gel. This corresponds to

3.64, 7.06, and 8.32 mmol, respectively, of vinyl groups per
to three (or even more for 25% loading) peaks characteristic of gram of the product. The latter two loadings are higher than
a 2-D hexagonal structure. The surfactant extraction enhancedthe highest loading of reactive pendant groups ever reported
the XRD intensity but usually led to some decrease in the (100) for ordered materials with silica and organosilica frameworks.
interplanar spacing (see Figure 1B). Previous successfully achieved loadings were below-6.6

NMR. The3C CP MAS NMR spectra (Figure 2) exhibited mmol g~ for silicas with pendant mercaptopropyl grodpsnd
resonances corresponding to the vinyl functional groups (130, below 7 mmol g for BPMOs with pendant vinyl group,as
137 ppm¥* which remain in the materials both after synthesis estimated under the assumption of stoichiometric incorporation
and solvent-extraction. To assess the extent of the organosilanef silica and organosilica precursors.
incorporation in the products, selected solvent-extracted samples Thermogravimetry. Upon heating under air, the surfactant-
were studied using®Si MAS NMR (spectra shown in Figure  extracted samples exhibited complicated weight change patterns
2B). Using a standard methodology for the assessment of thethat featured weight loss at temperatures below about 500 K,
relative population of @and T silicons (Q silicon atom is weight gain at temperatures around 550 K, followed by weight
connected witm other silicon atoms via oxygen bridges and loss at higher temperatures (see Figure 2S). The initial weight
with 4-n silanol groups £OH), whereas T silicon atom is loss below 373 K is primarily related to the removal of

6386 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002



Metamorphosis of Ordered Mesopores to Micropores ARTICLES
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i Figure 4. Pore size distributions for vinyl-functionalized silicas that exhibit
100 § at least one XRD reflection.
00 02 04 06 08 10 condensation steps and are characteristic of mesoporous materi-

Relative Pressure als (pore diameter from 2 to 50 nm), whereas type | isotherms

) . S . o - level off already at quite low relative pressures and are
Figure 3. Nitrogen adsorption isotherms for vinyl-functionalized silicas, - . .
which exhibit at least one XRD reflection. The isotherms are offset vertically Charaf:ter'suf: of microporous materials (ar!d often also for
by 100, 200, 300, 400, 500, 600, and 703&@AP g for VIN33E, -43E, materials with pore sizes on the borderline between the

-50E, -55E, -60E, -65E, and -70E, respectively. micropore and mesopore rangésYhe gradual change in the

) ~ shape of the nitrogen adsorption isotherms suggests the decrease
physisorbed water and solvents left after the surfactant extractionip, the pore diameter as the loading of organic groups increased.

(if any), whereas the weight gain, which is not observed at this The pore size distribution (PSD) calculations provided a more
temperature under a nitrogen atmosphere, appears to be relategdetajled picture of this trend (see Figure 4). The pore diameter
to the reaction of vinyl groups with oxygen. The subsequent graqually decreased from about 2.7 to 1.7 nm (see Table 1) as
weight loss at higher temperatures is related to the oxidation the organosilica precursor loading in the synthesis gel increased
and removal of the vinyl groups. The weight loss measured from from 25 to 60%, whereas further increase in the loading level
about 500 K (from the minimum before the onset of the weight essentially did not produce further pore size lowering, although
gain region) to 1270 K tended to gradually increase as the he height of the PSD peak was appreciably diminished as the
content of the organosilicate precursor in the synthesis gel loading exceeded 65%. The BET specific surface area appeared
increased. This weight loss was, in fact, correlated with the g pe relatively constant for loadings up to 50%, somewhat
formulas for vinyl-functionalized materials established from yacreased for loadings up to 65%, and more rapidly declined
NMR data. These weight losses were 10.4, 16.4, and 18.2%for yet higher loadings. The primary pore volume decreased as
for VIN25E, VINS0E, and VINGSE samples, respectively, being  he loading of organic groups increased up to 65% and
close to 12.5, 18.0, and 19.0% expected for these samples onypsequently considerably decreased for higher loadings. The
the basis of their formulas under the assumption that the yrimary pore volume tended to decrease as the surfactant content
composition of a given sample at about 500 K corresponds t0 j, the as-synthesized samples decreased, as expected for
the formulas derived from NMR and the product of heating sypramolecular-templated materials that are stable upon surf-
under air to 1270 K is pure SO actant removaf25! The external surface area was low for
The overall weight losses recorded for surfactant-extracted |oadings up to 65%, but dramatically increased for higher
samples under a nitrogen atmosphere were generally smallenoadings. This was related to the development of secondary
than those under air, especially for higher vinyl group loadings porosity (most likely interparticle mesopores and small
(see Figure 4S). Weight gain was usually observed at aboutmacropores) which was clear from the occurrence of pronounced
1100 K under nitrogen, which is reminiscent of the behavior of hysteresis loops at pressures close to the saturation vapor
ethanesilica PM& and indicative of reaction with nitrogen.  pressure (Figure 5S). Secondary pore volume, which can be
Weight change patterns were also recorded under nitrogen forestimated as a difference between the total pore volume and
the as-synthesized (surfactant-containing) samples (Figure 3S)the primary pore volume, did not exceed 0.053cgt for
and prominent weight losses centered at a temperature of aboufoading levels up to 65%, but sharply increased for higher
500 K were observed, which are attributable mainly to the |oadings, being as much as 1.35%gr! for VINSOE. The
surfactant decomposition. These weight losses tended to de-occurrence of secondary porosity may be due to the decrease
crease as the content of the organosilicate precursor in thein particle size of the materials. This may be accompanied by
synthesis gel increased. some extent of phase separation with organosilicate-rich and
Nitrogen Adsorption. Nitrogen adsorption isotherms for  silica-rich phase, especially in the case of the sample with 70%
vinyl-functionalized samples with the organosilica loading levels organic group loading in the synthesis gel, for which there was
of 25—70% in the synthesis gel are shown in Figure 3. As the still some evidence of structural ordering and the pore diameter
loading increased, adsorption isotherms gradually changed fromwas similar to that for the samples with somewhat lower
type IV to type 147 Type IV isotherms feature capillary loadings, but the primary pore volume was considerably lower,
and secondary porosity developed. The adsorption isotherm for

(51) Kruk, M.; Jaroniec, M.; Guan, S.; Inagaki, 5.Phys. Chem. B001, 105,
681—689. (52) Kruk, M.; Jaroniec, MChem. Mater2001, 13, 3169-3183.
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30000 Table 2. Structural Properties of Small-Pore Silicas?

0o Seer \4 Vo Sex w Wy
VIN25AC sample (m)  (m’g™) (em*g™) (em*g™Y) (m*g7Y) (wm) (m)
20000 VIN25AC 3.04 950 0.67 0.59 30 26 28
_ VINBIAC VIN33AC 279 940 056 051 20 23 25
g VIN43AC 255 880 0.44 0.39 20 21 21

VINSOAC  2.45 920 0.39 0.38 <10 1.7 20
VIN43AC VINSS5AC  2.31 710 0.29 0.28 <10 16 1.7
10000+ VIN25EC  2.98 900 0.57 0.50 20 25 26
(5X) VIN33EC 2.75 910 0.48 0.43 20 21 23

VINS0AC VIN43EC 247 810 0.37 0.32 20 18 19
(15%) VINSOEC 228 690 0.28 027 <10 15 17
VINSSAC VINS5EC 247 550 0.23 022 <10 13 17

0 . . ; | |
2 4 6 8 10 VINGSEC 2.15 520 0.21 0.20 <10 1.3 14

2-theta (deg.)

2 Notation: wy, pore diameter estimated using eq 1. Other quantities
Figure 5. XRD patterns for silicas obtained via calcination of as-synthesized defined as in Table 1.
vinyl-functionalized silicas.

a sample with 100% loading of vinyl group was characteristic
of a nontemplated material with relatively large mesopores.
Low-pressure nitrogen adsorption of vinyl-functionalized
silicas systematically changed as the loading of organosilica
precursor increased from 25 to 50%. The increase in loading
led to a decreased low-pressure relative adsorption (relative

e VIN33AC

Amount Adsorbed (cm3 STP g'])

adsorption is defined here as a ratio of the amount adsorbed to 100 e VIN43AC

the BET monolayer capacity) (see Figure 6S), as expected for ) z%ggig
materials whose surfaces exhibit gradually decreased interactions 0 ‘ : ‘ ‘

with nitrogen as a result of the introduction of higher coverage 00 02 04 06 08 10
of organic surface groug3.For loadings above 50%, low- Relative Pressure

pressure relative adsorption started to increase to some extentrigure 6. Nitrogen adsorption isotherms for silicas obtained via calcination
This may be related to the fact that for such high loadings, the ©f @s-synthesized vinyl-functionalized silicas.
surface is largely covered by vinyl groups, so the increase in

loadings may no longer change to any significant extent the very high angles as compared to main XRD peaks of ordered

nature of surface groups with which nitrogen inter&étshereas . . . )
: . . . . _materials synthesized via surfactant templating. The correspond-
the decrease in pore diameter within the micropore range is.

. . . . ing (100) interplanar spacings were tailorable from 3.04 to as
likely to result in appreciably enhanced nitrogggore wall . . .
. . > 7 . . low as 2.15 nm (Table 2) simply by changing the organic group
interactions'? This contention is consistent with the fact that o . . - .
. . - . loading in the vinyl-functionalized precursor. These interplanar
the mesoporous vinyl-functionalized material VIN10OE prepared . ; .
- o spacings are among the lowest reported in the literature for
from pure organosilica precursor exhibited the lowest low- . . .
. . . . . surfactant-templated ordered silicas with noncrystalline frame-
pressure relative adsorption among the vinyl-functionalized

39,55 i i
materials studied, as expected for a material with the highestworks' S_omewhat lower (100) interplanar spacings were

; : usually achieved when the solvent-extracted rather than the as-
loading of organic group®

. . . . . synthesized materials were calcined. For some of the silicas
Methyl-Functionalized Silicas. Similar results were obtained

) A . i derived from 25% vinyl-functionalized precursor, (110) and
for materlals functlpnallzed with methyl groups, but only lower (200) reflections characteristic for 2-D hexagonal ordering were
loadings of organic pendant groups (up to 33%) have been also observed.
achieved without occurrence of an apparent phase separation. Nitrogen Adsorption. Nitrogen adsorption isotherms of

Ordered Mesoporous and Microporous Silicas. XRDThe silicas synthesized via calcination of vinyl-functionalized as-
use of ordered organic-functionalized silicas as precursor synthesized and solvent-extracted materials are shown in Figures
materials for ordered silicas has been documented in theg gng gs, respectively. The shape of these isotherms gradually
literature®354Because of the fact that vinyl-functionalized silicas changed from type IV characteristic of mesoporous materials
reported herein exhibited small and tailorable unit-cell dimen- 4 type | typical for microporous materials. The adsorption
sions and a significant degree of structural ordering, it was isotherm for VIN25AC silica was similar to those reported for
attempted to use them as starting materials to obtain orderedycm-41 synthesized using decyltrimethylammonium surfactant
microporous silicas. XRD patterns for silicas obtained by z5 g templat& The adsorption isotherms for VIN33AC and
calcining as-synthesized or solvent-extracted precursors exhib-\/N25EC silicas were similar to those reported for MCM-41
ited one XRD peak, which was narrow for samples derived from synthesized using octyltrimethylammonium template, although
precursors with loading of 50% or less of vinyl groups, and the |atter had a lower adsorption capafMCM-41 synthe-
broad, yet observable, for materials derived from precursors with gjze( using a mixture of gemini and bichain surfactants with

55 and 65% loadings (Figures 5 and 7S). These peaks Weregcty tails exhibited a similar adsorption capacity and a similar

observed at @ angles from 3 to as high as 4 which are at

(53) Ogawa, M.; Kikuchi, TAdv. Mater. 1998 10, 1077-1080. (55) Ogawa, M.; Ishikawa, H.; Kikuchi, TJ. Mater. Chem1998 8, 1783~
(54) Goletto, V.; Dagry, V.; Babonneau, Mater. Res. Soc. Symp. Prd@99 1786.
576, 229-234. (56) Kruk, M.; Jaroniec, M.; Sayari, Al. Phys. Chem. B997, 101, 583-589.
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Figure 7. Reduced adsorption curves (amounts adsorbed divided by the Figure 8. Pore size distributions for silicas obtained via calcination of
amount adsorbed at a relative pressure of 0.40) for silicas obtained via as-synthesized vinyl-functionalized silicas.

calcination of as-synthesized vinyl-functionalized silicas.

q ion isotherr®? alth h with a disti il extracted precursor materials. This contention is consistent with
adsorption Isotherrfy, although with a distinct capillary con- e tact that the latter silicas exhibited significantly smaller pore
densation step,_ which is indicative of its higher degree_ of volumes and BET specific surface areas. Because of the fact
structural ordering. However, both of the structure-direCting ¢ the pore diameter changes paralleled the (100) interplanar
agents required for this synthesis are not commercially ava'lable'spacing changes, one can expect that all these silicas have a

The primary pore volume of the materials described here gjniar yne of porous structure. Vinyl-functionalized precursor
systematically decreased as the loading of the organic groups

; . - ) -"“materials with lower organic group loadings (up to-38%)
in the precursor increased. For higher loadings, the BET Specific g, hipjted XRD patterns characteristic of 2-D hexagonal structure
surface area also decreased. The external surface area an,

- mmetry. Some silicas prepared from the precursor with 25%
secondary pore volume were small for all of these silicas. Low- loading also exhibited XRD patterns that suggested 2-D

pressure nitrogen adsorption data provided evidence that theyeyaqonal pore structure. Therefore, one can expect that the
observe(_JI gradual de_crease in _the XRD mterpla_nar SPacing aSy,re structures of the silicas under study are generally similar
the 'Oad'”g of organic groups in the precursor increased WaSt4 2-D hexagonal structures characteristic of MCM-41, although
accompanied by the pore diameter decrease. As can be seen ifyo jegree of structural ordering decreases with the increased
Figures 7 and 95, reduced adsorption (the amount adsorbed afyjing of vinyl groups in the precursors. If one neglects the
a given relative pressure divided by the amount adsorbed atjy o foctions in ordering of these silicas and assumes that the
0.4) for the silicas systematically increased in the low-pressure structure is 2-D hexagonal, it is possible to use eq 1 to determine
range as the loading of organic groups in the precursor increased,,o pore diameter of these samples. Thus, the values from 2.8
and the step related to capillary condensation or secondary;y 1 7 nm and from 2.6 to 1.4 nm were obtained for silicas
micropore filling became less distinct and was not apparent for e jye from as-synthesized and solvent-extracted vinyl-func-

higher loadings. Similar changes in the shape of the nitrogen i 5jized precursors, respectively (Table 2). The pore diameters
ad_s_orptlon _|sotherms werg recently sh_own gs_ewd(_en_ce Of theassessed using eq 1 and the maxima of PSDs calculated using
ablllty_ to tailor t_he pore d|a_m§ter 91_‘ S|I_|con_ |m|do_n|tr|des_ N Jnother methdd (Figures 8 and 10S) coincide quite well,
the micropore size ranjé.‘l’hls identification is conS|ste_nt Wlth although the former are about 0.2 nm larger. From the results
nonlocal density functional theory and computer simulation , oqented above, it is clear that ordered silicas with very small
studies of microporous materidfs,and with experimental  jyiorpianar spacings, relatively large pore volumes and specific
studies of microporous carbofs. surface areas, and tailorable pore sizes on the borderline between

PSDs of the silicas were evaluated using a methealibrated 1yic1500re and mesopore ranges can readily be prepared from
for MCM-41 silicas with pore diameters from 2.0 to 6.5 nm vinyl-functionalized precursors.

(as calculated using eq 1). As can be seen in Figures 8 and

10S, the position of the maximum on the PSD systematically pis.ssion

decreased from 2.6 to 1.6 nm and from 2.5 to 1.3 nm (see Table

2), when as-synthesized and solvent-extracted vinyl-function-  Synthesis of Silicas with High Loadings of Pendant
alized materials were used. In general, for the same Vinyl group Groups_ There are many reported attemp[s to introduce very
|Oading, pore diameters of silicas obtained from calcination of h|gh |0adings of pendant groups in ordered materials with silica
the as-synthesized starting materials were-0.B nm larger  and organosilica frameworks. Liu et al. reported that very high
than those obtained from the solvent-extracted starting materials,joadings of mercaptopropyl groups per gram of MCM-41 can
but the (100) interplanar spacings were in most cases only pe attained using a methodology based on the synthesis of self-
slightly larger (see Table 2). This suggests that the differences agssembled monolayers (SAM$® However, because of the fact

in pore diameters for these two types of precursor materials arethat this methodology is based on the introduction of organo-
related not only to the interplanar spacing differences, but also sjlane groups on the surface of preformed ordered silica, the
to the larger pore wall thickness for silicas derived from solvent- attainable organic group loadings per silicon content are
moderate despite very high surface coverage of groups. One

(57) Farrusseng, D.; Schlichte, K.; Spliethoff, B.; Winger, A.; Kaskel, S.;

Bradley, J. S.; Schuth, Angew. Chem., Int. EQ001, 40, 4204-4207.
(58) Lastoskie, C.; Gubbins, K. E.; Quirke, Nangmuir1993 9, 2693-2702. (60) Liu, J.; Shin, Y.; Nie, Z.; Chang, J. H.; Wang, L.-Q.; Fryxell, G. E.; Samuels,
(59) Kruk, M.; Jaroniec, M.; Gadkaree, K. Pangmuir1999 15, 1442-1448. W. D.; Exarhos, G. JJ. Phys. Chem. R00Q 104, 8328-8339.
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can estimate that in the case of mercaptoprépid amino- silicon atom in the samples with 52% and 62% vinyl group
propyl-modified® materials, only about 25 and 30%, respec- loadings was connected via oxygen bridges with only 3.09
tively, of silicon atoms in the structure of the functionalized 3.10 other silicon atoms, which is an exceptionally low level
material carry organic groups. It was later demonstrated that of cross-linking for an entirely ordered porous structure from
the methodology based on the introduction of SAMs may lead which the template was removed. This provides us with new
to the formation of a nonuniform, monolayemultilayer perspectives on conditions required for the formation of three-
structure of bonded ligands for the high surface cover&yes. dimensional ordered mesoporous frameworks. It is now clear
Recently, even higher surface coverages of organic groups werethat even relatively low degrees of framework cross-linking can
successfully obtained using this methodology in supercritical render a stable structure. So, the lack of success in many
fluid medial® but still it appears that only about 37% of silicon ~ previous attempts for the synthesis of silicas with high loading
atoms in the functionalized material carry organic ligands. Other of pendant groups via co-condensation may be related with the
methods of postsynthesis modification of ordered silica supports Synthesis conditions used and not with the impossibility to
with organosilanes, that is, those that do not involve the achieve structural stability. It is notable that the success of the
formation of self-assembled monolayers, usually provide much incorporation of high loadings of organic groups seems to be
lower degrees of functionalization. This is because, in these highly dependent on the organic groups themselves. In our work,
cases, each organosilane needs to be bonded directly to thénuch higher loadings of vinyl groups than methyl groups were
surface of the support, whereas in the case of SAMs, someattained without the occurrence of apparent phase separation.
organic groups may be bonded to other organic groups in the This suggests that the interactions between the pendant groups
monolayer rather than to the surface. Nonetheless, one studyand the surfactant template may be very important in the
reported results suggesting that up to about22% of silicon formation of highly functionalized ordered materials, similar
atoms in the functionalized material may carry organic grdips. t0 what was concluded elsewh&rdor materials with low

In comparison to the methods based on functionalization of a organic group loadings. It should be noted that PMOs can readily
preformed silica support, methods based on co-condensation ofoe synthesized with 100% of the silicon atoms bonded to organic
silica and organosilica precursors in the presence of a structure-groups. However, these organic groups are bridging groups and
directing agent are more efficient in the synthesis of ordered they provide connectivity between silicon atoms in the frame-
materials with silica frameworks and high loadings of organic Work, in addition to the connectivity provided by-8D—Si
groups. Mann and co-workers suggested that 40% is likely to linkages. Because of this, PMOs can readily attain high degrees
be the upper limit of organic group functionalizati®rhecause of framework cross-linking, despite their high organic group
the presence of a sufficient content of ®ilicon atoms is loadings.

necessary for structural stability of silica-based frameworks. _ Synthesis of Ordered Microporous and Mesoporous
However, a success in producing ordered silicas and BPMOSS|I|cas.Be9ause 'of'the presence of spat|allylseparateq inorganic
with 50-60% of silicon atoms that carry organic groups has a_n_d organic moieties in the structure of_ vinyl-functionalized
recently been reportéd?° as discussed in the Introduction. Silicas with per_1dant groups, these matenals can also t_)e us_eful
These highly organic-functionalized materials were reported to for_th_e syrythess of nanostructures without organic functlonallty.
exhibit high degrees of framework cross-linking and very low This idea is demonstrated here by the successful transformation
contents of silanols, so their successful formation can be of these materials into ordered silicas with very small XRD

considered as a minor violation of the predictions of Mann et INterplanar spacings and pore diameters. The synthesis of
al2o ordered small-pore silicas has been an active area of research

. s ;
Herein, we provide strong evidence that silica frameworks during the past decade.®As was discussed elsewhéfdhere

with up to 62% of silicon atoms carrying pendant vinyl groups are two main strategies for the synthesis of ordered supra-

. : . molecular-templated small-pore silicas. One of them is based
can be synthesized in such a way that the resultant materials . 042 cnrpnt
. ) on the use of short-chain surfactaffi4% 42 which often need
exhibit at least one XRD peak and no evidence of phase

separation. Moreover. even several percent higher loadinas c)fto be purposefully synthesized to achieve a satisfactory structural
P ' ' b g g ordering. In particular, highly ordered small-pore (diameter of

viny| groups can be intfoduced Wit.h.out cpmplete loss of 2.4 nm) MCM-41 with three pronounced peaks in the XRD
ordering. Thus, monophasic, ordered silicas with more than threepattern and with a (100) interplanar spacing as low as 2.79 nm

organic groups per five silicon atoms in the framework can bg was synthesized using a mixture of gemini and bichain

synthesized. In the case of cationic templates under bas'coctylammonium surfactants, which are not commercially avail-
conditions used herein, deprotonated silanols are necessary fQpies2 A similar synthesis with a mixture of surfactants with
balance the .charge of surfactant templates. Therefore, t,heheptyl chains afforded a disordered silica with a (100) interplanar
presence of silanols appears to be mandatory for the templatin pacing of 2.57 nm and a pore diameter of about 2.24ifine
e_ffect to take pI_ace._Thls was indeed th? case, as the content of g0 ot pichain dihexyldimethylammonium surfactant afforded
silanols was quite high (0.39 per one silicon atom) for a sample a silica with an even smaller pore diameter of about 2.0 nm,
with the actual 52% organic functionalization level (VIN50E), but with a weak XRD peak, whose position corresponds to a
ar_1d still moderate (0.29 per one _S|I|con atom) for a material surprisingly large interplanar spacing of about 3.04Highly
with the actual 62% functionalization level (VING65E). So, the . qared SBA-1 silica with small unit-cell dimensions was
ordered vinyl-functionalized silicas reported herein are un- synthesized using dodecyltriethylammonium surfactérin
precedented not only because of very high contents of p":‘ndamaddition, silica with a sharp XRD peak corresponding to a (100)

organics, but also because of very low degrees of framework jnerpianar spacing of 2.5 nm was successfully synthesized using
cross-linking. Thus, their successful formation constitutes a

strong violation of the predictions by Mann et?@ln fact, each (61) Mercier, L.; Pinnavaia, T. £hem. Mater200Q 12, 188-196.
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hexylamine as a templa#é but the material had a very high  for any silica with reasonably large pore volume, unless the
external surface area and appeared to partially transform uponpore wall of such a material is microporous.
calcination to some other phase of higher interplanar spacing, Herein, we propose a novel approach for the synthesis of
as inferred from adsorption and XRD data reported. ordered small-pore silicas with tailorable pore dimensions, which
The second strategy that proved to be quite successful inis based on the use of organic-functionalized silicas as precursor
producing ordered Sma”-pore silicas is based on the phenom.materials whose unit-cell dimensions can readily be tailored by
enon of an extensive structural shrinkage upon surfactantadjusting the organic-group loading. The selection of precursor
removal via calcination in certain surfactant-templated silicas Materials with sufficiently low unit-cell sizes, in addition to the
and organosilica¥2°This allowed one to produce silicas with ~ fact that they undergo some shrinkage upon calcination, allowed
XRD peaks corresponding to very small interplanar spac- US t0 generate silicas with (100) interplanar spacings that
ings?5:53.55(even below 2 nmj? but neither gas adsorption nor ~ Systematically decrease from 3.04 to 2.15 nm using a single
other structural parameters were reported for most of theseStructure-directing agent (cetyltrimethylammonium bromide),
materials, which makes the assessment of the practical usefulWhich is the most commonly used alkylammonium surfactant
ness difficult. One of the few calcined samples with very low N the synthesis of supramolecular-templated silicas. Our method
unit-cell sizes that was described in more detail was obtained can be readily used to routinely synthesize silicas with the (100)
via co-condensation of tetramethyl orthosilicate and TEVS interplanar Spe}Cing as low as 2.28 nm and a remarkably narrow
(molar ratio of 75:25§3 Its (100) interplanar spacing was 2.6 XRD peak, unlike the XRD peaks reported for most of the other
nm, and the XRD pattern featured more than one peak, but thesupramolgcuIar-_templated S|I|ca_s with similar or even higher
pore volume reported was 0.2 2gr2 (and primary pore volume u_nlt-ce_ll d_|men5|on§.7‘39 A!ternauve approach_es for unit-cell
of about 0.15 crig! can be estimated), which is very low, SiZ€ tailoring usually_reqw_re the use of a serles_of surfactants
and the authors noted that they were working on the improve- ©f gradually decreasing tail length>* some of which are not
ment of this property. It is notable that this very low interplanar €V&N commercially availabfé: 2 In other cases, the calcination
spacing was attained using cetyltrimethylammonium surfactant t€MPerature needs to be varigvhich is likely to result in
that normally templates materials with much larger unit-cell silicas with a variable degree of surface dehydroxylation. On

dimensions, which is mainly because of extremely high shrink- the basis of an earlier study,it is expected that the pore

age upon calcination ((100) interplanar spacing decreased bydiameter range attainable using the approach proposed herein

24%). However, such a prominent shrinkage usually results in can be further expanded by using surfactants of different chain
the low pore volume and moderate specific surface area of thuslength' The use of some other surfactants may also lead to the

obtained samples. The recent successful synthesis of orderedMProvement of structural ordering of small-pore silicas.
silicas with 2-D hexagonal structure and (100) interplanar

The approach proposed herein is suitable to provide silicas
spacing as low as 2.35 nm using decyltrimethylammonium that exhibit XRD interplanar spacings i_n the range_recently
surfactart® belongs to this shrinkage-driven small-unit-cell repprted for syntheses ba_sgd on dendrimer templé%lng!-
formation category. In the case of the latter synthesis approach,lec'['ve templatlng by.s.mall rigid moleculéSor co-cor?densatlo.n.
it is expected that one can adjust the pore diameter by usingof.organ05|l|ca ansd silica precursors under appropriate conditions
surfactants of different chain length to tailor unit-cell sizes of vx{l_thout templaté._ However, these approaches so fa_r produced
as-synthesized precursétsand by adjusting the calcination silicas that exhibit a single very broad XRD peak, in contrast
temperature to vary the extent of shrink&geMost of the

to a remarkably narrow XRD reflection observed for most of
reported data revealed only the interplanar spacing variation,the silicas synthesized using our novel approach.
and little insight can be gained into the actual pore tailoring Conclusions

capabilities. The shrinkage and thus the formation of small pores  The current study demonstrated that ordered silica frameworks
appear to be also facilitated by introduction of an aluminum are capable of supporting remarkably high loadings of pendant
source to the synthesis mixtut€This may be a major factor  organic groups. In fact, more than three out of five silicon atoms
responsible for the formation of aluminosilicates with tailorable, in such ordered frameworks can bear organic functionality,
small-pore dimension¥:*® However, the (100) interplanar  despite the additional requirement of the presence of appreciable
spacing for these samples was not lower than 2.8 nm, which isamount of silanols to maintain organosilicaienic surfactant
much higher than that attainable using other methods discussednteractions required for the supramolecular assembly to take
above, thus suggesting that the latter are more suitable toplace. This leads to a surprisingly low degree of framework
produce silicas with smaller pore dimensions. It is also worth cross-linking, as each silicon atom in such a structure forms on
mentioning that it is difficult to compare pore diameters reported average only about 3.1 bonds within the framework, while the
in the literature for small-pore materials because these estimatesemaining are dangling bonds. The tendency to form monophasic
are usually derived from calculations based on gas adsorptionordered silicas with high loadings of pendant groups during
data, in which case various calculation methods are highly surfactant-templated co-condensation of organosilica and silica
inconsistent and can produce differences up to about 1.8?nm. precursors depends on the nature of the organic groups. Because
In fact, most of the researchers adopt calculation proceduresof the fact that an increase in the loading of pendant organic
that were recently found to underestimate pore diameters by groups leads to an appreciable reduction of unit-cell dimensions
up to 1.0 nn?which explains why many MCM-41 and related  for the same structure-directing surfactant used, vinyl-function-
silicas were reported to exhibit pore dimensions in the micropore alized silicas have proven in this study to be excellent starting
region despite their relatively large unit-cell dimensions. Because materials for the synthesis of ordered small-pore silicas,
of the fact that structural parameters are interrelated in orderedincluding those with (100) interplanar spacings as low as about
structures$? the aforementioned combination is highly unlikely  2.15 nm. These unit-cell sizes are difficult to achieve otherwise,
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even when purposefully synthesized structure-directing agents Supporting Information Available: Graphs with XRD pat-

are used. terns, weight change curves, and nitrogen adsorption data (PDF).
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