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Thiol-functionalized mesostructured silica vesicles
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The direct supramolecular assembly of organofunctional
mesostructures with a vesicular hierarchical morphology is
reported for the first time for (SiO,);_(LSiO; s5),, compositions,
where L is a mercaptopropyl group and x = 0.10-0.30.

Vesicular'® and hollow sphere®®~* hierarchical structures by now
have been reported for several mesostructured forms of silica
having a wormhole-like disordered or ordered hexagonal frame-
work topology. The vesicular morphology, in particular, can
provide certain advantages over monolithic forms of the same
framework structure for catalytic applications in condensed phase
media. When the framework structure is three-dimensional, as in
wormhole framework structures, the thin walls of the vesicles
define the path length for diffusion of reagents into the framework,
thereby facilitating access to reaction sites on the framework
walls.'> Despite the advances in providing for vesicular forms of
mesostructured silicas, there appear to be no examples of vesicular
forms of organofunctional mesostructures prepared by direct
assembly pathways. The present work reports the first examples of
a thiol-functionalized wormhole framework structure in vesicular
hierarchical form. Among the numerous organofunctional mesos-
tructures that have been reported to date'®!” thiol-active forms
have been distinguished as trapping agents for the removal of
mercury ions from aqueous solution'®' and as precursors to
sulfonated derivatives for use in heterogeneous acid catalysts. The
vesicular forms of these derivatives are expected to minimize the
diffusion limitations for trapping and catalytic applications.

A series of mercaptopropyl-functionalized mesostructures were
assembled from sodium silicate, (3-mercaptopropyl)trimethoxysi-
lane (MPTS), and the triblock surfactant (EO),o(PO);o(EO)y0
(Pluronic 123) as the structure-directing porogen. In order to
achieve a reaction pH of 6.5-7.0, concentrated acetic acid was
mixed with the surfactant and MPTS in ethanol and then
subsequently combined with the aqueous sodium silicate reagent.
The overall reaction stoichiometry was (1 — x) SiO, : 0.78(1 — x)
NaOH : 0.0160 P123 : x MPTS : 0.8 acetic acid : 3.4 ethanol : 134 +
7.3(1 — x) water. After a reaction time of 24 h at 60 °C, the as-
made mesostructure was dried at 25 °C and then subjected to three
extractions in refluxing ethanol to remove the surfactant. The
relative integral intensities of the °Si NMR resonances corre-
sponding to the Q and T centers in the framework were equal to
the ratio of sodium silicate and MPTS initially present in the
reaction mixture. Thus, the compositions of the mesostructures
can be represented in anhydrous form as (SiO,);—(LSiO s),,
where L is the mercaptopropyl group and x is the fraction of
organosilicon centers in the framework.
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Fig. 1 provides the N, adsorption—desorption isotherms for
representative (SiO;);—(LSiO;5), compositions with x = 0.02,
0.10, and 0.30. An important feature to note is the dependence of
the shapes of the adsorption and desorption branches on the
loading x of thiol groups in the framework. As is reflected in
the hysteresis loops, substantial changes in mesoporosity occur as
the fraction of thiol groups in the framework is increased. Table 1
provides the textural properties and XRD basal spacings of the
mesostructures as the level of thiol functionalization is increased
from x = 0 to 0.30. The wide variations in the framework pore size
(8.4-11 nm), surface areas (300-540 m> g ') and pore volumes
(0.30-1.3 cm® g~ ') signal dramatic changes in structure over this
composition range.

TEM images and X-ray powder diffraction patterns elucidate
the changes that occur in both the framework structure and the
hierarchical particle structure with increasing levels of thiol
incorporation. Fig. 2 presents the TEM images for representative
(SiOy); - (LSiO; 5), compositions with x = 0.02, 0.10 and 0.30.
The predominance of a hexagonal framework structure over the
composition range x = 0.0 to 0.05 is verified by both the TEM
images and by the presence of 100, 110 and 200 reflections in the
XRD powder patterns. At x = 0.10, the hexagonal framework
structure is replaced by a wormhole framework structure
characterized by a single low angle XRD line.

The changes in framework structure are accompanied by
dramatic changes in hierarchical structure. At x = 0.00 to 0.05
(¢f-, Fig. 2) a hyperbranched hierarchical structure is observed.
This hyperbranched motif is reminiscent of the morphology
observed for hexagonal SBA-15 silicas assembled under metal ion-
mediated assembly conditions?' At x = 0.10 the particle
morphology is predominately vesicular, accompanied by a minor
fraction of sponge-like particles. Increasing the thiol functionaliza-
tion to x = 0.30 results in the nearly exclusive presence of a well-
expressed vesicular hierarchical structure. Most of the vesicles
have diameters in the 100200 nm range and wall thicknesses of
15-25 nm.

A wide variety of organofunctional silica mesostructures have
been assembled in the presence of different structure-directing
porogens, including cationic,” anionic®® and electrically neutral
diblock®* and triblock surfactants.”® Even thiol-functionalized
hexagonal structures have been prepared from sodium silicate and
P123 surfactant,”® the same silica source and porogen used in the
present work. However, our chemistry provides the only known
example of a vesicular hierarchical structure. The distinguishing
feature of our assembly system is the silicate : MPTS : P123 ratio
and the presence of sodium acetate at near-neutral pH which
promotes the formation of a MPTS-P123 microemulsion in
aqueous sodium silicate. It is quite clear from the observed
morphology that the hierarchical structure forms around the
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Fig. 1 N, adsorption-desorption isotherms and BJH pore size distributions (inserts) for (SiO,);_.(LSiO; 5), mesostructures, L = mercaptopropyl.

Table 1 Textural properties of (Si0,);-(LSiO; 5), mesostructures, L = mercaptopropyl

1

x dygo/lnm  Surface area’/m” g~ Pore volume®/cm® g~ Pore size/nm  Framework morphology?  Hierarchical structure
0.00 11.6 415 1.31 10.2 Hex Hyperbranched

0.02 11.1 440 1.08 10.2 Hex Hyperbranched

0.05 11.3 473 0.984 9.4 Hex/Wmbhl Hyperbranched/vesicles
0.10 12.6 510 0.938 8.4 Wmhl Vesicles

020 >13 543 0.60 9.0 Wmhl Vesicles

030 >13 303 0.34 11 Wmhl Vesicels

“ Calculated by the Bruanaeur-Emmett-Teller (BET) method. ? Total pore volume determined at P/Po = 0.98. ¢ Pore size determined by the
Barrett-Joyner—Halenda (BJH) method. Out-gassing of the samples was carried out at 100 °C for 12 h under vacuum. ¢ Hex = hexagonal,

Wmhl = wormhole

Fig. 2 TEM images for (SiO,),-(LSiO; s5), mesostructures, L = mercaptopropyl.

microemulsion droplets at the initial stages of the assembly process
and then the surfactant and MPTS is transported out of the
droplets in forming the wormhole framework structure at the
droplet-aqueous sodium silicate interface. As in the case of pure
silica vesicles, > microemulsion formation is the key to forming
organofunctional silicas with a vesicular hierarchical structure.

The support of this research by National Science Foundation
grant CHE - 0211029 and by NIEHS grant ES04911 is gratefully
acknowledged.

Jainisha Shah and Thomas J. Pinnavaia*

Department of Chemistry and Center for Fundamental Materials
Research, Michigan State University, East Lansing, MI 48824, USA.
E-mail: pinnavai@cem.msu.edu; Fax: +1 517-432-1225;

Tel: +1 512-432-1222

Notes and references

1 P. T. Tanev and T. J. Pinnavaia, Science, 1996, 271, 1267-1269.

2 S. S. Kim, W. Z. Zhang and T. J. Pinnavaia, Science, 1998, 282,
1302-1305.

3 K. Kosuge and P. S. Singh, Microporous Mesoporous Mater., 2001, 44—
45, 139-145.

4 R. K. Rana, Y. Mastai and A. Gedanken, Adv. Mater., 2002, 14,
1414-1418.

5 A. Lind, B. Spliethoff and M. Linden, Chem. Mater., 2003, 15, 813-818.

6 Q. Sun, P. J. Kooyman, J. G. Grossmann, P. H. H. Bomans,
P. M. Frederik, P. C. M. M. Magusin, T. P. M. Beelen, R. A. van
Santen and N. A. J. M. Sommerdijk, Adv. Mater., 2003, 15, 1097
1100.

7 K. Cui, Q. Cai, X.-H. Chen, Q.-L. Feng and H.-D. Li, Microporous
Mesoporous Mater., 2004, 68, 61-64.

8 A.J. Karkamkar, S.-S. Kim, S. D. Mahanti and T. J. Pinnavaia, Adv.
Funct. Mater., 2004, 14, 507-512.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 1598-1600 | 1599



10

11

12

13

14

15

16

P. J. Bruinsma, A. Y. Kim, J. Liu and S. Baskaran, Chem. Mater., 1997,
9, 2507-2512.

C. E. Fowler, D. Khushalani and S. Mann, Chem. Conunun., 2001,
2028-2029.

F. Kleitz, U. Wilczok, F. Schuth and F. Marlow, Phys. Chem. Chem.
Phys., 2001, 3, 3486-3489.

W. Li, X. Sha, W. Dong and Z. Wang, Chem. Commun., 2002,
2434-2435.

E. Prouzet, F. Cot, C. Boissiere, P. J. Kooyman and A. Larbot,
J. Mater. Chem., 2002, 12, 1553-1556.

C. Yu, B. Tian, J. Fan, G. D. Stucky and D. Zhao, Chem. Lett., 2002,
62-63.

Y. Liu, S. S. Kim and T. J. Pinnavaia, J. Catal., 2004, 225, 381—
387.

A. Stein, B. J. Melde and R. C. Schroden, Adv. Mater., 2000, 12,
1403-1419.

22
23

24
25

A. Sayari and S. Hamoudi, Chem. Mater, 2001, 13, 3151-3168.

L. Mercier and T. J. Pinnavaia, Adv. Mater., 1997, 9, 500-503.

X. Feng, G. E. Fryxell, L. Q. Wang, A. Y. Kim, J. Liu and
K. M. Kemner, Science, 1997, 276, 923-926.

W. M. Van Rhijn, D. E. De Vos, B. F. Sels, W. D. Bossaert and
P. A. Jacobs, Chem. Commun., 1998, 317-318.

Z. Konya, J. Zhu, A. Szegedi, 1. Kiricsi, P. Alivisatos and
G. A. Somorjai, Chem. Commun., 2003, 314-315.

A. Walcarius and C. Delacote, Chem. Mater., 2003, 15, 4181-4192.

T. Yokoi, H. Yoshitake and T. Tatsumi, Chem. Mater., 2003, 15,
4536-4538.

R. Richer and L. Mercier, Chem. Mater., 2001, 13, 2999-3008.

A. S. M. Chong, X.S. Zhao, T. Kustedjo Angeline and S. Z. Qiao,
Microporous Mesoporous Mater., 2004, 72, 33-42.

R. J. P. Corriu, A. Mehdi, C. Reye and C. Thieuleux, Chem. Mater.,
2004, 16, 159-166.

1600 | Chem. Commun., 2005, 1598-1600

This journal is © The Royal Society of Chemistry 2005



