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High-surface-area, porous adsorbents have a wide variety of
applications including gas storage, catalysis, and as selectively
permeable membranes, as well as in liquid chromatographic
separations.!'! The rapidly developing field of microengineer-
ing demands an increase in surface-to-volume ratios of design
elements in order to allow functionality such as loading,
selectivity, and suitable flow-through properties. Porous,
monolithic materials for such applications demand facile,
repeatable, and relative ease of preparation. For flow-through
applications, both in microfluidic and in larger dimensions,
rigid, hierarchically structured silica monoliths offer a number
of advantages including the high permeability to flow, and
surface areas that are typically around 300 m*g~".”! Attempts
to derive hybrid inorganic/organic monoliths have also been
successful.®’l However, the multistep sol-gel synthetic routes
tend to be highly sensitive to operational variables.”!
Although they suffer from swelling and low surface area,
polymer monoliths are technologically interesting platforms
since they are easily derivable and functionalized, and possess
good scaling capability to fill molds of a wide variety of shapes
ranging from a centimeter to a single micrometer."!

Cubic polyhedral silsesquioxanes (POSS) with the basic
structure (RSiOs,), (n=8, 10, 12) are nanometer-sized
inorganic/organic hybrid building blocks of interest in many
areas and for applications that range from dendrimer syn-
thesis to the reinforcement of high-performance polymer
materials.’! Microporous/mesoporous materials based on
POSS precursors have been prepared by various chemical
routes including hydrosilation methods,® thermolysis,” and
copper-mediated coupling.”!

Herein, we introduce a facile preparation of hierarchically
structured adsorbents based on a radically initiated polymer-
ization of polyhedral vinylsilsesquioxane in a single-step
molding process that leads to porous monolithic three-
dimensionally adhered entities. We also describe how their
macroporosity (>0.5 pm pore sizes, which are important for
the flow-through mode) can be readily tailored whilst
maintaining nanoporosity by the use of a suitable binary
porogenic solvent mixture, and also detail the surface
functionalization of the materials.

Polymerization of polyhedral vinylsilsesquioxane in THF
resulted in a transparent, glassy polymer (Scheme 1). Nitro-
gen adsorption/desorption analysis (Figure 1 and Table 1)
revealed a nanoporous structure with surface areas of
approximately 800 m*g~! and a pore volume of 0.53 cm’®g",
originating from micro (<2 nm) and mesopores (<10 nm;
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Figure 1. a) Nitrogen adsorption/desorption isotherms and b) pore-
size distribution curves from adsorption according to Barrett—Joyner—
Halenda (BJH) for polymer 1 (solid circles); polymer 2 (semifilled
circles); polymer 3 (open circles). The isotherm with pure THF as
porogen (polymer 1) shows no hysteresis, increased amounts of
PEG200 and reduced amounts of THF result in a pronounced
hysteresis loop at relative pressures p/p° of 0.6-0.9, thus indicating a
mesoporous structure (polymer 3).

Figure 1). The high surface area originates from the assembly
of the nanometer-sized, bulky rigid cages,®! which can only
pack with a limited density. A significant pore space persists in
the dry state. The introduction of mesopores and subse-
quently macropores into the monolithic material could be
accomplished by replacement of specific portions of the THF
with PEG200. The pore size increased as the fraction of
PEG200 increased (Figure 1). This effect could be visually
observed from bulk polymers (Figure S1 in the Supporting
Information), in which a transition from transparent glassy
materials to opaque materials was seen upon increasing the
PEG200 fraction. As the macropore fraction of the polymers
increased, their total surface area, which was probed by
nitrogen adsorption/desorption, still exceeded 600 m*g* at a
maximum PEG200 fraction (Table 1). This result suggests
that the observed high surface areas stem mostly from the
microporous and mesoporous structure between the cova-
lently adhered nanometer-sized, rigid building blocks.
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Scheme 1. Preparation of polyhedral vinylsilsesquioxane porous poly-
mers (RSiO;;), (shown for n=28) and their functionalization: a) AIBN
(16% w/w with respect to monomer), THF (40-80% w/w), PEG (0-
40% w/w), 24 h, 60°C. b) DMPA (1 wt% with respect to thiol),
chloroform, R—SH, hv, 10 min. Polymer 4a,
R=CH,CH,0CH,CH,0CH,CH,SH; polymer 4b, R=CH,COOH. AlIB-
N = azobisisobutyronitrile, DMPA = 2,2-dimethoxy-2-phenacetophe-
none, PEG = poly(ethylene glycol), THF =tetrahydrofuran.

An inherent consequence of the polymerization of a
multifunctional vinyl monomeric species is the existence of a
number of residual vinyl groups (Scheme 1), even with the
relatively high initiator concentration used in the reported
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Table 1: Porous properties of bulk polymers probed by nitrogen
adsorption/desorption.

Polymer Porogenic solvent BET surface area Pore volume
PEG/THF® [m*g™] [cm’g™ ™

1 0/80 782 0.53

2 10/70 868 0.88

3 20/60 891 1.53

4 30/50 743 0.36

5 40/40 680 0.16

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Values in w/w, solvent contains POSS 20% w/w. [b] BJH adsorption
cumulative pore volume.

experiments (16wt % with respect to the monomer). FTIR
spectroscopy (Figure 2, spectrum b) was used to confirm
partial consumption of the vinyl groups of the multifunctional
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Figure 2. FTIR spectra of a) polyhedral vinylsilsesquioxane, b) polymer
4, and c) polymer 4b (modified with thioglycolic acid). The —Si—O—Si—
stretching vibration (strong band at 1075 cm™) is preserved through-
out the synthetic procedures, whilst the intensity of the peaks at 3050,
1600, 1410, and 1275 cm™", which are associated with the vinyl
groups, decrease and that of the alkyl bands at 2900 cm™ increase. An
additional C=0 stretching band at 1710 cm™' is observed for the
thioglycolic acid modified polymer.

(n>8) monomeric precursor. The appearance of new bands
associated with the newly formed alkyl groups is also
observed. This result is supported by solid-state ’Si NMR
spectroscopy (Figure 3, spectrum b), in which the shift of the
neighboring silicon nuclei upon polymerization can be seen.

Tailorability of the interface properties of the derived
materials is desirable for final applications. Although many
types of modification could be envisaged,” thiol-ene addi-
tion!"”! provides a simple and effective route to tailor the
surface properties of these porous hybrid polymers by
thermally or photochemically induced functionalization of
the residual vinyl groups. Whilst a wide range of substituents
could be added to the surface by rapid and simple modifica-
tions, we demonstrate the versatility of the approach by
modification with the dithiol 2,2'-(ethylenedioxy)diethane-
thiol (polymer 4a) and with thioglycolic acid (polymer 4b).
The reaction could be thermally or photochemically initiated
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Figure 3. Solid-state *°Si CP-MAS NMR spectra of a) polyhedral vinyl-
silsesquioxane monomer; b) polymer 4; and c) polymer 4b (modified
with thioglycolic acid). The partial transformation of the vinyl groups
to alkyl groups upon polymerization, followed by a further reduction
upon modification, is reflected in the shift of the neighboring »Si
nuclei.

and successful modification was confirmed by FTIR spec-
troscopy (Figure 2, spectrum c) for the bulk samples. Further
reduction of the residual vinyl groups, as also evidenced by
solid-state °Si NMR spectroscopy (Figure 3, spectrum c) is
also observed. Additionally, reduced ceramic yields were
indicated by thermogravimetric analysis (TGA) of the
modified materials (Figure S2).

Viscous flow-through ability is a desirable property of
these materials with respect to flow-through applications. The
introduction of macropores into the materials increases the
permeability for fluid flow and allows convective transport at
low backpressures while maintaining the inherent high sur-
face area. This property was realized by the polymerization of
polyhedral vinylsilsesquioxane building blocks (polymer 4 in
Table 1) in a fused-silica conduit (100 um ID) with vinyl-
functionalized walls (Figure 4)."! Pressure stability was
confirmed up to the maximum flow rate of the instrument
(resulting in 13MPa head-on pressure), and is enabled by the
covalent wall anchorage and three-dimensional interadher-
ence (Figure 4 and Figures S1 and S3).

Figure 4. Scanning electron microscopy images of polymer 4 prepared
in situ in a fused-silica mold (100 um ID) with pendant vinyl groups:
left, cross-section; center, bulk region; right, wall region.

Alongside the porous properties in microfluidic conduits,
the interface properties could open avenues to a wide variety
of applications. In initial studies, the hydrophobic materials in
the 100 um ID conduit (Figure 4) could be successfully
rendered hydrophilic by modification with the dithiol
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moiety (polymer 4a). Whilst hydrophobic molecules are
selectively retained on the hydrophobic precursor material,
they show much less interaction upon modification (Fig-
ure S4). We are currently working on modifying these
materials and testing their suitability for liquid chromato-
graphic, extractive, and catalytic applications by tailoring
pore-structural properties and interface chemistry.

In summary, we have demonstrated a facile, single-step
preparation of a functionalizable high-surface-area material
with a hierarchical pore space. This novel and highly flexible
route to porous materials from a centimeter scale (Figure S1)
to a micrometer scale (Figure4) may emerge for a wide
variety of applications in which high capacity and high surface
areas are required.

Experimental Section

Polyhedral vinylsilsesquioxane was dissolved in the desired amount of
THF and varying amounts of PEG200 were added while maintaining
a constant weight fraction of monomer to porogenic solvent (20 % w/
w). The precursor mixture was then added to AIBN (16wt % with
respect to the monomer mass). The solution was deoxygenated by
bubbling with N, for 10 min, followed by polymerization at 60°C for
24 h. After polymerization, the bulk polymers were cut into smaller
pieces, extracted with THF for 16 h in a Soxhlet apparatus and dried
in a vacuum oven overnight. For molding experiments in 100 um ID
capillaries, the previously vinylized fused-silica capillaries!*! were
filled with the polymerization mixture using a syringe, sealed with
rubber stoppers, and immersed in a water bath at 60°C for 24 h. After
monolith preparation, the capillaries were flushed with THF. In a
sample modification, a polymer sample (0.2 g) was suspended in a
solution containing thioglycolic acid (0.7 g, 7.6 mmol) and 2,2-
dimethoxy-2-phenylacetophenone (1 wt% with respect to thiol) in
chloroform (1 mL) and irradiated with UV light for 10 min under
cooling and stirring. For capillary modifications, the reaction solution
was continuously pumped through the capillary and irradiated at 4°C
for 10 min. The materials were then washed repeatedly with chloro-
form and THF before drying or use. Further experimental details are
provided in the Supporting Information.
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