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We report here a simple one-pot synthesis of MCM-41
functionalized with a reactive vinyl group (ν-MCM-41). The
reaction involves co-condensation of tetraethoxysilane (TEOS)
and vinyltriethoxysilane (VTES) in a surfactant solution under
basic conditions. A difficult question in many surface modi-
fications of porous materials is whether functional groups are
located on the internal pore surface, the external particle surface,
or in the walls. Here a bromination reaction ofν-MCM-41 pro-
vides evidence for attachment of most vinyl groups to the acces-
sible surfacewithin the mesopore channels. This model reaction
also demonstrates thatν-MCM-41 may be a versatile starting
material for many other in situ reactions resulting in ordered,
high surface area materials with specific functional groups.
The interest in inorganic-organic hybrid materials arises from

the advantages that the inorganic and organic moieties bring to
the systems.1,2 The inorganic components can provide me-
chanical, thermal, or structural stability, while the organic
features are often more readily modified for specific applications
in catalysis, separation, or sensing.3 One way of preparing these
materials is based on sol-gel processing,4 which involves
hydrolysis and condensation of metal alkoxides, often permitting
mild reaction temperatures and pressures. In preparations of
inorganic-organic hybrid materials, typical precursors are
organically functionalized metal alkoxides whose Si-C bonds
should be hydrolytically stable under acid or base conditions.
However, the materials obtained in a simple sol-gel process are
usually amorphous or randomly ordered unless structure-
directing materials are employed.
Mesoporous sieves of the type MCM-41 possess hexagonally

packed arrays of channels with very high surface areas and
narrow pore size distributions compared with amorphous silica.
Since the first report of these structures in 1992,5,6 numerous
studies have been performed on modifications of the MCM-41
synthesis to increase the potential applicability of these materials.
Postsynthesis grafting techniques have been used to attach
organic functionalities to the silicate surface.7,8 A recent study
reports the first direct synthesis of inorganic-organic hybrid
mesoporous materials with phenyl or alkyl functionalization.9,10

However, further modification of these relatively inert groups
to other organic groups is limited. Other organic groups
introduced in a direct synthesis often result in materials with

low-order or wide pore size distributions.11,12 We are therefore
exploring syntheses of ordered mesoscopic inorganic-organic
hybrid materials containing easily modifiable organic functional
groups for applications as catalysts, catalyst supports, and
stationary phases in chromatography which take advantage of
the high surface areas and specific size selectivities of the
mesoporous silicate structures.

ν-MCM-41 was prepared by vigorously stirring a mixture
containing 1 TEOS:0.25 VTES:0.15 cetyltrimethylammonium
bromide:0.38 NaOH:125 H2O for 2 days, followed by heating
at 87 °C for 1 day. While mesostructured products could be
obtained by a room temperature reaction, the additional heat
treatment greatly improved the structural order. A modified
acid/solvent extraction was employed to remove the surfactant
from the product without destroying the vinyl groups.13 The
extraction was complete, as confirmed by the absence of
nitrogen in an elemental analysis,14 by the disappearance of the
characteristic IR absorptions of the surfactant (νas CH2, 2925
cm-1; δs CH2, 1488 cm-1) and by the absence of alkyl
resonances in the13C CP MAS NMR spectrum. In a subsequent
bromination reaction,ν-MCM-41 was dispersed in a solution
of Br2 in CH2Cl2 at a stoichiometric Br2/vinyl ratio. The
resulting mixture was stirred for up to 6 days. The product
was filtered, washed with excess CH2Cl2, and dried at 85°C
for 1 day (Br content 22.7 wt %).
The powder X-ray diffraction (XRD) patterns of the organi-

cally functionalized samples are shown in Figure 1. After
surfactant extraction, a long-range hexagonal arrangement of
channels was observed, as indicated by the presence ofd100,
d110, andd200 reflections. The transmission electron microscopy
(TEM) image and electron diffraction pattern (Figure 2) confirm
the hexagonal symmetry ofν-MCM-41. After bromination, the
overall order was only slightly reduced. It should be noted that
the d100 spacing contracted very little during the extraction or
bromination processes (from 3.69 to 3.68 and 3.61 nm,
respectively). In contrast, calcination at 550°C resulted in a
significant contraction to 3.21 nm. At this temperature, all of
the vinyl groups were removed.
Thermal stability of the organic functional groups within the

mesoporous samples was determined by thermogravimetric
analysis. After an initial loss of solvent, the removal of the
vinyl or Br2Et groups commenced at 280-290°C and continued
up to 440 or 520°C, respectively. An additional weight loss
occurred at higher temperatures due to futher condensation of
the silicate walls, as observed in other mesoporous silicates.15

Nitrogen adsorption experiments yielded a Brunauer-Em-
mett-Teller (BET) surface area of 1424 m2/g for ν-MCM-41
and a total pore volume of 0.82 cm3/g. The BET isotherm for
ν-MCM-41 showed a type 4 isotherm, typical for mesoporous
materials with an MCM-41 structure (Figure 3). After bromi-
nation, both the surface area and the total pore volume dropped
significantly (BET surface area 932 m2/g; total pore volume
0.57 cm3/g). The BET isotherm was similar to that ofν-MCM-
41 except for two small hysteresis loops. A narrow hysteresis
loop on the steep low-pressure portion of the isotherm may be
due to nitrogen filling slitlike micropores in the regions between
adjacent organic groups and the silica wall.16 A second narrow
hysteresis loop on the horizontal portion is assigned to the ca 2
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nm wide mesopores generating the major channel structure. The
reduction in total pore volume and shift in the pore size
distribution peak from 2.2 to 1.8 nm imply a reduction in the
free channel space as the vinyl groups were functionalized with
bulkier bromine atoms.17

Infrared and solid state13C CP MAS NMR spectra confirmed
the presence of vinyl groups. An IR absorption at 1410 cm-1

was assigned to the C-H bending mode of the vinyl group. By
increasing the ratio of VTES/TEOS from 0.25 to 0.67 in the
synthesis ofν-MCM-41, additional C-H, CdC, and Si-C
stretches could be observed at 3070, 1604, and 1270 cm-1,
respectively. Furthermore, the surfactant-extracted samples
showed the same peaks, indicating that the covalently bound
vinyl groups were not affected by the acid extraction. These
IR peaks disappeared after bromination. The solid state13C

CP MAS NMR spectrum showed three resonances for surfac-
tant-extractedν-MCM-41 corresponding to vinyl carbons at
129.0 and 134.8 ppm and methanol (solvent) at 49.9 ppm vs
TMS. After bromination, a broad peak at 31.1 ppm confirmed
the presence of C-Br bonds. Resonances due to vinyl carbon
were still present after a 2-day bromination, but disappeared
completely after a 6-day bromination.
The bromination reaction was monitored by UV-vis spec-

troscopy, following the decay of the UV absorption atλmax )
410 nm. Immediately after the addition of an approximately
stoichiometric amount of Br2, the solution was dark red. As
time progressed, the color changed very slowly to orange, to
yellow, and then to pale yellow. A first-order reaction plot of
ln(absorbance) vs. time resulted in a straight line (correlation
coefficientR) -0.9975) with a rate constant of 2.95× 10-3

min-1 and a half-life of 235 min. The unusually slow reaction
compared to solution bromination of unsaturated organic
compounds even with bulky protecting groups18 implies that
the vinyl groups are mostly located on internal surfaces of the
bulk sample, i.e.,within the mesopore channels. The rate is
slower than expected for unhindered diffusion of Br2 through 2
nm diameter mesopore channels.19 We propose that vinyl
groups line the walls throughout the channels, but groups near
the channel openings are brominated first. They can cause some
hindrance for additional Br2 molecules through steric effects,
induced dipole interactions, and weak charge transfer interac-
tions. Solvent molecules present in the channels are likely to
contribute to the hindered diffusion of Br2. The rate deceleration
may therefore be attributed not only to a decrease in the bromine
concentration with time but also to slower diffusion rates as
the number of dibromoethyl sites increases and the effective
pore space decreases. It should be noted that eventually all
vinyl groups are accessible for bromination, since no unreacted
vinyl groups are observed in the solid state13C CP MAS NMR
and IR spectra after bromination.
In conclusion, the synthesis ofν-MCM-41 provides a

convenient method of tailoring the surface properties of meso-
porous silicates via organic functionalization. The one-pot
synthesis presents an alternative to postsynthesis grafting
methods, in cases where functional groups may concentrate near
the openings of channels or where reactions with surface
hydroxyl groups may be less suitable. Bothν-MCM-41 and
its brominated analog have relatively well-ordered structures
and high surface areas, on the basis of XRD, TEM, and N2

adsorption measurements. The average pore diameters lie on
the border between micro- and mesoporous materials, thus
permitting some size selectivity for large molecules. The
reactivity of the surface vinyl groups that were proven to be
within the channels rendersν-MCM-41 an ideal starting material
for many other surface modifications, resulting in mesoscopic
inorganic-organic hybrid materials with specific functional
groups. Experiments to modify the organic moieties for
applications in catalysis or separation are currently underway.
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Figure 1. Powder XRD patterns of (a) as-synthesizedν-MCM-41 (1:4
VTES/TEOS); (b)ν-MCM-41 after surfactant extraction; (c) sample b
after bromination for 6 days; (d) sample a calcined in air at 550°C for
10 h.

Figure 2. TEM image of a region ofν-MCM-41 after surfactant
extraction. The inset shows the selected area electron diffraction pattern
from this region. The images were recorded on a JEOL JEM 1210
transmisison electron microscope operating at 120 kV.

Figure 3. Nitrogen adsoption-desorption isotherms of (A)ν-MCM-
41 and (B) brominatedν-MCM-41. The inset shows the pore size
distribution of (a)ν-MCM-41 (max at 2.2 nm) and (b) brominated
ν-MCM-41 (max at 1.8 nm).
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