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Ordered organic functionalized mesoporous silica containing covalently bonded diphenylphosphinoethyl
ligands was synthesized using a surfactant-templating approach. Briefly, hydrolysis and condensation
reactions of tetraethyl orthosilicate (TEOS) and 2-(diphenylphosphino)ethyl triethoxysilane (PPETS) in
an acidic condition produced phosphino-ligand containing organosilicate species. Subsequent co-assembly
of the organosilicate species with surfactants led to the formation of ordered organic/inorganic
nanocomposites. Selective surfactant removal by controlled thermal decomposition created organic
functionalized mesoporous silica with diphenylphosphinoethyl ligands covalently bonded to the silica
framework. Pore structures and pore sizes of the functionalized mesoporous silica were controlled by
using different surfactants such as P123, F127, Brij-58, and CTAB. It was found that the added organosilane
may significantly affect the mesostructure possibly through participating in the cooperative assembly
process. These organic functionalized mesoporous silicas were bonded with palladium ions, resulting in
the formation of catalytically active organometallic complexes that show excellent activities in both Heck
and epoxides allylation reactions. Compared with the conventional homogeneous catalysts, these
heterogeneous organometallic complexes can be readily separated from the reaction systems and reused
without deteriorating their catalytic activities. This study provides a direct synthesis approach to efficiently
synthesize a large variety of organic functionalized mesoporous silica with controlled pore sizes, pore
surface chemistry, and pore structure for heterogeneous catalysts and other applications.

1. Introduction

Since their discovery in the early 1990s, surfactant-
templated mesoporous materials with unique properties (e.g.,
high surface area, high pore volume, controlled pore
structure, and uniform pore size distribution)1,2 are of great
interest for adsorption, separation, sensing, catalysis, and
other applications.3-7 A decade of research in this area
establishes the precise control of mesostructure through
manipulating the cooperative assembly of surfactants and
inorganic species such as silicates. For example, mesoporous
silica with highly ordered hexagonal, cubic, or lamellar
mesostructures can be readily prepared using different

surfactants and surfactant concentrations. Similarly, pore
diameter of the mesoporous silica is controllable from 2 to
over 20 nm by tuning the sizes of surfactant-liquid-
crystalline assemblies.8-10 Besides the mesostructural control,
functionalization of mesoporous materials has also been a
focus, since the functionalized organic groups may provide
mesoporous materials with improved stability to compres-
sion,11 better compatibility and more favorable interactions
with other components such as polymers, improved hydro-
thermal stability,12 decreased water adsorption,13,14 less
agglomeration between particles,15 and the capability to graft
new reactive complexes such as organometallic catalysts to
the pore surface.16,17
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To date, organic moieties such as methyl, alkyl chains,
vinyl, methacrylate, amino, thiol, sulfonic, phenyl, and metal/
ligand complexes11,18-25 were functionalized onto the porous
surface of mesoporous silica through so-called postsynthesis
or direct-synthesis techniques. Postsynthesis modification
technique is the most common method used to functionalize
the mesoporous silica by attaching organic moieties to pore
surface of preformed mesoporous silica through silylation
reactions. In most cases, such surface modification reactions
involve reactions of surface Si-OH groups with organosilane
molecules such as Rn-SiX4-n, where X represents an al-
koxide or halide group and R is a non-hydrolyzable func-
tional group such as an alkyl, vinyl (-CHdCH2), thiol
(-(CH2)3SH), amine (-NH2 or -NR2), and thianthrene. The
density of functional groups attached on the pore surface is
dependent on the density of the surface Si-OH groups, pore
accessibility, and effectiveness of the silylation reactions. The
direct-synthesis approach involves co-condensation of silicate
species and organosilicates that contain non-hydrolyzable
functional ligands in the presence of templating surfactant
molecules. During the co-assembly process, organosilicates
that contain hydrophobic ligands may serve as cosurfactants
and insert the ligands into the hydrophobic micellar cores,
resulting in a preferred ligand distribution along the silicate/
surfactant interface. Subsequent surfactant removal leads to
the formation of organic functionalized mesoporous materials
with organic ligands covalently bonded on the pore surface.
This approach has led to many organic functionalized
mesoporous silica materials with various surface functional
groups, such as fluorinated alkane-, mecapto-, phosphino-,
and amino-functionalized organosilanes, thiol, sulfonic sur-
face groups (-SO3H), straight-chain alkanes, and methacry-
late groups (CH2dC(CH3)CO2-).26-32

This research focuses on a direct synthesis of organic
functionalized mesoporous silica containing active phosphino
ligands that can form a large variety of stable, catalytically
active organometallic complexes. Different surfactants in-
cluding cationic hexadecyltrimethylammonium bromide

(CTAB), nonionic Brij-58, and triblock copolymer Pluronic
P123 and F127 were used to template the pore structure. A
model functionalizing organosilane 2-(diphenylphosphino)-
ethyl triethoxysilane (PPETS) was then used to provide
covalently bonded phosphino ligands on the pore surface.
Refluxing the organic functionalized mesoporous silica with
palladium ions in a solution results in the formation of active
palladium complexes catalytically active for Heck and
epoxides allylation reactions. We hypothesized that, through
controlling co-assembly of the silicates and the surfactants,
the pore diameter of the active complexes can be precisely
controlled, while mesostructures can also be controlled from
two-dimensional hexagonal, three-dimensional bicontinued
cubic, to the disordered mesostructure. Such tunable pore
size and pore structure in turn should affect mass transporta-
tion and the catalytic activities of the complexes. This
research provides an efficient direct synthesis approach
toward organic-functionalized, controlled-structured, meso-
porous silica that is of great importance for heterogeneous
catalysts and other applications.

2. Experimental Section

2.1 Formation of Organic Functionalized Mesoporous Sili-
ca. Mesoporous silica xerogels functionalized with diphenylphos-
phinoethyl groups were prepared using a sol-gel surfactant-
templating approach. Block copolymer surfactant Pluronic P123
(EO20PO70EO20) and F127 (EO106PO70EO106) (from BASF, EO and
PO, respectively, designate poly(ethylene oxide) and poly(propylene
oxide)), cationic surfactant CTAB (hexadecyltrimethylammonium
bromide) (Aldrich), and nonionic surfactant Brij-58 (C16H33(OCH2-
CH2)20OH) (Aldrich) were used as the pore structure-directing
agents. Tetraethyl orthosilicate (TEOS) (reagent grade 98%, Al-
drich), 2-(diphenylphosphino)ethyltriethoxysilane (PPETS) (95%,
Gelest), ethanol (200 proof (absolute), Aldrich), HCl (ACS reagent
37%, Aldrich), and deionized water (18 MΩ) were used as received.
Typical precursor sols were prepared by mixing these chemicals
in molar ratios of TEOS:ethanol:HCl:water:surfactant:PPETS)
1:38:0.01:5:0.01-0.25:0.05-0.20. The mixtures were sonicated for
30 min at room temperature and then cast in Petri dishes and dried
at room temperature for 3 days to obtain xerogels. The xerogels
were then calcined at 350°C under N2 for 4 h or extracted using
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Scheme 1. Schematic of the Organic Functionalized Silica
with a Covalently Bonded Diphenylphosphinoethyl Ligand
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ethanol to remove the surfactants. The complete removal of the
surfactant was confirmed by TGA, nitrogen adsorption, and other
techniques. The structure of the functionalized silica xerogels is
schematically shown in the Scheme 1. The formation of palladium
complexes was achieved by refluxing the functionalized mesoporous
silica in a palladium acetateN,N-dimethylformamide (DMF) (ACS
reagent>99.8%, Aldrich) solution under nitrogen for 12 h. The
solid products were collected by filtration, washed with DMF to
remove the uncomplexed palladium, dried at room temperature,
and then treated in hydrogen for 12 h at 150°C.

2.2 Characterization.Thermogravimetric analyses (TGA) were
carried out using a Hi-Res TGA 2950 Thermogrvimetric Analyzer
(TA Instruments) using a nitrogen follow of 80 mL/min and a
heating rate of 5°C/min. Infrared pellets of the samples were
recorded on a NEXUS 670 FT-IR spectrometer (Thermo Nicolet
Co.) with a resolution of 4 cm-1. The infrared pallets were prepared
using the conventional KBr pressing method. Nitrogen adsorption
and desorption isotherms were obtained using a Micrometitics
ASAP 2010. The BET surface area and pore size distribution33 were
calculated from the isotherms using the ASAP 2010 v.5 software.
X-ray diffraction (XRD) measurements were performed on a Philips
Xpert X-ray diffractometer using Cu KR radiation. Transmission
electron microscope (TEM) micrographs were obtained using a
JEOL 2010 microscope operated at 120 KV. GC/MS data were
obtained by HP 5890 Series II gas chromatography and HP5989A
mass spectrometer. Flash chromatography employed Kiesegel 60,
230-400 mesh purchased from Sorbent Technologies.

2.3 Catalysis Test.Heck reaction34-36 and allylation of aldehydes
are important synthetic organic reactions.37-39,49 In this research, a

Heck reaction of 3-iodotoluene and styrene (see Scheme 2) and
the allylation reactions (see Scheme 3) were used to examine the
catalytic activity of the mesoporous silica-supported organo-
palladium complexes.

In a typical Heck reaction, styrene (0.5 mmol, 1 equiv),
3-iodotoluene (0.5 mmol, 1 equiv), and the palladium catalyst (0.
01 mmol, 0.02 equiv) were added into a well-stirred suspension
containing K2CO3 (1.25 mmol, 2.5 equiv),n-tetrabutylammonium
bromide (1.00 mmol, 2 equiv), and 2 mL DMF (containing 2%
H2O) in air. The palladium catalysts were prepared by binding
palladium acetate with the organic functionalized mesoporous silica
prepared with 5% of PPETS. The mixture was sealed and heated
at 373 K for 24 h for a complete reaction. After cooling, 5 mL
EtOAc was added to the reaction mixture. The catalyst was
recovered by filtration and reused at least three times. The organic
phase was dried using MgSO4 and purified by flash chromatogra-
phy.

In a typical allylation reaction, the molar ratio of InCl/allyl
bromide/styrene oxide was kept at 2.2/2.0/1.0. The amount of
palladium catalysts used was 2 mol-% of the styrene oxide
precursor. After stirring for 24 h, the crude products were purified
by flash chromatography. The catalysts were recovered under
nitrogen to prevent oxidation and were reused three times. The
details of purification and characterization of products were
described in our previous paper.49

3. Results and Discussion

3.1 Formation of Organic Functionalized Mesoporous
Silica by Selective Surfactant Removal.This research uses
PPETS and TEOS as the silica sources. Each PPETS
molecule contains a non-hydrolyzable hydrophobic diphen-
ylphosphinoethyl (DPPE) ligand and three hydrolyzable
ethoxy groups. Hydrolysis and condensation reactions of
PPETS and TEOS result in organosilicate clusters. Co-
assembly of surfactants and the organosilicates forms ordered
surfactant/silicate nanocomposites containing the DPPE
ligands. Selective surfactant removal results in the formation
of functionalized mesoporous silica with the DPPE ligands
covalently attached on the pore surface. In this study, a
suitable calcination condition has been developed to selec-
tively decompose the surfactants while maintaining the active
DPPE ligands covalently bonded on the pore surface.

The selective decomposition process was demonstrated by
TGA and FTIR techniques using the P123-templated func-
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Scheme 2. Scheme of the Heck Reaction of 3-Iodotoluene and Styrene

Scheme 3. Scheme of Allylation Reaction of Allyl Bromide and Styrene Oxide
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tionalized silica as a model system. Figure 1a shows TGA
curve of a silica/surfactant xerogel prepared using TEOS as
the only silica source. Under a nitrogen atmosphere, the TGA
curve indicates that the decomposition of the surfactant starts
at about 250°C with a single weight loss peak centered at
approximately 380°C. The weight loss (52.9%) obtained
from the TGA curve is consistent with the amount of the
surfactant added (55%), indicating that the surfactant can
be almost completely removed using the decomposition
approach. Figure 1b shows a TGA curve of a silica/surfactant
xerogel prepared using TEOS and 20 mol-% PPETS as the
silica source. Two weight loss peaks can be clearly visible
at 380 and 490°C, respectively. Comparison of the TGA
curves in Figure 1a and b suggests that the first decomposi-
tion peak centered at 380°C is attributed from the decom-
position of the P123 surfactant while the second peak
centered at 490°C comes from the decomposition of the
phosphino ligand. The first and the second weight lost are,
respectively, around 47% and 21%, which is also consistent
with the amounts of surfactant (47%) and ligand (19%) added
to the nanocomposites. These results suggest that a controlled
calcination process under nitrogen at a temperature between
300 and 400°C should remove the surfactant while preserve
the DPPE ligands.

The retention of the DPPE ligand is further confirmed by
the FTIR spectroscopic study. Figure 2 shows the FTIR
spectra of the organic functionalized mesoporous silica

prepared with 20 mol-% of PPETS and pure mesoporous
silica calcined under the same condition. The strong stretch-
ing bands at 2923 cm-1and 2853 cm-1 are attributed to the
asymmetric and symmetric stretching modes of C-H bonds.
The weak absorbance at 1460 and 720 cm-1 can be,
respectively, assigned to the methylene scissoring mode and
the rocking mode of the-(CH2)- moieties;40,43 the bands
at 750 and 1100 cm-1 are due to the asymmetric Si-C
stretching mode and the Si-O stretching vibration mode,
respectively. The small absorption peaks around 3100 cm-1

and 690 cm-1 are, respectively, attributed to the stretching
vibrations of the C-H bonds in the benzene rings and the
C-H out-of-plane deformation of the monosubstituted
benzene rings. The absorbance around 1470 cm-1 is due to
the skeletal vibrations of the benzene nucleus.30 The absor-
bance at about 1435 cm-1 is attributed to the vibrations of
P-CH2. The absorbance of P-phenyl (1130∼1090 cm-1) is
overlapped with the intense Si-O bonds at 1100 cm-1 and
cannot be differentiated in this experiment.42,43The samples
prepared using a solvent extraction technique also show the
similar FTIR spectrum (data not shown). Comparison of the
FTIR spectrum between the mesoporous silica prepared with
and without PPETS clearly indicates the retention of the
DPPE ligand after surfactant removal. Combination of the
TGA and FTIR studies suggests that it is possible to
selectively remove the surfactant while retaining the organic

Figure 1. TGA curves of silica xerogels prepared with (a) TEOS as the silica source and (b) TEOS and PPETS as the silica source.

Figure 2. FT-IR spectra of the calcined silica xerogels prepared with 20%
PPETS and pure mesoporous silica prepared with 0% PPETS under the
same condition.

Figure 3. Low-angle XRD patterns of the organic functionalized meso-
porous silica prepared with 5% of PPTES and different surfactant tem-
plates.
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functional group using a controlled thermal decomposition
approach.

3.2 Control Mesostructure by Using Different Surfac-
tant Templates.To control pore structure and pore size of
the organic functionalized mesoporous silica, different sur-
factants including P123, F127, Brij-58, and CTAB were used.
Figure 3 shows the low-angle XRD patterns of the func-
tionalized mesoporous silica prepared with 5% PPETS. The
P123-templated sample shows an intense reflection at ad
spacing of 8.84 nm. Combined with the TEM result shown
in Figure 4, this diffraction peak can be indexed as the (211)
reflection of a three-dimensional mesoporousIa3d meso-
structure.44 The F127-templated sample shows a diffraction
peak at thed spacing of 8.22 nm, which can be indexed as
the (211) reflection of a cubic mesostructure with a unit cell
parameter of 20.2 nm. The Brij 58-templated sample shows
a diffraction peak at thed spacing of 3.35 nm, which can be
indexed as the (211) reflection of a cubic mesostructure with
unit cell parameter of 8.2 nm. The CTAB-templated sample
shows a diffraction peak at thed spacing of 2.95 nm, which
can be indexed as the (100) reflection of a two-dimensional
hexagonal mesostructure. Figure 4 shows the corresponding
TEM images of the functionalized silica prepared with 5%
PPETS. The P123-templated functionalized silica shows a
highly ordered mesostructure along the [311] and [111]
planes of anIa3d mesostructure.44 TEM images of the F127-

templated and Brij-58 templated samples also show ordered
mesostructures along their cubic [100] planes. The estimated
unit cell parameter is, respectively, around 21.1 and 8.4 nm,
which is consistent with the XRD result shown in Figure 3.
The CTAB-templated sample shows an ordered pore struc-
ture with a pore-to-pore distance of 3.0 nm, which is also
consistent with its XRD result.

The pore structure of these samples was further character-
ized using the nitrogen sorption experiments. As-synthesized
silicate/surfactant composites prior to the surfactant removal
are dense to nitrogen at 77 K. Removal of the surfactants
results in functionalized mesoporous silica with controlled
pore sizes and pore structures. Figure 5 and Figure 6,
respectively, display the nitrogen adsorption/desorption
isotherms and pore size distributions of the functionalized
mesoporous silica prepared with 5% PPETS. The CTAB and
Brij-58 templated samples show typical isotherms of the
surfactant-templated mesoporous silica. The absences of
hysteresis loops and of significant nitrogen uptakes at relative
pressure higher than 0.4 indicate narrow pore size distribu-
tions.48 The P123- and F127-templated functionalized me-
soporous silicas show isotherms similar to those of unfunc-
tionalized mesoporous silicas prepared with the same
surfactants. The BET surface areas, average pore sizes, and
pore volumes of these functionalized mesoporous silicas are
summarized in Table 1.

Figure 4. TEM images of the organic functionalized silica prepared with 5% PPETS and P123 (a [311] plane, b [110] plane), F127 (c), Brij 58 (d), and
CTAB (e) as surfactant templates.
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3.3 Effects of the DPPE Concentration.The above XRD,
TEM, and nitrogen sorption studies suggest a possibility of
controlling mesostructure by using different surfactants as
templates. It is also important to understand the role of the
PPETS organosilane during the co-assembly process and its
concentration effect on the pore structure. Generally, the
mesostructure of silicate/surfactant assemblies can be de-
scribed using a classical micellar packing parameter,P )
V/(aolc), whereao is the cross-sectional hydrophilic headgroup
area,V is the tail volume, andlc is the length of hydrophobic
tail.50,51 An increase ofP from 1/3 to 1 may continuously
transform the mesostructure from spherical micelles to
lamellar structure. Although this simple hydrophilic-

hydrophobic balance-based model cannot fully describe the
complexity of the self-assembly process (for example,
surfactant concentration, temperature, solvent, and external
fields may dramatically affect the final assembled meso-
structure), it provides a basic understand of the self-
assembling system. According to this model, many new
mesostructures have been synthesized by adjusting the
packing parameterP through mixing surfactants or block
copolymers, as well as other approaches.52-54 Since each
PPETS molecule contains a non-hydrolyzable hydrophobic
ligand, hydrolysis of the PPETS molecules generates am-
phiphilic organosilicates that contain hydrophilic silanol
groups (SiOH) and the hydrophobic 2-(diphenylphosphino)-
ethyl ligands. Such amphiphilic organosilicates may serve
as cosurfactants and are preferably located along the hydro-
philic/hydrophobic interfaces. These amphiphilic organosili-
cates contain bulky diphenylphosphinoethyl ligands and
oligomeric silanol groups (after condensation reactions).
According to this model, the participation of these bulky
amphiphilic species in the surfactant/silicates co-assembly
may result in a larger packing parameter, increase the
mesostructure curvature, and in turn affect the final meso-
structures.

Figure 7 shows the low-angle XRD patterns of the P123-
templated mesoporous silica prepared with 0, 5, 10, and 20%
PPETS. When the concentration of PPETS was increased
to 5%, the primary diffraction peak slightly shifts toward a
smallerd-space value, from 9.0 nm (0%) to 8.84 nm (5%)
with an additional peak presented at 1.35° of 2θ. Since it is
unlikely to determine the pore symmetry from this XRD
diffraction, TEM is used to confirm the mesostructure. Figure
8 shows the TEM images of the mesoporous silica prepared
with 0% PPETS, indicating a highly ordered [100] orientation
of a 2D hexagonal mesostructure with a center-to-center pore
distance of 8.8 nm. Combined with the TEM result, the
intense XRD diffraction peaks of the mesoporous silica (0%
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Figure 5. Nitrogen adsorption/desorption isotherms of the organic func-
tionalized mesoporous silica prepared with different surfactants.

Figure 6. Pore size distributions of the organic functionalized mesoporous
silica prepared with different surfactants.

Table 1. Surface Areas, Pore Diameters, and Pore Volumes of
Organic Functionalized Mesoporous Silica Templated by Different

Surfactants with Varying Amounts of Ligand

samples
ligand
content

BET
surface area

(m2/g)

average
pore size

(Å)
pore volume

(cm3/g)

P123-templated 0 671( 2 79 0.90
5% 640( 2 72 0.80

10% 604( 2 66 0.79
20% 504( 1 60 0.72

F127-templated 5% 553( 2 71 0.58
Brij 58-templated 5% 643( 11 32 0.58
CTAB-templated 5% 987( 8 25 0.63

Figure 7. Low-angle XRD patterns of P123-templated organic function-
alized mesoporous silica prepared with 0-20% PPETS.
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PPETS) at thed spacing of 8.97 nm (2θ of 0.98°) and 4.40
nm (2θ of 2.0°) can be, respectively, indexed as the (100)
and (200) reflections of a 2D hexagonal mesostructure.
Compared to the mesostructure of the functionalized silica
prepared with 5% PPETS (see TEM images in Figure 4 and
the XRD results in Figure 3 and Figure 7), a mesophase
transformation from hexagonal toIa3d cubic is revealed.
Such a mesophase transformation may result from the
participation of the amphiphilic organosilicates in the co-
assembly discussed above. However, further increasing the
organic ligand concentration may decrease the efficiency of
co-assembly, leading to a deteriorated long-range ordering
as indicated by the disappearance of second-order XRD
diffraction and the weakening of the diffraction intensity.

Compared with a hexagonal pore system, a bicontinuous
Ia3d cubic mesostructure has many advantages in catalytic
and many other applications, since the bicontinuous three-
dimensional pore system may prevent pore blockage33-36 and
promote a more agitated flow, which can enhance the
interactions between reactants and the catalytic sites. How-
ever, our experiments showed that theIa3d cubic structure
is formed only in a very narrow window. The use of a lower
PPETS content (e.g.,<3%) often results in mixed hexagonal
and cubic mesostructure, while a high PPETS content (e.g.,
>10%) results in less ordered mesostructures. More com-
prehensive study is underway to understand the organic
ligand effects in different surfactant-templating systems.

Figure 9 and Figure 10 show the nitrogen adsorption/
desorption isotherms and pore size distributions of the P123-
templated functionalized mesoporous silica prepared with
0-20% of PPETS. All these samples show high surface area,
large pore size, and pore volume (see Table 1). However,
an increase of the PPETS content leads to the decreases in
pore size, pore volume, and surface area. Two possible
reasons may have contributed to this phenomenon. Since
each PPETS molecule contains only three reactive ethoxy
groups compared with four groups in a TEOS molecule, an
increased PPETS concentration may weaken the silicate
framework modulus and promote collapse or shrinkage of
silicate framework upon the removal of the surfactant
templates. This in turn produces mesoporous materials with
smaller pore sizes and less ordered pore structure. Also, the
presence of the organic ligand on the pore surface may have
contributed to the decreased pore sizes and pore volume.

3.4 Palladium Binding and Catalytic Activity. Activity
of the covalently bonded DPPE ligands was evaluated
through the formation of catalytically active palladium

complexes. Figure 11 shows the TEM micrographs of the
functionalized mesoporous silica after the palladium binding,
indicating the preserved ordered mesostructures after the
complexation process (see Figure 4). Besides the formation
of organometallic complexes, palladium nanoparticles with
diameters less than 10 nm were also observed, which may
be due to the aggregation of palladium clusters or atoms
during the hydrogen treating process. Detailed research is
underway to characterize chemical nature of the catalytic
sites, which will be discussed elsewhere.

The Heck reaction of 3-iodotoluene and styrene was
conducted using the palladium-bonded P123-templated func-

Figure 8. TEM images of P123-templated mesoporous silica prepared with TEOS as the only silica source (a [100] plane, b [110] plane).

Figure 9. Nitrogen adsorption/desorption isotherms of the functionalized
mesoporous silica prepared with 0-20% PPETS.

Figure 10. The effects of PPETS content on the pore size distributions of
the functionalized mesoporous silica.
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tionalized mesoporous silica prepared with 5% PPETS as a
catalyst. This catalyst gives a high conversion of 87%, which
is comparable to that of commercial homogeneous Pd(PPh3)4

catalyst. We further examined its catalytic activity for various
epoxide allylation reactions shown in Table 2. All the
styrene-oxide derivatives, including the 2-methyl styrene
oxide and the cyclic epoxides, gave target products with high
yields, indicating that the heterogeneous catalyst is highly
effective for the epoxide allylation reactions. The palladium-
bonded functionalized silica can be readily recovered by
filtration and reused without significantly deteriorating their
catalytic activity. For example, the P123-templated catalyst
was recovered and reused four times and, respectively,

showed a high conversion of 87%, 82%, 85%, and 83% in
the Heck reaction. Similarly, it was recovered and reused
three times and, respectively, showed a conversion of 83%,
82%, and 82% for the epoxide allylation. Control epoxide
allylation studies conducted in identical conditions using
homogeneous Pd(PPh3)4 as catalyst resulted in a comparable
82% conversion. However, these homogeneous catalysts
cannot be easily recovered and reused. These reactions are
demonstrated here to illustrate the formation of active organic
functionalized mesoporous silica and active organometallic
complexes rather than a systematic catalytic study.

3.5 Effect of Pore Structure on Catalytic Activity. The
allylation reactions were conducted using the functionalized
mesoporous silica with different pore sizes and pore struc-
tures. Table 3 summarizes the reaction conversions and yields
using the catalysts templated by P123, F127, Brij-58, and
CTAB. As shown in Table 1, these catalysts possess different
pore structures and pore diameters ranging from 2.4 to 7.2
nm. The P123- and F127-templated catalysts contain similar
pore diameters (7.2 nm), surface areas (640 m2/g and 553
m2/g), and cubic mesophase symmetry. As expected, similar
conversions of 85% and 82% and similar yields of 70% and
66% were obtained for P123- and F127-templated catalysts,
respectively. The slightly higher conversion and yield
resulting from the P123-templated catalyst may be attributed
to the higher pore volume (0.8 cm3/g vs 0.58 cm3/g), higher
surface area, and bicontinuous pore channel. The Brij58-
templated catalyst, which contains a three-dimensional cubic

Figure 11. TEM micrographs of the functionalized mesoporous silica prepared with 5% PPETS and P123 (a), F127 (b), Brij 58 (c), and CTAB (d) as
surfactant templates after the palladium binding and hydrogen treating.

Table 2. Allylation of Various Epoxides by the P123 Templated
Organometallic Catalyst

Table 3. The Effect of Pore Structure on Conversion and Yield of
Styrene Oxide Allylation Reactions

catalysts conversion (%) yield (%)

P123-templated 85 74
F127-templated 82 66
Brij 58-templated 66 53
CTAB-templated 29 15
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mesostructure, a higher surface area (643 m2/g), and a
comparable pore volume (0.575 cm3/g) but a smaller pore
diameter (3.2 nm), gives a lower conversion (66%) and yield
(53%). The CTAB-templated catalyst, which contains two-
dimensioanl hexagonal porous networks, a highest surface
area (987 m2/g), a large pore volume (0.628 cm3/g), but a
smallest pore diameter (2.4 nm), gives a lowest conversion
(29%) and yield (15%). Comparison of these results suggests
that pore size has a more significant effect on the catalytic
activities. The low conversion and yield resulting from the
catalysts with smaller pore sizes may arise from the dif-
ficulties of forming π-allylpalladium(II) complexes within
the narrow pore networks or from the increased diffusion
resistance within the narrower pore channels. Larger pore
size and the more openness of the structure to the environ-
ment (e.g., cubic vs hexagonal) favors efficiency of diffusion
and contact to the catalytic sites.

4. Conclusions

We have demonstrated the formation of functionalized
mesoporous silica with controllable pore structure and with
active DPPE ligands covalently attached to the silica
framework using a simple one-step surfactant-templating
approach. Co-assembly of the ligand-containing organosili-
cates with surfactants followed by a selective surfactant
removal results in organic functionalized mesoporous silica

with precise mesostructure control. The addition of the DPPE
ligand not only provides the binding sites for metal ions but
also influences the mesostructure formation, which confirmed
that the hydrophilic-hydrophobic balance model can be used
to direct the synthesis of mesoporous silica with controlled
pore structures. An increased ligand concentration gradually
changes the mesostructure from hexagonal, toIa3d cubic,
and to a disordered mesostructure when the surfactant P123
is used.

These organic functionalized mesoporous silica can ef-
fectively bind with palladium and form highly active
organometallic catalysts for Heck and allylation reactions.
Tuning the pore sizes and pore structures of these catalysts
in turn allows controlling their catalytic activity. A pore
structure with opened pore channels, large enough pore
diameter, and high surface should favor a higher catalytic
activity. This research provides an efficient approach to
synthesize heterogeneous catalysts with good catalytic activ-
ity and reusability for many potential industry applications.
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