Catalysis Letters Vol. 98, Nos. 1, October 2004 (© 2004)

29

Synthesis and characterization of dendrimer-templated mesoporous
oxidation catalysts
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We report here the use of 4th and 5th generation dendrimers poly(propylene)imine (CU-D32 and CU-D64) as templating agents
for the synthesis of mesoporous titanosilicate and vanadosilicate oxidation catalysts via sol-gel techniques. The physical properties
of these mesoporous materials were characterized by TGA, BET, PXD and SEM/EDX analyses and these showed that the
transition metals are evenly distributed throughout these silicates, which have interconnected spherical pores (approx. 12 Ain
diameter) and high surface areas of about 650 m> g~'. Kinetic studies showed that all transition metal-doped catalysts were highly
selective at oxidizing cyclohexene to the corresponding epoxide. Additionally, CU-D64-templated catalysts were more catalytically
active for cyclohexene epoxidation than CU-D32-templated catalysts as a result of differences in pore size. All CU-D64-templated
catalysts exhibited epoxidation catalytic activity comparable to that of titanium doped MCM-41 materials.
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1. Introduction

The selective oxidation of an olefinic bond is an
essential step in the production of numerous fine
chemicals and pharmaceuticals [1-6]. In recent years,
several heterogencous and homogeneous catalysts have
been shown to be effective in the selective oxidation of
alkenes [7-11]. Of the heterogeneous catalysts studied,
mesoporous oxide materials have in many cases proven
to be ideal because of their high surface areas, large pore
diameters, mechanical strength, and controllable surface
properties [12-13]. One of the most widely studied
groups of mesoporous oxidation catalysts are derived
from the silica-based family of highly ordered mesopor-
ous materials known as M41S [14]. These materials,
such as MCM-41, are prepared via sol-gel methods
using surfactant structure-directing agents [14]. The
catalytically active forms of these mesoporous oxides
are readily synthesized via the impregnation of transi-
tion metals to yield metal-supported catalysts with high
metal dispersions [15-21]. For example, researchers have
shown that MCM-41 can be impregnated with small
amounts of Ti (~2 wt%) to produce an effective catalyst
for the selective oxidation of alkenes under mild
conditions [20-22].

It is well known that structural changes in a catalyst
can lead to significant changes in product selectivity [23—
27]. Since the final structure of sol-gel-based materials is
dependent upon the structure of the template that was
used to create it [14], a change in the templating agent
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can lead to significant changes in the physical structure
and therefore, the chemical nature of the catalyst. In
order to better manipulate the pore size and shape of
mesoporous materials, Larsen and co-workers [28-31]
have recently substituted a variety of amine-terminated
dendrimers for the surfactant templates that are com-
monly used to synthesize mesoporous oxide materials.
The result of this substitution was the creation of new
mesoporous materials with high surface areas and
interconnected spherical shaped pores.

Currently, only two types of amine-terminated den-
drimers have been used to synthesize mesoporous
silicate materials. The first dendrimer template studied
was a Starburst polyamidoamine (PAMAM) dendrimer
[28,32]. While the PAMAM dendrimer (4th generation)
was an effective template for the synthesis of a meso-
porous oxide, the resulting material had poor structural
properties that led to pore collapse at elevated temper-
atures; hence, it proved ineffective for use as a catalyst
or support material [29]. In an effort to overcome these
shortcomings, poly(propylene)imine (DAB-Am) dendri-
mer templates were examined by Larsen and co-workers
[29-30]. These amine terminated DAB-Am dendrimers
(4th and 5th generation) proved to be more effective at
templating the synthesis of structurally stable mesopor-
ous silicates with interconnected spherical pores. Larsen
and Velarde-Ortiz [31] then extended this work by
adding transition metals (e.g., copper) to the sol-gel
mixture so that the resulting mesoporous silicates could
be more easily characterized; however, no catalytic
testing was reported for these doped materials.

In this work, we further investigate the use of two
commercially available polypropyleneimine dendrimers
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Figure 1. Polypropyleneimine trihexacontaamine, 4th generation polypropyleneimine dendrimer with 32 amine terminating groups (CU-D32).

as structure-directing agents in the production of
mesoporous, selective oxidation catalysts. Both the 4th
generation DAB-Am dendrimer, polypropyleneimine
trihexacontaamine (CU-D32, see figure 1) and the 5th
generation DAB-Am dendrimer, polypropyleneimine
tetrahexacontaamine (CU-D64) were used to produce
a total of eight types of mesoporous oxide catalysts
containing either low or high loadings of titanium or
vanadium. An additional two samples were prepared
using CU-D32 and CU-D64 templates without incor-
porating any transition metal into the materials. Finally,
titanium-doped (MCM-41-Ti) and vanadium-doped
(MCM-41-V) MCM-41 materials were prepared in
order to compare the performance of the dendrimer-
templated materials with that of the more widely studied
surfactant-templated MCM materials.

The physical and chemical properties of each of the
twelve materials were ascertained using a variety of
experimental techniques. Surface area and pore volume
were determined for all materials, and scanning electron
micrographs (SEM) were collected on selected samples.
Temperature-programed pyrolysis and oxidation analy-
sis was performed on selected samples to determine
the temperature stability of the precalcined materials.

Finally, selective oxidation kinetic studies were per-
formed in a continuously stirred batch reactor using z-
butyl hydroperoxide as the oxidant and cyclohexene as a
test reagent.

2. Experimental
2.1. Preparation of mesoporous catalyst materials

Novel mesoporous oxidation catalysts were synthe-
sized via sol-gel methods that incorporated transition
metals (Ti or V) into the final dendrimer-templated
mesoporous silicate structures (see figure 2). The syn-
thesis procedure was adapted from the work by Larsen
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Figure 2. Pathway for the formation of the dendrimer-templated
mesoporous materials.
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Table 1
Molar ratios of reactants for DAB-Am dendrimer-templated materials

Reagents sol-gel Molar Ratios*

CU-D32-Ti CU-D32-V CU-D64-Ti CU-D64-V
Tetraethylorthosilicate 1.0 1.0 1.0 1.0
1-Propanol 4.241 4.241 4.241 4.241
Methanol 3.598 3.598 3.598 3.598
HCl 0.006068 0.006068 0.006068 0.006068
Water 2.806 2.806 2.806 2.806
CU-D32 0.02319 0.02319 0.0 0.0
CU-D64 0.0 0.0 0.01137 0.01137
Titanium isopropoxide (2 wt%) 0.01535 0.0 0.01535 0.0
Titanium isopropoxide (10 wt%) 0.08358 0.0 0.08358 0.0
Vanadium oxide (2 wt%) 0.0 0.008181 0.0 0.008181
Vanadium oxide (10 wt%) 0.0 0.04454 0.0 0.04454

2Only one molar ratio of active metal was selected for a given sample.

et al. [29-31] on dendrimer-templated siliceous materi-
als, such as NU-1. The initial sol-gel was prepared by
adding 1.03 g of tetraethyl orthosilicate (Aldrich, 98%)
to a solution of 0.403 g of DAB-Am dendrimer (CU-
D32 or CU-D64 DSM, Netherlands, 97%) in 1.26 g of
1-propanol (Fisher, 99.5%). Upon stirring, the solution
turned cloudy due to the formation of a small amount of
precipitate; however, it remained inviscid. To this
homogeneous solution was added 0.57 g of methanol
(Fisher, 99.9%), and the mixture was again vigorously
stirred. For materials containing titanium or vanadium,
the appropriate transition metal precursor was added
with stirring. Titanium isopropoxide (Aldrich, 97%) was
used as the titanium precursor, and vanadium oxide
(Aldrich, 99.6%) was the precursor for vanadium-doped
materials. Table 1 shows the molar ratios of reactants
used for preparing the dendrimer-templated materials.
The notation for sample naming is D-M-Y where D
represents CU-DX (X = number of amine terminating
groups on dendrimer, 32 or 64), M represents either Ti
or V metal, and Y is the weight loading of metal oxide
that would be present in the final silicate material if all
the silicon and metal precursors in the initial sol-gel
were precipitated as oxide product and does not
necessarily reflect the amount of metal oxide content
in the final product. The molar ratio of dendrimer
template in the sol-gel was adjusted so that a constant
number of amine terminating groups would be present
(i.e., CU-D64 has twice as many amine terminating
groups per molecule as CU-D32; thus, the molar ratio
for the larger dendrimer is half that of the smaller).
The final sol-gel mixture was then transferred to a
non-stirred teflon-lined steel autoclave equipped with a
rupture disk (Parr) and heated in a convection oven at
100 °C for 15 min. The autoclave was then carefully
removed from the oven and allowed to cool. Upon
cooling, the cap was removed from the liner, and 0.25 g
of 0.12 M hydrochloric acid was added. With the
addition of HCI to the solution, rapid gelation occurred,

and the solution viscosity increased significantly. The gel
was again stirred vigorously, and the autoclave assembly
was resealed and placed in a convection oven at 70 °C
for 12 h.

After 12 h, the autoclave was removed from the oven
and allowed to cool to room temperature. The contents
of the teflon liner were placed into a polypropylene
centrifuge tube along with deionized water. The aqueous
mixture was vigorously stirred with a spatula to produce
a homogeneous suspension. The mixture was centri-
fuged, and the resulting liquid was poured off the solid.
This washing procedure was repeated three more times.
Finally, the wet solid product was transferred to a
ceramic dish and dried in a convection oven at 100 °C
for approximately 12 h. Once dry, the sample was
weighed and transferred to a sealed sample vial for
storage.

The dendrimer template was removed from the
silicate structure by first drying the sample for 24 h at
100 °C in a convection oven, then calcining the sample
in a furnace under nitrogen flow at 560 °C for 3 h using
the heating protocol developed by Larsen and co-
workers [29-30]. Further calcination of the product was
achieved by heating the sample under constant air flow
at 560 °C for 2 h.

2.2. Characterization

Atomic absorption (AA) spectroscopy and combus-
tion analyses (Galbraith Laboratories) were used for
elemental analysis of the calcined metal-doped CU-D64
samples. The reported total metal content of the samples
are shown in table 2.

Temperature-programed pyrolysis and oxidation
analysis was performed on the uncalcined CU-D32-Ti-
2 and CU-D64-Ti-2 samples. These experiments were
performed using a TA instruments thermogravimetric
analyzer (AutoTGA 2950, High Resolution, V5.4A).
Milligram weight samples were analyzed in both air and
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Table 2
Atomic absorption spectroscopy analysis of calcined metal-doped
CU-D64 samples

Sample ID Analysis Weight percent (%)
CU-D64-Ti-2 Titanium 0.96 + 0.1
CU-D64-Ti-10 Titanium 8.59 + 0.1
CU-D64-V-2 Vanadium 1.80 £ 0.1
CU-D64-V-10 Vanadium 6.39 £ 0.1

nitrogen atmospheres to determine the effect of O, on
degradation behavior. For each sample, the weight was
recorded as the sample was heated at a rate of
10 °C min~! from ambient temperature to 100 °C, held
isothermally for 30 additional minutes, and then heated
further at a rate of 10 °C min~' to 600 °C.

SEM images of the samples were taken with a Hitachi
S-3500N microscope in order to determine particle
morphology and average particle size. Before analysis,
the powdered samples were mounted on carbon stubs
with the help of double adhesive tape. The samples were
then coated with a thin layer of gold in a Hummer 6.2
sputtering unit to prevent sample charging during SEM
analysis. Finally, SEM digital images were collected
with the electron beam kept at 20 kV.

Energy dispersion X-ray analysis (EDX) was used to
determine metal dispersion for selected samples. Specif-
ically, it provided information about whether the
catalytically active metal atoms (Ti or V) were incorpo-
rated randomly throughout the particles or if these
metal atoms formed a separate oxide phase.

Powder X-ray diffraction (PXD) experiments were
performed on selected calcined samples using a SCIN-
TAG XDS-2000 diffractometer with CuK, radiation.
These data were used to ascertain product crystallinity
and pore size distribution as well as the presence of any
impurity phases. Small slits were used on both the
source and detector so as to allow for the detection of
low angle diffraction peaks. Only data within the 2-theta
range of 2—-10 are shown since there were no significant
peaks observed at higher 2-theta angles.

In order to confirm that the modified synthesis
procedure was successful in producing a mesoporous
material with high surface area, each calcined sample
was tested using a Micromeritics ASAP 2010 surface
area analyzer equipped with Micromeritics Version 5.02
software. Prior to testing, each sample was degassed
under vacuum at 150 °C for at least 6 h. Once degassed,
a standard S5-point nitrogen BET surface area analysis
was performed on each sample.

The ASAP 2010 was also used to determine the
microporosity and mesoporosity of catalyst samples as
a continuous distribution of pore volume with respect
to pore size. Approximately 0.1 g of a calcined sample
was first degassed for 12 h at 200 °C in a sample tube.
Next, the free space of the sample and sample holder
was measured using helium (UHP grade). Upon

completion of free space measurements, the sample
was again degassed for 12 h at 200 °C to remove all
residual helium. Finally, pore volume analysis was
performed using nitrogen (UHP grade). The Horvath
and Kawazo [33] correction for spherical pore geom-
etry was used with the interaction parameter calculated
for nitrogen adsorbing onto aluminosilicate materials
because there were no parameters available for pure
silicate materials.

2.3. Reaction studies

The catalytic activity and selectivity of the dendrimer-
templated catalysts was ascertained from kinetic studies
that involved the oxidation of cyclohexene by tert-butyl
hydroperoxide (TBHP). There were several possible
oxidation products that could be formed (e.g., 1,2-di-
hydroxy cyclohexene); however, reaction studies showed
that only cyclohexene oxide and tert-butanol were
formed under mild reaction conditions (see figure 3).

The reactions were conducted in a slurry batch
reactor equipped with a reflux condenser at approxi-
mately 60 °C for 7-8 h at atmospheric pressure. The
reactor consisted of a glass reaction flask that was
partially submerged in a temperature-controlled oil-
bath. The reactor and oil bath were continuously stirred
to ensure the system was well mixed and isothermal. Pre-
determined amounts of cyclohexene (Aldrich, 99%),
acetonitrile (Fisher, 99.9%), and catalyst were weighed,
added to the reactor, and allowed to warm to the desired
reaction temperature. Finally, TBHP (Fisher, 5-6 M in
Decane) was added to the reactor. All reagents were
used as received without further purification.

Acetonitrile was used as a solvent in selected runs in
order to conduct reaction studies at varying reagent
concentrations. The initial concentrations of TBHP,
cyclohexene, and acetonitrile were varied from 1.5 to
3.0, 40 to 6.5, and 0 to 6.5 molar, respectively.
Approximately 0.30 g of catalyst was used in each
reaction. Samples of the reaction mixture (40-120 uL)
were taken at regular intervals (30 or 60 min) during the
reaction. These samples were diluted with methanol and
an internal standard and were immediately analyzed
using a Hewlett Packard (HP) 6890 Gas Chromato-
graph equipped with an HP 5973 Mass Selective
Detector. The resulting peaks were integrated using
HP software (Chemstation 61707BA version B.01.00),
and the species concentrations were calculated from
previously developed calibration curves. The reproduc-
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Figure 3. Catalytic oxidation of cyclohexene by TBHP.
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ibility of species concentration by GCMS was approx-
imately 4%, with the exception of the TBHP concen-
tration, which varied as much as 40% due to thermal
degradation during analysis.

The variation in species concentration with time
during a given reaction study allowed for the calculation
of pseudo rate constants and species conversions. These
reaction data were then used to ascertain reaction order
parameters for a power law rate model of the oxidation
reaction. No attempts were made to quantify tempera-
ture dependent parameters (i.c., a single temperature rate
constant rather than an Arrhenius law model was used).

3. Results and discussion
3.1. Elemental analysis

The AA spectroscopy analysis showed that the
titanium and vanadium loadings were slightly less than
would be expected from the synthesis gel stoichiometry
(see table 2); however, this trend in metal loading is
common for doped silicate materials prepared by sol-gel
techniques [19,34]. Carbon analysis results (not shown)
for representative calcined samples indicated that only
trace levels of carbon were present, which indicates that
the bulk of the dendrimer template and organic solvents
were removed by calcination.
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Figure 4. Temperature-programed oxidation of CU-D32-Ti-2 and
temperature-programed pyrolysis of CU-D64-Ti-2.

3.2. Temperature-programed pyrolysis and oxidation
analysis

The temperature-programmed pyrolysis and oxida-
tion (TPP and TPO) behavior of titanium-doped mate-
rials, CU-D32-Ti-2 in air and CU-D64-Ti-2 in nitrogen,
are shown in figure 4. These results show that the
encapsulated dendrimer templates begin to decompose
at about 150 °C and are fully decomposed at 500 °C.
Comparing the results from TPP and TPO experiments
showed that oxygen enhanced the rate of dendrimer
decomposition at temperatures above 200 °C, but the
temperature required for final dendrimer removal
was similar for the two experiments. Further compar-
ison of these results to those reported by Larsen et al.
[29] for similar non-doped dendrimer-templated sili-
cates reveals that the temperature needed to initiate
dendrimer decomposition in titanium-doped samples is
approximately 108 °C lower than that required for
decomposition in transition metal free silicates. From
this data, one can infer that the titanium dopant is near
the surface of the silicate and catalyzes the decomposi-
tion of the template at elevated temperatures. These
results also confirm that the dendrimers are stable at the
synthesis temperature of 70 °C and are burned out at
the calcination temperature of 560 °C. Observed sample
weight loss at temperatures above 560 °C can be
attributed to the escape of trapped gases from the
interior of the materials as well as the condensation of
neighboring silanols on the silicate surface to yield
oxides and water vapor.

3.3. SEM and EDX

SEM analysis indicates that the average particle
sizes of the CU-D32 and CU-D64 samples were
approximately 0.15 and 0.20 um, respectively. From
the EDX analysis, it was seen that in both titanium
and vanadium-doped samples, the metal atoms were
randomly dispersed throughout the solid structure. See
figure 5 for representative SEM and EDX of calcined
CU-D64-Ti-2.

Figure 5. (a) Representative SEM of calcined CU-D64-Ti-2 and (b) EDX of calcined CU- D64-Ti-2 showing the titanium metal well dispersed
in the sample.
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Figure 6. Powder X-ray diffraction results for CU-D32-Ti-2 and
CU-D64-Ti-2.

3.4. PXD analysis

Representative PXD patterns are shown in figure 6
for both CU-D32-Ti-2 and CU-D64-Ti-2. Broad peaks
at 2-theta values of 4.1 and 3.83 were obtained for the
CU-D32-Ti-2 and CU-D64-Ti-2, respectively. These
2-thetavalues corresponded to a d-spacing of 21.5 and
23 A, respectively. While the distance calculated from
the spectra is not an exact measure of the pore size, it
does indicate the repeating distance of structural fea-
tures within the sample. Since the spacing between
structural features increases with increasing dendrimer
generation, this data demonstrates that the pore size of
the final catalyst material is directly dependant upon the
size of the dendrimer used to create it. Additionally,
PXD data showed that the dendrimer templated mate-
rials exhibited less crystallinity than is often observed
with hexagonally packed mesoporous materials (e.g.,
MCM-41).

3.5. BET surface area

The average surface areas calculated by 5-point
nitrogen BET analysis are shown in table 3 for selected
uncalcined and calcined forms of dendrimer-templated
samples and MCM-41 materials. The MCM-41 materi-
als are listed primarily for comparison purposes. Surface
areas for the calcined dendrimer-templated materials
ranged from 500 to 700 m? g~!, while the MCM-41
materials had noticeably higher surface areas. In gen-
eral, the metal-doped dendrimer-templated materials
had lower surface areas than comparable samples that
were pure silicates; however, the exact cause for this
decrease in surface area was not investigated. Post-
reaction surface area analysis of selected samples indi-
cated that both the titanium and vanadium-doped
materials had a decrease in surface area that ranged
from approximately 80 to 150 m? g~ !.

3.6. Micropore volume analysis

Pore volume analysis was used to gain additional
insight into the size and geometry of pores generated by

Table 3
Average Nitrogen BET surface area results for selected uncalcined and
calcined mesoporous materials

Sample Number of Average BET surface
samples area (m? g~!)
Uncalcined samples
CU-D32 1 8.5 + 0.1°
CU-D64 1 17.4 + 0.1*
Calcined samples
CU-D32 1 684 + 19°
CU-D64 1 661 + 13°
CU-D32-Ti-2 6 575 + 41°
CU-D32-Ti-10 2 500 + 54°
CU-D64-Ti-2 4 575 + 39b
CU-D64-Ti-10 3 635 + 52b
CU-D32-V-2 2 588 + 35b
CU-D32-V-10 5 535 + 67°
CU-D64-V-2 3 636 + 79°
CU-D64-V-10 3 501 + 75b
MCM-41-Ti-2 2 1054 + 56°
MCM-41-V-2 1 846 + 322

4instrumentation error for a single analysis.
bstandard deviation for multiple analyses.

the dendrimer templates. Representative differential
pore volume distribution plots are shown in figure 7
for CU-D32-Ti-2 and CU-D64-Ti-2 samples. This plot
shows that the dominant pore size for the CU-D32-Ti-2
and the CU-D64-Ti-2 materials is 11.8 and 13.1 A,
respectively. Thus, the difference in pore sizes for
materials templated by either 4th or 5th generation
dendrimers is approximately 1.3 A. This compares well
to the 1.5 A d-spacing difference observed with the PXD
data of comparable samples.

3.7. Reaction studies

The catalytic activity of all materials was tested using
cyclohexene epoxidation as the test reaction. Analysis of
cyclohexene oxidation products shows that all catalyst
materials tested are very selective in the production of
cyclohexencoxide under mild oxidative conditions. In
only a few selected runs were detectable quantities of
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Figure 7. Pore volume distribution for CU-D32-Ti-2 and CU-D64-Ti-2.
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Figure 8. Catalytic oxidation of cyclohexene by TBHP in the presence
of water.

any side products involving cyclohexene derivatives
observed. In those runs, water was added to the reactor
to examine its effect on catalyst deactivation. Those
reactions to which water was added produced no
cyclohexencoxide; however, they did produce signifi-
cant amounts of cyclohexene-3-(t-butyl)peroxide (see
figure 8). In reactions where pure silicate mesoporous
materials were used, no conversion of cyclohexene was
observed. Finally, a limited number of experiments
using the same catalyst, temperature, and reactant
concentration were conducted at varying stirring speeds.
As there was no observable variation in reaction rate
with stirring rate, bulk diffusion phenomena did not
appear to be limiting the rate of reaction.
Representative kinetic data for the epoxidation of
cyclohexene using several mesoporous catalysts are
given in table 4. The data show that the titanium-
doped, CU-D64-templated materials have slightly
higher average rates of reaction as compared to
titanium-doped MCM-41 materials, while having com-
parable reaction orders. It is also noteworthy to
mention that the CU-D64-templated materials perform
measurably better than the CU-D32 materials as one
might expect due to larger pore sizes and therefore,
more accessible surface area. It was observed that the
reaction rates did not vary significantly with catalyst
metal loading. This is likely due to their being
comparable levels of active metal species at the
surfaces of the CU-DXX-M-2 and CU-DXX-M-10
catalysts; however, this was not experimentally verified.

This latter assumption is supported by the idea that
there should be a limit to the amount of active metal
species that can be located near or at the catalyst
surface, and any increase in metal loading above this
limit would simply increase the concentration of that
species in the bulk phase of the catalyst, where it is
unavailable for catalysis.

The average turnover frequency (TOF) and turnover
number (TON) for vanadium and titanium-doped
catalysts based on total metal loading and cyclohexene
conversion percent are shown in table 4. Most of these
values are comparable to those found previously for
cyclohexene epoxidation reactions using similarly pre-
pared metal-doped MCM-41 materials [18-20]. For
example, Oldroyd et al. [20Jobserved a TOF to
cyclohexene oxide of 33.8 h™! for a Ti-MCM-41
catalyst containing 1.73 wt% Ti. However, the average
TOF for the CU-D64-Ti-2 is approximately a factor of
2 greater than the TOF commonly observed for the
epoxidation of cyclohexene by MCM-41 materials
containing equivalent titanium loadings [19-20]. It is
unlikely that the electronic configuration of the active
metal site in titanium-doped MCM-41 materials differs
significantly from that present in CU-D64-Ti-2; thus,
the increase in TOF must result from the CU-D64-Ti-2
catalyst having either an increased ratio of surface to
bulk titanium species or a more favorable extended
catalyst structure that stabilizes the reaction interme-
diate or enhances the rate of reactant adsorption or
product desorption. It was also observed that the TOF
decreased over time, which is to be expected in a batch
reactor system where the concentration of reactant is
decreasing with time.

4. Conclusions

This work has demonstrated that dendrimer-
templated mesoporous oxidation catalysts can easily

Table 4
Average kinetic data for the catalyzed epoxidation of cyclohexene using TBHP

Sample Runs  k x 103(mol - 17! #/gcat  k*(mol-17")'"*# /g metal o B TOF* h~!  TONP
CU-D32 1 0.0 - - - - -
CU-D64 3 0.0 - - - - -
CU-D32-Ti-2 6 520 £ 1.3 - 091 £ 0.11  0.03 £ 0.05 - -
CU-D64-Ti-2 3 9.31 £ 1.7 0.970 £+ 0.18 0.92 £ 0.10 0.02 £ 0.01 98.0 513
CU-D32-Ti-10 2 434 +£ 24 - 0.90 £ 0.05 0.00 £ 0.01 - -
CU-D64-Ti-10 5 943 + 1.7 0.110 £ 0.02 0.90 £ 0.13  0.15 £ 0.17 17.3 57
CU-D32-V-2 3 2.50 £ 0.8 - 0.98 £ 0.03 0.00 £ 0.01 - -
CU-D64-V-2 2 571 £ 24 0.317 £ 0.13 0.94 £ 0.08 0.00 £ 0.01 56.8 196
CU-D32-V-10 4 372 £ 0.5 - 0.92 £ 0.06 0.01 £ 0.01 - -
CU-D64-V-10 4 6.48 + 3.7 0.101 £ 0.06 0.86 = 0.09 0.00 £ 0.01 14.2 54
MCM-41-Ti-2 2 5.80 £ 2.0 - 0.93 £ 0.05 0.02 £ 0.03 - -
MCM-41-V-2 4 7.16 £ 3.6 - 0.85 £ 0.21  0.03 £ 0.05 - -
*TOF = average turn over frequency based on metal loading and cyclohexene conversion.

PTON = average turn over number based on total metal loading.
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be produced to have similar physical and chemical
properties to MCM-41 materials. In addition, it has
also been shown that the pore sizes of the resulting
mesoporous materials can be tuned by using dendri-
mers of different sizes as the templating agent in
creating these materials. These materials readily incor-
porate small amounts of either titanium or vanadium
into the silicon matrix with only a relatively small loss
of surface area in the resulting catalyst material. Even
with the significant difference in surface area, the
dendrimer-templated materials containing catalytically
active transition metals have reaction rates and reac-
tion orders comparable to micelle-templated materials
having similar metal loading for the epoxidation of
cyclic alkenes.
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