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Abstract: Our density functional theory study of hydroperoxy (OOH) intermediates on various model
titanosilicalite (TS-1) Ti centers explores how microstructural aspects of Ti sites effect propylene epoxidation
reactivity and shows that Ti sites located adjacent to Si vacancies in the TS-1 lattice are more reactive
than fully coordinated Ti sites, which we find do not react at all. We show that propylene epoxidation near
a Si-vacancy occurs through a sequential pathway where H2O2 first forms a hydroperoxy intermediate
Ti-OOH (15.4 kcal/mol activation energy) and then reacts with propylene by proximal oxygen abstraction
(9.3 kcal/mol activation energy). The abstraction step is greatly facilitated through a simultaneous hydride
transfer involving neighboring terminal silanol groups arising from the Si vacancy. The transition state for
this step exhibits 6-fold oxygen coordination on Ti, and we conclude that the less constrained environment
of Ti adjacent to a vacancy accounts for greater transition state stability by allowing relaxation to a more
octahedral geometry. These results also show that the reactive hydroperoxy intermediates are generally
characterized by smaller electron populations on the proximal oxygen atom compared to nonreactive
intermediates and greater O-O polarizationsproviding a potential means of computationally screening
novel titanosilicate structures for epoxidation reactivity.

Introduction

With the advent of sophisticated computational chemistry
techniques, researchers are more and more getting into the
business ofcomputational catalyst designsthe act of using
computer simulations and software tools to both analyze and
design better catalysts. Thanks to the ever growing power of
microprocessors and to the incorporation of modern electronic
density functional theory (DFT) methods,computational ca-
talysis is today on par with classical experimental analyses.
Combined theoretical and experimental strategies are now at
the point where theory and experiment can drive each other to
a better understanding of catalyst function. The timing of these
synergistic efforts could not be better. With the continuous
discovery of new micro- and nanoporous materials seen of
late,3,4 researchers have at their disposal a diverse selection of
possible frameworks to test for breakthrough catalyst formula-
tions.

To show the power of computational catalysis along these
lines, we applied this approach to a longstanding, important
problem in the catalysis field. For decades, chemists have been
frustrated in their attempts to formulate direct epoxidation
pathways from olefins by the preference for allylic hydrogen
to undergo abstractionsleading to nonepoxide oxygenates. This

fact is perhaps best observed on silver-based epoxidation
catalysts, on which direct oxidation of propylene to CO2 is 30
times faster than for ethylene (which contains no allylic
hydrogens).5 The recent discovery of Haruta,6 and subsequent
work by other investigators,7,8 showing that nanoscale Au
clusters deposited on tetrahedral titanium in oxide supports are
active for direct gas-phase epoxidation using H2 and O2 has
opened the door to direct epoxidation routes that might be
commercially viable. To date, however, sufficiently active
catalysts for the epoxidation of propylene (the simplest allylic
olefin) using H2 and O2 remain elusive despite the interest in a
gas-phase green chemistry for the production of propylene oxide.

To address this problem, it is appropriate to consider the
connection between Au/TS-1catalyst microstructure and epoxi-
dation reactivity. This is in fact the goal of computational
catalyst design, to relate changes in atomic configurations of
the catalyst to activity using computational chemistry. We
address Au functionality of this catalyst in other work,9 but
briefly, the thesis is that hydrogen peroxide forms from H2 and
O2 reacting on small atomic-sized Au clusters. Subsequent
epoxidation by hydrogen peroxide over TS-1 is the step we
subject to investigation here. In this paper we demonstrate that
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the microstructural aspect of the Ti active site is crucial for
epoxidation reactivity and furthermore thatTi sites located near
Si Vacancies in Ti-substituted silicate lattices proVide a signifi-
cant adVantage for epoxidation.We believe this result could
be far-reaching as it may be applicable to a broader class of
reactions in tectosilicate catalyst supports in general. In addition,
changes on the proximal oxygen and associated O-O polariza-
tion in the hydroperoxy intermediate has emerged as a potential
descriptor of propensity for epoxidation activity.

Experimental Section

Propylene Epoxidation.Even in light of the success of H2O2 liquid-
phase epoxidation systems using microporous titanium silicalite (TS-
1) zeolite catalysts1 (see Figure 1), efforts to develop Au-supported
TS-1 catalysts for H2/O2 epoxidation have resulted in only modest
success to date.7,8,10 Au/TS-1 catalysts for propylene epoxidation by
H2 and O2 are limited by low conversionsdespite exhibiting relatively
high propylene oxide selectivity (>90%). While catalysts recently
prepared in our lab (with loadings of Au<0.2 wt % and Ti<2.5%)
show greatly improved stability, they still only achieve a maximum
propylene conversion of 6.5%.11 Further improvements in these catalysts
will come from a better understanding of the chemistry involved.
Because low Au and Ti levels in good catalysts make spectroscopic
investigation a challenge, our computational approach allows detailed
and targeted analysis of both the Ti site and the Au promotion of such
sites.12

Catalytic activity1 in TS-1 is known to occur at Ti sites internal to
the crystallite, which are, ideally, fully tetrahedrally bonded in the TS-1
lattice as shown schematically in Figure 2A. Prior computational work

with density functional theory (DFT) on the active site of TS-1
epoxidation catalysts2,13-21 has focused on studying the nature of Ti/
H2O2 activity and has led to significant progress in our understanding
of epoxidation catalysis. However, these studies utilized cluster
approximations to the TS-1 lattice that concentrate on surface Ti site
models with very small cluster representations, which we believe may
be inadequate to represent the Ti site in the TS-1 lattice. Further,
previous cluster models that directly address internal Ti-site geometries
may not be large enough to adequately detect important steric limitations
of the fully coordinated internal Ti sites. In this paper we describe DFT
calculations conducted on representations of TS-1 which more ac-
curately capture the geometry and chemistry of active internal Ti
substitution sites. In addition to the Ti ion, we include from six to seven
of the neighboring silicon ion positions. Prior studies have utilized at
most four neighboring silicon ions in the cluster model.2,13-21

A critical component of our Ti site model is the recognition that
aside from a fully coordinated (nondefect) Ti site, Ti may also reside
near a Si vacancy (defect) in the TS-1 lattice (see Figure 2). Tetrahedral
sites with Si vacancies adjacent to titanium substitutions may occur
randomly or even more frequently if the lattice strain of a Ti substitution
is partly relieved by a neighboring defect. This possibility is highlighted
by the findings of Lamberti et al.22 who identified sites of high Ti
substitution (T6, T7, T11, and possibly T10). These same sites were
also described as preferred sites for vacancies in defective silicalite.
Within this particular subset of the 12 tetrahedral sites there are
combinations of neighbors which would allow a Ti substitution to
neighbor a defect. For example, the T7 site is neighbored by T7 and
T11. The T11 site is neighbored by T7 and T10. The T10 site is
neighbored by T10 and T11. The T6 site has neighbors T2, T3, T5,
and T9. The defect cluster studied here assumes the defect at the T5
neighbor site. In this paper we examine a simple approximation to the
combination of Ti at T6 with a defect at T5 using only one of the
three neighboring silanol groups that heal the T5 defect. Future work
will examine this system with all neighboring silanol groups of the
defect and consider other combinations of Ti and the defect sites. Based
on preliminary work of this nature, we feel the relevant effects are
captured in this simplified model. Random placement of Ti and
vacancies on these sites lead to many combinations with Ti neighboring
a defect. Because TS-1 is so highly connected, even randomly sited
defects and Ti substitutions at low concentrations lead to a relatively
high occurrence of defect/Ti neighbor pairs. In simulations of this
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Figure 1. Portion of the crystal structure of microporous titanium silicalite
(TS-1) zeolite.1

Figure 2. Schematic view of a fully tetrahedrally bonded Ti ion substituted
for a Si ion at one of the lattice positions of TS-1 (A) and the same Ti site
located near a silicon vacancy terminated with hydrogen atoms forming a
silanol nest (B).
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structure we found approximately 0.8 Ti/defect pairs per unit cell using
a 2% Ti substitution level, 8% defect frequency, and random location
of substitution and defect occurrences on the Lamberti subset (T6, T7,
T11, and T10). This surprisingly high frequency of occurrence justifies
consideration of both types of T-site models, defect and nondefect, as
we fully expect the differing structural environments of each to result
in different activity.

In what follows, we present DFT-based calculations of production
from propylene on H2O2 activated Ti sites using both a “nondefect”
and “defect” representation of the site geometry. The purpose is to
compare epoxidation reactivity between these alternative geometries
by predicting reaction pathways for epoxidation and quantifying the
corresponding potential energy landscapes. The rest of this article is
organized as follows, first the computational techniques are described
including the nature of the cluster models used in our calculations,
next the reactivity of the nondefect and defect Ti site models are
discussed, and we summarize with conclusions.

Computational Method. All calculations were conducted using the
Gaussian9823 suite of programs. We used density functional theory
(DFT) with the exchange functional24 of Becke’s 1988 and Purdue-
Wang’s 1991 correlation energy functional (BPW91).25-28 The Los
Alamos LANL2DZ29 effective core pseudopotentials (ECP) and valence
double-ú basis set for silicon and titanium were utilized as well as the
D9530 full double-ú basis sets for carbon, hydrogen, and oxygen. The
choice of functional was dictated in part by other research being
conducted in conjunction with this work, which involves small Au
clusters. Since the metallic clusters are poorly represented by B3LYP,23

we have chosen BPW91 as a reasonably equivalent alternative. Basis
set superposition errors were not calculated as they would be a small
factor of several kcal/mol and a relatively constant energetic offset
across the cluster models we compared. All energies and energy
differences are calculated for 0 K without zero point energy (ZPE)
corrections. The ZPE corrections would likely be similar for each of
these clusters and thus would not influence conclusions based on the
relative energies.

We used terminated cluster representations to model the Ti-sites in
TS-1 for both the defect and nondefect cases, and the T6 crystal-
lographic position of the TS-1 crystal structure as the Ti substitution
site. Though questions remain about which of the 12 different tetrahedral
sites in the orthorhombic structure of TS-1 host Ti substitutions, the
finding by Lamberti et al. that 5-8% of the T sites in well-made TS-1
are defective, based on neutron diffraction work, is important.31 When
a Ti-substituted metal site neighbors a Si vacancy, the resulting structure
is substantially different from nondefect Ti sites, as is evident in Figure
2b. Similarly, internal defect Ti sites are also different from Ti-
substituted metal sites at the outer crystal surface, where the geometric
constraints are lower and neighbor geometry is arbitrary. Surface Ti
sites have no nearby silanol groups to coordinate with reactant ligands
centered on the Ti site. Hence, any choice of crystallographic metal
position inside the crystal will adequately discern variations in activity
for which we are interested, namely, defect versus nondefect Ti sites.

Our T6 cluster model approximation uses lattice positions from
Koningsveld for ZSM-5.32 The selected cluster includes all nearest
neighbor silicon ions and a few selected second nearest neighbor silicon
ions (total number of eight metal atoms). Both clusters are terminated
by substituting H ions at O ion lattice positions, adjusting their bond
lengths to optimized Si-H lengths for our DFT approximation (BPW91/
LANL2DZ) and fixing hydrogen positions to crystallographic data
during structural minimization. No oxygen, silicon, or titanium ion
locations were fixed during any of these calculations, thus silicon ions
anchored by fixed hydrogen ion positions can be considered “tethered”.
None of the atoms in propylene was constrained in any way.

Based in part on published computational work,2,13-21 we hypothesize
the following epoxidation route at the Ti defect site (see Figure 3):
(1) H2O2 insertion at the Ti center accompanied by hydrolysis of the
terminal Ti hydroxyl group to form an active hydroperoxy intermediate,
(2) propylene physisorption near the Ti/hydroperoxy intermediate site,
(3) proximal oxygen abstraction to form propylene oxide, and (4)
desorption of water and PO. In the case of the nondefect Ti site, the
corresponding bridging oxygen would be protonated in place of
hydrolysis in step (1). This proposed pathway was used to postulate
initial geometries for reactant and product states as well as for reactive
intermediates.

The approach we used in each case (defect and nondefect models)
was to first identify the stable intermediate geometries. Full structural
relaxation subject to the cluster constraints described above was
performed for these computations. Where appropriate, transition-state
geometries were found using the STQN method of Schlegel and co-
workers as implemented in Gaussian98.23 Reactions with propylene
near active Ti/hydroperoxy sites were simulated by positioning prop-
ylene near the stable relaxed geometry of each Ti/hydroperoxy
intermediate and letting the complex relax. The initial position of
propylene was based on an analysis of frontier orbitals, which were
used to establish the preferred overlap orientation between the LUMO
of the oxygen moiety and the HOMO of propylene (the double bond
π electrons).
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Figure 3. Mechanism for HOOH/propylene epoxidation to PO on a defective Ti site in TS-1.
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Results

Nondefect Model.For the nondefect model, two different
stable hydroperoxy intermediates were found by structural
relaxation (geometriesI and II in Figure 4), representing
hydroperoxy fragments attached to Ti in different orientations.
The formation of a hydroperoxy intermediate results in the
concurrent formation of a neighbor hydroxyl group Si-OH,
which, due to proximity, affects the final geometry of the
intermediate. The optimized structureI is slightly higher in
energy (by 0.6 kcal/mol) than geometryII and the formation
of both geometries from H2O2 was found to be endothermic
(+6.5 and+5.9 kcal/mol forI andII ). Figure 4 illustrates how
the-OOH group(I) is located back into the crystal structure to
the point that the terminal H ion is hydrogen bonded to a more
distant lattice oxygen. The OOH group of geometryII (see
Figure 4) is much more accessible, as it protrudes into both the
sinusoidal and z-channel pores of the zeolite.

In both these cases, however, as propylene was brought in
the vicinity, the interaction between propylene and the hydro-
peroxy group was found to be highly repulsive, and we could
not find a viable pathway that led to a reaction. The Mulliken
electron populations on the proximal oxygen ions were ap-
proximately-0.5, which we will show was the least electro-
philic (most negative) of all the intermediates considered here.
For comparison, the TS-1 lattice oxygens all had Mulliken
populations of-0.8 or lower (more negative).

Previous calculations suggest that H2O2 can also physisorb
on the Ti site of TS-1.19 We attempted to repeat this calculation,
and using our nondefect cluster, we calculated an adsorption
energy of-5.4 kcal/mol (exothermic). This physisorbed con-
figuration (geometryIII in Figure 4) was found to be 11.3 kcal/
mol lower in energy compared to geometryII . We observed
that the Mulliken population on the active oxygen inIII is
-0.405, similar to the unreactive (nondefect site) complexes
(vide infra). The closest O-Ti distance between an oxygen in
H2O2 and the Ti site in the constrained cluster model of
Vayssilov and van Santen was 2.91 Å.19 In contrast, we found
this O-Ti distance to be 3.78 Å inIII and conclude that steric
repulsions from the neighboring lattice oxygens contribute
significantly to the low physisorbed energy ofIII . Vayssilov
and van Santen report that physisorbed H2O2 reacts with
ethylene to form ethylene oxide; however, based on our analysis
with a more realistic cluster representation, we feel this is
unlikely for propylene.

Defect Model.We would expect the situation were Ti resides
in a defect geometry (adjacent to a Si-vacancy) to be much more

favorable for reaction simply due to the issue of accessibility
of the reagents to the Ti site and the additional available space
for transition-state stabilization. More specifically, the absence
of one Si atom should reduce steric repulsions and provide
greater flexibility of the Ti site to accommodate lower energy
configurations of reactive intermediates as well as transition
states.

Our calculations show that the addition of H2O2 to the
hydroxyl group on Ti leads to the hydroperoxy intermediate
geometryV shown in Figure 5. The energetics of the entire
reaction pathway are shown in Figure 7. As seen, the formation
of V was found to be exothermic (-9 kcal/mol) compared to
endothermic for the nondefect site. The hydroperoxy group has
η-1 coordination, which is stabilized by hydrogen bonding to
an oxygen in the adjacent silanol nestsin contrast to theη-2
coordination observed in simplified models of the Ti site found
in the literature.14 Further, the Mulliken population for the
proximal oxygen in this intermediate was-0.357, much more
electrophilic than the hydroperoxy oxygens inI and II .

Unlike for the nondefect model, bringing propylene into
proximity with the intermediate geometryV leads to a viable
reaction pathway to propylene oxide. The activation barrier for
this reaction was found to be 9.3 kcal/mol, and the energy of
reaction was highly exothermic (-41.1 kcal/mol). The transition
state for this reaction (geometryVq) is shown in Figure 6 and
the entire reaction pathway for the defect site is schematically
represented in Figure 3.

The O-abstraction step was observed to proceed through a
dual hydride transfer mechanism involving adsorbed H2O
(generated from the hydroperoxy intermediate formation step)
and a neighboring terminated Si-OH group (see Figure 3). In
this process, the nonabstracted oxygen atom of the OOH
intermediate hydrogen bonds with a terminal hydrogen on a
neighboring silanol group, ultimately forming a new water
molecule. The resulting bare oxygen reforms a silanol group
by abstracting hydrogen from the initial water molecule, which
recoordinates as an OH group with Ti, completing the catalytic
cycle. The product state of this reaction consists of adsorbed
propylene oxide, a newly generated H2O molecule (formally
the hydroperoxy group), and the original terminated Si-OH.
The dual hydride transfer appears to occur simultaneously and
is not possible for the nondefect model. Also, this phenomenon

Figure 4. T6 cluster model (Ti) large white, O) red, Si) blue, H)
small white spheres). (I) H2O2 addition to the oxygen atom coordinated to
the Ti center has led to a hydroperoxy species hydrogen bonded to lattice
oxygen. (II) H2O2 addition to the oxygen atom coordinated to the Ti center
leading to a hydroperoxy species protruding into a sinusoidal channel of
TS-1. (III) H2O2 is physisorbed on the Ti center with no hydroperoxy species
formed.

Figure 5. T6 cluster model with defect site (Ti) large white, O) red,
Si ) blue, H) small white spheres) including a coordinated H2O molecule.
H atoms are fixed rigidly in space and simulate the constraints imposed by
the full lattice.
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would not be observed in small cluster models that neglect
neighboring Si-OH contributions.

Discussion

Based on our calculations, we note that for the case of internal
(nonsurface) Ti sites in TS-1, Ti located adjacent to Si vacancies
provides a highly reactive pathway to epoxidation compared to
Ti associated with nondefects. Indeed, we failed to even find a
pathway for epoxidation in the nondefect model even presuming
stable hydroperoxy intermediates exist.

We believe there are a number of reasons why this is so.
First, to understand why tetrahedral Ti is active for epoxidation
(and why purely siliceous frameworks do not exhibit activity)
we studied the transition state for epoxidation (geometryVq in
Figure 7) in more detail. Figure 8 shows the transition state

structure in a more focused light, concentrating on the geometry
of the Ti coordination. We find that the active Ti during the TS
is 6-fold coordinated, forming a distorted octahedral complex
involving two Si-O-Ti bridges, an adsorbed water oxygen,
and both oxygens from the hydroperoxy complex. Ti is well-
known to exist in titanosilicate structures with octahedral
coordination, which explains why the transition state is relatively
stable, compared to Si. The reason for this stability is likely
the existence of the unfilled d-band of Ti and the physical nature
of s-d hybridizationswhich differs from sp3 hybridization
found in Si bonding.

We expect that the more octahedral the transition state is in
a given framework, the more stable the transition state. The
effect of the Ti defect site is 2-fold in this regard. First, the site
is more open in structure, allowing adsorbed water to coordinate
nearby after hydroperoxy formation. Second, the defect Ti site
is more flexible, providing the potential for greater stabilization
through structural relaxation during the transition-state forma-
tion. In particular, the adsorbed water molecule that serves as
one of the 6-fold coordinating oxygens is much more labile
compared to a Si-O-Ti link that would replace it in the
corresponding nondefect analogue. Hence, we believe the

Figure 6. T6 cluster model (Ti) large white, O) red, Si) blue, H)
small white spheres) of the transition state for propylene epoxidate formation
from a hydroperoxy intermediate over the defect site. Bond lengths of those
bonds breaking or forming during the transition state are shown in angstroms
(the terminating H atoms on Si at the periphery of the cluster are removed
for clarity). (V) Transition state for hydroperoxy intermediate formation
from H2O, (VI) Transition State for reaction of hydroperoxy intermediate
on defect T6 site with propylene. (VII) Gas-phase transition state for
propylene+ H2O2 f hydrogen peroxide.

Figure 7. T6 cluster model with defect site (Ti) large white, O) red,
Si ) blue, H) small white spheres) including a coordinated H2O molecule.
Note the terminating H atoms on Si at the periphery of the cluster are
removed for clarity. In the calculations these H atoms are fixed rigidly in
space and simulate the constraints imposed by the full lattice. All energies
are in kcal/mol.

Figure 8. Close-up of the defect Ti site transition state for proximal oxygen
abstraction. Oxygen atoms are in red, hydrogen atoms in white, and carbon
atoms in gray. Ti is at the center of the 6-fold coordination polyhedron.
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nondefective site is not active due to the fact that the transition
state is too rigid and cannot relax enough to stabilize itself.

The transition state for epoxidation (geometryVI q) can be
compared to the un-catalyzed transition state for epoxidation
computed in a vacuum (geometryVII q in Figure 6). In both
cases oxygen is transferred to the propylene double bond.
However, the activation energy for gas-phase epoxidation (see
geometryVII q in Figure 6) is 17 kcal/mol compared with the
9.3 kcal/mol on the defect site model. The gas-phase activation
energy is higher despite a closer approach of the transferring
oxygen to a double bond carbon. The overriding factor is
apparently the greater stretch of the oxygen-oxygen bond in
the gas-phase reaction. At the transition state in the gas phase
(VII q, Figure 6), the oxygen-oxygen bond is 2.00 Å vs 1.69 Å
in the catalyzed transition stateVI q. The oxygens in the
hydroperoxy group, which are in aη-1 configuration in the
reactive intermediate, shift to aη-2 position in the epoxidation
transition state.

An additional intermediate configuration (shown in Figure
9) was proposed recently by Munakata et al.2 in which hydrogen
peroxide reacts with an unhydrolyzed Ti-O-Si bond to yield
H2O and Ti-O-O-Si. We find the energy of formation for
the unhydrated intermediate (geometryIV ) to be+20 kcal/mol
on the nondefect site. We conclude that, though highly active
once formed, the activation energy barrier to the formation of
the hydrated intermediate reported by Munakata et al. as 16.5
kcal/mol is slightly higher than the formation barrier to other
reactive intermediates (vide supra). However, further work is
needed to explore this possibility.

Examining the Mulliken populations of the hydroperoxy
intermediates that result in epoxidation reactivity, we see the
interesting result that the active oxygen exhibits populations of
approximately-0.4 or greater (less negative). This correlates
with the ability of the residual hydroxyl group to readily form
a stable bond after epoxidation. In contrast, the hydroperoxy
intermediates involved in the nonreactive, nondefect site model
had electron populations of-0.5. The Ti-O-O-Si intermedi-
ate of Munakata, which we expect to be reactive, had a proximal
oxygen charge of-0.33. Since electrophilic attack of the
CdC double bond is the presumed mechanism for oxygen
abstraction, it is not surprising that electron deficient oxygens
are more susceptible to epoxidation.

On the other hand, since the epoxidation route involves
simultaneous oxygen abstraction and O-O cleavage at the
hydroperoxy intermediate, a more pertinent predictor of reactiv-
ity might be the hydroperoxy O-O polarizationsdefined as the
difference in charge between the proximal versus distal oxygens.
Table 1 contains a summary of these observations. Clearly we
see that reactive hydroperoxy intermediates exhibit a positive
polarization value corresponding to greater negative charge
concentrated on the distal (nonreactive) oxygen atom. Since this
oxygen is involved in protonation to form water after O-O
cleavage, it is expected that greater electron concentration would
be a factor influencing hydrogen abstraction. These criteria may
prove useful as a screening tool for assessing modified catalyst
systems for epoxidation as a large number of possible Ti site/
defect site combinations exist. We note that such descriptors
of reactivity will play an increasingly important role as
computational catalysis expands. Reliable descriptors that do
not require a full DFT analysis of the reaction pathway will
greatly accelerate searches for new catalytic materials.33

Conclusions

This work shows that the complexities of TS-1 may hide more
complicated epoxidation chemistry than has been earlier realized.
Using realistic cluster approximations of a size better suited to
adequately describe the extended environments of active Ti sites
in TS-1, we have uncovered a new Ti/defect active site which
greatly facilitates the epoxidation reaction in DFT computations.
The activation barrier to propylene epoxidation with the
hydroperoxy intermediate on a Ti/defect site was found to be 9

(33) Norskov, J. K. InInternational Symposium on Reaction Kinetics and the
DeVelopment of Catalytic Processes; C., W. K., Ed.; Elsevier Science:
Amsterdam; Brugge: Belgium, 1999.

Table 1. Comparison of OOH Bond Parameters in Intermediates and Reactantsa

reactant/intermediate
O−O bond
length, Å

O−O polarization
proximal−distalg

proximal O
Mulliken pop reactivef

nondefect sites
T6(H)-O-OH (down) 1.490 -0.147 -0.50 N
T6(H)-O-OH (up) 1.507 -0.190 -0.50 N

chemisorbed on closed site
T6(HO-OH)ads 1.529e -0.021e -0.41 Y (van Santen)
gas-phase H2O2 1.536 0.0 -0.38 Nd

defect siteb

T6(H)-O-OH 1.532 0.059 -0.36 Yc

Munakata O-O
T6-O-O-Si 1.583 0.208 -0.33 Yc

a BPW91/LANL2DZ density functional theory approximation.b Includes H2O molecule coordinated to Ti site (remnant from H2O2). c Proximal oxygen
to Ti is the reactive oxygend Activation barrier is 17 kcal/mole Values from cluster calculations in this workf Proximity of propylene to the reactive
oxygen leads to an energetically downhill path to propylene oxide (Y) or is repulsive and/or requires an activation energy to react (N).g Mulliken electron
population of proximal oxygen-Mulliken electron population of distal oxygen.

Figure 9. T6 cluster model (Ti) large white, O) red, Si) blue, H)
small white spheres) of the intermediate proposed by Munakata et al.2 Note
the terminating H atoms on Si at the periphery of the cluster are removed
for clarity. In the calculations these H atoms are fixed rigidly in space and
simulate the constraints imposed by the full lattice.
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kcal/mol. This is lower than the activation energy for epoxi-
dation by either the Munakata intermediate (18 kcal/mol) or
the Sinclair and Catlow intermediate (10 kcal/mol), though in
these cases ethylene rather than propylene was the olefin
examined. Hydroperoxy intermediates formed on internal Ti
sites with full tetrahedral coordination to lattice oxygens were
found to have a repulsive interaction with propylene. It is beyond
the scope of this paper to examine the ethylene reaction on the
Ti/defect active site; however, future work addressing this case
will allow more direct comparison of activation barriers between
the various mechanisms and sites.

We have shown that the epoxidation pathway proceeds in
the defect site through a simultaneous hydride transfer mech-
anism that facilitates the oxygen abstraction by propylene by
stabilizing the transition state. It is the ability of Ti to
accommodate octahedral coordinationsexhibited at the transi-
tion statesand the flexibility of the not fully coordinated Ti
site near a Si vacancy that drives this stability. In addition, we

have identified two potential predictors of reactivity, (1)
proximal oxygen charge and (2) O-O polarization, which may
be useful in screening novel frameworks for epoxidation activity.
Further experimental work is needed to better establish which
particular internal Ti site/defect site combinations of TS-1
crystallites are active in gas-phase epoxidation and whether the
abundance of particularly active combinations can be controlled
to create improved epoxidation catalysts.
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