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Abstract

The mechanism of ethylene epoxidation with hydrogen peroxide over Ti-substituted silicalite (TS-1) catalyst was investigated by using
both the cluster and embedded cluster approaches at the B3LYP/6-31G(d) level of theory. The complete catalytic cycle was determined. The
epoxidation of ethylene consists of three steps. First, the chemisorptiopQnf &t the Ti active site forms the oxygen donating Ti-OOH
species and then the transfer of an oxygen atom from the Ti-OOH species to the adsorbed ethylene. The final step is the dehydration of the
Ti—OH species to regenerate to active center. The oxygen atom transfer step was found to be the rate-limiting step with the zero-point energy
corrected barrier of 17.0 kcal/mol using the embedded cluster model at B3LYP/6-31G(d) level of theory, which is in agreement with the
experimental estimate of about 16.7 kcal/mol. Regeneration of the active center by dehydration of the Ti-OOH species was found to have a
rather small barrier and the overall process is exothermic. Our results also show that inclusion of the effects of the zeolite crystal framework is
crucial for obtaining quantitative energetic information. For instance, the Madelung potential increases the barrier of the oxygen atom transfer
step by 5.0 kcal/mol.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tum chemistry methods. These studies provided useful
information on the mechanism and energetic properties of
Ti-substituted silicalite (TS-1) has been widely used as the reaction, though complete catalytic cycle has not been
a catalyst for several important oxidation reactions such asdetermined and the rate determining step has not been well
the olefin epoxidation, the phenol hydroxylation, cyclohex- understood. Furthermore, all of these studies used the clus-
anone amoxidation, as well as the conversions of ammoniater models to represent the reactive center and thus did not
to hydroxylamine, of secondary alcohol to ketone, and of include the effects of the zeolite framework. In our previous
secondary amine to dialkylhydroxylamifig—7]. In partic- study, we found that the Madelung potential from the zeolite
ular, its use in alkene epoxidation reactions with hydrogen framework can increase the adsorption energy of ethylene
peroxide as oxidant has been experimentddly7] and in H-ZSM-5 zeolite by about 50% and bring the predicted
theoretically[8—15] studied. The characterization of TS-1 results in much closer agreement with experimental ob-
structure and the nature of its active site have been stud-servationg22]. This indicates that the Madelung potential
ied experimentally by using X-ray diffraction, IR, Raman, could be an important factor in stabilizing the adsorption
UV-Vis spectroscopy and EXAFR6-21] complexes and transition states for the ethylene epoxidation
There have been several previous theoretical studies onover TS-1 catalyst. To accurately include the effects of the
the oxidation of ethylene over TS-1 catalysts using quan- extended zeolite framework on the catalytic properties, one
can employ periodic electronic structure methods, such as
the periodic density functional theory methodology. How-
E-mail addresses: fscijrl@ku.ac.th (J. Limtrakul), ever,.due to the large unit cel_ls of typical zeollites., §u.ch c_al—
truong@chem.utah.edu (T.N. Truong). culations are often computationally demanding if it is still
L Co-corresponding author. feasible. The embedded cluster methodology provides a cost
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effective computational strategy for including the effects of several previous studi¢g2,26—31] These models consist of
the zeolite framework23-32] In this approach, the effects three layers. The center layer is a five-tetrahedral (5T) quan-
of the zeolite framework can be modeled either by a classical tum chemical cluster. The next layer of the model is a set of
molecular mechanic force field or by a set of point charges. explicit point charges located at the lattice positions. Their
In this study, we investigated the complete catalytic cycle magnitudes were derived from periodic population analyses
for the alkene oxidation over TS-1 catalysts in the presence of zeolite systems. To minimize the interaction that occurs
of hydroperoxides and the influence of a zeolitic framework, between the quantum mechanical terminating hydrogens and
particularly the Madelung potential on the structural and en- the neighboring point charges, the layer of explicit point
ergetic information. The surface charge representation of thecharges nearest to the quantum cluster is moved out and
external embedded potential (SCREEP) embedded clustercombined with the next layer of point charges. The charge
methodology was used. This method has been found to bevalues of the moved point charges are fitted to minimize
rather accurate in representing the Madelung potential for deviation from the original external electrostatic field. The
studying adsorptions and reactions in zeol[2%26—31] outermost layer of the model is the SCREEP surface repre-
sented by a set of surface point charges to model the remain-
ing Madelung potential from the extended zeolite crystal.
2. Method All geometry optimizations were done at the B3LYP/6-
31G(d) level. The two Siklgroups and H atoms of the six
The active site of TS-1 is modeled by a five-tetrahedral OH groups bonded to the Ti and Si atoms were fixed along
(5T) cluster (OH)TI[OSi(OH),0SiHs], selected from the  the Si—O crystal framework (séég. 2) while other atoms
ZSM-5 zeolite structure where the Ti atom is located at the in the quantum cluster were allowed to relax in all geometry
T12 site. To have a more accurate description of the active optimizations. Normal mode analyses were carried out to
site, OH terminations were used for Si atoms closed to the verify the transition states to have one imaginary frequency
Ti atom. The T12 site has been used as an active site ofwhose mode correspond to the designated reaction. All cal-
ZSM-5 in many theoretical studies since it was predicted to culations were done using the Gaussian98 prod@fsh
be among the most stable Brgnsted acid qi88s34] It is
located at the intersection of main and sinusoidal channels
and is accessible to adsorbates. It should be noted that the3. Results and discussion
preferred Ti-substitution sites in TS-1 are still not known
for certain and thus require further detailed study. The 5T  For the purpose of clarity, we separate the discussion be-
cluster used in this study (s&gg. 1) is one half of the 10T  low into two sub-sections. In one sub-section we discuss
ring and is the largest cluster that has been used previouslyonly the mechanisms of ethylene epoxidation by the TS-1
For the embedded cluster model, ($ég. 1), this 5T clus- zeolite using the embedded cluster model. In the other sec-
ter is embedded in a set of point charges according to thetion we focus only on the effects of the Madelung poten-
surface charge representation of external embedded potential on structural and energetic information of this reaction
tial method[23]. Accuracy of this method for modeling ad- by comparing the differences in the results predicted by the
sorption processes in zeolites has already been addressed i@mbedded and bare cluster models.

SCREEP Surface

Quantum Mechanical
Cluster

Explicit Environmental
Point Charges

Fig. 1. SCREEP embedded cluster model for studying adsorption or reaction in zeolites.
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Fig. 2. Embedded 5T cluster model of the active site Ti(IV) of the TS-1 zeolite. Selected B3LYP/6-31G(d) optimized geometrical parameters using both
the bare cluster and embedded cluster models are also given. The values in parentheses are obtained from the cluster model.

3.1. Chemistry of ethylene epoxidation by TS-1 zeolite Table 1
Selected optimized geometrical parameters of the active site of TS-1 using
both the bare cluster and embedded cluster models at the B3LYP/6-31G(d)

The complete catalytic cycle of the ethylene epoxidation level of theory

by hydrogen peroxide is known to consist of three steps: (1)

chemisorption of hydrogen peroxide to form Ti—OOH active BO”Id (A) or Embedded ~  Bare cluster  Expt.
species; (2) epoxidation of ethylene by the Ti—OOH species 219 0
and the desorption of the adsorbed ethylene epoxide; and (3 yi-O1 1.817 1815 -

. . o i-02 1.806 1.803 -
dehydration to regenerate the active ceff@erl5]. It is in- Ti_O5 1.804 1805 _
formative to first discuss the nature of the active site in com- 1i_og 1.766 1.790 _
parison with known experimental data. This would provide (Ti-0) 1.798 1.803 1.79 1.80-1.8%
indication on the accuracy of the computational method. ~ Si-O1 1.630 1.642 -

Si-02 1.633 1.646 -

3.1.1. The active site f‘ll'i_—c()))l—Si 1516(?73 > 1512'§45 0 -
In this study, the active site of TS-1 is modeled by a Ti(IV) Ti—02-si 140.6 144.7

atom located at the T12 site of the ZSM-5 zeolite framework £01-Ti-02 108.3 110.5 -

as shown irFig. 2 Selected optimized geometrical param- ~a xgrp gata is taken fronjas).
eters are reported ifable 1 and also depicted ifig. 2 b EXAFS data are taken frofi9,37,38]
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The calculated average Ti—O bond lengths of 1.798 A is in
good agreement with that of 1.79 A obtained from XRD
experimentg36] and of 1.80-181+ 0.01 A from EXAFS
[19,37,38]experiments.

3.1.2. Chemisorption of H,O2

H>O, chemisorbs on the Ti active site to form two pos-
sible active oxygen donor species, Ti-OOH denoted as
Ti(m1-O0OH) and Tif2-OOH). In the former, the termi-
nal oxygen atom of the OOH group binds to the Ti atom
whereas in the latter both oxygen atoms of the OOH group
bind to the Ti atom resembling a bidentate configuration.

The Ti(m2-O0OH) species was found to be more stable
than the Tifj2-OOH) by about 9.2 kcal/mol. This is slightly
larger than that of 8.0 kcal/mol from the DFT/DNP done by
Karlsen and Schoeffg9]. For this reason, we focused only
on the formation of the Ti{2-OOH) species and its inter-
action with ethylene in the second step of the epoxidation
process.

Fig. 3 shows structures of the stationary points for the
dissociative chemisorption of 4D, on the active site of
TS-1 to form the Tig2-OOH) species. Selected optimized
geometrical parameters are listed Table 2 HyO, first
molecularly adsorbs to the active site with thg @om
binding to the Ti atom at the distance of 2.469 A. The cor-
responding adsorption energies for theQ4/5T complex
is —10.8 kcal/mol. This is lower than that ef7.4 kcal/mol
from non-local GGA/BP DFT single-point energy calcu-
lations at the optimized local LDA/VWN geometries done
by Munakata et al[15]. The difference is partly due to
the inclusion of H-bonding such as betweeg-Bs in our
adsorbed complex (sd€g. 39 but not in the model used
by Munakata et al[15].

The transition structure for chemisorption ob® on
TS-1 zeolite is shown irFig. 3b The chemisorption of
the H,O, molecule occurs over both the Ti and O1 atoms
rather than just over the Ti atom. As the adsorption com-
plex approaches the transition state the Ti+0nd is short-
ened from 2.469 to 2.151 A, and the, ldtom migrates to
the O1 atom with the ©@-H, bond elongated from 0.976
to 1.249A. Due to the change in the valancy of the O1
atom as H migrating over, the Ti—O1 bond distance is
elongated from 1.826 to 2.043 A. Continuing trends are ob-
served as the system moves from the transition state toFig- 3. St‘r_uctures of the $#0,/TS-1 complexes: (a)_ physisorbed complex;
form the dissociated product, T-OOH). Note that this (9 (er5Ler sete Susiue: (9 cemisonedfonn ones O
complex plays a major role as an oxidizing agent in the geometrical parameters using both the bare cluster and embedded cluster
oxidation reaction of unsaturated hydrocarbons. The opti- models are also given. The values in parentheses are obtained from the
mized structure of Tif2-OOH) is in agreement with avail-  cluster model.
able experimental datflO] found in the crystal structure
of {[(m2-tert-butylperoxo)titanatrane]3-dichrolomethang
Ti—O, = 1.97A versus 1.91A, Ti-@ = 2.21A versus  tained from BP86/DZVP calculations but with a smaller
2.27 A and Q-0, = 1.48 A versus 1.47 A (the latter num-  cluster[11]. The formation of Tifj;-OOH) active species
bers are the experimental results). (Fig. 39 is found to be energetically favorable with the

The barrier heightA E!, for the chemisorption of pD» reaction energy calculated to be3.2 kcal/mol. Our pre-
is predicted to be 13.6 kcal/mol. Our finding is consistent dicted reaction energy is lower than that of Munakata et.
with the previously reported barrier of 11.9kcal/mol ob- al. [15] by 5.8 kcal/mol which may be due to the inclusion
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Table 2
Selected optimized geometrical parameters for th©4ATS-1 system: (3a) physisorbed complex; (3b) transition state; (3c) chemisorbed product at the
B3LYP/6-31G(d) level of theory

Bond (A) or Physisorbed complexF{g. 39 Transition stateRig. 3b) Ti(n2-OOH) complex Fig. 3¢9 Ti(m1-OOH) complex Fig. 39
angle ()

Embedded Bare Embedded Bare Embedded Bare Embedded Bare

cluster cluster cluster cluster cluster cluster cluster cluster
Ti—O, 2.469 2.467 2.151 2.170 1.972 1.948 1.990 1.945
Ti-Op - - 2.272 2.237 2.208 2.276 2.574 2.579
Ti-O1 1.826 1.832 2.043 2.067 2.196 2.316 2.246 2.336
Ti—02 1.860 1.854 1.836 1.835 1.836 1.820 1.814 1.803
OOy 1.455 1.460 1.478 1.477 1.479 1.475 1.476 1.470
Op—Hp 0.981 0.982 0.983 0.992 0.983 0.990 0.974 0.972
Oa—Ha 0.976 0.983 1.249 1.216 1.830 1.678 1.573 1.655
O1-H, 2.543 2.495 1.188 1.222 0.987 0.999 1.015 1.000
03-H, 2.255 2.015 - - - - - -
02-H, 1.903 1.957 - — - - - —
O4-H, 2.509 2.434 2.016 2.016 2.016 1.811 3.126 3.068
ZTi—01-Si 157.3 155.1 138.9 154.9 137.0 177.5 171.8 178.4
ZTi-02-Si 138.6 144.3 154.4 152.7 143.7 146.1 141.6 144.7
ZLTi—0,—0y 113.6 110.8 75.0 72.9 78.1 82.1 94.8 97.1
£01-Ti-02 116.2 119.2 156.2 155.9 163.1 158.4 154.8 155.5

of additional hydrogen bonding in our physical model, as (seeFig. 43. A similar finding has also recently been re-

mentioned earlier. ported[10]. At the transition state, the Ti-(listance (see
Fig. 49 is elongated from 1.972 to 2.037 A. The C1-C2 dis-

3.1.3. Epoxidation of ethylene by Ti(12-OOH) and tance is calculated to be 1.355 A which is only slightly larger

desorption of ethylene epoxide than the corresponding C—C distance of the isolatgldC

Fig. 4 shows the structures of the oxygen atom transfer (1.331A) and is significantly smaller than that of the iso-
from the active Tifj-OOH) species to the absorbed ethy- lated epoxide OgH, species (1.430 A). This indicates that
lene and of the adsorbed product ethylene epoxide. Selectedhe transition state is closer to the reactant than the product.
optimized geometrical parameters for these two stationary Since the reaction is rather exothermic of 42.4 kcal/mol, this
points are given in the figure and are also listedatble 3 result is consistent with the Hammond postulafalie 4.

The ethylene molecule preferably attacks thenZ{QOH) The barrier for the ethylene epoxidatiom\EY, is
at the @ position yielding the product of ethylene epoxide predicted to be 18.5kcal/mol. As compared to the
chemisorption of HO, step, the ethylene epoxidation is

Table 3 the rate-limiting step in this catalytic process. Including

Selected B3LYP/6-31G(d) optimized geometrical parameters for 3hia/C the zero-point energy correction lowers this barrier to

Ti(m2-OOH) complexes 17.0kcal/mol. This result is particularly encouraging since

Bond (A) Transition structure Epoxide complex it compares well with the experimental estimate for the ac-

or angle {) (Fig. 59 (Fig. 5b tivation barrier of 16.7 kcal/md39]. Fig. 4billustrates the
Embedded  Bare Embedded Bare product, OGH4, adsorbed on the Ti-OH complex. We found
cluster cluster cluster cluster that O—C1 and O-C2 distances of the iz molecule

Ti-Oq 2.037 2.053 2.314 2.461 are virtually identical (1.448 A versus 1.450A). These dis-

Ti-Op 2.087 2.043 1.988 1.932 tances are slightly different from those of the isolate;8i¢

Ti-01 2.323 2.333 2.327 2.341

Ti-02 1.830 1.818 1.818 1.815

02-0p 1.791 1.807 2.636 2.622 Table 4

Op—Hb 0.974 0.979 0.970 0.972 Energies (kcal/mol) of stable complexes and transition states for the

O4-H, 2.300 1.993 2.679 2.320 ethylene epoxidation reaction relative to the separated reactants

Op—Ha 2.227 2.204 1.483 1.590

Ox—Ha 1.638 1.709 2.760 2.789 B3LYP/6-31G(d)

Ol-H 1.005 0.997 1.038 1.013 Embedded cluster  Bare cluster

0,—C1 2.149 2.107 1.458 1.448

0,—C2 2.265 2.152 1.458 1.450 Physisorption complexHg. 39 -10.8 -16.3

C1-C2 1.355 1.358 1.467 1.466 Transition state |Kig. 3b 2.8 —-4.7

£Ti-01-Si 173.9 171.6 167.5 176.5 Ti(n2-O0H) complex Fig. 39 -3.2 —-6.7

/Ti—02-Si 144.0 142.8 142.6 143.1 Transition state Il Fig. 49 15.3 6.8

Z£Ti-0,—C 122.8 122.8 112.8 114.2 Epoxide complex Kig. 4b) —45.6 —53.6

/01-Ti-02  160.6 161.5 162.7 162.8 Transition state |1l Fig. 55 —41.6 —46.2

/C1-0Oa—-C2 60.3 60.8 35.6 52.4 Water adsorption complexXig. 59 —67.6 —64.5
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i y 2323
[1.818] {05 2.333)

(a)

Fig. 4. Similar toFig. 3 except for the geometries of (a) the transition state structure of the epoxidation step and (b) the adsorbed ethylene epoxide complex.

species, C—G= 1.431 A. The reaction energy for formation tion of the adsorbed water to regenerate the Ti active site
of the OGH4/TIOH complex is —45.6 kcal/mol with re-  requires 21.1 kcal/mol.

spect to the separated reactants. In addition, we found that _ _

the calculated desorption energy of 8@ from the Ti-OH ~ 3.1.5. Discussion

complex is predicted to be 3.3 kcal/mol. Figs. 6 and Tllustrate the catalytic cycle and schematic
energy profile along this cycle with respect to the overall
3.1.4. Dehydration to regenerate the active site zero of energy, namely the energies of the separated reac-

Previous studies have not considered the regeneration thdants. It is clear that the rate-limiting step is the oxygen
active site by dehydration of the Ti—-OH species. As shown migration from the Ti-OOH active species to the adsorbed
in Fig. 5a—¢ we found that this step involves the migration €ethylene. This step has the barrier of 15.3 kcal/mol relative
of a hydrogen atom H1 bound to the zeolite frame-work to the overall zero and of 18.5 kcal/mol relative to the stable
oxygen atom O3 to the oxygen of the Ti-OH species and intermediate of adsorbed ethylene on the Ti-OOH species.
the strengthening of Ti—-O3 bond. In particular, the Ti-O2 The overall energy of the catalytic cycle-i46.5 kcal/mol.
from 1.903 to 2.266 A. The concerted motion of the hydro- It is interesting to compare our present results with those
gen migration and the shortening of the Ti-O3 bond lead from previous studies. Wu and L& reported a BLYP study
to a rather small barrier to dehydration step of 0.6 kcal/mol using the HOOTI(OHj) cluster model to study the epoxida-
relative to the energy of the Ti-OH species. The product tion step and found the barrier height to be 10.7 kcal/mol.
of this step is the adsorbed water on the Ti active site. The Karlsen and Schoff¢B] used a rather small Ti(Olluster
step is also rather exothermic with the reaction energy of with the B8BLYP/DNP method and found the corresponding
—25.4 kcal/mol with respect to the Ti-OH species. Desorp- barrier height to be 22.9 kcal/mol. Hillier and co-workers
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Fig. 5. Similar toFig. 3, except for the optimized geometries of (a) the Ti-OH species; (b) the transition state for the dehydration step; and (c) the
adsorbed water on the Ti active site.

[10] employed the B3LYP/3-21G(d) level of theory with the Munakata et al[15] performed BP//VWN calculations with
(H3SOXTIi(IV)-O(1)O(2)H/MeOH cluster model and found  a different 5T cluster to model the Ti active site. The au-
that the corresponding barrier height was estimated to bethors modeled the epoxidation reaction with an additional
11.9kcal/mol. Using a different 4T cluster model with the water molecule in coordination with the adsorbatesOp
BP86 DFT method, Sinclair and Catld#1] found that the and GH4 and found the barrier, relative to the complex [ac-
chemisorption of HOs is the rate-limiting step instead of the  tive siteH,0-CyHg4], is about 18.3 kcal/mol. The estimated
epoxidation step with the barrier of 13.3 kcal/mol whereas barrier of the epoxidation step is 15.8 kcal/mol with respect
the epoxidation step has a lower barrier of 10.2 kcal/mol. to the separated reactants. Our study does not consider such
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Fig. 6. Schematic diagram to illustrate the catalytic cycle for the epoxidation of ethylene by TS-1 zeolite.
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Fig. 7. Schematic energy profile for the epoxidation of ethylene by TS-1. Solid line is from the embedded cluster results and the dashed line is from
the bare cluster results using the B3LY P/6-31G(d) level of theory.



J. Limtrakul et al./Journal of Molecular Catalysis A: Chemical 207 (2004) 137-146 145

additional water and our results are also consistent with
available experimental data. Thus, it is not clear what are
the roles of the water in overall mechanism for the ethylene
epoxidation by hydrogen peroxide in TS-1 zeolite. Though
water is produced in the dehydration step with the adsorp-
tion energy of —21.1kcal/mol that is almost twice larger
than the adsorption of the hydrogen peroxide on the Ti ac-
tive site. However, the overall exothermicity of the catalytic
cycle of —46.5kcal/mol would have sufficient energy to re-
generate the active center. More study is certainly needed to
further understand the roles of water in the mechanism of
this reaction.

3.2. Effects of the Madelung potential

We found that the local structure of the active site of
the TS-1 model is not very sensitive to the inclusion of the
Madelung potentials. It is noted that the Madelung potential
has an effect of destabilizing Ti(n1-OOH) and Ti(n2-O0H)
by about 3.5kcal/mol for the m, structure (Fig. 3c) and
2.1kcal/mol for the m1 structure (Fig. 3d) does not change
the order of relative stability of the two complexes. The
Madelung potential from the zeolite framework has a sig-
nificant effect on the adsorption structure, particularly the
hydrogen H,—O» and Ha—O3 bonds where it shortens the
former by 0.05A and elongates the latter by 0.3A. Con-
sequently, it lowers the adsorption energy (or increases the
binding energy) by 5.5kcal/mol. We found that the effects
of the Madelung potential on the structure increase as the
reaction proceeds toward the product. In fact at the dissoci-
ated product, Ti(n2-OO0OH) as shown in Fig. 3c, such effects
were found to be noticeably large. The Ti—O1 bond is short-
ened by 0.12 A while Ti—O; is elongated by 0.03A. For the
transition state to oxygen migration step to form ethylene
epoxide, the Ti—O, bond distance is shortened by 0.16A.
As aresult, the Madelung potential increases the barrier for
this rate-limiting step by 5.0kcal/mol. The largest effect of
the Madelung potential is seen in the desorption energy of
water to regenerate the Ti active site. It increases the water
desorption energy by 11.8kcal/moal.

A genera observation from these results and from the
differences between our cluster and embedded cluster re-
sults is that the effects of the Madelung potentia are rather
large and thus the embedded cluster model used in this
study appears to provide more quantitative information on
the energetic properties as compared with experimental
observation.

4, Conclusion

We have carried systematic ab initio cluster and em-
bedded cluster studies on the mechanism of the ethylene
epoxidation by hydrogen peroxide over the Ti-substituted
silicalite zeolite. B3LY P/6-31G(d) level of theory was em-
ployed. The active site of the TS-1 zeolite was modeled by

a 5T cluster. The effects of the Madelung potential from
extended zeolite framework on the structural and energetic
properties of this process were investigated. The complete
catalytic cycle was determined. The reaction involves three
steps: (@) the chemisorption of hydrogen peroxide to form
Ti—-OOH active species; (b) the oxygen atom transfer from
the Ti—OOH active species to the adsorbed ethylene to form
the produce ethylene peroxide and Ti—OH species; and (c)
the dehydration of Ti—OH speciesto regenerate the Ti active
site. The chemisorption of the HoO, molecule on the TS-1
catalyst has the barrier of 13.6 kcal/mol to form dominantly
oxygen donor species, Ti(m2-O0OH) using the embedded
cluster model. For the epoxide formation, the ethylene
mol ecule interacts with the oxygen atom closeto the Ti atom
of the Ti(n2-O0OH) complex. The epoxidation step is found
to be the rate-limiting step where the oxygen atom from the
Ti—-OOH group transfer to the adsorbed ethylene molecule.
The predicted activation energy including the zero-point en-
ergy correction for this step is 17.0kcal/mol. Our predicted
results are in agreement with the experimental estimate for
the activation barrier of 16.7 kcal/mol. The dehydration of
the Ti—OH species to regenerate the Ti active site has rather
small barrier. We found that the Madelung effects are rather
large, in particular they increase the activation energy of
the rate-limiting step by 5.0kcal/mal.
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