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A combined Cat-Parrinello molecular dynamics blue moon sampling approach has been adopted to study
the competitive attack of ¥0 and HO, at a tetracoordinated Titanium site in a—Teolite. The results
indicate that, although the attack of water to form a trigonal bipyramidal center is thermodynamically more
stable, the attack of hydrogen peroxide to form a similar adduct is kinetically favored. In both cases, solvent
cooperation is effective in the formation of the adducts. The relevance of such a result in relation to the
catalytic properties of Fizeolites is discussed.

Introduction are yet unknown, even if a number of models have been
proposed:18-23

When dry TS1 interacts with a J/H,O, mixture without
organic substrate a yellow labile compound is forfi¢dbsorb-

Titanium silicalitel TS1, is a well-known highly selective
catalyst for many oxidation reactions. TS1, a silica-rich zeolite
with MFI structure, has beenthe subject of many investigatidhs ing light at 26 000 cm?)
aimed at the understanding of the role played by the Ti centers. The yellow compound is destroyed or disappears unless

Actually, TS1 has been a challenge for both theoreticians and¢ iy HO; is poured into the systeAThe change of color
experimentalists competing in the search for the structure of ¢ 4 o sample under contact with the solution of hydrogen
the Ti center in the zeolitic framework and for the mechanism peroxide indicates that 40, chemically reacts with TS1
of the oxidative reactions. The catalytic properties of TS1, and probably forming an unstable oxidized zeolite. '

O]Ehﬁr 'Il'l—zeoll_tes as WeIII_, are Oflpzrncglzjlt_r rfl_eva:jr;ce because * 7¢china and co-worketshave recently proposed a possible
of the low environmental impact. Indeed, TS1 is able to convert oy structure that could be related to the labile yellow

quantltatl\{ely, and in mild gond|t|on§, light olgflns (e..g_, compound. It is believed that such a labile intermediate plays a
propene) into the corresponding epoxides by using a mixture e i the catalytic cycle. However, the formation mechanism

of H20/H;0; as oxygen source with the release of water as 4, he structural details of such an unstable complex are yet
byproduct-? unknown
Atlow Ti content (TiC; less than 3 wt %), Ti isomorphously At the microscopic level, the interaction between pure solvent

replaces Si in the zeolitic framework assuming a tetracoordi- anq Ti-zeolite is much more clear. Several studies have been
nation with four framework oxygen atomishowever, many  enorted17 on the interactions of dry TS1 with solvent
structural details related to the mechanism of catalytic cycle ygjecules, like HO or NHs, for instance.

- ————— A wealth of experiments, based on XANES, EXAFS, infrared,
32;2C3‘gr65p°”d'”9 author. E-mail: fois@fis.unico.it. Faxt+39 31 Raman, and UV spectroscopies among others, converged to a
" Present address: Dipartimento di Scienza dei Materiali, Univetisita  Picture where the tetrahedral symmetry at the Ti center is

Milano Bicocca, Via Roberto Cozzi 53 1-20125 Milano. Italy. disrupted upon absorption of solvent. The tetrahedral, Bi€ds
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as a Lewis acid forming penta- or hexacoordinated Q4
centers, where L stands for a generic ligand (solvent) molecule
andn=1, 2. In dry Ti-zeolites T+-O bond distances are about
1.81 A, whereas TO distances are about 1.84 A in the
presence of solvent and the-li distance is about 2.2 A
Moreover, a series of ab initio calculations on the Ti center in
fully periodic zeolitic (chabasite) systerfs26indicate that the
stability (binding energy) of the Ti(l{D4 centers withn = 1
increases with the basicity of L. For instance, the binding energy
for the complex with L= NHjz is higher than the one with &
H,O. Recentlh?’ the relevance of cooperation among solvent
molecules in the formation of the TiL{Jcomplex in zeolites,
for the case L= H,0, has been highlighted.

If one makes the quite reasonable hypothesis that in the
formation of the yellow labile complex (#D, chemisorption)
the first step is similar to the adsorptiohal solvent molecule,
there could be some difficulty in justifying the overall process.
Indeed, as kD, is a base much weaker than water and because
in the HO/H,O, mixture the water content is usually 70%, it

may be not easy to accept that such a weaker base could replace

a ligand, that is, a stronger base and in excess, in ar-aeise
TiLO4 complex.

Model and Calculations

Here we present results of ab initio simulations of a Ti
zeolite (offretite) in the presence of both,® and HO,
molecules. The aim of this investigation is the study of the
energetic and of the activation energies for the formation of a
Ti(L)O4 center, where the ligand L is water or hydrogen
peroxide.

The blue moon ensemble appro#tin the frame of the first
principles molecular dynamics schethds adopted in this
investigation. Such an approach allows us to study the free
energy profile for a process, and typically it has been used in
the simulation of chemical reactiof%;3? also, recently, the
adsorption process of water on different surface sites ob TiO
has been modeled with this appro&éhn the case presented
here, the adsorption of a molecule LA®lor HO,) at the Ti
center in the zeolite offretite is studied by ab initio blue moon
sampling.

The stoichiometry of the system is [TiSDse](H20)(H205)
with periodic boundary conditions. The chosen framework
structure is that of offretif¢ (OFF). Ti—OFF has been
synthesized, and its catalytic activity in the oxidative reaction
of olefins in the presence of a §8/H,0,) mixture as the oxygen
source has been demonstratedell parameters of the hex-
agonal OFF structure am= 13.229 A andb = 7.338 A, as
adopted in ref 27 for HOFF and in ref 36 for AHOFF. Such
a choice is based on the fact that the cell parameters -of Ti
OFF and A-OFF are found equal in X-ray powder diffraction
experiments when the content of Al and Ti are the same in the
zeolite3> A gradient-corrected density functional approxima-
tion®7-38is adopted for the electronic structure calculations, norm-
conserving nonlocal pseudopotenti&f®approximate the core-
valence interactions. KokrSham orbital%' were expanded in
plane waves up to a kinetic energy cutoff of 60 Ry (240 Ry for
the density representation). The equations of motion were
generated by the CaParrinello-Lagrangeat? and numerically
integrated? by adopting a time step of 0.121 fs and a fictitious
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Figure 1. Schematic structural models of the-TOFF system. In the
left panel, the starting configuration of the blue moon sampling for the
insertion of HO; at a Ti center is represented. In the right panel the
same configuration for D insertion. Only the Ti@ tetrahedron is
represented by ball-and-stick; the other Sit€trahedra are sketched
as polyhedra. KO and HO; are represented by ball-and-stick: oxygen
as black spheres, hydrogen as gray spheres. Dashed lines represent the
constrained distance Q (see text).
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Figure 2. Calculated free energy paths vs Q for the insertion of a
ligand L at a Ti center in F+OFF. Panel A refers to & H,0; panel

B refers to L= H,0,. Squares represent the sampled values of Q.
Distances in A, energies in kJ mél

one with HO, approximately at the center of the large
12-member ring close to the Ti site, the other with thgOH
molecule close to the Ti site. The two starting configurations
are represented in Figure 1.

The reaction coordinate Q adopted in this study is the ©(L)
Ti distance, where O(L) is a #D, oxygen atom or the O
oxygen in the case of water. In the case ooy only one of
the two oxygen atoms was constrained at a fixed distance from
Ti, whereas the second oxygen atom was completely free.

In each samplingQ was held fixed and a CatParrinello
simulation was performed until the forf@) necessary to fulfill
the O(L)-Ti constrained distance converged to a stable value
H(Q)T. Then, a newQ value was chosen, and a further
simulation performed with the same criterion. We performed
nine constrained simulations in the case ofOK insertion,
whereas seven constrained simulations were sufficient for
describing the insertion path of water.

By numerically integrating-{(Q)Talong the path for each
blue moon sampling, we calculated the free energy profile for
the processe®.

They are graphically represented in Figure 2. From inspection

inertia parameter for the coefficients corresponding to 500 au. of the free energy profiles two main points can be considered:
Nose-Hoover chains of thermostats were used for temperature both processes are activated and for both cases the “products”,
control#3 i.e., the TiLQ, pentacoordinated center, are more stable than
After equilibration of such a system at 298 K, two configura- the initial (reagents) state. The relevant geometrical data
tions were chosen as starting points for the blue moon samplings,averaged from the configurations in correspondence of the two
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TABLE 1: Averaged O—Ti—O Angles (deg) and TO
Distances (A) for the Free Energy Minima of the Ti(H,02)O4
and Ti(H,0)O4 Complex in Offretite

O-Ti—0 angles Ti(HO,)-OFF Ti(HO)-OFF
01-Ti—02 99.3 95.5
O1-Ti—03 132.7 136.9
O1-Ti—04 107.9 107.7
02-Ti—03 98.1 95.8
02-Ti—04 100.9 99.6
03-Ti—04 111.0 110.9

Ti—O distances Ti(RHO2)-OFF Ti(H0)-OFF

Ti—01 1.845 1.812
Ti—02 1.861 1.856
Ti—0O3 1.846 1.877
Ti—04 1.803 1.856

a2 Angles and distances refer to framework oxygen atoms. Atoms
labeling as in ref 27.

&

Figure 3. Ball-and-stick representation of a configuration taken from
the free energy minimum in the process of insertion of a ligand L at a
Ti center in TEOFF. In the left panel the Ti(kD,)O,4 center is shown.

In the right panel the Ti(kD)O, center is shown. Only Ti and its four

closest oxygen atoms of the full framework are shown. Ti is represented
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As far as the energetic of the processes is concerned, we found
a free energy stabilization of 2.51 kJ méfor water insertion
and 1.25 kJ mot* for hydrogen peroxide insertion. Moreover,
we have attempted to force hexacoordination by inserting a
second ligand into a pentacoordinated Tilddmplex; however,
our results indicate that hexacoordinated Ti in-OFF is not
stable and they will not be discussed in detail.

For the sake of completeness, we recall that such free energy
is relative to the formation of the pentacoordinated Ti complex
with respect to the ligand already inside the zeolite channel;
therefore the contribution due to the adsorption from the vacuum
of the ligand into the zeolite is not accounted for in our
calculations. However, when the ligands;GHand HO,, are
both inside the zeolite, the insertion ob® at the Ti center
should be energetically favored, and such a finding is in line
with the idea that the stronger the basic character of a ligand L,
the higher the stability of the Ti(L)Pcomplex2® However, a
key point emerges from the free energy profiles of the two
insertion paths, namely, the height of the free energy barrier is
higher for HO (6.36 kJ mot!) with respect to that of bD,
(3.64 kJ mot?). Such a finding indicates that kinetically the
hydrogen peroxide insertion should be favored with respect to
water insertion. An estimation of the rake(turnover) of the
two processes can be obtained by the formula

k= (kgT/h) exp[—F/ksT]

wherekg is the Boltzmann constant, is the Planck constant,
and F# is the free energy barrier. From such an estimation,
it results that both processes are quite fast, of the order of
the picosecond; however, the insertion oftd is faster k =

1.4 x 10'2s71) than the equivalent process for a water molecule

as gray sphere, O as black sphere, hydrogen as light gray sphere(k = 0.5 x 10'2s7%). In other words, though thermodynamics

Hydrogen bonds are represented by dotted lines.

free energy minima are reported in Table 1. In both cases the
Ti center assumes a distorted trigonal bipyramidal geometry,
four vertexes are formed by framework oxygen atoms, and the

fifth vertex is occupied by the oxygen atom of the ligand. In
the equilibrium configuration without ligand$,Ti assumes a
tetrahedral geometry with four framework oxygen atoms at an
average distance of 1.821 A and-@i—O angles of 1094
The Ti-O(L) distance resulted 2.24 A for the water insertion

and 2.42 A for the hydrogen peroxide insertion. Such results

are in line with both experimental data on ligands adsorption
at Ti siteé in TS1 and theoretical data from computer simula-
tions 2627

Inspecting the configurations along the various trajectories

in the blue moon sampling yielded an interesting point in both

should favor the insertion of water at the Ti center, which could
dump the catalytic power of Ti zeolites, kinetics favors the
insertion of BO,. This fact may explain why strongly alkaline
solutions (i.e., high concentration of OHinhibit the catalysis,
and why a solvent with a lower basic character than water (e.g.,
methanol) is a good solvent for cataly3ihe structure of the
weakly bound Ti(HO,)O4 complex with a T-O(L) equilibrium
distance of about 2.42 A, probably does not correspond to the
one of the yellow labile comple¥. Therefore such a nonreactive
adsorption of hydrogen peroxide should be considered as the
first step toward the formation of the chemically adsorbed yellow
complex.

Summary
The formation of complexes with water and hydrogen

simulations: close to the maximum of the respective free energy peroxide at the Ti center of a zeolite has been studied by a
profiles, a solvent molecule starts to interact via a hydrogen combined CarParrinelld® statistical perturbation thedt¥
bond with the ligand molecule and such a hydrogen bond is approach. It is shown that the complex formed byOHis

conserved for both simulations. In ref 27 it was shown that a

thermodynamically more stable, whereas the complex formed

water molecule should be activated by a hydrogen bond with a by H,O, is kinetically favored.

second HO molecule to form a stable Tigd)O, center in a
zeolite. Such a finding is confirmed also by the present blue
moon simulations. In the case of,® linked to Ti, a HO;
molecule acts as a proton acceptor in gOHH,O, dimer,
whereas for the insertion of J,, a H,O molecule acts as a
proton donor in a HO—H,0, dimer. Pictures of the adducts in
the free energy minima are represented in Figure 3.

In particular, the Ti(HO)O, average geometry found in the
blue moon sampling is very similar to the one found in standard
equilibrium molecular dynamics simulations in hydrated-Ti
OFF reported in ref 27.

In this study we have focused our attention only on the
formation of a Ti(L)Q center without pushing our analysis to
the study of the “yellow labile complex”; namely, we have
restricted the analysis to the physisorption eb+br HO,. What
we have been investigating is the competitive attack of the two
different ligands to a tetrahedral Ti center in a zeolite structure
at room temperature. Actually, to the best of our knowledge
such a “physisorbed #, complex” has not been experimentally
detected; however, a similar weakly boungd#—TiO, complex
has been reported in the literature as result of a cluster modeling
of the active site in the epoxidation reactitn.



9560 J. Phys. Chem. B, Vol. 108, No. 28, 2004 Letters

However, we are now in a position to undertake a study of  (16) lBeIIussi, G.; Carati, A.; Clerici, M. G.; Maddinelli, G.; Millini, R.
: i ; J. Catal 1992 133 220-230.
the reactive path_ toward the search of su_ch_ZGZHzeollte labile (17) Tozzola, G.; Mantegazza, M. A.; Ranghino, G.; Petrini, G.; Bordiga,
complex by starting from a free energy minimum, and moreover, S.: Ricchiardi, G.; Lamberti, C.; Zulian, R.; Zecchina, A.Catal 1998

such a structure, even if thermodynamically less stable than the179 64-71.

corresponding kD adduct, could have a relevant concentration ~ (18) Vayssilov, G. N.; van Santen, R. A.Catal. 1998 175 170-174.
(19) Munakata, H. Oumi, Y.; Miyamoto, AJ. Phys. Chem. R001,

inside the zeolitic channels because of its favorable kinetics. 105, 3493
(20) Neurock, M.; Manzer, L. EChem. Commurl996 1133.
(21) Karlsen, E.; Shoffel, KCatal. Today1996 32, 107.
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