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The oxidation reaction of the ground-state®Fi by the Q molecule has been studied theoretically. Th&a'1

and PA' global potential energy surfaces (PESs) were calculated at the multireference configuration interaction
level. The analytical PES for théA' state is constructed on the basis of about 700 ab initio energies. Quasi-
classical trajectory calculations are performed to obtain the product translational, rotational, and vibrational
energy distributions as well as the lifetime of the collision complex. The primary reaction mechanism is
assigned to the inserted/fast dissociation mechanism because the lifetime of the collision complex is short.
The relative translational and rotational energy distributions are slightly hotter than those from the statistical
prediction, reflecting a short-lived collision complex.

1. Introduction state early transition metals with,®. The importance of two-
way electron transfer was pointed out in interpreting the reaction
mechanism; one electron is transferred from the metal 3d and
later the 4s— 3d hybrid orbitals toward the lowest unoccupied
grbital of NbO, which weakens the NO bond, and another
electron transfer is from the highest occupied orbital gDNo

The oxidation reactions of transition metals have been
extensively studied because of their importance in understanding
the mechanisms of corrosion and catalysis. Experimentally,
Ritter and Weisshaar measured the rate constants for reaction
of early transition metals Sc, Ti, and V in their ground electronic . .
states with oxidants such as NO,,@nd NO by monitoring the empty metal 3d orbital, which forms the metal F’O“d-
the laser-induced fluorescence (LIF) of metal atoms in a fast- !N the present work, we have studied the dynamics of the
flow reactor2 They found that the depletion rates were very OXidation reaction of the ground-state Ti by an @olecule,
slow compared to those of of metal cations, indicating that there
exists an entrance barrier on the potential energy surface (PES)II'i(sF) + 02(32) — TiO(3A) + O(3P)
and they interpreted the experimental results in terms of an AH3,, = —39.3% 2.3 kcal/mol (1)
electron-transfer mechanism. Clemmer, Honma, and Kdyano
measured the LIF for the reactions of the excited-state Ti atom . . . . .

Three spin states (i.e., singlet, triplet, and quintet) can be

and obtained higher metal oxidation rate constants than those, L ) S
of the ground state, which seems to support the validity of the involved in this reaction. However, considering that the entrance

electron-transfer mechanism. Honma and co-workers carried outC2"Mer is formed by the avoided crossing between the two states

further experiments on Cr, Co, and Ni atoms with various corresponding to the reactant and the side-on intermediate, only
’ ’ 1A r H 1
oxidants to obtain general insight into the mechanism of the 'A’ and BA’ states seem to be responsible for the reaction

transition metal oxidation reactiofs’! For the late transition Ese:ausz t;?: two dlct)xvest .St?tfstf(ir the S|d;3|-on (t:olrréplti?k?rehthe
metals Co and Ni, it was found that the oxidation reactions did 1an 1an € quintet states are at least 1.5 eV higher

) 3 o
not proceed, and only the quenching of excited metal atoms to!" entlergy thr;l)n th?hlos\gesg As. IN%tez th\?t the A, side-on
the ground state by oxidants occurred. compiex 1S above the“A, by only U.2 €v.

Despite those experimental studies, theoretical work pertain- e have carried out ab initio electronic structure calculations
ing to the transition metal oxidation reactions is rather limited. ©f the TA" and PA' PES t? explore the reaction mechanism.
Blomberg et aP was the first to carry out ab initio calculations A global PES for the 1A' state is constructed for use in
of NiO, and NiO; to explore the mechanism of@issociation o_Iynamlcs calculations. Quasi-classical tra_Jectory (QCT) c_alcula-
on Ni surfaces. Recently, several theoretical calculations of the ions have been further performed to estimate the reaction rate

PESs have been reported pRiet al® examined the €0 bond and product energy distributions. The role of side-on and
dissociation of C@ caused by the Ti atom using density inserted intermediates on the reaction dynamics has been

functional theory (DFT). The reaction was found to proceed €xamined by comparing the dynamics calculation results with
without a potential barrier, which was explained by the attractive those from the statistical assumption. To our knowledge,

interaction between Ti 3d and G@ntibondingz* orbitals and dynamics calculations for transition metal oxidation reactions
the Ti 3d-4s hybridization that reduced the repulsive interaction N the gas phase are virtually nonexistent. _
between the Ti 4s and G® orbitals. Stirling® performed DFT The organization of the article is as follows. In section 2, the

calculations to investigate the reaction mechanism of ground- results of ab initio calculations for the PESs are shown along
with the computational details. The method for constructing an

* Corresponding author. E-mail: shigeki@kuchem.kyoto-u.ac.jp. analytical PES is also described. Section 3 presents the results
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Figure 1. Contour plot of 2A’ MRCI TiO, PES. Contour spacing is 0.5 eV. DistanceandR are given in A. (a9 = 90°. The crossing seam
between the B, and 1A, states is given by a solid line: designates the position of the side-on complex.&5¥ 45°. (c) 6 = 5°.

of QCT calculations on the A’ surface. The concluding We show the!A’ MRCI PES at three angle®, = 90, 45,
remarks of this article are briefly summarized in section 4. and 5, in Figure 1. For® = 90°, the 1B, state is lower than
the 1!A; state in the reactant region and crosses with fidg 1

2. Potential Energy Surfaces in the region between the reactant and side-on intermediate, as
N ) ) seen in Figure la. Because the number of grid points is not
A. Ab Initio Calculations. The PESs of Ti@were calcu-  gyfficient to represent a cusp along the crossing seam, we

lated by the internally contracted multireference configuration .onnected the energies on tH@1and 2A; surfaces smoothly
interaction (MRCI) metholt with the complete active-space i, Figure 1a. The minimum-energy crossing point is located at
self-consistent field (CASSCF) reference configurations. The o —_"5 41 A andr = 1.21 A with the energy of 0.86 eV

CASSCF active space con3|§ts of 10 Orb't?ls that CorrESpondmeasured from the reactant. We can find two minima on the
i the reactant region. These orbitals are correlated to the 45,PES; O CoTTesponds o the side-on ntermediate .62 A
nonbonding 3dg, o*, 7, andzr* of TIO and two 2p orbitals of r = 1.56 A) and the other, to the inserted ofie=t 1.03 A, r

the O atom in the product region. Ten electrons are distributed
among those active orbitals. For the Ti atom, the Wachters
(14s9p5d)/[8s4p2d] basis s&supplemented with a set of diffuse

d function whose exponent is 0.072s used. To represent the

= 2.79 A). In the side-on intermediate, the electron transfers
from the Ti 3d orbitals to the ©x"orbital and from the @
orbital to the Ti 3d orbitals are observed. The-3 hybridiza-
tion on Ti was also found. The energy of the side-on structure

anionic state of the O atom, a set of diffuse p functions with is calculated to be—2.1_5 ev, W.h'Ch IS measured from _the
the exponent equal to 0.059 is added to the Huzirage reactant energy. In the inserted intermediate, thedDbond is

Dunning-Raffenetti (9s5p1d)/[3s2pld] basis ¥etor the O completely broken, and each O atom is bonded to Ti (i.e., the
atom. inserted dioxide). This is the most stable point on the PES, with

We adopted the Jacobi coordinate systeRy K, 6) in an energy of-6.60 eV as predicted by Ramana and Philfips.
describing the reaction system, wheer, and 0 ’del’wote the The barrier height from the side-on intermediate to the inserted

distance between Ti and the center of mass gft@e O-O one is low, 0.45 eV, and the differences between the Sid.e'on’
internuclear distance, and the angle between the veRtarsd —2.146 eV, and the middle barriers,1.694 eV, are given in

r, respectively. We first carried out MRCI calculations at 785 Table 1.

points in the geometry range 20R < 4.0 A, 1.0<r < 4.0 Figure 1b shows the PES @t= 45°. In Cs symmetry, the

A, and # = 5, 15, 30, 45, 60, 75, and 90The electronic entrance barrier is formed by the avoided crossing between the
configurations whose coefficients are larger than 0.1 in the 1!'B; and FA; states, and its height is gradually lowered with
CASSCF wave function were chosen as the reference configura-decreasing. The energies of side-on and inserted intermediates
tions of MRCI calculations. All the electronic structure calcula- become unstable upon reducing the symmetry feynto Cs.

tions were carried out with the computer program MOLPRO Although the repulsive interaction between the Ti 3d andtO
98.115 orbitals becomes small with decreasihghe attractive interac-
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TABLE 1: Geometries and MRCI Relative Energies of : . 4
Stationary Points? (a)
E(eV), E(eV),
R(OO) R(TiO)® R(TIO) CI=>0.1* CI> 0.03

lA'
reactant 1.20% o ) 0 09
barrier (perp.) 1.21 2.48 2.48 0.863 0.670 R
barrier (col.)  1.20 3.80 2.60 0.655 0.344
side-on 1.56 1.79 1.79 -—2.146 —2.443
end-on 1.29 3.14 1.85 —0.654 —0.681
mid. barrief  1.80 1.75 1.75 —1.694 —2.211
inserted 2.79 1.73 1.73 —6.592 —6.771
product 00 3 1.62¢ -—2.161 —-1.803

3 1 2 3 4
barrier (perp.) 1.22 2.40 2.40 0.954 0.779 r
barrier (col.) 1.21 3.44 2.23 0.670 0.519
side-on 1.44 1.84 1.84 —2.760 —2.775
end-on 1.29 3.14 1.85 —1.248 —1.353
inserted 3.00 1.80 1.80 —4.682 —4.397

2Bond distances are in A and energies are in&Wissociating TiO
bond.¢ Thereshold of 0.1¢ Thereshold of 0.03 Ref 20. Total energy
is —998.495655 hartred.Total energy is—998.517918 hartred.The
potential barrier between the side-on and inserted intermediate. R
tions between Ti 3d and Or andx" are also reduced. Thus,
the PES features irCs symmetry is characterized by the
variations of those repulsive and attractive interactions with the
angled.

Figure 1c is shown for the angl@ = 5°. In collinear 2
geometry, the lowest state i3], which undergoes the avoided 1 2 3
crossing with 2= to form the entrance barrier. Note that the r
213 is correlated to the Ti+ O, asymptote at the reactant.  Figure 2. Contour plot of 2A’ MRCI TiO, PES. Contour spacing is
The entrance barrier is locatedRt= 3.20 A andr = 1.20 A, 0.5 eV. (a)0 = 90 °. Solid lines are crossing seams. (b= 5 °.

with the height of 0.66 eV indicating that the transition state

has collinear geometry. As seen in Figure 1c, there is a shallowexperimental estimate. Furthermore the reaction exothermicity
well with a depth of 0.65 eV aR = 2.49 A andr = 1.29 A, is 2.16 eV, which is larger than the experimental value, 1.72
which corresponds to the end-on intermediate. The geometries€V, obtained from the difference of bond dissociation energies

and energies of stationary points on th#A1surface are  of TiO and Q. _ _ _
summarized in Table 1. Because it can be considered that these discrepancies between

The PES for the 3A; state is shown in Figure 2. 165, the calculated and experimental values are due to the insufficient
symmetry, the lowest states are tH84in the reactant region ~ treatment of the dynamic electronic correlation effect, we
and the %A, for the side-on intermediate, as in the case of repeated the calculations for the critical geometries on the PESs
singlet PES. However, the inserted complex has@nmetry; in Figures 1 and 2, reducing the threshold for the configuration
therefore, there are two Crossing seams on the PES, as Showﬁelection in MRCI calculations. Table 1 includes the energies
in Figure 2a. The energy at the minimum_energy Crossing point obtained by the calculations with a threshold of 0.03 for
between the reactant state and the side-on complex is calculategonfiguration selection from the CASSCF wave function. We
to be 0.95 eV, which is slightly higher than the corresponding can see that the entrance barrier height is lowered to 0.344 eV
value for the singlet state, 0.86 eV. The geometries and energies’-9 kcal/mol and that the reaction exothermicity, 1.80 eV, is
of the triplet side-on and inserted complexes are included in Very close to the experimental value. The side-on and inserted
Table 1. The feature of the PESt= 5 ° shown in Figure 2b intermediates are also stabilized by 0.29 and 0.18 eV, respec-
resembles that of the singlet PES. The lowest sta#&,ignd tively.
the entrance barrier height is 0.67 eVRit= 1.22 A andr = B. Analytic Potential Energy Function. As mentioned
2.32 A. An end-on intermediate with a well depth of 1.25 ev above, the MRCI calculations with a threshold of 0.03 are
is also observed. Considering that the barrier height of #4¢ 1 desirable for constructing the PES. However, it is computa-
state is very close to that of théAl' state, the contribution from  tionally too demanding for us to carry out the MRCI calculations
the triplet channel to the oxidation reaction seems to be similar & many grid points with this threshold value because the number
to that from the singlet channel. We therefore examine the Of contracted configuration state functions (CSFs) becomes very

reaction dynamics proceeding on the singlet PES from this point large, (1.2-2.3) x 10° compared with those of the threshold of
forward. 0.1 whose CSF number ranges from (1469) x 1C°. We

Ritter and Weisshai? estimated the activation energy for therefore modified the energies obtained at the threshold of 0.1
reaction 1 from the measured rate constant at 300 K. They fit by referring the more accurate energies with the threshold of
the rate constant to the Arrhenius equatikfT) = A exp(— 0.03 in order to design the analytical PES for the dynamics
Eao/RT), assuming the hard-sphere collision rate constant as thecalculations. The modified PES is represented as
frequency factorA, and obtained the maximum value of 3.1
kcal/mol for Eae. As shown above, the present MRCI calcula- Vinod R, 1, 0) = Vei=04(R 1, 0) + AE(R 1, 0)  (2)
tions gave an entrance-barrier height of 0.655=e15.1 kcal/
mol for collinear geometry, which is much higher than the The PES was separated into two regions 1.8 A andr >
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1.8 A, to define the correcting teriAE. The liner = 1.8 A
goes through the top of the potential barrier between the side-
on and inserted complex. For the regiors 1.8 A, AE was
assumed to be a function & and 6 because this region is
characterized by the approach of Ti te Bee Figure 1). A®

= 90°, we used the energies of four points (i.e., the reactant (
> 4.0 A), the top of the entrance barrieR & 2.41 A), the
side-on complexR = 1.62 A), and the barrier between the side-
on and inserted compleR(< 1.5 A)), which have correction
energies of 0.0,-0.193,—0.297, and-0.517 eV, respectively.
AE at an intermediate value dR was obtained by linear
interpolation of these energies. At=5°, we used the energies
of three points-those of the reactanR(= 4.0 A), the top of
the potential barrierR = 3.2 A), and the end-on compleR (

< 2.49 A) with correction energies of 0.8,0.311, and-0.027
eV, respectively. The angle dependencé\&was assumed to
have the form

1 o
17 cos 10{(1+ cos H)E(R 1, 5) +

(cos 10 — cos D) E(R, r, 90°)} (3)

AER T, 0) =

that was derived by substituting the value¥at 5° and 90
into the functionAE(R, r, ) = a + b cos &. The regionr >
1.8 A includes the inserted complex and the dissociation

J. Phys. Chem. A, Vol. 106, No. 17, 2002353

cm~L. The three-body teriv®)(Ry, Ry, Ry) is given by

i+j+ks5 o
\/(3)(R1' Ro, Ry) = V° Cijkpll PJ2 Pg X
iik=o

(1 — tanhy,Q,/2)(1 — tanhy,Q,/2) (6)
where
(7a)
and

Q,=(IN2)R,+ R, — R~ R)

The polynomial in eq 6 was truncated after the fifth-order term.
The potential parameters were determined by the least-squares
fitting procedure to include about 260 modified MRCI energies
Vimod in region 1. Region lll,r > 1.8 A, covers the inserted
intermediate and the product. We used the same two-body
functions as were used for region |, and the three-body term
was least-squares fitted to about 290 energies in region IlI.
For region II,r < 1.8 andR < 2r — 0.25 A, where the number
of grid points is about 160, the sum of two body terms of
isolated Q and TiO molecules determined above was not a good

(7b)

pathway to the TiO and O products. We thus assumed that theapproximation of the PES, and the three-body term became very

correction termAE is independent dR. The correction energies
at the inserted complex;0.179 eV forr = 2.79 A, and the
product, 0.358 eV for > 4.0 A, as well as at the boundary
between the two regions, = 1.8 A, were used for linear
interpolation with respect to. We used the same relation as in
eq 3 to describe the angular dependencafin this region.
About 700 modified!A" MRCI energies thus obtained were
used to construct the analytical PES. Because the PBES
with two deep minima separated by a low potential barrier is
difficult to represent by a simple analytical function, we divided

large because the TiO internuclear distance of the side-on
intermediate, 1.79 A, is close to the TiO equilibrium bond
length, 1.62 A, in spite of the fact that there is no strong bonding
between the Ti and O atoms. We therefore redefined the two-
body terms for this region. The parameters for the TiO potential
were determined by the least-squares fitting to the engrgy

— V2(R;) whereV2) is the diatomic potential of an isolated
0, molecule. The modified TiO potential?; thus obtained
was used to obtain the modified,(potential, which was
constructed by the least-squares fitting to the endrfgyy —

the PES into three regions and fit the energies at each region tov(z),(RZ) — V@'(Ry). The effective two-body potentials have

a Murrell-Sorbie-type many-body expansion funcfibeepa-
rately. The region Ir < 1.8 A andR > 2r—0.25 A, containing
the reactant and end-on complexes was represented by th
function

V(R Ry, Ry) = VP + VEUR) + VEL(R,) + VL (Ry) +
VAR, R, R) (4)

whereR; is the O-0 distance and®; and R; are the T+O
distances. The one-body teM® was taken to be zero because
both the @ and TiO molecules dissociate into atoms in their
ground states. The two-body terms (i.e., the diatomic potentials)
were given by the extended Rydberg form

V(R) = —Dy(L + ap + a,p” + ay’) exp-ap) (5)
wherep = R — Re, with R being the equilibrium bond distance.

For the Q molecule, the parameteBs, Re, we, weXe, aNdweye
were derived from the spectroscopic dét&or TiO, however,

smaller dissociation energies, 1.80 eV for TiO and 3.33 eV for
O,, than those of the isolated diatomic molecules, 6.93 and 5.21

eeV, respectively. With these modified two-body functions, the

fitting of the three-body term was improved considerably.
To construct the global PES, we combined the three potential
functions as

VR, Ry, R) ={(1 =SV, + SVi}S,+ (1 = S)Viy (8)

whereV,, Vy;, andV,; are the potential functions for regions I,
II, and Ill, respectively. The switching functions are given by

S, = (,)(1 — tanhfy,(Ar,))) (9a)
and

S, = ()(1 — tanh/,(Ar)))

where Ar; and Ar, are the distances of a poinRy, Ry, Rs)

(9b)

the parameter, in eq 5 obtained in a similar way became measured from the dividing lines of the regidRs= 2r — 0.25
negative, and the resultant potential energy showed nonphysicalA for Ar; andr = 1.8 A for Ar,. The parameterg; andy,
behavior at larg&. We therefore carried out MRCI calculations were determined by least-squares fits to the energies near the
for the TiO potential curve and fit the curve to eq 5. Because dividing lines|Ary 5 < 0.2 A. Because the PES of Ti@ontains

the present MRCI calculations gave a dissociation en&gy

several local minima and potential barriers, as seen in Figure

of 6.11 eV, the ab initio energies were scaled so as to reproducel, the fitting of the modified MRCI energies to an analytical

the experimentalD. of 6.93 eV. The harmonic frequency
calculated from the present TiO function is 1004.5énwhich
is in good agreement with the experimental valug= 1009.0

function was a difficult task. The root-mean-square deviation,
0.16 eV, was thus large. The optimized potential parameters
for the A’ state are provided as Supporting Information.
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Inserted 0 106 0
-7 6.693 = were 0.19, 0.60, 1.93, and 3.8¢ fbr Er = 0.55, 0.6, 0.7, and

0.8 eV, respectively, which was well-represented by the fourth

Figure 3. Geometries and energies of the stationary points for .
order polynomial

analytical PES.
The potential-energy profile derived from the analytical PES o(E;) = 77.0€; — Ei)4 — 84.5€; — Ei)3 +
is shown in Figure 3. The global features are almost the same 59.7€; — E:c)z (10)

as those of the modified PES and of Figure 1. The geometries

and energies of the side-on, inserted, and end-on intermediate Ty ; ; ;

are consistent with the MRCI results for the threshold of 0.03 %/Zta%rglévls the entrance barrier height for the analytical PES,
in Table 1, though the ©0 and Ti-O bond distances of the ’ : _

inserted complex become shorter for the analytical PES. The The thermal rate constant &t= 300 K was calculated by
entrance barrier height increases by 0.13 eV from that of the _ a2 )

MRCI both até = 0 and 90, and the location of the saddle K(T) = (2/kgT)" (1) fo o(Er) exp(~Er/kgT)Er dE;

point slightly shifted toward the direction of the end-on (11)
intermediate. We note that transition states with one imaginary wherekg is the Boltzmann constant apdis the reduced mass
frequency are the collinear entrance barrier and the middle ot e reactant pair. Because the collinear entrance barrier height
barrier between the side-on and inserted intermediate in Figureig \ erestimated by 0.135 eV relative to the MRCI value, as
3, but the entrance barrier at the perpendicular geometry and,ontioned in section 3, we replaced the valugEbin eq 10

the exit barrier from the end-on intermediate have two imaginary by 0.344 eV before calculating the rate constant. The rate

frequencies. constant was calculated to be %2107 cn¥¥/s, which is much
3 Classical Traiectory Calculation lower than the experimental estimate reported by Ritter and
' J y Weisshaar, (1.5 0.3) x 10712cm?/s. The discrepancy between

We employed the standard QCT metkbtb study reaction the experimental rate constant and the present one is apparently
1. The initial separation between Ti and the center of mass of attributed to the overestimation of the entrance barrier height
O, was chosen to be 6.0 A. This separation ensures that thein the present PES.
interaction energy can be neglected with respect to the energy In estimating the activation energy, Ritter and Weisshaar
of the reactant. The integration of the equations of motion was employed the prefactek = ops@= 2.5 x 1071° cm?/s where
carried out by the fourth-order Rung&utta method with a ons Is the hard-sphere collision cross section. As shown in
time step of 0.05 fs, which guarantees that the error of the total section 3, the entrance barrier height depends on the orientation
energy constancy is less thanx1104 eV. angle of Ti with respect to the Omolecular axis, thus the

The initial vibrational quantum number of,@Qvas taken to prefactor should be smaller than that of the hard-sphere model.
be zero, but the rotational quantum number was generatedWe estimated the prefactor to be 210712 cm?/s using the
according to the Boltzmann distribution at 300 K. We chose calculated rate constant and the barrier height. Combining the
four initial relative translational energieg;y = 0.55, 0.6, 0.7, present value of the prefactor with the experimental rate
and 0.8 eV, that lie between the entrance barrier height at theconstant, the activation energy is estimated to be 0.9 kcal/mol,
collinear geometry, 0.48 eV, and at the perpendicular geometry, which is still smaller than the experimental estimate, 3.1 kcal/
0.80 eV, of the present analytical PES. The maximum value of mol.
the impact parametdsnay for reactive trajectories depends on B. Reaction Mechanism. To explore the dynamics of
Er and increases from 1.07 A Bt = 0.55 eV to 1.89 A aEr reaction 1, we have examined the records of 2700 reactive
= 0.8 eV. bpax was obtained from preliminary trajectory trajectories atEr = 0.55 eV. Figure 4 shows the lifetime
calculations. In the actual calculations, the impact parameter distribution of the TiQ collision complex, which is the time
was randomly sampled so as to cover uniformly the area insidethat the complex is trapped in the intermediate potential wells.
the circle 2rbnax for each value ofEr. A total of 10 000 The lifetime of a trajectory was defined as the period between
trajectories were run for each initial translational energy to the time of passing through the entrance barrier and the time
calculate the reactive cross section, but 50 000 trajectories withwhen one of the TiO bond distance is twice as large as the other.
Er = 0.55 eV were averaged to study the lifetime of the collision As seen in Figure 4, the number of trajectories that react within
complex and the product energy distributions. 0.2 ps is very small, though about 80% of the trajectories

A. Rate Constant.We calculated the reactive cross section dissociate to the product Ti@& O within 0.5 ps. The average
at four relative translational energies. The resultant cross sectiondifetime is calcualted to be 0.39 ps. Beyond 0.2 ps, the
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Figure 5. Time evolution of the internuclear distancd®%§, Rrio) for three representative trajectories.

distribution can be well-represented by a single-exponential 0.20
function exp(t/7) with 7 = 0.23 ps. A relatively short lifetime
of the collision complex is attributed to a large excess energy I ™ j |
in the collision complex. ‘
Analyses of the time evolution of the interatomic distances
and potential energy of the trajectories were performed. All the
reactive trajectories occurred near the collinear geometry in the
region of the entrance barrier because the translational energy, ‘
0.55 eV, is close to the energy of the transition state, 0.48 eV, r |
and the trajectories with a large value @fcannot overcome | ‘
the energy of this entrance barrier. Figure 5 displays the = [‘ ‘
evolution of interatomic distances for three typical trajectories. 0 0.5
Figure 5a shows an example of the direct abstraction mechanism
where the Ti atom approaches one of the O atoms collinearly
and abstracts the O atom without forming the side-on or inserted Figure 6. Distribution of the relative translational energy of the
reaction intermediates. The lifetime of this trajectory is very Products. The solid line is the prior distribution.
short, 0.22 ps. However, the contribution of the abstraction .
mechanism to the reactive cross section is very small becausdnSerted complexes are formed (836 ps), followed by
the end-on complex is unstable with respect to the bending of dissociation to the product. In these trajectories, thedbond
the Ti-O—0O angle, and a more stable side-on or inserted mmally formed in the end-on complex'does not necegsarlly
complex is easily formed. This result is consistent with the qllssomate, and the intramolecular vibrational energy redistribu-
lifetime distribution in Figure 4, where the probability of short 10N OCCUrs to some extent.
lifetime trajectories within 0.2 ps is very small. C. Product Energy Distributions. We calculated the product
Most of the reactive trajectories proceed via the inserted translational, rotational, and vibrational energy distributions and
mechanism. A trajectory evolving through the inserted complex compared them with the statistical distributions (i.e., the a priori
and dissociating quickly is illustrated in Figure 5b. In this type distributiong?). Although we considered only the case in which
of trajectory, the T+O bond is first formed and then broken the initial translational energy was 0.55 eV, the product energy
because of the impulsive force acting at the repulsive wall distributions are expected to be insensitive to the initial energy
between the Ti and O atoms. Thus, the lifetime of this trajectory because the reaction is strongly exothermic, 1.72 eV, and there
is short, 0.30 ps. Because the kinetic energy is large in theis no exit-channel barrier. Figure 6 shows the distribution of
collision complex, this insertion/fast dissociation mechanism is the relative translational energy between the products TiO and
important in interpreting many reactive trajectories. We also O. The peak at 1.1 eV for the trajectory result is higher than
found trajectories that survive for a long time in the reaction that of the statistical distribution, and the probability in the small
intermediates, the insertion/slow dissociation mechanism. Suchenergy region is lower. The average translational energy is 1.08
a trajectory is shown in Figure 5¢c where both the side-on and eV, which is 46% of the available product energy, 2.33 eV.
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= ' 4. Conclusions

0.10 | Sl ] We have studied the oxidation reaction of ground-state Ti

with O, theoretically. The global PESs for théAt and PA'

M states were calculated at the MRCI level. The PES features of

both of the electronic states were similar; there exist deep

potential wells corresponding to the side-on and inserted
H 1 intermediate complexes, and the entrance barrier height leading

50

Probability
(]
o
w

to the end-on complex was comparable for both the states. We
constructed an analytical PES function for tHA'Istate on the
basis of more than 700 ab initio energies modified by more
- ‘ = elaborate MRCI calculations with a smaller threshold for the
100 150 configuration selection. The derived analytical PES reproduced
Rot. quantum number well the characteristics of the ab initio surface, though the
Figure 7. Distribution of the rotational quantum number of TiO. The ~ €ntrance barrier height was slightly overestimated.
solid line is the prior distribution. QCT calculations were carried out to estimate the reaction
rate, the lifetime of the collision complex, and the product
energy distributions. The calculated rate constant is smaller than
the experimental value, which is attributed to the overestimation
of the entrance barrier height of the present PES. Using the
N prefactor obtained from the present QCT calculations combined
with the experimental rate constant, the true activation energy
is estimated to be 0.9 kcal/mol, which is lower than the
experimental estimate, 3.1 kcal/mol, obtained assuming the hard-
_ sphere collision model. Detailed analyses of trajectories revealed
F that the reaction can be described by the inserted/fast dissocia-
H‘ ‘HHH tion mechanism, which is consistent with the short average
\ - [T lifetime of the collision complex, 0.39 ps. The product
5 10 15 translational, rotational, and vibrational energy distributions were
Vib. quantum number similar to those of the statistical assumption. However, the
Figure 8. Distribution of the vibrational quantum number of TiO. The ~ translational and rotational energies are slightly hotter than those
solid line is the prior distirbution. obtained from the statistical prediction, but the probability of
v' = 0 for the TiO vibration is larger than the statistical value,
Note that the statistical theory predicts an average translationalreflecting the fact that the reaction proceeds via the insert/fast
energy of 1.00 eV. dissociation mechanism involving a short-lived collision com-
plex. Experimental measurements of the lifetime of the collision
complex and the product energy distributions will provide
valuable information for the study of the reaction mechanism.
Although the present study provides important insight into
the oxidation of Ti by @, achieving full understanding of the
reaction mechanism would require more elaborate studies to
be carried out. As mentioned in section 2, the triplet state can
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The distribution of the rotational quantum numpés plotted
in Figure 7, where we can see that the rotational distribution
has its maximum at ~ 105. As in the case of the relative
translational energy, the probability of low rotational energy
belowj = 90 is smaller than the statistical probability, indicating
that the product rotation is greater than that expected from the
statistical assumption. The average rotational energy is calcu- articipate to the reaction. To obtain information about the
lated to be 0',71 ?V' which is 30% of thg aya|la}ble prqdupt Eontrilfution of triplet channels, more accurate calculations of
energy..The' vibrational quantum.r)umber d|str.|but|on of TIOis he PESs are necessary. We also note that we neglected the
shown in Figure 8. The probability monotonically decreases gycited electronic states in the singlet manifold in the present
from »" = 0 and becomes zero at = 20. Compared with the  yreatment. The transition to the excited electronic states may
statistical distribution, the trajectory calculations gave a larger pecome important when the initial translational energy is large
probability at2" = 0 and smaller one for' > 7. Thus, the  pecause of the crossing of PESs between 2 and A;
average vibrational energy, 0.58 eV, is smaller than the statisticalstates in the entrance barrier region for the perpendicular
energy, 0.67 eV. approach of Ti to @

The product energy distributions in Figures-& may be Finally, we point out that Ti@is very difficult to understand
regarded as rather statistical, which is consistent with the in- theoretically, and even higher-level calculations would be useful
serted reaction mechanism mentioned above. A slightly hot in the future. The present work can be regarded as a starting
distribution of the translational and rotational energies is point for future studie.
attributed to the short lifetime of the collision complex because Acknowledgment. This work was supported by the Grant
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