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On the Reactivity of Ti*(*F,2F). Reaction of Tit with OH ;
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The reaction of Ti(*F2F) + OH, has been studied in detail for both doublet and quartet spin states. Th
only exothermic products are TiFA) and H; formation of several endothermic products is also examined.
An in-depth analysis of the reaction paths leading to each of the observed products is given, including vari
singlet, triplet, and quartet minima, several important transition states, and a discussion of thestimortdtion
mechanisms proposed in the literature. The experimentally observed spin-forbidden crossing is given a pos:
explanation. Throughout this work comparison to experimental results in energetics, reaction products,
suggested mechanisms has been central.

1. Introduction the MO+ H, reactants and the low-spin H,O products,

Transition metal cation chemistry has been the subject of but not the ground-state M- H,O products.
many experimental studies in recent years. At the same time, Their data for the titanium and vanadium systems are
theoretical studies have seen a rapid increase in applicabilitydominated by production of excited low-spin@F) and V" (%F)
thanks to improved computational methods and new computa-States. Their estimated potential energy surface, on the basis
tional technologie$. These developments in both the experi- Of their results and theoretical predictions of Tilson and
mental and theoretical fields provide new opportunities to study Harrison;? shows for St a crossing of the triplet and singlet
quantitatively the reactions, mechanisms, bonding, and structuresurfaces, probably occurring in the region between 8¢

of complexes incorporating transition metafs. and Sc(OH)*. Similar crossing should also exist in the titanium
Of particular interest among recent works, e.g., ref94are and vanadium systems, and thus the inefficiency of forming

the results presented by Castleman and co-wotkidicating the ground-state metal ions in these systems can be explainec

that Ti" is very active toward breaking-€H, O—H, N—H, and by the need to undergo a spin-forbidden surface crossing. The

C—0 bonds in small alkene molecules, ammonia, water, and MO*+ D, — M*+ D,O reaction channel is the first bi-
methanol. All the reactions are exothermic bimolecular reac- molecular, transition metal reaction to their knowledge that
tions at thermal energies. For these reactions, the dehydrogenshows convincing evidence that excited-state products can be
ation rate constant is found to be propotional to the bond strenghformed preferentialy over ground-state products. The overiding

of the X—H bonds. The result can be explained on the basis constraint in these systems is conservation of spin rather than
of dehydrogation mechanisms. For example: overall reaction energetids.

4 o+ . Finally Armentrout and co-worke¥sstudied the reverse of
Ti"+H-O-H—=H-Ti"-O-H = H,Ti-O" — the above mentioned reactions. They found that fifestate
TiO™ + H, of Ti* reacts much more efficiently than théFaground state
in forming the MD", MO™, and MOD" product ions. All
Here a H migration from O to Ti occurs in the mechanism, evidence is consistent with the hypothesis that the reactions
following the initial insertion of Tt into the O-H bond. occur primarily through a low-spin state of a D@D inter-
More recently Armentrout and co-workétsiave found, after mediate. Furthermore, they suggest that this species is likely
an exhaustive experimental study, that the early transition metalto eliminate H through a four-centered transition state. This
ions (S¢, Tit, and V) are more reactive than their oxides, is in contrast with the mechanism proposed by Castleman and
while the contrary occurs with the late metals {CMn™, and co-workerst®in which the initial step of T¥ insertion into the
Fet). The energetics measured for these reactions correspondd—H bond to form HTHOH is followed by hydrogen migration
to production of M primarily in an excited low-spin electronic  to form H,TiO*, which then loses Hto form TiO*.
state; formation of ground-state 'Mis also observed, even  The data provided and questions raised by these experimenta
though this reaction channel does not conserve spin. Their\yorks provide an excellent point of departure for theoretical
proposed mechanism that appears to be consistent with all theif, estigation. Preliminary work has been done in our group
experimental and molecular orbital considerations is determining the dissociation energies of the TigpHion—
molecule complex comparing MCSCF, CCSD(T), and DFT
methodst* This present work is the first theoretical investiga-
tion of the possible mechanisms of bond activation and
dissociation involved in the Ti(Op™ system. We report full
where the intermediate HMOH moiety conserves spin with ~ reaction mechanism geometries and energetics for both the
doublet and quartet spin states for numerous possible reactions
® Abstract published iAdvance ACS Abstractfecember 1, 1997. of Ti™ with H,0.
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TABLE 1: Active Spaces Used for Multireference Calculations

system orbitals included size
Ti* D1(0z)02(Cly2) 2o(Cyy) @ (Cx-yy) @ (Ozz-xx-yy) @ (S) (3/6)
H:0 o(O—H, bond)r * (O—H, antibond) (4/4)
TiOH*, o(O—H, bond)r * (O—H, antibond)

(4/4)+ Ti*(3/6) (7/10)

TiO™(*By) (Ti—0,bond)(Ti-O,antibond)8®a 434,12 (5/8)
TiIO*(?A2) 2(Ti—0,bond)2(Ti-0,antibond)8Dadb1a (5/8)

2 Og0ou* (2/2)
TiOH* (Ti—0O,bond)(G-H,bond)(Ti~0,antibond)(G-H,antibond)4&54d'10d114d (6/9)
HTiO* 2(Ti—0,bond)(Ti-H,bond)2(Ti~0,antibond)(T+-H,antibond)445d' 10d (6/9)

2 The notation 1If¥n) denotes an active space mfelectrons inn orbitals.

TABLE 2: Total Energies (E), in hartree, Zero-Point Vibrational Energy Corrections (AZPVE), Basis Set Superposition Error
Corrections (BSSE), and Dissociation EnergiesD)p) in eV, for the Ti(OH »)* lon—Molecule Complex

method E AZPVE BSSE Do
B3LYP DzvP —925.511 90 0.078 0.039 1.619
LanL2DZz —134.224 60 0.078 0.148 1.684
TZVP+G(3df,2p) —925.649 49 0.074 0.022 1.573
CASPT2(7/10)[11] Wachters —924.516 53 0.069 0.178 1.536
CASPT2(7/10)[6] Wachters —924.732 65 0.069 0.221 1.654
CASPT2(7/10)[0] Wachters —924.749 28 0.069 0.230 1.654
experimental 1.654+0.13
experimentdl 1.60+ 0.06
theoretical® 1.626

aFor the CASPT2 results, the numbers in parenthes®#s) (ncidate the size of the active spaagm électrons inn orbitals), and in square
brackets are the number of frozen core orbitals.

2. Methods criterion used to choose this active spaces is the “chemically
reasonable” on& That is, all MOs taking part in forming and
breaking bonds were included in the active space.

All DFT calculations reported in this paper have been carried
out with the GAUSSIAN94/DF! suites of programs, and the
CASPT2 calculations were carried out with the MOLCAS
program?2 Also NBO?334calculations have been done to clarify

Some  structures, and MOLDENwas used to draw MO
pictures.

The computational method used for optimization and fre-
guency calculations was density functional theory (B3LYP
functional}>16 with the DZVP basis sets given by Salahub et
all"18pecause of the good results obtained in previous wdrks.
The choice of the B3LYP DFT method is largely motivated by
its satisfactory performance reported recerithOfor transition
metal containing systems. Some of the more relevant structure
have been reoptimized at the B3LYP/LanL2DZ level to see how
the triple< treatment of the 3d electrons influences geometries 3 R . .

. ; -~ 3. Results and Discussion
and energies. Reactants and products of the possible reactions
have been reoptimized at both the B3LYP/6-31(2d,2p) and Our discussion will focus first on the Ti(Oft" disociation
B3LYP/TZVP+G(3df,2p) levels for the system. All the energy and then the quartet doublet splitting for several
calculations have been corrected with the ZPVE calculated atrelevant species. Following these are total energies for the
the corresponding theoretical level. The trigleality basis experimentally observed reactions, and this report finishes with
set, TZVP+G(3df,2p), used for titanium was that given by a detailed analysis of the PES.
Schder, Hubert, and Ahlrichs! supplemented with a diffuse s 3.1. Ti(OHy)™ Dissociation Energy. Dissociation energies
function (with an exponent 0.33 times that of the most diffuse of the Ti(OH,)* ion—molecule have been calculated with new
s function on the original set), two sets of p functions optimized levels of theory and compared with the ones calculated in a
by Wachter# for the excited states, one set of diffuse pure previous work by this groug in order to test the quality of
angular momentum d function (optimized by H&$and three these methods in describing these reactions. Dissociation
sets of uncontracted pure angular momentum f functions, includ- energies were calculated as the difference between the energ)
ing both tight and diffuse exponents, as recommended by of the isolated monomers and the complex, including both BSSE
Ragavachari and Trucké. For the oxygen and hydrogen atoms, and ZPVE corrections.
the 6-311-+G(2df,2p) basis set of Pople et@lwas used. Ti(OHy)™ dissociation energies predicted by various levels

In order to give very accurate energies for the energy of theory® and those experimentally obserdécare given in
differences between the different spin states of each species;Table 2. TheAZPVE values for the multireference methods
CASPT?2 calculations have been carried8dt. In the CASPT2 were taken as the average of all other results reported for this
calculations the Wachters primitive basis for titanfdrwas systemt* It can be seen that a slightly highBp is predicted
extended by adding two sets of p functios in the 4p region, one for the B3LYP/LanL2DZ than for the B3LYP/DZVP theory
5d set of diffuse d functions, and three 7f sets of f functions, level, although the results obtained with Los Alamos effective
yielding a (14s,11p, 6d, 3f) primitive basis. This was contracted core potentials are similar to the ones obtained previously with
to a [6s, 5p, 3d, 1f] basis as explained in ref 28. For oxygen the SKBJC effective core potentidts.
the primitive (9s, 5p) basis of Huzinaffavas used, contracted The predictions of the CASPT2 method demonstrate the
to [3s, 2p] plus one set of pure angular momentum d functions. importance of properly including dynamic/nondynamic correla-
For hydrogen the primitive (5s) augmented with one set of p tion in order to obtain a good description of the system. When
functions and contracted to [3s, 1p] was used. The active spaceshe 1s through 3p orbitals of the titanium and the 1s orbital of
used for the CASPT2 calculations are given in Table 1. The oxygen are not correlated (10 frozen core orbitals), the dis-
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sociation energy obtained is clearly understimated. This
shortcoming is quickly resolved through reducing the frozen

core to include only the 1s2s2p orbitals of Ti and the 1s orbital

of O. Further reduction of the frozen core does not change the
predicted dissociation energy.

3.2. Excitation Energy. In the reactions of interest there
are three quartetdoublet relative energies that are exceptionally
important; thus, we describe them more exahustively. These
three are the Ti, Ti(OH,)™, and TiO" moieties. Excitation
energies for these systems are shown in Table 3.

It is known that DFT calculations can describe properly

ground states even for transition metal systems and also that
this method gives good results for some excited-state calcula-

tions11220 For the Ti system, for example, the doublet state
is a three-electron doublet state, which can be formed through

J. Phys. Chem. A, Vol. 102, No. 1, 199395

TABLE 3: Relative Energies in eV for the 4F(sc?) and
2F(scP) States of Ti" (Ay), the *B; and 2B, States of Ti(OHy)*
(A2), and the “A and the 2A States of TiO" (As)

method Ay Az Az
B3LYP/DZVP 0.599 0.593 —3.045
B3LYP/LanL2DZ 0.647 0.510 —2.991
B3LYP/TZVP+G(3df,2p) 0.545 0.488 —-3.111
CASPT2[9,10]/Wachters 0.507 0.850 —3.450
CASPT2[5,6]/Wachters 0.596 1.023 —3.517
CASPTZ2[0,0]/Wachters 0.597 1.117 —-3.524
experimentats® 0.574 0.565% 3.3

aEstimated? In square brackets the total number of frozen orbitals
are shown; the first number corresponds to thg, &ind the second
one to Ti(OH)™ and TiO" moieties. The CAS active space used for
each calculation can be found in Table 1.

various orbital occupations. Thus it is difficult to describe tling. However, some consistency is seen with the larger

properly with single-determinant methods. However, the results
obtained with the B3LYP method are reasonably close to other
theoretical predictions as well as experimental observations.

6-311+G(2d,2p) and TZVR-G(3df,2p) basis sets. This con-
sistency and the reasonable agreement with experiméntal
results implies that the B3LYP/TZ\WPG(3df,2p) level of theory

The CASPT2 calculation results are even closer in agreementprovides results worthy of a high level of confidence.

with the experimental value for the Ti‘F — 2F excitation
energy. Note that again when the—13p orbitals of Ti are

In agreement with experiment, we find only one exothermic
reaction, the formation of low-spin TiG- H; (reaction 1). Our

frozen an underestimation of the energy is observed, but thebest value of 1.543 eV is 0.23 eV below the experimentally

results obtained from the freezing of the 1s through 2p orbitals
are equivalent with the nonfrozen core results.
Quartet— doublet excitation energies for the Ti(QH ion—

observed energy. Considering that a spin-crossing is involved
in this reaction, our energy predictions are good, but not entirely
satisfactory. The result;0.321 eV, obtained for the low-lying

molecule also have been calculated at numerous levels of theoryegndothermic reaction leading to TiOH H, Reaction 4, is

Armentrout and co-worket$ assumed this energy difference
to be the same as for the™Teation. At the B3LYP level, with

within the error bars of the experimental resuf).39+ 0.12
eV. The experimental value for reaction21.73 eV ) is based

both basis sets used, the energy difference found is lower thanon an estimated doublet quartet splitting of 3.5 e¥? and is

the predicted Ti F — 2F energy gap. However, this energy
difference predicted by the various CASPT2 levels is ap-
proximately twice that predicted by the B3LYP method.

The last system studied at these levels was the TiDlecule.
Here the doublet is the ground state. Armentrout and co-
workerd? estimated that the high-spin states of Tilte above
the low-spin ground state by about 3.5 eV. The CASPT2
predictions are in good agreement with their estimations, and
the B3LYP numbers are only slightly lower.

3.3. Reaction Energetics. Five reactions leading to the

not radically different from our calculated1.568 eV.

3.4. The Doublet Stationary Points. The various B3LYP/
DZVP doublet stationary points are depicted in Figure 1. The
Cz, symmetry Ti(OH)" ion—molecule complex has a FO
distance of 2.104 A and a FO stretching frequency of 401
cml.  As seen in the dissociation energies section, this
interaction is rather strong. However, the ©ioiety itself is
only slighty changed from its unassociated parameters. In
comparison to free pO described by the same level of theory,
the O—H bond length in this complex is 0.008 A longer and

experimentally observed product ions have been studied for thisthe symmetric stretching and H-O-H bending frequencies change

system:

Ti"(*F) + H,O—TiO" (2A) + H, + AE, (1)
Ti"(*F) + H,O— TiO" (4A) + H, + AE, 2)
TiT(*F) + H,LO— HTIO" "A) + H+ AE;  (3)
TiT(*F)+ H,O—TIOH" () + H+ AE,  (4)
TiT(*F)+ H,LO—TIH" CA) + OH+ AE;  (5)

Equations +5 represent the main ionic products observed
in the reaction of Ti(*F) and HO. The energetics of these
reactions have been calculated with the B3LYP and CASPT2

by -93 and 21 cm! respectively.

TS1 characterizes the first hydrogen transfer from oxygen to
titanium. This transition state h& symmetry, and the one
imaginary frequency clearly corresponds to hydrogen transfer.

The HTi*OH minimum also ha€s symmetry. This inter-
mediate is a well-characterized minimun with a covalentHi
bond. The Ti-H stretching frequency is 897 crh and the
H—Ti—O bend has a frequency of 482 tin The lowest
vibrational frequency of 281 cm corresponds to the FHO—H
bend.

The second oxygen to titanium hydrogen transfer occurs
through TS2. In this transition state the-H distance is still
quite long (0.983 A) and the FO distance (1.691 A) is closer
to the HTIOH value than that in the following giTiO species.
The one imaginary frequency corresponds te-HH bond
formation.

methods, and here larger basis sets also have been used with The final doublet stationary point located was the){HO™

the B3LYP method. The various predicted values and the
energies given by Armentrout and co-workérare listed in
Table 4.

species. This (BTiO™ structure ofCs symmetry is a curious
intermediate. Earlier arguments against éfimination from
an HTIiO* structure have considered two covalent—TH

In some of these energetics, we see very large discrepanciesonds!® The (H)TiO* minimum that exists on the PES has

between the B3LYP predictions resulting from the use of

no Ti—H o bonds per se, but should be considered a-ion

different basis sets. In each case the difference between themolecule complex. Note that the ¥H bond distance has

B3LYP/DZVP result and the B3LYP/LanL2DZ result is star-

increased from 1.656 A in the HTOH minimum to 2.115 A
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TABLE 4: Overall Energies for Reactions 1-5 at Several Levels of Theor§

method AE; AE> AE; AE4 AEs

B3LYP/DZVP 1.365 —1.680 —1.661 —0.470 —2.739
B3LYP/LanL2DZ 1.642 —1.349 —1.470 —0.200

B3LYP/6-31H-G(2d,2p) 1.536 —1.573 —1.306 —0.341

B3LYP/TZVP+G(3df,2p) 1.543 —1.568 —1.293 —0.321 —2.632
CASPT2[9,10] 1.308 —2.142 —1.572 —0.676

CASPT2[5,6] 1.314 —2.203 —1.434 —0.669

CASPT2[0] 1.315 —2.209 —1.420 —0.664

experimentaf 1.77+0.06 -1.73 —3.9+0.12 —2.74+0.09

aEnergies given are in eV, and for the various B3LYP levels of theory include ZPVE corrections calculated at the corresponding level of the
b Estimated.

2.104 0.974

126.3

Ti(OH,)*(°B2)

0.763

2.115

Figure 2. Singly occupied orbital of the doublet §TiO* intermediate
1.584 as seen looking down the FO axis.

HTiOH*(?A") (H,)Tio*(3A")

] 126.6

0.973
2.103

Ti(OH2)+(4B1) HTi0H+(4A”)

0.766
TS1*(%A) TS2*(2A")
Figure 1. Geometrical parameters of the various stationary points on

the doublet B3LYP/DZVP potential energy surface. Bond lengths are
reported in A, bond angles in deg.

109.6
2.097

1.851

here. Examination of the MOs shows an interaction between
the singly occupied d orbital of Ti and the-HH o* orbital (see

Figure 2). NBO analysis _gi\_/es this_interaction a value of_ 7.87 TS3*(*A") (Ho)TiO*(*A")
kcal/mol. It is through this interaction that theHH bond is
activated. In comparison with separated T(&\) + H,, the Figure 3. Geometrical parameters of the various stationary points on

Ti—O bond length of this complex is only 0.004 A longer, while :he i;’aétier: EBEYEAD%]VT p?rt]egt'al energy surface. Bond lengths are
the aformentioned HH bond activation lengthens the;Hond eporte » bond .angies in deg.
length by 0.02 A. o )

3.5. Quartet Stationary Points. Figure 3 depicts the various the quartet minimum, and Fhe TH bond.an astounding .0'666
B3LYP/DZVP quartet stationary points. The stationary points A Ionger. This d|ﬁgrence IS also seen in the-I and Ti-H
found on the quartet surface are in many aspects related to thosStretching frequencies, which are 101 and 1287 clower for
of the doublet surface. The Ti(QH ion—molecule is very € quartet than the doublet species.
similar indeed. The geometrical parameters of both are es- The (H)TiO" ion—molecule complex on the quartet surface
sentially equal and the vibrational frequencies which that the has a slightly stronger interaction between thetblecule and
greatest are the water wagging frequency, which decreases her¢he TiO" unit than that found on the doublet surface. However,
by 52 cnt?, and the Ti-O stretching frequency, which increases as was the case on the doublet surface, this structure shoulc
by 57 cnrl, not be considered to have two covalent-H bonds, but rather

The HTitOH species, on the other hand, is quite different a d— o* donation. For the quartet species, this interation is
on the quartet surface. The Ti-O bond is 0.048 A longer for given a value of 9.85 kcal/mol by NBO analysis.
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Ti*(F) + H,0
+ 0.655

Ti*(*F) + Ho0
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Figure 4. B3LYP/DZVP potential energy surface following the'T+ OH, — TiO" + H, reaction path. Energies given are in eV and relative to
the separated ground-state reactants(“F) + OH,. Bond lengths are reported in A, bond angles in deg.
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Figure 5. B3LYP/DZVP potential energy surface following the reaction paths leading to the other experimentally observed products. Ener
given are in eV and relative to the separated ground-state reactant$;)F OH,. Bond lengths are reported in A, bond angles in deg.

3.6. Potential Energy Surfaces. Figure 4 shows the
potential energy surface starting from the Fi OH, separated
reactants and leading to Ti@- H; for the doublet and quartet  doublet TiO" and H.
spin states at the B3LYP/DZVP level of theory. The first step on the quartet surface can also be formation of

On the doublet surface, the first step is the formation of the the ion—molecule complex. However, following the reaction
ion—molecule complex. Then, through TS1, one hydrogen atom from that point is significantly more complicated than was the
is passed from oxygen to titanium, leading to the HOH case for the doublet surface. Despite numerous varied strategie:
molecule, the intermediate whose existance was surmised byfor finding a transition state between this complex and the
experimentalists. HTiTOH molecule, none was found. Here we note that while

A second hydrogen transfer from oxygen to titanium passing the quartet Ti(Ok)™ ion—molecule complex lies below that of
through TS2 leads to the most stable complex encountered onthe doublet, their relative positions are reversed in thet@H

the surface, ()TiO". From this intermediate the loss oftH
proceeds without transition state to the observed major products,



298 J. Phys. Chem. A, Vol. 102, No. 1, 1998

o 1.878 ‘ Oﬂe
(1.878) (1.569)

Tio*(%A) TiO*(%A)
1.686 1.694
(1.702) ‘ (1.699)0
HTi+(3¢) HTi+(1 A)
2.470 (2.448)

141.4 (130.0) 1.651 (1.657)

96.2 (98.8)

1.583 1.571

{1.572) (1.5586)
HTiO*(®A") HTiO*('AY)
(1.736) 0.972 (1.738) 0.969

0=
1.750 " (0.965) 1.746  (0.962)
TIOH*(3A) TiOH*('A)

Figure 6. Equilibrium geometry parameters for the various reaction
products at the B3LYP/DZVP level of theory. In parentheses are the
parameters predicted at the B3LYPAFG(3df,2p) level of theory. Bond
lengths are reported in A, bond angles in deg.

Irigoras et al.

molecule also could lose its remaining hydrogen atom through
TS4. This pathway leads to eventual formation of doublet'TiO
but is very much kinetically disfavored as compared to the
pathway in Figure 2 because it passes through a very high-
lying transition state (TS4).

Considering the quartet HTOH species, it is possible that
either of the two H atoms could be lost individually, resulting
in the triplet TiOH' or high-lying HTiO" triplet. Again, there
is the possibility of forming the doublet TiOproduct from
either of these minima through loss of the second hydrogen
atom. However, these sequential H loss mechanisms lie very
high in energy when compared to the mechanism seen in Figure
2

The observed reaction leading to H{8A) + OH is also
possible from the HTIOH quartet intermediate. A simple
breaking of the T+O bond leads to these energetically high-
lying products. A similar process on the doublet surface, leading
to singlet TiH" + OH, is even more energetically disfavored
with a final energy 0.891 eV higher than that of triplet TiH-

OH. Thus it lies outside of the energy range depicted in Figure
3.

Equilibrium geometry parameters for the various reaction
products are given in Figure 6.

3.7. The H; Elimination Mechanism. There has been much
discussion in the literature as to what is the process of H
elimination induced by transition metal ioHs!113 The two
leading contenders have the following schemes:

H

AN
M*-OH, —= H-M*-O-H —>=  M*-0 —= M*-O+H, (6)

moieties. Thus, the two surfaces have crossed somewhereand

between these two points. This explains the experimentally
observed “forbidden crossing” and seriously complicates the

location of the quartet transition state.

Once this quartet HTIOH intermediate is formed possibly
from Ti(OH,)™ rearragement, possibly from direct"Tinsertion
into an O-H bond of HO, another intermediate, GTiO™,

He o oH

M*-OH, — = H-M*-O-H — = M*-0 — = M*-O+H, (7)

Our theoretical results imply that neither of these is entirely

can be realized by passing through another probably high-lying correct, nor are they entirely in error.

H transfer transition state. From that isomer, the loss of an H

Our predictions agree with mechanism 6 in so much as the

molecule gives one of the scarcely observed reaction products,hydrogen atoms are last associated with Before elimination.

quartet TiO". The high relative energy of this product agrees
well with the fact that TiO in this spin state is a rarely observed
reaction product.

Figure 5 depicts the doublet and quartet B3LYP/DZVP

However, a quick examination of the bonding shows that there
are not two Ti-H covalent bonds; rather this species should be
considered an ioAmolecule complex. There is & o*
donation that activates the-HH bond, but the H-H bond is

potential energy surfaces for the reactions leading to the otherintact and no covalent FiH bond exists.

experimentally observed products, TiOkind TiH", sequential
H atom loss leading to TiQ and the possible reactions leading
to HTiO" and TiH"™ 4+ OH. Energies given (in eV) are relative
to Ti(*F) + H,O (as was the case in Figure 4).

The doublet process begins with the formation of the

Mechanism 7 is incorrect, according to our predicticmdy
in that the four-centered transition state is shown leading directly
to MO*+ H,. We predict the existence of another intermediate,
(H)TiO™, through which the reaction passes.

In examining the two intermediates, HTOH and (H)TiO™,

Ti(OH,)™ ion—molecule and passes through the H atom transfer it is seen that the connection between the twastbe a four-

transition state, resulting in the HTOH intermediate. This
doublet HTifOH may lose one of its hydrogen atoms, leading
to either the singlet HTiO or TIOH. These two species are
relatively close in energy, but as would be expected, the TiOH
isomer is lower in energy. Note that the energy difference

centered transition state. From the HODH intermediate a
second hydrogen transfer to *Tidoes not occur; rather a
hydrogen transfer to hydrogen is seen. This process is
multifaceted. It involves the breaking of the-®l bond, the
forming of the H-H bond, the breaking of one covalentTH

between these two singlet isomers is much smaller than thebond, and the formation of a FiO & bond.

energy difference between the corresponding triplet isomers.

Armentrout and co-workets suggest that for the four-

The quartet surface is, again, more complicated than that of centered transition state Ti) — H—H,+ donation is impor-

the doublet. Considering the Ti(QH ion—molecule complex,
it is possible (passing through TS3) that one H atom is directly
lost from the oxygen, leading to the triplet TiGHpecies. This

tant. This implies a planar four-center transition state. Indeed
we find that there is significant interaction between the ®O
system and the HH bond being formed. Figures 7 depicts
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Figure 7. oy—n + 7r1io Mmolecular orbital of the doublet four-centered
transition state.

Figure 8. on-n — 7t1io molecular orbital of the doublet four-centered
transition state.

the oy—n + 710 Orbital with large positive overlap for all the
atoms. Figure 8 illustrates that thg—y — 7Ti0 Orbital is
stabilized by positive overlap with one lobe of the in-plane d
orbital on Ti. Figure 9 shows the singly occupied orbital of
this doublet. The interaction here %o + ofi—n.

Planar transition states for,Hotation also were found for
both the doublet and quartet O™ species, lying only 0.004

and 0.026 eV above their respective minima. We suggest that
these low-lying transition states could be related to the four-

centered transition state.

Thus our results support the hypothesis of a four-centered

transition state that leads eventually tg &limination. The
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Figure 9. Singly occupiedrric + ou—n molecular orbital of the doublet
four-centered transition state.

Ti—O™" ). Transition states corresponding to the direct loss of
a hydrogen molecule from the initial Ti(Q)H ion—molecule

on both surfaces were sought. However, the imaginary frequen-
cies of the T-O*---H; stationary points located were indicative
of sequential H loss, rather than loss of Hrhus, this proposed
reaction mechanism is ruled out in this case.

4. Conclusions

The reaction of T with water has been investigated in detail.
Both the doublet and quartet potential energy surfaces have beer
characterized at the B3LYP/DZVP level of theory. Energy
differences between key doublet and quartet species and total
reaction energies for the experimentally observed products have
been predicted at even higher levels of theory including B3LYP/
TZVP+G(3df,2p) and CASPT2/Wachters. From these data, the
following conclusions are drawn:

(1) The only exothermic products of the*T#F2F) + H,O
reaction are TiO(%A) + H..

(2) The HTI*OH intermediate hypothysized by the experi-
mentalists is a well-defined minimum on each potential energy
surface.

(3) The doublet and quartet potential energy surfaces cross
between this aforementioned intermediate and the TiOH
ion—molecule complex.

(4) The much-discussedélimination process occurs neither
from a H,TIO" species with two covalent FH bonds nor
directly from a four-centered transition state, but rather passes
from the HTi"OH intermediate through a four-centered transi-
tion state to another ieamolecule intermediate #TiO™, from
which intermediate Klis eliminated.
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