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The mechanism of the reactions of W and With the water molecule have been studied for several lower-
lying electronic states of tungsten centers at the CCSD(T)/6-311G(8[pIP and B3LYP/6-31G(d,pySDD

levels of theory. It is shown that these reactions are essentially multistate processes, during which lower-
lying electronic states of the systems cross several times. They start with the formation of initial prereaction
M(H>0) complexes with M-H,O bonding energies of 9.6 and 48.2 kcal/mol for=MW and W', followed

by insertion of the metal center into an-® bond with 20.0 and 53.3 kcal/mol barriers for neutral and
cationic systems, respectively. The overall process of-NH,O — t-HM(OH) is calculated to be highly
exothermic, 48.4 and 48.8 kcal/mol for M W and W". From the HM(OH) intermediate the reaction may
proceed via several different channels, among which the stepwise HW®OHMO + H — (H),MO and
concerted HM(OH)— (H).MO pathways are more favorable and can compete (energetically) with each other.
For the neutral system (¥ W), the concerted process is the most favorable, whereas for the charged system
(M = W), the stepwise pathway is slightly more favorable. From the energetically most favorable intermediate
(H).MO the reactions proceed viaytholecule formation with a 53.1 kcal/mol activation barrier for the
neutral system. For the cationic system;:H formation and dissociation is an almost barrierless process.
The overall reaction of W and Wwith the water molecule leading to,H- MO formation is found to be
exothermic by 48.2 and 39.8 kcal/mol, respectively. In the gas phase with the collision-less conditions the
reactions W(S) + H,O — H, + WOEZ"), and W(®D) + H,O — H, + WO (“*) are expected to proceed

via a 10.4 and 5.1 kcal/mol overall energy barrier corresponding to the first Gissociation at the TS1. On

the basis of these PESs, we predict kinetic rate constants for the reactions of Wtandhw,0.

Introduction In this paper we study the reaction of W and"With the
) ) ) water molecule. Tungsten and tungsten alloys are widely used

Understanding the mechanisms and the factors governing thej, high-temperature environments where arc ablation or me-
reactions of transition-metal systems with small molecules (such chanical deformation and damage are the main sources of
as N, CO, CQ, O, H20, etc.) is an essential prerequisite for - materials failuré Hence, the thermal reaction of tungsten with
designing novel and more effective catalysts, for instance for gas molecules or radicals has brought about strong interests to
nitrogen fixation, hydrocarbon hydroxylation, utilization of  scientists. Hamamura performed a series of experimental studies
carbon mono- and di-oxides, as well as for the preparation of for the thermal reaction between water vapor and a tungsten
new materials with advanced physicochemical properties. The filament at extremely low pressures in the temperature rdnge
knowledge of numerous factors such as redox activities and spin= 1270-2460 K3 The authors obtained W oxide deposit of
states of transition-metal centers, the nature of their ligand WO, s when T was below 1950 K and showed that the O/W
environment, the identity of reactive intermediates, the nature ratio of the deposit increases from W& to WOs.g3 upon an
of substrate, solvent and support materials are all crucial for increase of temperature from 2000 to 2460 K. Hamamura also
designing better catalysts and better materials. The first stepstudied the effect of the partial pressure efikithese reactiort,
toward elucidating these various aspects is to study the gas-and the reactions of other gases such as N,Q§ on the
phase reactions of transition-metal (TM) atoms and ions, which surface of tungstenMany other experiments on the reaction
are free from ligand, solvent, and support effects. Such studiesmechanism of water on W surfaces were also repdrtedias
are particularly useful to provide information concerning the shown that the adsorption of water on the W surface had
dependence of the reactivity of TM species on the electronic dissociative character & — OH + H, and that desorption
and spin states of the TM atoms and ions in these reactions. Toproceeds via a surface reaction GHOH — H,O + O. The
obtain atomistic level understanding of these reactions with the free O subsequently oxidizes W to WO
experiments, state-of-the-art calculations of their potential Previously, many high-level computational methods were
energy surfaces (PESs) owing to several low-lying electronic applied to elucidate the reaction mechanisms of transition-metal
states of reactants, intermediates and products of the gas-phasgtoms and cations with several small molecdl®¥gater is one
reaction become vital and are expected to give information of the most important molecular species; however, to our
essential not only for interpretation of experimental results but knowledge, there has been no theoretical investigation of the
also for a comprehensive understanding of more complicatedreaction mechanisms of water with W and™Wn this work,
reactions involving TM systems. we detail our study of the mechanisms and reaction rates of the
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TABLE 1: Comparison the Calculated and Experimental Values of the Excitation (of W and W") and lonization (of W and
WO) Energies, as well as Heat of the Reactions W§) + H,O — WO + H,, W(’S) + H,O0 — WH + OH, W*(°D) + H,0O —
WO™ + Hy, and WH(®D) + H,O — WH™ + OH (All Values in kcal/mol)

excitation and ionization energies heats of the reaction

process calcd exp reactiona calcd exp
W ('S— D) 4.6 4.3 W ("S)/W*(°D) + H,O 0.0
W (’S— 3P) 45.0 37.9 WOEEY) + H, —48.2 —56+ 17
W ('S—1S) 71.5 WOIZ") + H; —25.8
W+ (5D — *F) 27.6 WHE=+) + OH 51.3
W (6D — 2P) 47.0 43.8 WO(?Z") + H, —16.9
IE [W("S)— W*(¢D)] 171.0 181.3438: 0.002 WO*(“Z) + H, —39.8 —52.04+ 23.9
IE [WO(ZT) — WO™(“Sh)] 179.4 186.8+ 6.9 WH*(5Z*) + OH 59.0 66.5+ 1.3

aSee ref 21° See ref 20¢ See ref 169 See ref 17¢ Experimental heats of the reactiorts0aK were calculated based-agHy(H.0) = —57.10
kcal/mol (ref 15);AHo(W) = 203.401 kcal/mol deduced byiHaeg(W) = 203.401 kcal/mol (ref 15)A:Ho(W*) = 384.449 kcal/mol deduced by
equation ofAiH29g W) = AsHa0g(W) + IE(W), where IE(W)= 181.3438+ 0.002 kcal/mol (ref 160A:Ho(WO) = 90.136+ 17 kcal/mol deduced
by AtHagWO) = 90.136+ 17 kcal/mol (ref 17);AiHo(WO™) = 375.767+ 23.9 kcal/mol deduced by equation &fHzeg( WO™) = AtHaeg( WO)
+ IE(WO), where IE(WO)= 185.633+ 6.9 kcal/mol (ref 17;AHo(WH") = 384.627+ 1.2 kcal/mol deduced by equation &fHzeg WH) =
AiHo0g(WT) + AfHag9(H) — Do(WT—H), whereAsH 09(H) = 52.1 kcal/mol (ref 15), an®q(W™—H) = 52.34+ 1.2 kcal/mol (ref 18)AsHo(H,) =
0.0 kcal/mol (ref 15); and\\Ho(OH) = 8.85+ 0.07 kcal/mol.

H,O + W/W reaction with several low-lying electronic states the effect of spir-orbit-coupling (SOC) in the calculations.

of W and W, Because of technical limitations, in this paper, we did not
perform SOC calculations and did not search for the minima
Computational Procedures on the seam of crossing of PESs of the studied reactions.

i . ) . Throughout the paper we discuss the CCSD(T) energetics,
All calculations were performed using the Gaussian 03 suite 5,4 the B3LYP energetics are included in the Supporting

of programs’ The geometries of reactants, intermediates, |ntormation (both the total and relative energies). We also have
transition states and products were optimized without imposing incjuded the CCSD(T) total energies and the Cartesian coor-

symmetry constraints using the B3LYP density functional ginates of all B3LYP optimized structures in the Supporting
approach, which combines Becke'’s generalized gradient cor-|ntormation.

rection, Lee-Yang—Parr's nonlocal correlation functional, and The rate constants for the W H,0 and W + H.O reactions

exact HartreeFogk exchange. Thls functional has been . were calculated using the variational RRKM theory as imple-
demonstrated to give results superior to those obtained by using., .+« in the Variflex cod&

pure density functional theory without HartreEock exchange In Table 1, we compare the available experimental@ata

due to a more accurateldes.crlptlorll of the dpnsny of states N3l the excitation and ionization energies, as well as the heats
the Fermi energy, which is particularly important for TM

i — 7 —
chemistry!© It is worth pointing out that quite surprisingly, the of the reactions WE) + H,0 — WO + Ha, W('S) + H20

. : . . : WH + OH, W*(®D) + H,O — WO" + Hp, and WH(®D) +
of molecties containing ransiion-metal elements wel afthough 20— WH® -+ OHvith their calculated values. AS seen from
hy 9 . . 1 9" this table the standard deviation between the calculated and
no transition-metal compounds were included in théfior

L experimental data is only-13.3%, whereas in many cases
the B3LYP geometry optimizations we use the Stuttgart/Dresden . o R .
relativistic %ffectiv:ay cgre potential (ECP)and agsociated (especially for excitation and ionization energies) the calculated

i - . and experimental data are very close to each other. One should
trlp!e-C SDD basis set for W, and the 6-31G(d,p) ba5|§ set for also note that the errors for the reported heats of the reactions
main group elements. The nature of all stationary points was

confirmed by performing a normal-mode analysis. In addition w(s) + HO — WOC') + Ha, W+(6D)- + HO -

o e . WOT(*=*) + H; are very large. Below, we will discuss these
the nature of the calculated transition states was clarified usmgfindings in more detail
the intrinsic reaction coordinate (IRC) approaéfhe energetics ’
of the optimized structures were improved by performing single
point CCSD(T) calculations using the slightly larger basis set
6-311G(d,p) for main group elements and the SDD effective 1. Potential Energy Surfaces of the Reactions of W and
core potential and basis set for W. Unscaled zero-point energyW " with Water. CCSD(T) predicts the ground electronic spin
corrections estimated at the B3LYP level were added to the state of the W atom to be a sept&t state associated with the
final CCSD(T) energetics. The single determinant nature of the sld5 electronic configuration, whereas the quinf@ state
wave function of all stationary points was confirmed by associated with the?g* electronic configuration is slightly, 4.6
performing T1 diagnostics (T1 parameter for all structures is kcal/mol, higher in energy. The calculated energy gap between
calculated to be within 0.010.06). We also have checké&®l] the S and®D states, 4.6 kcal/mol, of the W atom very well
values to evaluate the spin contamination in these calculations.agrees with its reported experimental value of 4.3 kcal#hol.
As seen from the materials (Table S3) given in the Supporting The CCSD(T) also predicts that the triphgt (£d%) and singlet
Information, in general, spin contamination in these calculations 1S (2d4 states of W lie 45.0 and 71.5 kcal/mol higher in energy,
is not significant, and maximum contamination from the highest respectively. Meanwhile, the ground electronic state of ¢/
spin states is less than 7%. the sextefD state associated with théd$ electronic configu-

As can be seen below, PESs of the several lower-lying ration: its quartetF (s'd*) and doubletP (s'd*) states are 27.6
electronic states of the studied reactions cross several times upomand 47.0 kcal/mol higher in energies, which are in good
completion of the reactions. A search for the exact minima on agreement with 24.9 and 43.6 kcal/mol experimental values,
the seam of crossing of these PESs would require the use ofrespectivel\?° The ionization energy of the W atom is calculated
computationally much more demanding methods that include to be 171.0 kcal/mol, which is in excellent agreement with the

Results and Discussions
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Figure 1. Calculated important geometry parameters (distances in A and angles in deg) of the intermediates, transition states and products of the

reactions WH H0 (the first line) and W + H,O (the second line) occurring on various low-lying electronic states:Migi ,0), TS1, t-HM-

(OH), TS2, TS3, and (H).MO at their singlet/triplet/quintet (and septet fa/(H,O)) and sextet/quartet/doublet states for=MW and Wi,

respectively; foMH , M(OH), TS5andHMO at their sextet/quartet/doublet and singlet/triplet/quintet/septet statesfovWand W', respectively.
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Figure 2. Schematic presentation of the PES of the reactior-\W,0O on various low-lying electronic states showing reactants, intermediates and
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WH0) TSI t-HWOH TS2
l l

products.
experimental value of 181.34380.002 kcal/mol® Below we products of all investigated reactions are given in Figure 1.

present potential energy surfaces (PESs) for the reaction of waterFigures 2 and 3 include the calculated PESs of the reaction of
with the W atom in its’S, °D, 3P and!S spin states, whereas M = W and W" with water, respectively.

the reaction of W + H,0 is investigated under the consider- As one might expect, the first step of the reaction is the

ation of the®D, 4F, and?P states of the tungsten cation. The coordination of the water molecule to the M-center to form a

calculated structures of all intermediates, transition states andprereaction aqua complex, M§8). As shown in Figure 2, for
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Figure 3. Schematic presentation of the PES of the reactionH,O on various low-lying electronic states showing reactants, intermediates and
products.

W* + H,0

the W atom, the formation of the initial W@@) complex occurs state of the W(RHO)™ complex, which is larger by about 50

via a septet to quintet spin-flip, resulting in the quintat kcal/mol than the corresponding barrier from the quintet ground
ground state of the aqua-complex. 15, A" and!A’ states state of the neutral W(#D) complex, indicating the high energy
are 6.6, 40.5 and 56.8 kcal/mol higher in energy relative to the of the HWOH" high spin state. However, as can be seen in
°A’ ground state, respectively. These findings can be explainedFigure 3, for the cationic system, the-®l bond cleavage occurs
by the fact that the low spin states of W have empty orbitals, energetically more favorably via a sextet to quartet spin-
which can effectively bind Ok} whereas in its higHS spin crossing: the reaction starts from the sefeeétground state of
state all orbitals are occupied and consequently, the waterw(H,0)* but proceeds via the quartet transition state. As a
molecule is weakly bound. Figure 3 shows that fot Wiere is result, the barrier for the ©H cleavage calculated from the
no spin-flip at the beginning of the reaction and the coordination groundéA’ state of prereaction complex W4E)" to the ground

of water leads therefore to a sexfét ground-state W(bD)* 47" state of TS1 is reduced to 53.3 kcal/mol, which is still larger
complex with its*A” and®A’" states being 30.6 and 55.0 kcall  than that for the neutral system (20.0 kcal/mol). The major
mol higher in energy. The lack of spin-flip at the beginning of reason of the large ©H bond activation barrier by W
the reaction is result of existence empty orbitals in all lower- compared to that for W neutral system is the strong stabilization
lying electronic states of W which can equally strongly bind  of \Ww+—H,0 bond (48.2 kcal/mol) compared to-WH,0 (9.6

water molecule. The calculated (ground state to ground State)kcal/mol), which is mainly due to the existence of the positive
W—H,0 and Wr—H,0 bonding energies are 9.6 and 48.2 kcal/ charge in the former.
mol, respectively. Unfortunately, no experimental data are

available for comparison.

At the next stage of the reaction, insertion of the metal center

into the O-H bond occurs, which leads to the formation of
HM(OH) products. The transition states (TS1) associated wit
these processes are characterized by significant Gond
weakening going from 0.98 A in prereaction complexes to-1.2
1.3 A at the TSs, except for the sexfét’ state of W(HO)™,
where the G-H bond is already essentially broken witfO—

H) = 2.025 A. The calculated barriers of the neutral system

The product of the ©H bond activation is the hydride
metal-hydroxy complexes, HM(OH), which can exist as cis
and trans isomers with the hydrogens in cis and trans to each
h other, respectively. Though we have calculated both isomers,

as well as the transition state (TS4) separating these isomers,
below we discuss only the energetically slightly more favorable
trans isomer. We included the energies and geometries of cis
isomers and TS4s in the tables of the Supporting Information.
The ground electronic state of the neutrétd W(OH) intermedi-

(from the corresponding prereaction aqua-complex) are 20.0,at€ is the quintetA state, with triplet’A and singlet'A states
5.5 and 14.7 kcal/mol for quintet, triplet and singlet states, P€ing 17.6 and 36.9 kcal/mol higher in energy, respectively.

respectively. On the septet-state surface, theHObond

activation is energetically very high and will not be discussed.

The overall process of W§) + H,O — t-HW(OH) (PA) is
calculated to be exothermic by 48.4 kcal/mol.

For the cationic system, the calculated barriers are 72.4, 22.7 The ground electronic state of the catiortitiW(OH)"
and 3.7 kcal/mol for sextet, quartet and doublet states, respec-intermediate of the reaction WA H,O is the quartetA state,
tively. Noticeable is the high barrier of 72.4 kcal/mol for the with doublet and sextet states being 29.9 and 44.1 kcal/mol

O—H bond activation by W calculated from the sextet ground

higher in energy, respectively. The exothermicity of the reaction
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WH(D) + H,O — t-HW(OH)* (*A), 48.8 kcal/mol, is almost
the same as that of the neutral procesgS)/¢ H,O — t-HW-
(OH) (GA).

From the hydride-metal-hydroxy intermediate HM(OH), the

J. Phys. Chem. A, Vol. 110, No. 13, 2006499

distance of 0.808 A, which lies 46.2 kcal/mol higher than lowest
triplet state. IRC calculations also confirm that TS2 at the quintet
5A" surface connectsHWOH minimum with the dihydrogen
complex (B)WO. Similarly, for the positively charged systems

reaction may proceed via several different channels: (a) the IRC calculations from the TS2 lead to a dihydride {WO*

separation of the OH ligand leading to the formation of @H
MH products, (b) the dissociation of the H ligand leading to
the formation of H+ M(OH), followed by activation of the
O—H bond to form the HMO product, (c) the breaking of the
O—H bond to form HMO, and (d) the activation of the second
O—H bond to form the dihydride metal-oxide (HyMO species
by an isomerization reaction.

The dissociation of the OH ligand is calculated to be highly

endothermic for both the neutral and positively charged systems,

and therefore unlikely to represent a major channel of the
reaction under mild conditions. The dissociation of the H radical
leading to the formation of H- M(OH) is calculated to be less
endothermic than the OH dissociation channel; however, it is
still unlikely to compete with channel (c) starting with cleavage
of O—H bond and leading to HMO+ H products. The
dissociation of G-H bond in HM(OH), pathway (c), is

intermediate (with a long HH bond) in its ground doubleg’,
whereas at the excited quartéf’ surface TS2 connects
t-HWOH™ with H, + WO™(*A’") dissociation limit. In the other
words, dihydride (WO intermediate does not exists at the
4A" surface. This, as well as absence of {MD (°A’), can be
explain by lack of enough electrons to form these structures
with 4 (or 5) W—ligand bonds at their high spin electronic states.
Close examination of the PES of reaction for cationic system
(Figure 3) shows thatHWOH™ to (H),;WO" starts with quartet
t-HWOHT reactant, proceeds via 45.3 kcal/mol barrier at the
quartet TS2, and crosses doublet surface that leads to doublet
dihydride (HYWO™ intermediate.

Results presented in Figures 2 and 3 show that theMB)
species is lowest in energy for the [MB] reaction systems,
which partially can be explained by the large exothermicity of
the tungsteroxygen bond formation.

calculated to be 43.2 and 46.7 kcal/mol for neutral and charged From the (H)MO intermediates the reactions may proceed
systems, respectively. This dissociative (or stepwise) pathwayvia either O-atom dissociation orzHnolecule formation and

HM(OH) — HMO + H — (H),MO may compete (energetically)
with the concerted process (d) starting with activation of the
second G-H bond in HM(OH) and leading to the (KH)1O
species. For the neutral system @4W), the reactiort-HW-
(OH) — (H)2WO proceeds via a quintet-triplet surface crossing
beforethe O—H bond activation transition state TS2 (see Figure
2). the reaction starts from the quintet ground staté ldt¥V-
(OH), proceeds via a triplet transition state TS2, and finally
leads to the triplet (VO (A’) product with a relative energy
(relative to the reactants) of-78.9 kcal/mol. The barrier
(calculated from the quintet ground state to triplet TS2)

associated with this process is found to be 28.9 kcal/mol. For

the positively charged system (M W), the reactiort-HW-
(OH)*T — (H)2WO* proceeds likewise via quartet-doublet
surface-crossing that occuedter the O—H bond activation

elimination or H-atom dissociation to form HM® H. O-atom
elimination is expected to be highly endothermic and was not
studied in detail. Although the H-atom dissociation is more
favorable than O-atom dissociation, it still cannot effectively
compete with the K elimination channel. Calculations show
that the hydrogen molecule elimination proceed viahibond
formation at the TS3 and leads t@ H MO products without
formation any dihydrogen (WO intermediate at the singlet
and triplet surfaces. The calculated the-H bond formation
barrier is 53.1 and 45.5 kcal/mol for ground triplet and excited
singlet states of the neutral system.

For the cationic system, Hormation and elimination starts
from the doublet (H)WO™ intermediate, crosses quartet surface,
and leads to quartet products of H WO™(*A"). This may occur
with a small energy barrier corresponding to doublet to quartet

transition state TS2 (see Figure 3). In other words, the reactionspin-flip, which is not calculated in this paper. We have

starts from the guartet ground statetdfiW(OH)", proceeds

via quartet transition state TS2 and leads to the doubjet H
WO™ product with a relative energy (relative to the reactants)
of —64.1 kcal/mol. The energy barrier associated with this
reaction is 52.3 kcal/mol, which again is significantly larger

than that for the neutral reaction. The ground-state to ground-

state procesg-HM(OH) — (H).MO is calculated to be
exothermic by 30.5 and 15.3 kcal/mol for neutral and positively
charged systems.

In summary, among the processes starting from the HM(OH)

performed extensive search for the dihydrogen)#D inter-
mediates, and for possible transition state corresponding to the
dihydride (H)MO to dihydrogen (H)MO rearrangement.
Unfortunately, we could not locate the stable dihydroges){(H
MO intermediates, except that for quintet state of the neutral
system. Despite that, we still could expect the existence of
weakly bound (H)—MO complex, the existence of which will
not affect the calculated mechanisms of the studied reactions.
It is worth noting that the calculated ground-state to ground-
state endothermicity of the MO — H, + MO process is

and leading to the energetically most favorable intermediate 30.7 and 24.3 kcal/mol for M= W and W, respectively. These

(H)2MO the stepwise HM(OH)> HMO + H — (H),MO and
concerted HM(OH)— (H),MO pathways are more favorable
and can compete with each other. For the neutral systers (M

values are significantly lower than those calculated for the
formation of H+ M(OH) and OH+ MH, indicating that the
major channel of the reactions of W/AMvith water molecules

W), the concerted process that occurs with 28.9 kcal/mol barrier is the H, + MO formation. As can be seen from Figures 2 and
is the most favorable one (calculated barrier on the stepwise 3, the entire reactions of W and Wwith a water molecule

pathway is 43.2 kcal/mol). In contrast, for the charged system
(M = W), the stepwise pathway is slightly more favorable:

leading to B + MO formation are exothermic by 48.2 and 39.8
kcal/mol, respectively. As could be expected from these PES’s,

the calculated barriers are 46.7 and 52.3 kcal/mol for stepwisein the gas phase with the collision-less conditions the reactions

and concerted pathways, respectively.

As can be seen from Figure 1, the complexAMD has a
dihydride structure at its lowest tripléA" and singletA’ states.
However, at the quintétA’ surface we were not able locate a

dihydride structure: all our attempts to locate such a structure

lead to dihydrogen (BJWO intermediate with HH bond

W('S) + H,O — H, + WOEE™), and WH(®D) + H,O — H, +
WOT(*=") will proceed via a 10.4 and 5.1 kcal/mol overall
energy barrier corresponding to the first-@ dissociation at
the TS1.

One should note that despite the energetic infeasibility of the
formation of the M(OH) product, we also have elucidated the



4500 J. Phys. Chem. A, Vol. 110, No. 13, 2006

mechanism of the M(OH)> HMO isomerization process (see
Figures 1-3). As shown in Figures 2 and 3, the isomerization

Musaev et al.

unity. All calculations were carried out with the Variflex code,
which also includes the reverse reaction into consideration: If

is exothermic by 26.0 and 11.1 kcal/mol and proceeds via 31.7 the exit barrier forming products is higher than the entrance

and 40.9 kcal/mol barriers of the transition states TS5 forM
W and W, respectively.

2. Rate Constant Calculations.On the basis of the afore-
mentioned PESs for the reaction of W/MWwith the HO

barrier, the reverse reaction becomes significant as in reaction
4 giving rise to small rate constant.

Under the low-pressure condition, the predicted branching
ratios for final product of formation for all but reaction 4 were

molecule, we have computed the rate constants for the following found to be unity in the broad temperature range-28000 K;

seven reactions:
W('S)+ H,0—WO(=") + H, (1)
2

W(°D) + H,0— (H),WOFA") — WO + H, (3)

WEeP)+ H,0—WOEE") + H,

W('S)+ H,0 — W(H,0)CA") — (H),WO(CA") —
WOEE) + H, (4)

W*EP)+ H,O0— WO (=) + H, (5)

W*(*F) + H,0— (H),WO"(*A") = WO" (") + H, (6)

W*(°D) + H,0 — t-HW(OH)" (‘A) —

(H),WO'(A") — WO™(*E") + H, (7)
Here, the explicit inclusion of intermediates in reactions (3),
(4), (6) and (7) indicates that spin-flips occur at the respective

reaction steps.
For the reaction rate constant calculations, the minimum

their second-order rate constants (in molecular unit§/gjroan
be represented by

k, = 4.3 x 10 '°1%%®exp[281]
k,= 4.8 x 10 °T %' exp[-33/T]
ko= 5.4 x 10 *°T"*®exp[—2443T]
ks= 1.4 x 10 °T %32 exp[-16481]
ks=3.1x 10 °T **'exp[-65/T]
k,= 7.2 x 10 T exp[-2004T]
Reaction 4, which has a high barrier (10.4 kcal/mol), was
predicted to give K+ WO products with negligibly small yields
below 500 K and approaching 100% above 600 K. Its rate
constant predicted in the same temperature range~2000
K) can be given by
k,= 1.8 x 10 *T"*" exp[-86881T] cm?/s

It is noteworthy that because the third term of the three-

energy paths (MEP) representing the barrierless associationParameter rate expression is directly related to the reaction

processes W+ H,O — W(H,0) and W~ + H,O — W (H,0)
were calculated along the reaction coordinate ® which is
stretched from its equilibrium valu® 6 A with the step size
of 0.2 A. At each fixed M-O distance, the geometry of the
M—OH; is fully optimized at the B3LYP level. The obtained
MEP is approximated with a Morse potentigir) = Dg{1 —
exp[—B(R — Ry)]}2, whereR is the reaction coordinat®, is
the equilibrium M-O bond distance, anld. is the bond energy

energies, one can estimate the uncertainties of the predicted rate
constants, which are estimated to be the same as the uncertainties
of the reaction energies discussed above.

Conclusions

From above presented discussion one can draw the following
conclusions:
1. Reactions of W/W with the water molecule are essentially

without zero-point energy corrections. The parameters used tomultistate processes, during which lower-lying electronic states

find the Morse potential by fitting the MEP aR = 2.162,5
= 3.02 A2, and D, = 25.6 kcal/mol for W{S) + H,O for
reaction 1;R, = 2.108,5 = 2.08 A2 andDe = 15.0 kcal/mol
for W(3P) + H,O for reaction 2;R, = 2.196,3 = 2.28 A2,
andDe = 15.4 kcal/mol for W¢D) + H,O for reaction 3Ry =
2.196,8 = 2.28 A2, and D, = 10.9 kcal/mol for W(S) +
H.O for reaction 4Ry, = 2.023,8 = 1.53 A2, andD, = 42.2
kcal/mol for W"(P) + H,0 for reaction 5;Ry = 2.021,5 =
1.63 A2 and De = 46.8 kcal/mol for W(*F) + H,O for
reaction 6;Ry = 2.131,8 = 1.65 A2, andD, = 49.8 kcal/mol
for WH(6D) + H,O for reaction 7, respectively. Herg, of

of the systems cross several times. They start with the formation
of initial prereaction M(HO) complexes with M-H,O bonding
energies of 9.6 and 48.2 kcal/mol for M W and W,
respectively.

2. At the next stage, the insertion of metal center inteHD
bond occurs with 20.0 and 53.3 kcal/mol barriers for neutral
and cationic systems, respectively, and leads to the formation
of HM(OH) products. The formed hydridametat-hydroxy
complexes are 38.8 and 0.6 kcal/mol lower in energy than
corresponding aqua complexes M@®) for M = W and W,
respectively. The overall process of MH,O — t-HM(OH) is

reaction 4 is assumed to be the same as that of reaction 3 becausealculated to be highly exothermic, 48.4 and 48.8 kcal/mol for
its MEP crosses that of reaction 3 and they both lead to the M = W and W',

same prereaction complex W{BI)(A").

3. From the HM(OH) intermediate the reaction may proceed

In view of the fact that the gas-phase reactions of W and via several different channels, among which the stepwise HM-

W, particularly their excited states, which can in principle be

(OH) = HMO + H — (H)2,MO and concerted HM(OH)~

produced by laser ablation under low-pressure conditions, our (H);MO pathways are more favorable and can compete (ener-

calculations have been carried out under the low-pressure,

second-order condition (for example, ak110~7 Torr molecular

getically) with each other. For the neutral system £MW),

the concerted process that occurs with 28.9 kcal/mol barrier is

beam pressure). In our calculations the effects of multiple the most favorable one (calculated barrier on the stepwise

reflections above the complex wells were negleésimilarly,

pathway is 43.2 kcal/mol). In contrast, for the charged system

because of the heavy mass and the deep wells of the presenfM = W), the stepwise pathway is slightly more favorable:
system we assume the probability for surface crossing to bethe calculated barriers are 46.7 and 52.3 kcal/mol for stepwise
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and concerted pathways, respectively. The ground-state to10775. (s) Bushnell, J. E.; Kemper, P. R.; Maitre, P.; Bowers, M. Am.

ground-state processHM(OH) — (H),MO is calculated to be
exothermic by 30.5 and 15.3 kcal/mol for neutral and positively
charged systems, and (N)O species are global minima on
the [MH,O] PESs.

4. From the (MO intermediates the reactions proceed via
H,-molecule formation, which proceeds with a 53.1 kcal/mol

Chem. Soc1994 116, 9710. (t) van Koppen, P. A. M.; Kemper, P. R.;
Bushnell, J. E.; Bowers, M. TJ. Am. Chem. Sod 995 117, 2098. (u)
Guo, B. C.; Castleman, A. W., 3. Am. Chem. S0d.992 114 6152. (v)
Guo, B. C.; Kerns, K. P.; Castleman, A. W., Jr.Phys. Cheml1992 96,
4879.

(2) Song, G.-M.; Wang, Y.-J.; Zhou, Ynt. J. Ref. Met. HardMater.
2003 21, 1.

(3) (a) Sasaki, N.; Hamamura, Bull. Chem. Soc. Jpri956 29, 365.

activation barrier for the neutral system. For the singly charged (b) Hamamura, TBull. Chem. Soc. Jpri.959 32, 1180. (c) Hamamura,

system, H-H formation and dissociation is an almost barrierless

T. Bull. Chem. Soc. Jprl959 32, 845. (d) Hamamura, TBull. Chem.
Soc. Jpn1959 32, 848. () Hamamura, Bull. Chem. Soc. Jpri96Q 33,

process. The calculated ground-state to ground-state endothergg,’

micity of the (Hy))MO — H, + MO process is 30.7 and 24.3
kcal/mol for M = W and W', respectively.

5. The entire reaction of W and Yith the water molecule
leading to H + MO formation is found to be exothermic by

(4) (a) Hamamura, TSci.Technol.196Q 9, 1. (b) Hamamura, TSci.
Technol.196Q 9, 11. (c) Hamamura, TSci. Technol.196Q 9, 13. (d)
Hamamura, TSci. Technol.196Q 9, 20.

(5) (a) Tamura, T.; Hamamura, Bull. Chem. Soc. Jpnl976 49,
1780. (b) Tamura, T.; Hamamura, $hinku198Q 23, 425. (c) Hamamura,

48.2 and 39.8 kcal/mol, respectively. In the gas phase with the T.; Tamura, T.Shinku1982 25, 98. (d) Hamamura, T.; Tamura, T.;

collisionnless conditions the reactions ¥8J + H,O — H, +
WOEZ") and WH(®D) + H,O — H, + WO (=) expected to

Nakazawa, Y.; Inoue, KShinku1985 28, 289.
(6) (a) Ustinov, Y. K.; lonov, N. IZh. Tekh. Fiz1967, 37, 2046. (b)
Ageev, V. N.; lonov, N. |; Ustinov, Y. KZh. Tekh. Fiz1969 39, 1337.

proceed via a 10.4 and 5.1 kcal/mol overall energy barrier (c) Goryachkovskii, Y. G.; Kostikov, V. I.; Solodkin, G. &Zh. Fiz. Khim.

corresponding to the first ©H dissociation at the TS1.
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