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The mechanisms of the reactions of W and With NOy (x = 1, 2) were studied at the CCSD(T)/[SP{B-
311G(d)]//B3LYP/[SDD+6-31G(d)] level of theory. It was shown that the insertion pathway of the reaction
W('S) + NO,(?Ay) is a multistate process, which involves several lower lying electronic states of numerous
intermediates and transition states, and leads to oxidation 2Xy@{ NO(II), and/or nitration, WNE) +
0,(3247), of the W-center. Oxidation products W& + NO(II) lie 87.6 kcal/mol below the reactants,
while the nitration channel is only 31.0 kcal/mol exothermic. Furthermore, it was shown that nitration of W
with NO; is kinetically less favorable than its oxidation. The additialissociation pathway of the reaction
W(’S) + NO,(?A;) proceeds via the octet (ground) state potential energy surface of the reaction, requires 3.3
kcal/mol barrier, and leads exclusively to oxidation products. Calculations show that oxidation of‘the W
cation by NQ is a barrierless process in the gas phase, proceeds exclusively via the insertion pathway, and
is exothermic by 82.9 kcal/mol. The nitration of Wy NGO, is only 14.1 kcal/mol exothermic and could be
accessible only under high-temperature conditions. Reactions &f WI/W* with NO are also barrierless
processes in the gas phase and lead to th©Nhsertion product NMO, which are 105.4 and 77.4 kcal/mol
lower than the reactants for W and®\Wespectively.

I. Introduction mechanisms of tungsten systems with combustion products has
been the focus of many previous studies.

To the best of our knowledge, the reactions of With NOy
x = 1, 2) as well as W atom with NDhave not been
investigated before. However, the reaction of W atom with NO
was previously reported. Andrews and Zhou have repbtted
laser-ablated W atoms react with NO to give primarily the nitric
oxide insertion product NWO. Intermediate ¥W{NO) and
W(7?-NO) were not observed, while complexes M{(NO),
(wheren= 2, 3, and 4) were observed. They also have reported

Understanding the mechanisms and factors governing the
reactions of transition metal systems with small moleculesyNO
(x=1and 2), N, CO (x=1and 2), @, H,O, hydrocarbons,
etc.) is essential for designing novel and more efficient catalysts
for important chemical processes, such as nitrogen fixation,
hydrocarbon hydroxylation, utilization of carbon mono- and
dioxides, and more. The mechanisms of these important
reactions are usually affected by numerous factors including

redox activity and spin states of transition metal centers, the . ; s . ;
nature of their ligand environment, the identity of reactive density functional studies on the relative energies, structures,

intermediates, and the nature of the substrate, solvent, andreduencies, and isotopic shift parameters of the WNO systems.
support materials. The first step toward elucidating the role of Harter and co-workefshave reported the depletion kinetics of
these various factors is to study the gas-phase reactions of@W-lying states of W atom in the presence of NO. On the other
transition metal (TM) atoms and ions with small molecules, Nand, the interaction of NOwith alkaline?™*° alkaline-
since the gas-phase reactions are free from ligand, solvent, andarth;®?° and transition metat3~?> have been extensively
support effects. Such studies can provide vital information on studied using both theoretical and experimental methods. The
the role of the nature of transition metal centers and their lower latter studies have demonstrated that the;Ndlecule can
lying electronic states in these reactions. In obtaining atomistic coordinate to metal centers in several wéysee Figure 1).
level understanding of these reactions, the computational The most stable isomer of MNGs an M(;*-OzN) complex
approaches along with gas-phase experiments have proved tdor the alkali and alkaline-earth metals (¥ Li, Na, Be, Mg,

be very useful:? Indeed, state-of-the-art calculations of the Ca, and Sr). For the group 11 metals, this picture is slightly
potential energy surfaces (PESs) of these reactions on severamore complex: for M= Cu and Ag, the most stable isomer of
low-lying electronic states of reactants, intermediates, and MNOz is an M>-O2N) structure, while for M= Au, it is an
products can provide essential knowledge for interpretation of M(7*-ONO) structure.

experimental results and for a comprehensive understanding Perhaps most similar to our present study of W/Wactions

of complicated mechanisms of the reactions involving TM with NO (x = 1, 2), Stirling” reported density functional studies

systems. of the reactions between N@nd Sc, Ti, and V atoms in their
This paper is a continuation of our previous efféerad deals ground electronic states. It was shown that these reactions
with the reaction of W and W with NOy (x = 1 and 2) proceed smoothly via direct insertion of the metal atoms into

molecules. As mentioned in the literature, tungsten and tungstenan N—O bond with almost no barrier, leading to the ©GMO
alloys are important materials widely used in high-temperature product. The calculated OMNO binding energies, 81.8 (M
environmentd. Therefore, the understanding of the reaction Sc), 92.1 (M= Ti), and 86.8 (M= V) kcal/mol, are in very
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Figure 1. Possible isomers of the M(NDintermediate.

; ; ; TABLE 1: Comparison of Calculated and Experimental
good agreement with their experimental values, 89217, 87.7 Values for Heats of Various Reactions Studied in This Paper

+ 2.2, and 76.8t 4.5 kcal/mol, respectively. Since W and*W (All Values in kcal/mol)
chemistry involves several low-lying electronic states, we are
including singlet, triplet, and quintet state surfaces for the
reactions of W with NG, and doublet, quartet, and sextet state ~ W('S)/W*(°D) + NO»(*A;) —

reaction calcd expt

surfaces in the case of Wand we go beyond the first ON wgezp - “8(2”) :2‘7‘-2 1006417
metal-O insertion step. Wof(ézl) I NO(Z(EPD 559 ’
) WO (3 1) + NOE[) —-82.9 —96.1+ 23.9
Il. Computational Procedures W('S)/W*(6D) + NO([]) —
1 4

The potential energy surfaces (PESs) of the reactions W/W wg%g i m&gg _13'5 921417
+ NOy in several low-lying electronic states of W and"\Were WO* (35 ) + N(“S) 16.6 '
calculated using the Gaussian 03 quantum chemical software  WO*(43*) + N(4S) —-11.9 —17.5+23.9

pack{;\ge?.s The geometries of the reactaqts, |ntermed|.at(.es, a2The experimental heats of reaction®K for W(’S) + NO,(%A1)
transition states, and products of these reactions were optimized_.. \yo@s+ or 35+) + NOEIT), W('S) + NOEIT) — WO(S* or 35+)
without imposing symmetry constraints at the B3LYP density + N(*S), WH(®D) + NO,(?A1) — WO*(%=* or *=*+) + NOEII), and
functional leveP® In these calculations we used the Stuttgart/ W*(6D) + NOEII) — WO (2= or 4=*) + N(4S) are—100.6+ 17,
Dresden relativistic effective core potential (E&Rnd associ- ~ —96.1+23.9,—-22.1+ 17, and—17.5+ 23.9 kcal/mol, respectively,

ated triple¢ SDD basis set for W, and the 6-31G(d) basis set based onAiHo(W) = 203.401 kcal/mo?? AHo(W™) = 384.449 kcal/
for main group elements. Below, we call this approach as Ml AH(WO) = 90.136+ 17 keal/mol=? AH(WO™) = 275.767

. : + 23.9 kcal/moB3 AtHo(NO,) = 8.85 kcal/moB® AiHo(NO) = 21.48
B3LYP/[SDD+6-31G(d)]. The nature of all stationary points kcallmol? and AHo(N) = 112.64 kcal/mok?

was confirmed by performing normal-mode analysis. In addition,
the nature of the calculated transition states was clarified using
the intrinsic reaction coordinate (IRC) appro&éltRreviously,
it was demonstrated that the B3LYP method with doiibjgus
polarization basis sets provides an excellent agreement with
experiments for geometries of transition metal systéms.
However, B3LYP-calculated energies could be off their most ~ As we discussed previoushyat the B3LYP and CCSD(T)
accurate values by several kilocalories per mole. Therefore, welevels of theory used in this paper, the ground electronic state
improved the energy of the calculated structures by performing of the W atom is calculated to be a septBtstate associated
single-point UCCSD(T) (for simplicity called below CCSD- with the $d° electronic configuration, while the quinted state
(T)) calculations at their B3LYP-optimized geometries. In the associated with the?d* electronic configuration is slightly, 4.6
CCSD(T) calculations we extended the basis sets for main groupkcal/mol, higher in energy (CCSD(T) data).These data are not
elements from 6-31G(d) to 6-311G(d). Unscaled zero-point consistent with that of Campbell-Miller and Simard, who have
energy corrections (ZPC) estimated at the B3LYP level added reported the’D ground electronic state for W ato# The
to the final CCSD(T) energetics. The single-determinant nature calculated tripleP (£d*) and singletS (d*) states of W are
of the wave function of all calculated structures was confirmed calculated to be 45.0 and 71.5 kcal/mol higher in energy,
by performing T1 diagnostics (the T1 parameter for all structures respectively, at the CCSD(T)/[SDB6-311G(d)] level of theory.
is calculated to be within 0.610.06). We also checked th&(] Meanwhile, the ground electronic state of'Wié the sextefD
values to evaluate the spin contamination in these calculations.state associated with th&dé electronic configuration: its quartet
As seen from the materials (Tables S1 and S2) given in the F (std*) and doubleP (sd*) states are 27.6 and 47.0 kcal/
Supporting Information, in general, spin contamination in these mol higher in energies, which are in good agreement with 24.9
calculations is not significant. Throughout the paper we discuss and 55.5 kcal/mol experimental values, respectivédyThe
the CCSD(T) energetics, while the B3LYP energetics (relative CCSD(T)-calculated ionization energy of V8 is 171.0 kcal/
energies) are included in the Supporting Information. mol, which also is in reasonable agreement with the experi-
As will be discussed below, PESs of several lower lying mental value of 181.344 0.002 kcal/moB3° Furthermore, we
electronic states of the studied reactions cross many times uporhave previously demonstrated that the computational approach
completion. Search for the exact location of seam of crossing used in this paper describes the heat of formation of diatomic
of these PESs would require the use of computationally much molecules of W/W with various ligands reasonably accuratély.
more demanding methods and inclusion of the spirbit- In Table 1, we compare the available experimental data
coupling (SOC) effect in the calculations. Because of technical with their calculated values for the heats of the reaction&S)V(
limitations, in this paper, we did not perform SOC calculations + NOx(2A1) — WO(Z" or 3=+) + NO(ET), W(’S) + NO(II)
and did not search for the seam of crossing of PESs of the lower— WO(Z" or 32t) + N(*S), W"(®D) + NOy(*A;) —

lying electronic states of the studied reactions, following our
previous computational methodology.

Ill. Results and Discussion
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Figure 2. Optimized geometries of major intermediates, transition states, and products of the reaction of W with theldlDle. Distances are
in angstroms, and angles are in degrees.

WOH(Zt or 4=+) + NO(@I), and WH(®D) + NO(E) — I1.1. Mechanism of the Reaction of W with NO,. As
WO*T(PZ" or 4=%) + N(*S). As seen from this table, the shown in Figure 3a, this reaction may proceed via two different
calculated values are in good agreement with the experimentalpathways, called thiasertionandaddition—dissociationpath-
data within the scatters. ways. The first step of both pathways is coordination of,NO

Below, we present potential energy surfaces (PESs) of thetg \W. The resulting W(N@ complex has several isomers,
reaction of NQwith the’S, °D, P, and'S spin states of the W \y(cis5-ONO), W(rans7~ONO), W(-O,N), and
atom, while the reaction of W+ NOy is investigated for the W(1-NO,), as shown in Figure 2.

®D, “F, and 2P states of W. The calculated structures of ) B} _ _
intermediates, transition states, and products of the reaction w  Calculations show that Wfans-*-ONO) is energetically the

+ NO, are shown in Figure 2, while their energetics are MOst favorable isomer, which is why direct insertion of W into
presented in Figure 3. Those for the reactiof W NO, are ~ the ON-O bond in analogy to reactions of Sc, Ti, and V with
given in Figures 4 and 5, respectively. The calculated relative NOz?? are less likely. Its cis counterpart, W§#,'-ONO), and
energies an@®values of the reactants, intermediates, transition isomers W{2-O,N) and W¢;*-NO;) lie 11.6, 25.8, and 18.3
states, and products of the reactions W/W NO are given in kcal/mol higher in energy, respectively, thantvi(s#7'-ONO).
Table 2. The W(is-1-ONO) isomer is separated from Wgns#;1-ONO)
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Figure 3. Calculated relative energies (in kcal/mol) of important intermediates, transition states, and products of the reaction of W with the NO
molecule. Calculated potential energy surfaces for (a) oxidation and (b) nitration of W pgriN§@veral low-lying electronic states of the reactants.
*The B3LYP-calculated values are78.1 and—90.4 kcal/mol for TS6 and NWj-O,), respectively.

by a 18.5 kcal/mol barrier (calculated from the most stable ground state reactants. Its doubfét and quartet'B, states

isomer) at the transition state TS(t-c).

are higher in energy by 10.2 and 5.1 kcal/mol, respectively. At

The ground electronic state of the energetically most favorable the octet state, Wj-O,N) is not stable relative to ground state

W(trans#'-ONO) isomer is the sextéA’ state, which lies 67.6
kcal/mol lower than the WE) + NO2(?A;) ground state
reactants. The octet state of #ns#'-ONO) lies 53.1 kcal/
mol higher than théA’ ground state. In the doublet and quartet
states the structure W¥-ONO) is not stable. The most stable
electronic state of the Wg-O,N) isomer is also the sextet state,
which lies 41.8 kcal/mol lower than the W&) + NO(%A;)

reactants. The doubl@A’ and sextefA" states of the Wfl-
NO,) isomer are nearly degenerate with 49.3 and 48.9 kcal/
mol energy relative to the ground state reactants. Its quartet
and octet states are much higher in energy and will not be
discussed.

The above presented results for the W@l©omplex are
different from those for CuNg AgNO,, and AuNQ reported
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Figure 4. Optimized geometries of major intermediates, transition states, and products of the reactibmwith\ttie NG, molecule. Distances are
in angstroms, and angles are in degrees.

in the literature: the most stable isomers of CuN@d AgNG W(trans1-ONO)FA’) to OW(;-NO)(A") either does not exist
correspond to the M@-O,N) structure, while for AuN@ it or corresponds to seam of crossing of sextet and doublet PESs.
corresponds to the Aadis#'-ONO) structuré224 This could As seen in Figure 3a, the NO elimination from ¥éfs#1-

be partially explained by the fact that the third-row transition ONO)EA') proceeds with a 21.9 kcal/mol barrier at the transition
metals Au and W tend to provide a strong—@®CO bond state TS7_trans. The reaction ¥éps#-ONO)CA') —

compared to the Cu and Ag atoms. WOEZT) + NO(II) is calculated to be endothermic by 1.9
Although we have calculated reaction pathways starting from kcal/mol.
all the located isomers of W(NQ we limit our discussions At the next stage, the dissociated NO fragment may recoor-

below mainly to the lower energy pathways. We mention the dinate to the W-center of the WO fragment to form the doublet

PESs of the high-energy pathways only when they cross the OW(;*-NO)(?A’) complex. The formed OW{-NO)(A') com-

lower energy PESs and lead to more stable intermediates orplex lies 58.3 and 124.0 kcal/mol lower than WB{) +

products. We start our discussion with the insertion pathway. NOEIT) and W{S) + NO,(?A,), respectively, and may re-
As could be expected, from the energetically most favorable arrange to OWf>-NO)(?A") complex with about 23 kcal/mol

isomer W¢rans;1-ONO)FA’), the reaction may proceed via barrier at the transition state TS3. Isomers @WNO)(?A’) and

three different pathways: (1) the activation of-® bond and OW(#;2-NO)(%A) are almost degenerate.

formation of OW~NO intermediate via a three-center transition The formation of another linear isomer, OW{ON)(A"),

state (involving W, N(O), and oxo fragments), (2) NO elimina- from the cyclic OWg2-NO)(A") is unlikely: OW@-ON)(A")

tion, and (3) isomerization to its cis form. — OW(;%-NO)(A") rearrangement requires a 32.5 kcal/mol
All our efforts to locate a three-center-ND bond activation barrier (at transition state TS2) and is endothermic by 18.4 kcal/

transition state, involving W, N(O), and oxo fragments, that mol.

could connect Wfans#1-ONO) and OW§*-NO) intermediates However, this unfavorable OW{-ON)(A’) intermediate

(via direct concerted pathway) were unsuccessful. Search forcould be formed via the Wi@ans»*-ONO)CA") — W(cis-5*-

this transition state led either to TS7_trans (transition state for ONO)A') isomerization pathway. Indeed, as we mentioned

NO elimination, see below) or to the product Oy¥#NO). above, trans— cis isomerization occurs with 18.5 kcal/mol (at

Therefore, we conclude that a transition state connecting the transition state TS(t-c)) and is endothermic by 11.6 kcal/
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Figure 5. Calculated relative energies (in kcal/mol) of important intermediates, transition states, and products of the reactiavitbftié NG,
molecule. Calculated potential energy surfaces for (a) oxidation and (b) nitration"dfy\WNO, on several low-lying electronic states of the
reactants.

mol. From the resulting W{s-#*-ONO)EA’") reaction could lated energy difference between these isomers of WINO
proceed through (a) via NO elimination at the transition state complex, 14.2 kcal/mol, is larger than the NO-elimination barrier

TS7 cis, (b) via WEis-n-ONO)CA") — W(5%-ON)(°A)) , 12.9 kcal/mol, at transition state TS7_cis. Therefore, it is

isomerization, and (c) or via sexteuartet surface crossing unlikely that the Wg¢is-n-ONO)CA') — W(r2-O:N)(?A))

that leads to formation of the OWX-ON)(*A) intermediate. isomerization (path b) could compete with the NO-elimination
The NO elimination from the cis isomer (path a) occurs with pathway (path a).

a 12.9 kcal/mol barrier (calculated from %&7'-ONO)EA")) In contrast, path ¢ could proceed via a lower barrier than

at the transition state TS7_cis. After overcoming this transition path a. Indeed, as seen in Figure 3a, the sextet potential energy

state, the reaction follows via the pathway that was discussedsurface of NO elimination (path a) from \&i§-71-ONO)(A’)

for the W¢rans»*-ONO)EA") — OW(51-NO)(?A’) rearrange- crosses the quartet surface of thep®Q.N)(“B,) — OW (-

ment. ON)(*A) reaction (path b) before (and/or below) transition state
We have not been able to locate the transition state connectingTS7_cis. As a result, the formation of OW{ON)(*A) complex

W(cis--ONO)(A") with W(52-02N)(®A1), path b. The calcu-  from W(trans#*-ONO)FA’) is expected to be feasible (which
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TABLE 2: Calculated Relative Energies (in kcal/mol, Relative to the Ground State Reactants) of the Intermediates, Transition
States, and Products of the Reactions M- NO for M = W and W+a

W W+
B3LYP CCSD(T) B3LYP CCSD(T)
species state AE + ZPE AE + ZPE %0 state AE + ZPE AE + ZPE %0

M -+ NO 1S 68.31 71.47 D 49.05 47.00 0.89
D 37.58 45.08 2.16 D 36.47 27.61 3.82
D 5.21 461 6.19 D 0.00 0.00 8.75
S 0.00 0.00 12

M(77-NO) 25, —58.25 —46.27 0.8 15, —34.00 —36.51 0.00
N —64.85 —47.47 3.97 33, -60.21 —40.67 2.08
A" —-37.32 —25.29 8.78 5%, —60.77 —46.82 6.12
A" —20.44 ~11.34 15.76

TS8 N —14.80 ~11.69 2.05 i ~0.24 14.29 0.00
N —30.51 -14.31 483 SN —31.65 -13.87 2.68
UN ~7.56 4.46 8.78 SA! —33.03 -16.23 6.59
U —6.48 0.46 15.76

M(7%-NO) A ~44.13 ~33.10 0.86 'y —25.08 —28.43 0.00
N —49.98 —35.22 41 3N —46.70 —29.84 2.38
A" -30.13 ~14.99 8.78 5A —46.50 -30.13 6.03

TS9 N —40.14 —29.65 0.78 N —26.46 —35.97 0.00
N -38.13 —24.12 3.85 A -38.83 —23.44 2.11
N 5.33 16.52 8.83 A ~5.97 12.88 6.05

NMO N ~118.94 —105.43 0.77 N ~87.59 ~77.36 0.00
N —88.07 ~76.52 3.76 A —85.59 -70.12 2.01
A ~51.85 —41.97 8.76 5A! —42.18 —26.98 6.01

M(77'-ON) N 5.84 10.92 0.85 A 23.18 18.50 0.00
a3, —20.01 -5.81 5.11 33, —10.08 11.21 2.90
N -9.29 1.49 8.78 SA! —27.76 —15.62 6.67
A" ~14.69 ~5.43 15.76

MN + O 5 23.30 16.17 0.76 D) 70.68 41.88 0.00
a3 12.87 13.65 3.81 33 31.13 30.63 2.03
5 83.43 93.16 8.78 5% 69.61 70.90 6.02

MO + N 15+ 12.06 8.24 0 25+ 26.91 16.62 0.76
i+ -7.30 —15.09 2.05 4zt ~8.67 -11.92 3.78
sy+ 10.50 6.80 6.02 o5+ 83.05 82.67 8.75

aThe [FOvalues of NO, N, and O are 0.75, 3.75 and 2.00, respectively.

could occur with less than 12 kcal/mol barrier). Later, the formed (2A’) to OW(;*-NO)(?A’) that leads to oxidation of W occurs
OW(-ON)(*A) complex rearranges to the most stable inter- with ca. 11 kcal/mol lower barrier than the second-®
mediates OW{2-NO)(A") and OWg-NO)(?A") with about 10 activation: OWg2-NO)(?A) — TS5— NW(O),(?A").
kcal/mol barrier required for a quartetioublet seam of crossing. In summary, the data presented in Figure 3 indicate that the

Thus, the data presented above clearly show that in the gasenergetically and kinetically most favorable process on the
phase the reaction \K&) + NO»(%A;) proceeds via the oxidation  insertion pathway of the reaction VR) + NO»(%A,) is the
pathway Wfransn*-ONO)CA') — W(cisy-ONO)CA') — oxidation of W leading to the W38") + NO(II) products.
OW(#1-ON)(*A) — OW(#;>-NO)(A") — OW(;-NO)(A") — However, we cannot fully exclude the nitration pathway leading
WO---NO(*A’) — WOES") + NO(II) and involves several  to WN(*=") + O(%%47), which occurs with a slightly larger
lower lying electronic states of the reactants and intermediates.barrier and is 51.6 kcal/mol less exothermic. The most stable
The overall oxidation reaction X&) + NO,(?A;) — WO(ES") intermediates on the PES of the reaction’®)(+ NOx(%A)
+ NO(II) is calculated to be 87.6 kcal/mol exothermic. are NW(O}(?A"), OW(@H>-NO)(A"), OW(#H*-NO)(?A"), and

We also followed the reaction pathway of the nitration’8)( W(trans;-ONO)EA"), which lie 144.0, 123.0, 124.0, and 67.6
+ NO2(?A ;) — W(trans;-ONO)FA") — W(cis-»1-ONO)A") kcal/mol lower than the ground state reactants.
— OW(n-ON)(*A) — OW(r>-NO)(A") — NW(O)(?A") — Thus, the insertion pathway is a multistate process proceeding
NW(O2)(2A) — WN(*Z") + Ox(3Z4") (see Figure 3b). Our  via numerous intermediates and transition states. All the located
calculations show that the W nitration by N3 31.0 kcal/mol transition states and intermediates are lower in energy than the
exothermic, which is much smaller than that of oxidation, 87.6 reactants.
kcal/mol. As shown in Figure 3a, the reaction of W with N©ould

The first part of the nitration reaction, Vi&) + NO,(?A;) — also lead to the oxidation products WIONO via the transition
W(trans%-ONO)CA") — W(cis-#-ONO)EA') — OW(;1-ON)- state TS7, without the formation of OWNO intermediates. We
(*A) — OW(#B*NO)(A"), is the same as for the oxidation call this the additior-dissociation pathway, which follows via
process, discussed above. The intermediate 3\MQO)(?A") the octet, ground, state PES (i.e., \8)+ NO,(?A,)), forms
is the splitting point of nitration and oxidation pathways. The the weakly (with a 14.5 kcal/mol binding energy) bound)\¥(
nitration of W proceeds via a secondH® bond activation at ONO)EA) intermediate, and requires only a 3.3 kcal/mol barrier
the transition state TS5 and leads to formation of NVY(¢Y) (calculated relative to the Vi§) + NO,(?A 1) dissociation limit)
intermediate, which lies 144 kcal/mol lower than the reactants. in the gas phase. The product of this reaction VD) + NO-
The intermediate NW(QJ?A') is the global minimum on the  (2I1) lies only 8.8 kcal/mol lower than the reactants and
potential energy surface of the reaction A8+ NO,(?A;). represents an electronically excited state of the insertion pathway
However, the formation of this intermediate from OM{NO)- products discussed above. The calculated barrier, 3.3 kcal/mol,
(3A) is less feasible, because the rearrangement ofif@WQ)- for the addition-dissociation pathway is small, and we cannot
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fully exclude the additiorrdissociation mechanism for W
oxidation by NQ.

111.2. Mechanism of the Reaction of W* with NO,. As
shown in Figure 5a, one-electron ionization of the W-center
effectively eliminates the additierdissociation pathway for the
reaction of W with NO,, which exclusively proceeds via an
insertion mechanism. In addition, for the W(BOintermediate
we could locate only two isomers: WA-(NO)O)* and W¢?-
O,N)* (see Figure 4). In the isomer WA-(NO)O)", the NG
fragment coordinates to the W-center via its @ bond, while
in the isomer Wi2-O,N)* it coordinates via two O-centers. The
ground state of both isomers is calculated to be a qufiitet
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bond and subsequent elimination of ap @olecule requires
about 41.7 kcal/mol barrier (at the transition state TSd is
endothermic by 84.5 kcal/mol. The nitration products WN
(3=%) + Oo(34") at their ground electronic states lie only 14.1
kcal/mol lower than W(®D) + NO,(?A;).

Comparison of the above presented energetic for oxidation
and nitration pathways clearly shows that the oxidation has
generally lower barriers and is energetically the most accessible
and feasible pathway.

In summary, our above presented findings clearly show that
the reaction of W with NO, occurs via an oxidation pathway
and is exothermic by 82.9 kcal/mol. Since all calculated

state, which lies 52.3 and 58.9 kcal/mol lower than the ground transition states are located below the reactants, one may expect

state reactants WD) + NO(%A;), respectively. Since the
isomer Wg?2-(NO)O)" easily rearranges to the thermodynami-
cally most stable isomer W¢-O,N)*, below we only discuss

the latter isomer, as well as the processes starting from it.

that oxidation of W by NO, is a barrierless process in the gas
phase.

I11.3. Mechanisms of the Reactions of W and W with
NO. In the following discussion we address only electronic

Barriers separating these two isomers are very small, and weground state structures for all calculated intermediates, transition

were not able to locate them.

Calculations show that the singlet and triplet states of3/(
O.N)*™ are 37.8 and 29.5 kcal/mol higher in energy than the

states, and products of the reaction W/W NO. The first
intermediate of these reactions was expected to be an MNO
(where M= W and W) structure, which may have three

corresponding quintet ground state. In its quintet ground state, different isomers: M¢*-NO), M(7*-ON), and M{;*>-NO) (pre-

W(72-0°N)* is quite stable and rearranges to the GWON)™
intermediate with a 23.9 kcal/mol barrier at the transition state
TS1. This transition state corresponds to the-® bond
activation and has an associated imaginary frequeneys86.2
cm™L. The resulting OW{1-ON)™ intermediate is calculated to
be 95.6 and 36.7 kcal/mol lower in energy thari (D) + NO,-
(?A1) and W¢2-0.N)*(°By), respectively.

From the intermediate OW{-ON)"(°A) the reaction, in

sented in Table 2). Among these the isomerM{O) is found

to be energetically the most favorable and lies by 47.5 and 46.8
kcal/mol below the reactants for M= W and M = W+,
respectively. The next stable isomer is a cycliofFANO), which

lies by 12.3 and 16.7 kcal/mol higher than the corresponding
M(7*-NO) isomer for M= W and M = W, respectively.
Finally, the linear isomers M{-ON) are the least stable for
both M= W and M= W™, The barrier (at the transition state

general, may proceed via two different ways: (a) the dissociation TS8) separating thenoststable isomers M(-NO) from the

of NO, leading to WG (5Z*) + NO(), and (b) the isomer-
ization to OW2-NO)*(*A). The first process requires 105.7
kcal/mol and is not feasible. Meanwhile, the isomerization
occurs with a relatively small barrier and proceeds via a quintet

singlet PES crossing. Although we did not locate the seam of

quintet-singlet PES crossing, we expect it to lie below the
singlet state transition state TS2Therefore, the energy
difference between OW{-ON)™(°A) and TS2(*A), 20.1 kcal/
mol, can be taken as an upper limit of the barrier for @W(
ON)™(°A) — OW(n?-NO)*(*A) isomerization. This isomeriza-
tion is exothermic by 6.9 kcal/mol.

From the resulting OW-NO)™(*A) intermediate, the reac-
tion may proceed via two distinct pathways: oxidation and
nitration.

The oxidation pathway starts with the isomerization of OW-
(73-NO)Y*(*A) to the thermodynamically most stable intermediate
of the reaction W(6D) + NO,(?A1), OW(;-NO)™(*A). The
calculated barrier for OWE-NO)*(*A) — OW(;1-NO)™(*A)
rearrangement is 6.4 kcal/mol. The intermediate @¥WY{O)*-
(*A) lies 166.7 and 64.2 kcal/mol below WD) + NO,(?A1)
and OW{3-NO)™(*A), respectively. NO dissociation from OW-
(7-NO)™(*A) leads to the oxidation product, WQ=") + NO-
(°IT), which occurs via a singlettriplet seam of crossing. This
product, WO (*=") + NO(AI), lies 82.9 kcal/mol lower than
the ground state reactants,(¥D) + NOy(%A;), but is in fact
83.8 kcal/mol higher in energy than the prereaction complex
OW(n1-NO)™(2A).

The nitration of W requires (see Figure 5b) the secortON
bond activation, which occurs at TS%ith a 19.5 kcal/mol
barrier. The product of the second— activation is the
intermediate NW(Q), which is triplet in its ground state. The
reaction OW(2-NO)™(*A) — NW(O),*((A") is calculated to
be endothermic by 3.9 kcal/mol. The formation of the-O

cyclic isomers M2-NO) is high: 33.2 and 30.6 kcal/mol for
M = W and M = W, respectively. In contrary, the barrier
separating thdeaststable isomers M-ON) from the cyclic
isomers Mg?-NO) is only a few kilocalories per mole.

Calculations show that, for M= W and M= W, respec-
tively, insertion of M into the N-O bond occurs with 17.8 and
10.8 kcal/mol (calculated from the corresponding7z¥4NO)
intermediates) barriers (at the transition state TS9, see Table 2)
and leads to the energetically most stable intermediates of the
reactions M+ NO, NMO structures, which are calculated to
be 105.4 and 77.4 kcal/mol lower than the reactants. Fer M
W and M= W, respectively, the NMO intermediates are found
to be 67.9 and 30.6 kcal/mol lower in energy than the
corresponding Mf1-NO) intermediates.

Since reaction of W/W with NO is highly exothermic and
all calculated transition states lie below the reactants, we
conclude that it occurs without barrier in the gas phase and leads
to the most stable NWO product for both 8 W and M =
W*. Our conclusion is in excellent agreement with the
experimental dafaof Andrews and Zhou, who showed that
laser-ablated W atoms react with NO molecule to give primarily
the nitrite oxide insertion product NWO.

The oxidation of W and W by NO, i.e., the reactions M-
NO — MO + N, is calculated to be exothermic by 15.1 and
13.7 kcal/mol, respectively, while the corresponding nitration
reactions are found to be endothermic by 11.9 and 30.6 kcal/
mol, respectively. The calculated 15.1 kcal/mol for the reaction
W + NO — WO + N is in good agreement with the 10.5 kcal/
mol experimental value reported by Harter and co-workers.

IV. Conclusions

From the above presented discussion one can draw the
following conclusions:
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1. The reaction WE) + NOx(?A;) could proceed via two
distinct mechanisms, insertion and additiaiissociation, among

Chen et al.
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