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Four reaction channels for the title reaction were theoretically studied at the B3LYP#6+33(d,p) theory

level. At 298.15 K the most favorable route to HCONO (reaction 1) is the singlet one with an energy
barrier of 15.3 kcal/mol in close agreement with the reported value of 15.0 kcal/mol. Both the singlet and the
triplet pathways to yield COF NO + H (reaction 2) are kinetically competitive with an energy barrier of

20.7 kcal/mol. The triplet channels to HNC® O (reaction 3) and to NCOH- O (reaction 4) present an
energy barrier at 298.15 K of 11.5 and 29.6 kcal/mol, respectively, whereas those for the corresponding
reverse processes are 16.2 and 5.9 kcal/mol to compare with the reported values of 11.4 and 4.0 kcal/mol,
respectively. Except for reaction 2 the rate determining TSs remain the same at higher temperatures. The
triplet pathway to HNCO+ O is the most favored one at the three temperatures considered in this work:
298.15, 1000, and 1500 K. At higher temperatures reaction 4 remains the most disfavored kinetically but the
Gibbs energy barriers for reactions 3 become closer the higher the temperature so that at 1500 K reactions

1 and 2 are competitive with reaction 3. These trends would agree with the increase of the concentration of
NO and the decrease of the concentration of HNCO found experimentally. It is interesting to note that reaction
2, which has been found to be a high rate and sensitive reaction by reaction-path analysis, is the most kinetically
favored one by an increase of temperature.

Introduction structure calculations, in the present work we address a density
functional theory (DFT) study of these processes at several
temperatures, trying to get information useful for the analysis

of the important combustion processes mentioned above.

Interest in the combustion chemistry of nitrogen compounds
derives from the role of nitrogen oxides, collectively known as
NOy, in our environment. Increasingly sophisticated approaches
for the control of NQ formation during combustion are required
nowadays. Methods

NCO is a relatively stable radical that can react with other Full Optimizations by means of Sch|ege|'s a|gorifhm the
radical to break the NC bond. Hydrogen abstraction from most  B3LYP DFT levef with the 6-311+G(d,p) basis set were
species is also a very probable proce3he reaction of NCO  performed using the Gaussian 98 progifihe nature of the

with OH via the four following reaction channels: stationary points was further checked and zero point vibrational
energies (ZPVEs) were evaluated by analytical computations

2NCO + 20H— 2HCO + 2NO (1) of harmonic vibrational frequencies at the same theory level.

1 5 5 Intrinsic reaction coordinate (IRC) calculations at the same level
— CO+"NO+H 2 were also carried out to check the connection between all the
—1HNCO + %0 3) critical structures Iocaped using the Gonzalez and Schlegel

method® implemented in Gaussian 98.
—INCOH + %0 4) AH, ASandAG values were also calculated to obtain results

more readily comparable with experiment within the ideal gas,
has been proposed to participate in several important processesigid rotor, and harmonic oscillator approximatiodg\ pressure
in the combustion chemistry of nitrogen. The first process has of 1 atm and temperatures of 298.15, 1000, and 1500 K were
been identified as a step for homogeneous NO formation andassumed in the calculations.
reduction?® The second one has been included in the set of
reactions that are known to be important in prompt NO Results and Discussion
formation and fuel-nitrogen conversiéihe third channel has
been proposed by Klaus and Warnatz as taking part in the
mechanism for the formation and reduction of N® The four

We will present first the results obtained for the B3LYP/6-
311++G(d,p) electronic potential energy surface (PES) corre-

channels appear in the mechanism for methylamine oxidation sponding to reacthns—14 and then we will discuss the effect
in flow reactorss of thermal corrections and entropy on these processes. For

As a considerable insight into the four above-mentioned reactions 1 and 2 two different spin couplings are possible and

reaction mechanisms can be gained from theoretical electronicth.erefore we mvestlga.ted both the corr.espon_dlng smglet_ and
triplet PESs. For reactions 3 and 4 we investigated the triplet
*To whom correspondence should be addressed. E-mail: tsordo@ PES. The subscripts in the names of the critical structures

correo.uniovi.es. Fax+34 98 510 31 25. indicate the reactions in which they appear.
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Figure 1. Optimized geometries of the reactants and products for the title reaction. Bond lengths are given in A and angles in degrees.
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Figure 2. Optimized geometries of the minima and TSs located in this work along the singlet channels for the title reaction. Bond lengths are
given in A and angles in degrees.

Figure 1 presents the geometry of the reactants and productgeactions. Unless otherwise stated, the electronic energy includ-
for reactions 4, and Figures 2 and 3 display, respectively, ing the ZPVE will be given in the text.
the geometry of the singlet and triplet critical structures located  Reaction2NCO + 20H — 2HCO + 2NO. Tables 1 and 2
along the reaction coordinates. Figures 4 and 5 show thedisplay the energy corresponding to the singlet and triplet critical
electronic energy profiles (including the ZPVE) corresponding structures located for this reaction.
to the singlet and triplet pathways, respectively, for the four  Singlet PESThe channel on the singlet PES may proceed
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Figure 3. Optimized geometries of the minima and TSs located in this work along the triplet channels for the title reaction. Bond lengths are given
in A and angles in degrees.
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Figure 4. Electronic energy profiles including ZPVE corresponding to the singlet reaction channels for the title reaction.
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Figure 5. Electronic energy profiles including ZPVE corresponding to the triplet reaction channels for the title reaction.
through two different pathways starting at the intermediate of a N—O bond. FromtM1;, the first pathway proceeds through

IM11,, which is 49.2 kcal/mol more stable than the reactants, TS1TS12,, 8.0 kcal/mol above the reactants, for the breaking
and forms by recombination of NCO and OH with formation of the N—C bond to give the comple¥2,, which is 3.2 kcal/
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TABLE 1: Relative Electronic Energies, Zero-Point Vibrational Energy Corrections (ZPVE), and Free Energies for the

Structures Located along the Singlet Pathways for Reactions 1 and?2

AG
species AEeiec ZPVE A(Eelect+ ZPVE) 298.15 K 1000 K 1500 K
Reactions 1 and 2
2NCO + 20H 0.0 11.6 0.0 0.0 0.0 0.0
IM11, —54.0 16.4 —49.2 —41.1 —18.9 —-3.2
IM21, —4.6 13.0 —-3.2 2.3 14.7 23.0
M4, —42.0 16.6 -37.0 —-28.5 -3.7 13.8
M5, -31.2 12.9 —29.8 —24.5 —-12.6 —4.6
1TS12, 6.3 13.2 8.0 15.3 35.1 49.4
1TS14, 5.4 12.7 6.5 14.9 39.3 56.9
1TS45, 13.2 14.1 15.7 23.7 46.5 63.0
1TS52, 29.7 9.8 28.0 34.0 48.4 67.0
Reaction 1
M3, —31.0 15.2 —27.4 —19.5 2.4 17.9
1TS23 6.5 11.3 6.3 135 33.6 47.9
2HCO+ 2NO —3.6 11.0 —4.2 -5.9 —-9.3 —11.2
Reaction 2

M3, 4.4 13.6 6.4 14.3 35.5 50.3
1TS23 8.5 10.7 7.6 15.2 36.4 50.1
ITS3R 22.1 6.8 17.3 20.7 25.8 28.9
1ICO+2NO + 2H 21.5 6.0 15.9 9.1 —-10.5 —24.7

aThe values are given in kcal/mol.

TABLE 2: Relative Electronic Energies, Zero-Point Vibrational Energy Corrections (ZPVE), and Free Energies for the
Structures Located along the Triplet Pathway for Reaction 2

AG

species AEeiec ZPVE A(Eelect+ ZPVE) 298.15K 1000 K 1500 K
2NCO + 20OH 0.0 11.6 0.0 0.0 0.0 0.0
M1, -0.9 13.8 1.3 8.0 25.0 36.6
STS12 14.5 13.6 16.5 24.0 45.5 61.1
M2, —6.3 15.2 —2.7 4.9 26.1 41.0
STS23 25.4 11.9 25.7 33.4 56.2 72.5
M3, —30.2 15.4 —26.4 —18.8 2.8 18.1
STS34 —19.5 14.9 —16.2 —8.6 14.5 31.5
M4, —31.0 15.8 —26.8 —19.3 2.6 18.1
2HCO + 2NO —3.6 11.0 —4.2 —-5.9 —9.3 —11.2

2The values are given in kcal/mol.

mol more stable than the separate reactantdMi@y, CO and relative to the N-C bond; this addition produces bending of
NOH are interacting through C and H atoms separated by aNCO to give the minimum structurdM2,, 2.7 kcal/mol more
distance of 2.138 AlM2;, is connected with the intermediate  stable than the reactanf§12; evolves througRTS23 for the
IM3; through TS1TS23, which is 6.3 kcal/mol above the 1,3 transposition of the H atom to yield the minim#ivi3,,
reactants!M3; is a molecule of nitrosoformaldehyde, 27.4 kcal/  with an energy barrier of 28.4 kcal/mofM3; yields the
mol more stable than the reactants, in which the two oxygen intermediate®M4,, 0.4 kcal/mol more stable than it, through
atoms are in a trans orientation. Final3; dissociates into TS 3TS34 for the rotation of the NO moiety about the NC
the products HCO+ NO, 4.2 kcal/mol under the original  bond to locate the two oxygen atoms in a cis orientation with
reactants. The second pathway proceeds fidii;, to the an energy barrier of 10.2 kcal/mol. Final§M4, undertakes a
intermediatéM4, through TS TS14,, 6.5 kcal/mol above the barrierless dissociation into HCO and NO, which are 4.2 kcal/
reactants, for the addition of OH across the Gl bond.*M4, mol under the reactants.
is 12.2 kcal/mol less stable thdN1;, and is connected with Reaction?NCO + 20OH — 1CO + 2NO + 2H. Tables 1 and
the complextM5;,, in which HNO is interacting with CO with 2 display the energy corresponding to singlet and triplet critical
a distance H-C of 2.550 A, through TS'TS45, for the structures, respectively, located for this reaction.
insertion of the oxygen atom into the-NC bond.1M5;, is 7.2 Singlet PES.The singlet pathway for this channel has in
kcal/mol aboveM4;, and'TS455 is 15.7 kcal/mol less stable  common with the singlet channel of reaction 1 the structures
than the reactants. Finall{M51, proceeds intéM2;, through from the reactants tdM2;,. From IM2;, the system evolves
TS1TS52,, 28.0 kcal/mol above the reactants, for the isomer- now through!TS23 for the transfer of H from the O atom to
ization of the HNO moiety ifM5;, to the NOH moiety inM2;, the C atom to givéM3,. 1TS23 andM3; are 7.6 and 6.4 kcal/
assisted by the CO fragment whose C atom is interacting with mol above the reactants, respectively. Finally, the comp¥Se
the shifting H atom. dissociates into the products C® NO + H, 15.9 kcal/mol
Triplet PES.The first critical structure located on the triplet above the reactants, through T8S3R, which presents an
PES is a pre-reactive compléd 1, in which the OH interacts  energy barrier of 10.9 kcal/mol with respecttd3,.
with the nitrogen atom of NCO with the H atom oriented inward. Triplet PES.The first critical structure located along this
3M1; is 0.9 kcal/mol more stable than the separate reactants intriplet channel is a pre-reactive complé&] 1,34 3.5 kcal/mol
electronic energy and becomes a transient structure when themore stable than the reactants, in which the oxygen atom of
ZPVE correction is included. The next structure located along OH interacts with the N atom of NCO at a distance of 1.996 A,
the reaction coordinate is a TS 16.5 kcal/mol above the reactantswith the H atom oriented outwardM1,34 proceeds through
3TS12, for the O addition of OH to the N atom of NCO trans TS3TS12 for the addition of OH to NCO with an energy barrier
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TABLE 3: Relative Electronic Energies, Zero-Point Vibrational Energy Corrections (ZPVE), and Free Energies for the
Structures Located along the Triplet Pathway for Reaction 2

AG

species AEelec ZPVE A(Eelect ZPVE) 298.15K 1000 K 1500 K
°NCO + 20H 0.0 11.6 0.0 0.0 0.0 0.0
SM134 —6.1 14.1 —-3.5 3.3 21.3 33.6
3TS12 10.9 13.9 13.2 20.7 42.4 58.1
M2, —-7.8 15.5 —3.8 3.7 24.8 39.5
3TS23 1.0 13.5 2.9 9.9 29.0 42.9
M3, —9.5 11.7 —-9.3 —10.9 —14.2 —-16.1
STS3R 27.3 6.5 22.2 20.4 16.3 13.9
1ICO+2NO+?H 215 6.0 15.9 9.1 —10.5 —24.7

2 The values are given in kcal/mol.

TABLE 4: Relative Electronic Energies, Zero-Point Vibrational Energy Corrections (ZPVE), and Free Energies for the
Structures Located along the Triplet Pathways for Reactions 3 and #

AG
species AEerec ZPVE A(Eeec+ ZPVE) 298.15 K 1000 K 1500 K
Reactions 3 and 4
°NCO + 20H 0.0 11.6 0.0 0.0 0.0 0.0
M 1234 —6.1 14.1 —-3.5 3.3 21.3 33.6
STS12, =27 13.4 -0.9 6.4 26.7 41.3
3M234 —35.8 15.6 —31.8 —24.2 —-25 12.7
Reaction 3
STS23 -3.3 12.6 —2.2 55 28.8 45.6
3M33 —24.4 14.2 —21.8 —14.3 6.4 20.7
STS34 1.8 13.8 4.1 11.5 32.8 48.2
M43 —-8.9 13.8 —6.7 -1.2 12.7 22.0
IHNCO+ 30 —-7.2 13.3 —5.4 —-4.7 —2.4 —-0.9
Reaction 4
STS23 —25.7 14.6 —25.7 —18.0 4.9 21.5
M3, —34.0 15.8 —34.0 —26.4 —4.4 11.0
STS34, 22.4 13.9 22.4 29.6 56.8 75.7
M4, 20.6 14.0 20.6 26.2 55.4 74.0
INCOH+ %0 23.1 13.5 23.1 23.7 30.4 34.7
2 The values are given in kcal/mol.
with respect tdM1,34 0f 16.7 kcal/mol, to give the intermediate This triplet channel has in common with the previous one
3M2,, which is 3.8 kcal/mol more stable than the reactaiiie, the structure$M1,34 3TS124 and 3M234. SM234 may evolve

dissociates into the radicals NOH and C®13,, 9.3 kcal/mol through TS®TS23, 6.1 kcal/mol above it, for the rotation of
under the reactants through F8S23, which is 2.9 kcal/mol the OH moiety about the €0 bond to give the intermediate
less stable than the reactants. NOH in turn dissociates into H3M3,4, 34.0 kcal/mol under the reactants.®M3,4 the hydrogen
and NO to give the final products 15.9 kcal/mol above the atom is in a trans relationship with the nitrogen atcivi3,
separate reactants through ¥883R, which is 22.2 kcal/mol evolves through TSTS34,, 22.4 kcal/mol above the reactants,
less stable than the reactants. for the migration of the hydrogen atom from one oxygen atom
Reaction2NCO + 20H — HNCO + 30. Table 3 displays to the other while the former oxygen atom separates from the
the energy corresponding to the critical structures located for rest of the system to yield the pre-product compleid,, 20.6
this reaction. kcal/mol above the reactants, in which the oxygen atom is
This triplet channel starts at the pre-reactive compid,z,, situated at a distance of 2.619 A from the carbon atom. Finally,
like the triplet pathway of channel (2) presented above, but now 3M4, dissociates without encountering any energy barrier into
3M1,34 evolves througFTS12,, which is 2.6 kcal/mol above  the products NCOHF O, which are 23.1 kcal/mol above the
it, to give the intermediatéM234, 31.8 kcal/mol more stable  reactants.
than the reactants. #M2;34 the oxygen atom of the hydroxyl Gibbs Energy Profiles and Kinetic Constants.Figures 6
moiety is bonded to the carbon atom and the hydrogen atom isand 7 display the Gibbs energy profiles for the singlet pathways
in a cis relationship with the nitrogen atorfM23,4 evolves (reactions 1 and 2) at 298.15 and 1500 K, respectively, and
through TSTS23, 29.6 kcal/mol above it, for the H transfer  Figures 8 and 9 those for the four triplet pathways at the same
from the O atom to the N atom to give the intermedid#S;. temperatures. Tables—4 collect theAG values for all the
3M3; is 21.8 kcal/mol under the separate reactants and evolvesstructures involved in reactions-# at 298.15, 1000, and 1500
through TS®TS34;, 4.1 kcal/mol above the reactants, to give K.
the pre-product comple$M4s, 6.7 kcal/mol more stable than When thermal corrections and entropy are taken into account
the reactants. I18M4; the oxygen atom originally forming the  at 298.15 K, the singlet energy profiles (see Figure 6) become
OH radical is weakly linked to the nitrogen atom at a distance destabilized with respect to the reactants by abett 2 kcal/
of 2.463 A. Finally,3M4; dissociates into the products HNCO  mol except for the products of both channels. The products CO
+ O without encountering any energy barrier. This channel is + NO + H are indeed quite favored by the entropic component.
exoergic by 5.4 kcal/mol. According to our calculations, the most favorable pathway to
Reaction?NCO + 20H — INCOH + 30. Table 4 displays =~ HCO + NO is the singlet one with an energy barrier of 15.3
the energy corresponding to the critical structures located for kcal/mol (TS125), in excellent agreement with the reported
this reaction. value of 15.0 kcal/mot. The barrier corresponding 0S12,



2NCO + 20H Reaction

J. Phys. Chem. A, Vol. 105, No. 1, 200235

AG (298.15 K)
(Kcal/mol})
TS524,
1340, 20.7
1 |‘ \\ "
’%2 K N 15.2 1TS3P2
1rs14 S 1812, | ; 'Ts23,
— Vo7 153 | S 143
1149 3 ; ' N ) S 11823y, M3, 94
! P / NPT A 'c0O+2NO+7H
2Nco + %0H / ' ! : /
0.0 1 : | e v ! 1M212 Y -5.9
: | L ' " 2HCO +2NO
\“ ‘,‘ .:« "v “, :r \\‘ 195 .

! S ! i ! M3

! ; | ! \ 245 1

: : 1285 ;

\ A ‘1—' M54,

Va1 M4,

™14,

Reaction Coordinate

Figure 6. Free energy profiles at 298.15 K corresponding to the singlet reaction channels for the title reaction.
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Figure 7. Free energy profiles at 1500 K corresponding to the singlet reaction channels for the title reaction.
Although 'TS3R is favored by entropy, a barrier results from
the rupture of a €H bond in1M3,.

The triplet free energy profiles at 298.15 K (see Figure 8)
become also destabilized with respect to the electronic energy

originates mainly from the partial rupture of the=®! bond in
IM11,. The energy barrier for the singlet pathway to @ONO

+ H is 20.7 kcal/mol ¥TS3R) to compare with the value of
16.3 kcal/mol estimated by transition state theory (TST).
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Figure 8. Free energy profiles at 298.15 K corresponding to the triplet reaction channels for the title reaction.
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Figure 9. Free energy profiles at 1500 K corresponding to the triplet reaction channels for the title reaction.

ones including the ZPVE by about-D kcal/mol, except for disappear from the corresponding PES (see Table 4). The triplet
3M3,, 3TS3R and the products for channels (1) and (2). As a pathway to HCO+ NO presents a free energy barrier of 33.4
consequence, the pre-reactive compfdkl,z, common to kcal/mol ¢TS23) and therefore is disfavored with respect to
channels (2)(4), and the pre-product complex®s4; and3M4, the singlet one, as already mentioned. The energy barrier for
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the triplet pathway to CG- NO + H (°TS12) is mainly due TABLE 5: Rate Constants Evaluated with DFT Gibbs

to the entropy contribution and is the same as that for the singlet Energy Barriers Using TST (kcaig), and the Corresponding
pathway, 20.7 kcal/mol, and therefore both routes are competi- Results Obtained by Experimentalists Ke.)®

tive. The energy barrier for the triplet channel to HNGOO Kealc Kexp

is 11.5 kcal/mol fTS34) and the activation energy for the reaction 1000 K 1500 K 1000 K 1500 K
reverse process is 16.2 kqal/mol to compare With the reported 1(singlet)  36B8-09 24EF10 > 6EL09  33EL0
value of 11.4 kcal/mot® Finally, the energy barrier for the 5 (singlet)  56B8-08 18E+10

triplet pathway to NCOH# O is 29.6 kcal/mol{TS34;) while 2 (triplet) 2.8E-08 1.3E+10

that for the reverse process is 5.9 kcal/mol, in reasonable 6.1E+07°  8.1E+09

agreement with the reported value of 4.0 kcal/fmBbth 3TS34 3 032E10 076511 ?-Zg(l)g %ggi%
3 H - . . . .

and>TS34 are strongly disfavored by entropy. _2 876011 A1Er11 13611 71Fr1h

At 298.15 K reactions 2 and 4 are endothermic by 9.1 and
23.7 kcal/mol, respectively, whereas reactions 1 and 3 are
exothermic by 5.9 and 4.7 kcal/mol, respectively.

When the temperature is increased from 298.15 to 1000 K
and further to 1500 K, all the singlet critical structures become

aThe values are given in chmol=! s™%. b Rate constants obtained
from ref 6.¢ Rate constants obtained from ref 1.

the experimental ones. All the rate constants increase with

values. The calculated rate constants are larger than those

18.9, 3.7, and 12.6 kcal/mol more stable than the reactants atp : : ;
! ) 1 ) . rovided by the proposed expressions for reactions 1-afd
1000 K, and'M1, and "M51,, which are slightly more stable 0 0o tor reaction-3 the theoretically predicted value is

tlrz)%rg)t:rt? drfgggalztsth? 1;2(_)0“};"“%\’\::'2% t(})é;glsai\éo_:_ustig)rl;;éboth smaller. It is interesting to note that the theoretical rate constant
become transienif strur():turzs on the PES 1!11 8 and'TS23 predicted for reaction 2 along the triplet channel agrees better
’ than that for the singlet one with that given by the proposed

become close in energy. expression by experimentalists, particularly the most recently

All the triplet critical structures become destabilized with reported ond. This could indicate that the triplet channel is
increasing temperature except the products of reaction 1 a”ddynamically more favorable than the singlet one.
the final part of channel (2Pi3,, STS3R, and products (CO
+ NO + H)). As a consequence, the pre-product compiéds, -
disappears from the PES, already at 1000 K becoming a transien%eAXl;?Lﬁg:d%maei?:)' ?’gfﬂggﬁeg to(t)l;lte (Eglh(gggcégégg)
structure, and at 1500 K the four triplet energy profiles proceed PC al th’ E the FICYT f ppt FC-99-BECA-541 :
above the reactants except f3,, which is 16.1 kcal/mol . @IS0 thanks the or a grant ( )-

more stable than the reactants.

Gibbs energy barriers increase with temperature. The rate
determining TSs remain the same at all temperatures except
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