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In this paper, which is the first of a series devoted to some aspects of the title reaction, we present the
theoretical results concerning the topology of the lowest potential energy surface of triplet multiplicity. Results
at the ab initio CASPT2 level with a complete active space self-consistent field (CASSCF) reference wave
function built on a D95 Dunning basis set and involving 10 electrons in 10 orbitals are reported. This triplet
surface is expected to play an important role in this reaction since experimental results showBHQN{E

the main product, and this product can only be obtained via an HEN®fpersurface. We find that the
channel leading to the formation of HCN{X") + O(P) is the most likely product channel, in agreement
with available experimental findings. To a lesser extent, we can also observe the formation of the product
channels HCO(XA") + N(*S), NCO(XII) + H(%S), and CO(X=*) + NH(X3Z"). Conversely, the formation

of CN(X?Z") + OH(X?IT) is highly unlikely because of the existence of high potential energy barriers along
this reaction path.

I. Introduction TABLE 1: Exothermic Channels Associated with the
CH(XAT) + NO(X2I) Reactior?

Nitrogen oxides are among the major atmospheric pollutants

leased by combusti o inimize thei e e
released by combustion processes. One way to minimize their products @)  (kcal mot?)
harmful effects is to chemically reduce them before their release

2! 2
in the atmosphere by the reburning of combustion products in E(4S)+ CNO(XZH,) -~ 0.60 13.84
. (*S)+ HCO(X?A’", A2A") 1.75 40.36
an excess of hydrocarbon. Lanier et als well as Chen et &l. OH(X2IT) + CN(XZE*, AZT) 218 50.27
have reported significant reductions in Némission in a pilot OEP) + HCN(XIZH) 3.11 71.72
scale power plant through this method of reburning with H(2S)+ NCO(XII, A%Z*) 3.18 73.33
hydrocarbons. However, optimization of such processes de- CO(X'Z®) + NH(X®Z™, aA, b'S*, A’TT)  4.86 112.08

mands a better understanding of the nitrogen chemistry in the  agxperimental exoergicitiesAe, concern the most exothermic
reburning zones. The initial steps of the NO reburning processeschannel when several electronic states of the products are specified.
are not well established. Miller and Bown?dmave investigated ~ These values are obtained from Takezaki éf al.
the mechanism of the N©- HCN — N conversion during  correspond to the formation of the ground electronic state
combustion with different hydrocarbons, identifying the initia- products when several electronic states are present. The
tion reactions of the reburning processes to bé 80 — CN determination of the relevant branching ratio is required to
+ O and CH+ NO — HCN + O. In a general way, the  proaden the understanding of the NO reburning processes. Dean
reactions of CH+ NO are believed to play a crucial role in et al8 and Miller and Bowmahhave both observed HC# O
the overall reburning mechanism. Among such reactions, CH as the most likely product channel in shock tube studies
+ NO has a special interest from a theoretical point of view performed over the temperature range 268800 K. In more
since it is the simplest system involving four different atoms. recent work, Lambrecht et &B,using time-resolved infrared
Several experimental determinations of the overall rate constantdijode laser absorption spectroscopy to measure the branching
of this reaction have been reported in the literatufé. All ratio of the CD+ NO reaction, found a 47.5% yield for the
agree in their estimates of the rate of disappearance of CH andDCN + O channel, a smaller yield for the three channels NCO
NO at 300 K, yieldingk(300 K)~ 2.0 x 10~1°cm? molecule™? + D, CO + ND, and DCO+ N, and almost no CN+ OD
s 'asan average. However, very little is known about the rate products. Bozzelli et ak4 using a quantum version of the RRK
constants of formation of the possible product channels at this method!® predicted HCN+ O as the most probable products
temperature. This reaction is also likely to occur in interstellar followed by HCO+ N and NCO+ H. In agreement with all
chemistry, since it has a rate constant approaching the gas kinetighe previous experimental results, Takezaki and co-wotkers
limit, and the molecule HNCO has recently been detected in proposed the formation of HCN and/or OH as main products
the galactic centef.2 by a spectroscopic analysis. Although some divergences occur
Six chemical rearrangement channels are thermodynamicallyamong the results concerning the branching ratios of the
open at 300 K, being presented in Table 1. Each channel, available products, all agree in claiming that the formation of
leading to the formation of diatomic and triatomic fragments HCN is the most likely product channel.
in different electronic states, is expected to play a role in the  Several ab initio calculations were carried out 20 years ago
kinetics and in the dynamics of the reaction GHNO. The on the singlet potential energy surface (PES) of the isomers of
exoergicitiesA¢ (difference between the zero-point energy level isocyanic acid (HNCO) by Poppinger et #land, more recently,
of the products and the zero-point energy level of the reactants)some specific stable CHNO structures have been studied by
Yokoyama et all8 East et al’? and Pinnavaia and co-workets.
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a paper on a theoretical density functional theory (DFT) study to a full Cl calculation involving all the determinants constructed
of the potential energy surfaces in singlet and triplet multiplici- with 10 electrons distributed among 10 orbitals. For any four-
ties of CHNO, using the hybrid density functional B3LYP atom configuration, this method yields the energy values of the
method to investigate the PES. singlet and triplet states of interest. Such calculations take into
This paper is the first of a series concerning the theoretical account G, x Cj, = 63 504 determinants with & Brojection
study of the reaction between CH and ROThe ultimate goal equal to 0. AMPAC 6.0 uses a selection scheme to reduce the
is 2-fold: (i) the determination of the kinetic parameters (pre- number of determinantsA{) that are retained for the actual
exponential factor, activation energy, and rate constant) of all configuration interaction matrix diagonalization. The program
the possible channels involved in this reaction at 300 K and first calculates the EpsteirNesbet® energies[AHA;O and
(ii) the study of the dynamics of these processes. Comparisonsconstructs a target group composed of the ground and a few of
with experimental results will be possible since the kinetic and the lowest excited determinants. Using the following criterion
dynamic aspects of this reaction are also being studied experi-from perturbation theory for retaining the determinant
mentally here in Bordeal’é?

To obtain information on the kinetics, the first step is the n D3i||:||AkD
theoretical determination of the different reaction paths which Z - ~ =T
connect the reagents to the products. This is the subject of this =1| LA HIA L= I HIA

paper, which deals mainly with a search for the minima and
saddle points in the lowest triplet energy surface. As further in whichi denotes a determinant of the target group aral
study of the dynamics will require an analytical descriptfon given threshold. At each stage of state selection, all the
of the different PES involved in this reaction, we decided to determinants associated with degenerated Maéesset
use a reliable ab initio approach of moderate computing cost, €nergiesAiFALIF being the Fock operator, are retained. Thus,
since we will have to calculate a large number of points. In the procedure fully accounts for spin and space degeneracies.
order to avoid a blind research of the topology of the surfaces, B. Research and Analysis of the Stationary Points.The
we used, as a guide, a semiempirical approach of the lowestSearch of the stationary points on a potential energy surface
potentia| energy surfaces involved in the reaction CHI)(+ (llmlted here to minima and saddle pOintS, i.e. pOintS character-
NO(X2IT). Obviously, it is well known that semiempirical ized by at most one negative eigenvalue of the Hessian matrix)
approaches cannot give reliable quantitative results abouthas been conducted using several techniques: the BFGS
energies, but it is clear that the topological features of the PES Method?° the eigenvector following (EF) algorith#,and the
such as the existence of minima or saddle points are, most of chain method?22° The first two methods allow stationary
the time, well reproduced by a “good” semiempirical approach Points of any kind, i.e. characterized by any number of negative
like MNDO of Dewar25 Moreover, almost all of the methods, €igenvalues of the Hessian matrix, to be reached, while the third
especially MNDO, converge rapidly toward good minima method is only able to determine saddle points but with a great
geometries. Therefore, such a choice represents a sensiblgeliability. These three methods are efficient minimizers to
procedure to tackle such a difficult problem. We could have determine stationary points only locally. Hence, it is difficult
used a DFT procedure similar to Mebel etZlhut we have to obtain a complete view of the surface explored. To overcome
instead built a semiempirical package (AMPAC 6.0) which this difficulty, we have used a nonlocal method based on a
contains a lot of convenient todfssuch as powerful self-  Simulated annealing technigtieo visit globally the PES. In
consistent field convergers, full valence configuration interaction this technique, different cost functions can be used such as the
(CI) calculations, efficient optimizers, saddle point and reaction Potential energy itself or the root mean square gradient norm
path algorithms, and a global surface investigator. The semiem-Of the energy. The former choice of cost function leads to the
pirical package is an essential feature of our strategy. One moreMinima only. The latter can give a priori and directly all the
reason is the ease of analysis of the electronic wave functionStationary points since they correspond to zero minima of the
using the molecular orbital language. Such a facility does not cost function®*
exist so far in a DFT description. Obviously, the semiempirical ~ Selected geometry inputs and judicious use of various penalty
results will be confirmed and improved in a second step by functions—for instance, along the asymptotic valleys to avoid
extensive and sophisticated ab initio calculations in order to complete separation of the fragmentaake a priori the search
obtain semiquantitative results. Another reason which could complete and computationally efficient in an acceptable com-
justify the current strategy is its use in the future of the MNDO Puting time. Once the saddle points have been found, reaction
method as a technique in which the parameters are fitted on abPaths connecting each saddle point to their two related minima
initio calculations of good qualities as proposed recently by can be determined by the exponential predictor corrector (EPC)
Rossi and Truhla#’ method® which is based on the intrinsic reaction coordinate
The paper is organized as follows. Section Il deals with the @PProach of Fukui et &k and developed by Miller et & The
theoretical methods employed in this work. In section Ill, we Practical use is presented in section Ill.

give the semiempirical results obtained and discuss their C: Ab Initio Calculations. Ab initio calculations of
implications for the available chemical channels. Section IV |ncrea5|'ng.qugllty.have been performed.. These different levels
contains the ab initio results and their comparison with of sophistication involve two large basis sets and advanced

semiempirical calculations. Comparisons with the most recent methods for a reliable treatment of electronic correlation. As a
results obtained by Mebel et #.are presented in section V. first step, we have performed UHF/6-31G** calculations of all

Section VI concerns a qualitative analysis of the wave functions the structures found within the semiempirical MNDO/CI
of the structures of some transition states, and in section VviI Method. This approach is able to provide a qualitative descrip-
we give our conclusions. tion of the different bond dissociation energy profiles. These

unrestricted HartreeFock (UHF) results are not reported here,
but were useful for the next step. In a second step, we tried to
check our UHF results within a complete active space self-
A. Semiempirical Calculations. As explained above, the  consistent field (CASSCE)method based on the Dunning D95
systematic exploration of the potential energy surfaces has beerbasis set# The CASSCF approach takes into account the non
undertaken using the semiempirical MNDO mettfozbupled dynamic correlation, but the bond dissociation is now semi-

Il. Computational Methods
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o . o .
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1 o H - Cyanic acid
C CN=143A CNO =63.01° 1
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H

\ ‘2]%7 CN=140A NCO=121.03° )
= A =180° .
¢ co=1za HENO Nﬂ%? CH=1.06 A HCO=13332°

I - HCON
5
H CO=1324A CON=12146°
E - Isocyanic acid 0 NO=124 A HCON = 180°
o
H

1 NH=099 A HNC = 110.54°
\ N CN=1384 NCO = 135.51 ©
tc CO=120A HNCO = 180°
H

Figure 1. Molecular geometries of the structures associated with the minima found in the triplet surface within the semiempirical MNDO/CI
approach. WX is a bond distance, WXY is a planar angle, and WXYZ is a dihedral angle.

quantitatively describe®. This active space includes 10 A potential energy barrier of height 10.06 kcal mblthis
orbitals: the nine 2p orbitals for the C, N, and O atoms and the value corresponds to a real potential energy, not an enthalpy at
1s orbital for the H atom. To check the validity of the active 0 or 300 K) has been discovered along the linear approach of
space we performed the geometry optimization of one of the the reactants in the singlet surface. Conversely, we did not find
saddle points found (labeled 20), employing a full valence any barrier on the triplet surface in the entrance channel leading
complete active space (FVCAS). The results obtained only to stable planar tripletrans and cis-fulminic acid molecules
differ about 0.02 A for the bond lengths ang @ for the angles (A andB structures defined below). We shall see later that the
with respect to the CASSCF optimization. Finally, more precise singlet barrier is drastically reduced to less than 2 kcal/mol at
results have been further obtained by a CASPT2 approach wheredCASPT2 level of calculations (vide infra). Although the singlet
the dynamic correlation is taken into account at the second- surface may play a role in the reaction, the triplet surface, which
order of the perturbation theory, the zero-order wave function does not exhibit any barrier at ab initio level and presents a
being the CASSCF function. This way to proceed through the 3-fold degeneracy, is expected to play the major one at 300 K.
CASSCF step gives a valuable reference function for the  Limiting our exploration to the lowest triplet surface (many
CASPT?2 calculations since a scalable amount of the correlation features are a|ready known on the Sing|et Surface)’ we have
energy can be obtained through the entire surface to estimatéfound nine minima and 22 transition states (saddle points) which
the difference between the CASSCF and the full Cl enerflfies.  are expected to play a role in the different channels involved in
At the CASPT2 level of calculation and for the Iarge basis set this reaction. We have used the Poppinger et wrminc)]c)gy
used, the bond distances are accurate up to 0.01 A but the bondsince the triplet and singlet structures both have similar

energies are underestimated by4kcal mol! for each bond  geometrical arrangements. Moreover, most of the semiempirical
formed™ Both CASSCF and CASPT2 calculations have been results concerning the geometries and the status of minima and
performed using the MOLCAS-3 ab initio packatfe. saddle points found in the first triplet surface are qualitatively
conserved when using a more sophisticated ab initio approach.
lll. Results from MNDO/CI Figures 1 and 2 show the geometries of the structures
Since all the different stationary points on the singlet surface corresponding to the nine minima and the 22 saddle points.
discovered by Poppinger et Hl.have been found with the  Table 2 contains the MNDO/CI exoergicity valuds, of all
MNDO/CI method, we have assumed that this method is the possible channels. The six first channels correspond to the
qualitatively reliable and can serve as a guide for the exploration ones investigated experimentally (the available experimental
of the topology of the surfaces involved in this reaction. The exoergicities are also presented in this table for convenience).
procedure we have employed to explore a surface is asAs expected, théep values calculated at the MNDO/CI level
follows: (i) the Poppinger geometries associated with the are only in a relatively fair agreement with the corresponding
stationary points of the singlet surface were used as startingexperimental exoergicitieg\eo. Table 3 displays the relative
geometries for a local exploration of the lowest triplet surfaces enthalpies at 300 K of the stationary points with respect to the
involved in this reaction and (ii) the simulated annealing enthalpy of the reactants taken as origin (these stationary points
approach was used to confirm the previous results and makeare labeled as in Figures 1 and 2). It appears that isocyanic
an exhaustive exploration of the relevant surface to search foracid E) is the most stable triplet CHNO isomer at this
possible extra stationary points. This strategy is quite justified semiempirical level. The nitronyliden&) appears to be the
by the fact that the simulated annealing is not implemented in least stable triplet structure by 92.50 kcal mMabove the stable
the ab initio packages. minimum E). We can summarize these semiempirical results
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0] H N
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H
Figure 2. Molecular geometries of the structures associated with the saddle points found in the triplet surface with the semiempirical MNDO/CI
approach. Same explanation as in Figure 1.

through the following energy sequence going from the most (i) transfulminic acid (A) andcis-fulminic acid B), oxazirine
stable triplet structure to the least stable:> D > H > A > (C), nitronylidene F), and carboxime@®) present qualitatively
B>C>1>G >F. Aqualitative analysis of the triplet  the same electronic distribution concerning the two unpaired
electronic wave functions associated with these minima showselectrons. One electron is almost localized on the carbon atom
the following results: (a fraction of electron evolving between 0.6 and 0.9 e) and the
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TABLE 2: Exoergicities (Aeg), Referred to Ground State characterized by a structure in which the-B bond is out of
Reactants CH(?IT) + NO(XII) the CNO plane, so by a rotation of the-& bond around the
experiment® MNDO/CI C—N bond we form the planar trans structufe ©r the planar
(V) (kcalmol?l) (eV) (kcal mold) cis dstrl:ctfure Iﬁ)mar Th?‘ isy_stgm (':;n@ )t?rtlan e\;]olve (tjc()j\gvard_t:le
products from thérans-fulminic aci rough a saddle poin
Hgg;i (H:(Njggig)) :g:gg :ig:gg J_rgég +_18:§2 Iabe!eqz a_ssociate_d with a trans structure or fr_om ttiQ
OH(X2H)+CN(X22+) -2.18 —-50.27 —0.77 —-17.86 fulminic acid (B) via a saddle point labele@ with a cis
OCP) + HCN(X!=H) -3.11 —-71.72 -217 -50.08 structure. Both saddle points correspond to a structure in which
H(®S) + NCO(XII) -318 —7333 -257 -59.26 the N—O bond is substantially elongated (1.60 A) with respect
CO(X'=") + NH(X?>') —-4.86 -11208 -320 -73.84 to the N-O equilibrium distance (1.16 A) iA andB. These
8g§; i »:'“8&5\'))45 ;ig; ;g’;}g ;g:gg ;éigg barriers,2 and2, seem to be rather high (19.4 kcal mband
CEP)+ HON(X!A')*  +3.12 +71.92 +2.73 +62.95 17.6 kcal mot? height, respectively) and this could be a priori
N(*S)+ HOC(X?A")*”  —0.07 -1.61 +0.69 +15.92 an efficient kinetic obstacle against the formation of the products
) ) ) HCN + O, a result which seems to be in contradiction with the
%%E%Eo?:thzesl?gxgnﬁ?thgcl)ﬁﬁg (AC";OI% ;}tLSe??eryl\;l?nli(r%?Jlm' observation of Lambrecht et #. However, these barriers are
Numt;er, Saddle Point)yFound by IVFI)NDO/CI Calculationst ﬂ;astically decreased at the ab initio level as discussed in section
#, #,
labels  AHxo  labels AHo  labels AHoo (i) Figure 3b deals with the reaction path connecting the
'é :gg'gg % ;i?gg ﬂ I?Z'gg reactants to the products HC® N. Three intermediates are
c —43.90 P 41937 13 +33.00 present. planatransfulminic acid (A), planar oxazirine ©)
D —91.70 3 —25.10 20 —46.40 and a planar trans structure HCON. ( Evolution fromA to C
E —102.40 4 —12.00 21 —13.97 occurs via saddle poir characterized by a decrease of the
F —9.90 5 +26.70 22 -11.71 C—0 bond with respect té (2.20 A inA, 1.68 A in3, and
(HE‘ :%28 ? :gg-%g gg iégg 1.43 A 'in C) and a slight out of plane motion of the H atom.
| 2420 8 —47.90 o5 41912 Oxazirine C) can rearrange into the stable structuxga barrier
9 5040 26 +17.09 4 by the stretching of the €N bond (1.43 A inC, 1.88 A in
10 +33.10 27 +46.71 4,and 2.23 Ain). The passage fromto products HCOF N

@ The AHsq0 quantity of the reactants in their ground electronic state through a ba}mer labeled 5 involves-® bond cleavage_. Itis
CH(XAT) + NO(XIT) is taken to be equal to 0. clear that this pathway shows a saddle poSi)tgnergetically
higher than the reactants. Moreover, it displays more rear-
second one mainly shared between the nitrogen ators-(D7% rangements than the previous one (Figure 3a), and each chemical

e) and the oxygen atom (0-®.2 e) with a larger propensity to ~ Step reduces the rate constant of the channel of interest by a
be on the nitrogen atom. quantity always smaller than 1. This fact is related to the

(i) Formylnitrene D) displays a slightly polar double CO forward and the backward trajectory fluxes through the phase

bond (0.3 e on C and-0.3 e on O) and two unpaired electrons SPace region of the intermediate stable structéiréThese

distributed in two different orbitals (3@nd 2p) of the nitrogen arguments make the formation of products HEM less likely
atom. than that of HCN+ O.

(iii) Isocyanic acid E) contains an almost covalent double (iii) Figure 3c describes the triplet pathways connecting the
CO bond and two unpaired electrons, one localized on C and reactants to the products NCOH and CO+ NH. Three or

the other on N. four intermediates have to be taken into accoént, D, and

(iv) Cyanic acid H) presents an almost covalent CN double E), the first two being the same as in the previous reaction path
bond and two unpaired electrons on C and N. (Figure 3b, formations dfans-fulminic acid (A) and oxazirine

(v) The triplet wave function of the HCON structurb) s (C)). Oxazirine C) evolves into planar formylnitreneDj

much more difficult to analyze since, in this case, we have to through a saddle poin6] by progressive extension of theJ
deal with a four open shell triplet function. This structure can bond (1.30 AinC, 1.57 A in6, and 2.28 A inD), while the
only be described simply by four uncoupled electrons. An C—H bond undergoes a weak out of plane motion. From the
electronic pair carrying the spin is kept localized on one atom Planar structur®, we can evolve directly (dashed line) toward
(C or N) while the other pair is slightly delocalized toward the the products NCG- H over a barrier (saddle point label2@)
O atom. associated with a structure in which the-B bond is largely
Figure 3a-e displays the qualitative triplet reaction paths €longated (1.64 A). The formylnitren®) can also rearrange
connecting the reagents to all the possible products detectednto isocyanic acid K) via barrier 7 corresponding to a
experimentally (Table 1). From these results, several generalH-bridged structure over the-€N bond. Formation of products
remarks can be made: (i) the semiempiridad, values are ~ CO + NH from isocyanic acid &) requires the passage over
ordered in the same sequence as the experimental ones (Tablgaddle poin®. The products NCO+- H can also be reached
2), (i) we can observe that all the semiempiri¢edy values  from isocyanic acid) via a barrier §) by stretching of the
are Systema[ica"y greater than the experimeﬂ@|va|ues by N—H bond (176 A) AlthOUgh all the barriers found are lower
roughly 20-30 kcal mot?, (iii) for all these paths, the first ~ than the energy of the reagents, the numerous molecular
step is the formation of the fulminic acid in a tram)(or cis rearrangements involved to reach both products are unfavorable
(B) conformation, which is readily formed by long range for the formation of these products (see last comment in the
interaction between CH and NO (mainly a dipole-dipole Preceding paragraph ii).
interaction)23° (iv) Figure 3do,d,8 shows that two triplet pathways are to
(i) Figure 3a shows the reaction paths connecting the reactantsbe considered for the formation of the products €NDH. In
CH + NO to the products HCN- O. One intermediate appears, the first pathway proposed (Figure &3 three intermediates
namely the planatrans-fulminic acid (A) or the planarcis- are found: A, F, andG. transFulminic acid @) transforms
fulminic acid B). Along this pathA can undergo a rearrange- into planar nitronylidene K) via a high barrier labeled.0
ment into its B isomer through a saddle point labeldd corresponding to a planar structure in which the H atom is
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Figure 3. Triplet reaction paths at the MNDO/CI level connecting the reagents @H)nd NO(XII) to the different product channels involved

in the reaction. The enthalpiesHsg at 300 K are in kcal molt. Capital letters in the labels correspond to minima and the numbers to saddle
points. (Previous page: a, top left; b, top right; ¢, bottom left;, éhottom right. This page: 4, top left; ea, top right; 3, bottom left.) Potential
energy profiles of the HCNO system calculated at the semiempirical level (MNDO/CI). (This page: f, bottom right.)

bridged over the €N bond. Then, formation of planar the carboxime@) to the products CN- OH through a barrier
carboxime G) from nitronylidene F) requires a H transfer from labeled12involves N—O bond breaking, the four atoms staying
the N atom to the O atom via a very high barrier labeled 11 in a plane through this process. The second pathway leading
associated with an almost planar structure. The passage fronto the products CN- OH involves four intermediates (Figure
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3d), the first three being the same as in the reaction path of
Figure 3c (formations afrans-fulminic acid (A), oxazirine C),

and formylnitrene D)). The next step is the migration of the
hydrogen atom from the carbon atom in structideto the
oxygen atom in the cyanic acidl via a saddle point21)
characterized by a drastic decrease of the HCO angle (123.32
in D, 58.56 in 21, and 27.24 in H). To reach the products
CN + OH from structureH, the system has to pass over a barrier
(22) in which the C-O bond distance is substantially elongated
(2.26 A in22 compared to 1.30 A i). In the first reaction
path (Figure 3dy), the existence of very high barriers0(and

11) makes the formation of CN and OH radicals highly unlikely.
The second path (Figure #) takes into account lower barriers,
but involves a fairly large number of rearrangements to obtain

Marchand et al.

TABLE 4: Exoergicities (Aep), in eV, Referred to Ground
State Reactants CH(XIT) + NO(XZII)

expl® CASSCF/D95  CASPT2/D95
H(2S) + CNO(XIT) —-0.60 +0.32 —0.56
N(“S) + HCO(X?A") -1.75 —2.57 —2.58
OH(XZIT) + CN(XZ=*)  —2.18 —2.32(—1.20) —2.23(—2.14)
OFP)+ HCN(X'Z*) =~ —3.11 —3.38 —-3.54
H(2S) + NCO(XIT) ~3.18 —2.46 -3.38
CO(XIZt) + NH(X3Z") —4.86 —5.06 —-4.91
OFP)+ HNC(XIZ*)*  —2.07 —3.37 -3.03
CEP)+ HNO(X!A)*  +1.35 +1.55 +1.10
CEP)+ HON(X!A)*  +3.12 +3.83 +3.47
N(“S)+ HOC(X?A")*  —0.07 —0.61 —0.66

2To get a correct description of CN{X*), we have used an
extended active space in the MCSCF CAS approach where the 3s

the products and may suggest that these products can only betomic orbitals are included. The values in parentheses are obtained

formed in small amounts.

(v) Figure 3en,d 3 deal with the two reaction paths leading
to the formation of the less exoergic products CNCH. In
the first path found (Figure 3e), the two steps (formations of
the transfulminic acid (A) and the nitronylidene R)) are
common with the previous path leading to GNOH (Figure
3d.a). Nitronylidene F) then gives the separated fragments
CNO + H by H—N bond breaking and alignment of the three
atoms C, N, and O in the ground electronic stat&€Dof CNO.
The products CNOt+ H can also be formed directly by the
cleavage of the €H bond intrans (A) or cis-fulminic acid
(B) via barriers labele@3 and 23, respectively (Figure 38).

It is clear that neither of these two reaction paths, shown in
parts 3ex and 3e3 of Figure 3, is favorable to the formation
of the products CNO* H since the pathways shown in parts
3ea and 3e3 of Figure 3 involve rather high barriers (saddle
points 10, 13, 23, and 23) with respect to the energy of the
reactants.

By a systematic census of all the possible arrangements

between the four atoms, we can also suggest the formation of _ N from this way.

some other products like HO& N, HNC + O, HON + C,

and HNO+ C that have not been experimentally considered
so far and try to find some paths connecting these products to
the reactants. The experimentaé, values available in the
literature for the HNC+ O/ HNO + C% and HON+ C?#6
product channels are presented in Table 2. No experimental
Aep value is available for the HOC minimum, but theoretical
work?*” reports a HOC structure 1.68 eV (38.7 kcal miphabove

its isomer HCO. The HNO+ C and HON+ C product

without this extended active space.

in the pathway displayed in Figure 8d. The passage from
the nitronylidene It) to HNC + O through a very high barrier
labeled27 (46.71 kcal mot?) involves breaking of the NO
bond. Thus, the full reaction path presents two very high
barriers (0 and 27) which make the formation of HNG- O

very unlikely. Moreover HNC is known to quickly isomerize

to HCN. Concerning the formation of HO€ N, the cyanic

acid H) of Figure 3d3 evolves toward HOCt+ N through a
rather high barrier labele2b (19.12 kcal mot?) corresponding

to a structure in which the €N bond is largely elongated (2.25
Ain 25and 1.31 A inH). The four first intermediates, C,

D, andH of this reaction path are common with the formation
of CN + OH (Figure 3d5). The numerous molecular rear-
rangements encountered along this path and the height of the
barrier 25 could be an efficient kinetic obstacle against the
formation of the products HO& N. The hypothetical structure

(J) suggested above (the oxygen atom being at the center of
the star shape) has been found to be 60.99 kcal/mol above the
reactants, a result which totally prevents the formation of HOC
In conclusion, the formation of HOEN

and HNC+ N as major products of the reaction CHNO is
highly unprobable due to the high barriers (saddle poi&s
and 26) and the large number of chemical rearrangements
encountered along these paths. Among the six open channels
explored at semiempirical level (Table 1), it transpires that the
path leading to the exothermic formation of HGNO (Figure

3a) is the one with the smallest number of molecular rearrange-
ments but presenting rather high barriers. The paths leading to
the very exothermic formation of NC& H and CO+ NH

channels are endothermic and thus thermodynamically inaccesrigure 3c) seem to be the most kinetically favorable channels.
sible at 300 K. Using some “chemical intuition” coupled t0  These qualitative results are only in fair agreement with the
simulated annealing technique, we can imagine the sequenceyperimental findings mentioned in section II, but we might
of possible rearrangements connecting the reactants-CtD expect that most of the barrier heights found in this study will
to the products HNCG- O and HOC+ N. Direct formation of e supstantially decreased when using a sophisticated ab initio
products HNC+ O can be envisaged by-€O bond cleavage  treatment.

in the stable structure HNCO (structugg and by N-O bond All these MNDO/CI results are collected in Figure 3f where

breaking in the star-shaped structur€).( Related to the  comparison of the various paths is made easier.
formation of HOC+ N, we have to consider the rupture of the

C—N bond in HOCN (structurél) and the rupture of the NO
bond in a hypothetical star-shaped structuleif which the
oxygen atom occupies the center of the star. Following this
idea, we found that the exothermic products HMG can be
effectively reached from the stable isocyanic a&ijigccurring
in the reaction path of Figure 3c via a barrier labe2&q17.09

IV. Ab Initio Results

Table 4 contains the six channel exoergicities referred to
ground state reactants obtained at CASSCF and CASPT2 levels
of calculation. Both methods lead to acceptable results. As
expected, CASPT2 calculations lead to values in better agree-
ment with experiment than CASSCF, the least good agreement
kcal molt) and characterized by a large stretching of theGC concerning the channel leading to HGON. This is probably
bond (1.80 A in26 and 1.20 A inE). The height of the barrier ~ due to a much better description of 48§ involving three
26 and the large number of molecular rearrangements areuncoupled electrons than that of the HCO system. Conversely,
unfavorable for the formation for HNG O compared to that  CN(X2=*) is incorrectly described with the active space
for its isomer HCN+ O (which can be directly formed from  mentioned in section 1I.C (see value in parentheses in Table
trans (A) and cis-fulminic acid B) Figure 3a). It turns out  4). Therefore, a larger active space should be taken into account
that HNC+ O can be formed from nitronyliden&) involved to improve the CASSCEF level of calculation on CN (3s atomic
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TABLE 5: Relative Enthalpies AHzq at 300 K (in kcal Cl level have been confirmed with the two ab initio approaches
mol ) of the Stationary Points (Capital Letter, Minimum; but, as expected, noticeable energy differences occur: (i) Barrier
Xgmgggﬁaddle Point) Deduced from the CASPT2/D95 3 is largely reduced, almost vanishing on the side of @he
intermediate formation, and (ii) barriet is now the main
labels  AH%00  labels  AH%0  labels  AH%o potential obstacle on the route to the formation of HEON
A —63.59 1 —46.84 11 +9.46 products since barriéris also drastically reduced. Conversely
B —62.63 2 —-50.12 12 —29.56 to the reaction path shown in Figure 3b, the formation of HCO
g _1?48:12 % :gi:ié %8 4:5;.70.39 + N now becomes feasible §ince barrﬂe@s pelow the energy
E —115.06 4 751 21 —84.72 of the reactants. Hence, this channel is likely but to a lesser
E —46.36 5 —30.60 22 —54.21 extent than the HCN- O channel, a result in close qualitative
G —30.88 6 —43.78 23 —20.34 agreement with experimental findings.
:" :gg'gé ; :Zg'gg gg —19.83 (iii) Figure 4c is related to the formation of NC® H and
. . no barrier .
9 ~109.14 26 —67.03 CO+ NH. All the structures previously found( E, 6, 7, 8,
10 —16.59 27 —43.48 9, and20) are obtained again at the CASPT2 level of calculation

. . . but with a much lower enthalpy (relative to the reactants) than
a Same origin of the energies as in Table 3. These values are the h . irical | L Thi | K h
sum of the CASPT2/D95 values to the potential energy, the zero-point at the semiempirica e_ve. IS result makes these two
energy levels, and the thermal enthalpies at 300 K. pathways thermodynamically more favorable than they were
previously (MNDO/CI results), although numerous rearrange-
T X ments are still a factor reducing the rate constants of these
space for CN does not significantly change the energies of the ¢jannels (see the discussion in section Ill). Nevertheless, the

NO anq CQ systems. - o ) presence of deep wells associated with the intermediatesd

The first important result arising from these ab initio studies £ a1 pe a trap for the system especially if the pressure
is the lack of ba}rrler anng ks entrance cha_nr_1e| Ie_ad!ng 10 the jncreases. Concerning the competition between the two paths
trans @) and cis B) configurations of fulminic acid in the = o,4ing 1o the formation of NC@ H from intermediated, we

Iowest. triplet state s.urface. On the other hand, we still find a 1o that in both descriptions the direct formation of NE®
potential energy barrier along the singlet surface, but much Iowerfrom D is more probable than the passage via intermediate

than at the semiempirical level (1.20 kcal mihstead of 10.06 In fact at the MNDOJ/CI level, barrier is the relevant obstacle

1
keal mof™). i . with respect to barrie2O while at the CASPT2 level barrie¥
Whatever the level of ab initio calculations, we have found plays this role

analogous geometries for almost all the minima and saddle”™ ; . .

points already discovered at MNDO/CI level, and thus the ab | ('\r? l?gure 4r(]ja,d,8 Igpncerr;fithﬁ forhman%n O.f CNOOH'

initio and semiempirical reaction paths can be considered to be n (tj e2 ';St p(z;t War‘]y ( \gure .). t Ielt r?e .arr|ersl h '

roughly topologically equivalent. This comparison proves the an l » found at the semiempirical jevel (F|gure.ax)i. ave
significantly decreased in energy. Barrig2 drastically de-

reliability of the semiempirical approach at a qualitative level he CASSC lue for this barri
of description. Table 5 contains the relative CASPT2 enthalpies creases (we -pr.ese_nt the CA ) F value or t IS barrier as we
have some difficulties to locate it), but barrigt still remains

at 300 K of the stationary points with respect to the reagents.
y P b g above the energy of the reactants, which makes this path

Differences with semiempirical values are worth pointing out: X X o i
(a) formylnitrene D), rather than isocyanic acic), appears unlikely. The second pathway (Figure AYlexhibits a drastic

to be the most stable CHNO isomer, but the CASPT2 energy reduction of barrier height®l and22 (barrigrsﬁ% gndG having
difference is small (3 kcal mot) and (b) the less stable structure  @réady been encountered). At the same time, important changes

is now carboxime @) instead of nitronylideneR). At the in the geometry of the structures corresponding to these saddle

CASPT2 level of calculation, the list of relative stabilities of POINts @1and22) appear. In the CASSCF structure of barrier
these minima is now the followingD > E > H > A > B > 21, the hydrogen atom can be considered as bound to the oxygen

C>F>1>G(beingE>D>H>A>B>C>1>G atom sjnce the ©H distance is 0.97 A. This distance was
> F at MNDO/CI level). Iarger |n_the MNDO structure (1.28 A), and the H atom was
Figure 4a-e shows the different paths associated with the Still considered to be linked to the carbon atom. These resulits
six exoergic channels presented in Table 1. The same order ol CASSCF and MNDO/CI) are consistent with the Hammond
presentation as in section Il has been conserved. In order toPoStulate which suggest that barrlet is energetically much
compare with MNDO/CI results, we have calculated the thermal Closer to intermediatéi at the CASPT2 level than at the
enthalpies at 300 K from the ab initio potential energy values, MNDO/Cl level. The main changes occurring in the geometry
the zero-point energy level, and the thermal energies between®f the saddle pointZ2) come from the substantial reduction of
0 and 300 K. the C-0 bond distance and the large decrease of the HOC and
A general comment concerns the geometrical changes ob-NCO angles (Table 6 compared to Figure 2). This pathway
served at CASSCF level with respect to MNDOJ/CI level (no NOW presents very low barriers but still involves a large number
geometry optimization has been performed at CASPT2 level). Of mc_JIecuIar rearrangements. Its participation in the reaction
We mainly notice (Table 6) that all the structures associated "émains questionable. Moreover, Davell is present and could
with barriers present longer bond lengths than those found from I€ad directly to dissociation into NC& H (Figure 4c).
a semiempirical description. Concerning the angles, they are, (v) Figure 4ex,ef shows the two possible reaction paths
on average, smaller than the parent angles defined in Figure 2leading to the less exoergic products CNOH. In the first
(i) Figure 4a shows the pathways leading to the products HCN path (Figure 4ex), all the semiempirical structures have been
+ 0. The important result is now the quasi-disappearance of confirmed in CASSCF and CASPT2 calculations. Note that
barriers 2 and 2 The formation of the products HCN O barrier13 still remains higher than the energy of the reactants
appears now to be mainly direct. Thus, this channel is very so that the products CN& H cannot be easily reached from
likely at this level of calculation: a result in much better the nitronylidene E). In the second possible reaction path
agreement with experiment than previously found. (Figure 4ep), the large reduction of the relative enthalpies of
(ii) Figure 4b deals with the reaction path leading to HEO  the barriers23 and 23 makes the formation of CNG- H
N. All the structuresA, C, I, 3, 4, and5) found at the MNDO/ favorable, although fulminic acid8 andB can be stabilized

orbitals are included). Moreover, the use of this new active
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Figure 4. Triplet reaction paths at the CASPT2/D95 level connecting the reagents ZThHi@hd NO(XII) to the different product channels
involved in the reaction. The enthalpiAsiso at 300 K are in kcal mot. (Previous page: a, top left; b, top right; ¢, bottom lefty,cbottom right.

This page: ¢, top left; ea, top right; e3, bottom left.) Potential energy profiles of the HCNO system calculated at the ab initio level (CASPT2/
D95). (This page: f, bottom right.)

by increasing pressure. We note a lessening of thél®ond To complete the study of this reaction, we have performed
distance in the CASSCF geometries of struct#8sand 23 CASSCF and CASPT2 calculations on the two last possible
with respect to the MNDO/CI values (Table 6 compared to product channels, HN& O and HOC+ N. The saddle points
Figure 2). 26 and27 found at the semiempirical level were confirmed at
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TABLE 6: Geometries of the Molecular Structures Associated with the Stationary Points Found by the CASSCF/D95

Approach?
labels CH CN NO HCN CNO HCNO
A 1.08 1.36 1.28 122.27 115.78 180
B 1.03 1.26 1.29 127.72 109.25 0
C 1.06 144 1.46 158.32 56.58 180
labels XH CN CO planar angles NCO dihedral angles
D CH=1.09 143 1.23 HCN= 115.47 120.97 HCNG- 180
E NH =1.01 1.46 1.20 HNG= 106.73 124.88 HNCG= 180
H OH=0.95 131 1.36 COH= 109.14 123.26 HOCN= 180
I CH=1.10 NO=1.40 1.34 HCG= 100.90 CON=112.20 HCON= 180
labels XH CN NO planar angles CNO dihedral angles
F NH=1.0 1.34 1.34 HNG=123.34 122.70 HNCG- 180.0
G OH=0.99 1.36 1.37 HON-= 105.18 110.40 HONG- 180.0
labels CH CN NO HCN CNO dihedral angles
1 1.07 1.42 1.26 130.60 113.13 HCN©92.35
2 1.06 1.23 1.49 177.16 116.40 HCN©180.0
2 1.07 1.23 155 144.22 116.90 HCN©0.0
23 1.60 1.23 1.24 108.12 162.55 HCN©180.0
23 1.70 1.23 1.25 108.30 158.33 HCN©0.0
3 1.05 1.44 145 166.01 55.55 HCGN177.0
labels CH CcO NO HCO CON dihedral angles
4 1.10 1.41 1.36 102.90 117.48 HCGN91.26
5 1.10 1.27 1.40 104.22 108.52 HCGN180.0
labels NH CN Cco HNC NCO HNCO
7 CH=1.30 1.40 1.21 57.19 134.55 134.8
8 1.49 1.28 121 110.25 150.67 180.0
9 1.02 1.76 1.17 101.24 121.03 180.0
labels NH CN NO HNC CNO dihedral angles
10 1.24 1.36 131 60.55 121.59 HCN©180.0
13 1.50 1.24 1.32 117.8 143.29 HNG©180.0
26 0.99 121 CC=1.81 148.02 NCG-=117.30 HNCO= 180.0
27 1.02 1.27 155 132.40 121.9 HNG©180.0
11 1.19 1.34 1.49 HON= 50.77 121.26 HONG- 180.0
12 OH=0.98 1.32 1.50 HON= 99.69 109.38 HONG- 180.0
labels XH CN CcoO HCN NCO dihedral angles
6 CH=1.06 1.42 1.34 147.99 74.97 HCN©180.0
20 CH=1.72 1.26 1.23 99.22 157.20 HNG©180.0
21 OH=0.97 131 1.37 HOG- 107.48 122.40 NCOH- 180.0
22 OH=0.98 1.23 1.85 HOG- 100.23 111.98 HOCN- 180.0

a2Bond distances XY in angstroms and planar angles XYZ in degrees.

these ab initio level of calculation (Table 5 and Figure 4c)d. interesting to point out the major differences. We find different
The heights of these two barriers have drastically decreased inresults concerning the nature of some of the intermediates and
energy, but the barrier associated with the saddle pait  critical points.

remains lower than the barrie7. Consequently, the products First of all, a tiny barrier has been found along the entrance
HNC + O are preferably reached from the stable isocyanic acid channel in the singlet surface at CASPT2/D95 level whereas
(E) via the barrier26 than from nitronilydeneR) through the  no parrier has been found at DFT/B3LYP/6-311G** level.
barrier27. However globally, these products are unlikely in - concerning the triplet fulminic acid (labeleiin their paper),

this reaction due to the large number of rearrangementsye found two planar minima, tranAf and cis B), and a
occurring along the reaction path. The direct formation of its nonplanar transition state (1). Mebel et al. found a plérmeas
isomer HCN from the fulminic acidA or B) is much more  fyminic acid transition state, a nonplanar trans minimum and
probable. Concerning the formation of HOEN, the barrier 4 planar cis minimum. The same comment can be made about

associated with Fhe saddle poigb has disappea}red in the  the isocyanic ) and the cyanic acidH) in our work (labeled
CASSCEF calculation, so that these products are directly reachedy and2 in the paper of Mebel et al.). Moreover, they did not

from the cyanic acidH) (Figure 4d5). This direct process  fing the carboxime @) minimum. The comparison between
makes the formation of HOE N more likely than that of CN {6 transition states of both studies reveals some differences in
+ OH (Figure 4d3), but HOC+ N still highly unprobable as  {he geometries and the relative energies. Concerning the
major product channel because this product channel is the 'easbeometries, we found at the CASSCF level that most of the
exothermic. All the CASPT2 results are gathered in Figure 4f. gy ctures associated with barriers present shorter bond lengths
and smaller angles than those found in B3LYP calculations.
Moreover, all the geometries of transition states leading to an
Our results compare with those of Mebel and co-workérs, asymptotic product channel correspond to a value of the reaction
being globally in a good agreement. Nevertheless, it is coordinate (which is mainly a bond distance in all the cases)

V. Comparisons with the Recent Study of Mebel et al.
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shorter at the CASSCF level than at the B3LYP level (for
example: in structur@ (TS301) the N-O bond is 1.55 A in
CASSCF and 1.61 A at B3LYP level; in structure 8 (TS1H1),
NH = 1.49 A at CASSCF level and N&- 1.55 A at B3LYP
level; in structure9 (TS1D2), CN= 1.76 A in CASSCF
calculations and CN= 1.97 A in B3LYP calculations). Good

J. Phys. Chem. A, Vol. 101, No. 34, 1995089

reveal the existence of conical intersections associated with
saddle points when these intersections are avoided. The
electronic analysis concerns the barriers lab&ed, 5, 8, 9,
12,13, 20, 22, 23, and23 found along the asymptotic channels.
Using simple valence bond type schemes sometimes coupled
with molecular orbital (MO) calculations, we present in Figure

agreement is obtained from both approaches on the dihedral5a—g a qualitative interpretation of the electronic origin of these
angles of the structures of the saddle points found. Neverthelessparriers. A similar analysis can be undertaken for the other

two of these structures (label&@® and21in our paper) present
a nonplanar shape from the study of Mebel et al. (TS38 and
TS27) and a planar one from our work.

Finally, we note several differences concerning the possible
reaction paths involved in this process. First of all, Mebel et
al. do not report the existence of barridr2, 3, 6, 11, 12, and

saddle points which connect the intermediates, but the inter-
pretation of their origin is much more difficult and even
impossible with such crude models. In these figures, we have
represented the atomic valence shell by three lines which mimic
the p orbitals, the dots near them being their electronic
occupancy. The s orbital is not explicitly drawn but only

23although they do mention other transition states such as TS12suggested by one or two dots representing its electronic

(which corresponds to a barrier between intermedi&esd
H), TS18 (betweerE and F), TS2H1 (betweerH and the
products NCOt+ H), and TS701 (betwee and HCN-+ O).

occupancy. orbitals are pictured by a line connecting two p
orbitals. The number of unpaired electrons (they are explicitly
shown by an arrow when necessary) has been selected to

In fact, we found similar structures, but, since our main goal is represent its state multiplicity according to the electronic
to determine the more probable products, we have reported herealistribution of the largest configuration state function (CSF) after
only the structures which are expected to play a role in the CI calculation. The direction of approach between the two
reaction. As an example, TS70O1 does not seem to be a relevanfragments obeys the linear or bent geometry of the intermediate
transition state for the formation of HC#& O since intermedi- formed. When this geometry is bent, we consider for simplicity
atesA or B are linked directly to these products. In the same a right angle of approach in the scheme in question.

way, the products NCG- H can be reached directly fromthe  Both barriers2 and2' come from an avoided crossing between
intermediateD. Transition state TS2H1 does not play any role. o sheets of potential associated with the asymptotic channels
These different p.athways presented in Figure 4f can be ea3i|YHCN(X12+) + O@P) and HCN(AIT) + O@P). Figure 5a
compared with Figure 12 from the work of Mebel ef*al. explains this situation. The collinear approach of the oxygen
Besides a simple enumeration of the differences between ouratom in its electronic ground staie toward the N end of NCH-
ab initio results and the DFT results of Mebel et al., it could be (X13+) is not favorable because the interactions between a single
valuable to mention some interpretations of these differences.e|ectron of the oxygen atom and the electronic pairs of the
Such a task looks rather difficult to achieve so far, and it would nijtrogen atom are repulsive (there is no unpaired electron in
be even harder to argue for any system which method is valuableHCN). On the other hand, the interaction involving the first
and which method is wrong. Nevertheless, some generalelectronic excited state of HCNERA) and O@P) is attractive; a
comments can be formulated about DFT calculations. It is single electron on the oxygen atom and a single electron on the
admitted that eXChang@orrelation functionals are in general nitrogen atom of Opposite Spin projection make thelo bond
well adapted to get reliable geometries and energies of stablefeasible. It remains two unpaired electrons which keep the
systems, i.e. systems associated with a well in a potential energyriplet multiplicity of the system. Hence, in a linear approach
surface. Moreover, the vibrational frequencies are well repro- 3 trye crossing occurs between two curves, but in a bent
duced at many DFT levels and no magic factor has to be usedapproach the cis and trans barri@rsr 2' arise from avoided
to fit expel’lmenta| data. Such a situation is illustrated by some Crossings between these PES of the same Symmetry and same
recent work&*4°dealing with a comparison between DFT and  mutiplicity.
sophisticated ab initio calculations like CCSD(T). They report
that in average correlation functionals, like B3LYP or SVWN
functionals, usually lead to reliable equilibrium geometries
vibrational frequencies, and energies for molecules like
alkanes and YO and XYO with X, Y = CI, Br. Many other
theoretical works have been performed to determine the best
functional form, like those performed recently by Handy’s group
and Chong'’s group? As a general tendency, ab initio calcula-
tions present a larger sensitivity to the size of the basis set than
DFT techniques. Thus, the results are expected to be highly

In Figure 5b, we interpret the origin of barrigébetween the
product channels HC@ N and the minimum. Let us consider
' the approach of the N atom toward the O atom of HCO (bent)
to form a trans configuration. The interaction between the
electronic ground state of HCOZK') and N(S) is repulsive
due to the approach of an unpaired electron on the N atom
toward an electronic pair on the O atom. But, the approach of
N(2D), which presents a vacant orbital toward the electron pair
of the O atom, is favorable for the creation of a dative ®

improved by using an extended basis set, contrary to the DFT

results. In the case of saddle points, the situation is not so clear

due to the lack of systematic studies. Then, it is difficult to
conclude about the ability of a DFT approach to get a full PES
with the same degree of reliability for any geometrical config-
uration. At any event, tests on the quality of DFT functionals
necessarily involve comparison with very good ab initio
calculations taken as references.

VI. Wave Functions Analysis Associated with Some
Saddle Points

An analysis of the changes of the wave functions on the

bond. The triplet multiplicity is obtained by the presence of
two unpaired electrons on the system. Once again an avoided
crossing appears by interaction between repulsive and attractive
potential energy sheets.

Interpretation of the origin of barrie&and20 s a little bit
more tricky. Both barriers come out from the approach at a
right angle of the H{S) atom toward the N or C atom of NCO,
respectively. Figure 5c.1 gives the electronic distribution of
NCO(XIT) with eight electrons in the orbitals and seven in
the 7w ones. Analysis of the MO distribution shows that the
unpaired electron is guided bymorbital largely concentrated
on the N atom, the coefficients of the 2p atomic orbitals in this
MO being 0.84 on N, 0.30 on C, areél.45 on O. Since NCO-

reaction paths between the electronic structures of the asymptotiq’X?IT) does not carry any other unpaired electron, the approach
products and the intermediates which directly precede them canof H toward N or C to form a triplet state is repulsive. An
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attractive energy profile occurs from the interaction of low lying
excitedIT states of NCO with H{S). Such states are mainly
described by the excitation of an electron framorbitals

interaction between low lying excited states of CN and OH-
(X2IT) can be found with the participation of the CK{a) state.
As a matter of fact, the CN(@&I) state (which is lower in energy
localized on N atom (highest occupied molecular orbital, thanthe &~ state) implies, like the CN(®™") state, a repulsive
HOMO) and on O atom (HOMG- 1) to thex orbitals (HOMO interaction (Figure 5e.1,e.2), since the unpaired electron of the
+ 1) localized on C atom, two other electrons being decoupled p orbital of OH interacts either with an electron pair of CN or
to keep a triplet multiplicity of the system. Figure 5c¢.2 shows with an electron of same spin projection in order to conserve a
the electronic distribution in the relevamtorbitals which can global triplet multiplicity. The CN(&") state, characterized
be associated with sudi states. by three unpaired electrons, creates a favorable situation of
Barrier9 arises from an avoided crossing between a repulsive coupling with the unpaired electron of OH in keeping the global
potential surface associated with a repulsive interaction betweentriplet multiplicity.
NH(X3Z") and CO(X=") and an attractive one involving the The origin of barrierd 3, 23, and23 can be found from the
first electronic excited state {) of CO and NH(X¥Z") as analysis of the CNO structure sinEe A, andB intermediates
shown in Figure 5d. As a matter of fact, the interaction between require the formation of a bond between the H atom and the N
an electron guidedyba p orbital of the nitrogen atom and the and C atoms of CNO, respectively. The MO description of
electron pairs of CO leads to a repulsive surface. Conversely,the ground state 31 of CNO shows a structure having eight
the promotion of ac electron to an antibonding* orbital electrons and sevem ones similarly to NCO(XIT). The
corresponding to the formation of COI&) creates a favorable  unpaired electron is associated with arbital mainly localized
interaction between NH and CO. Obviously, hybridization on the N atom, the coefficients of the 2p orbitals being 0.5 on
between s and p orbitals is necessary to explain the bent structureC, 0.7 on N, and-0.5 on O. The approach a H atom toward
involving angles different from 90 the N or C atom of CNO is repulsive according to a global
The barrier associated with saddle pdi@tcan be described  triplet multiplicity. On the contrary, the participation di
by the approach of OH at 9@vith respect to CN on the N side  excited states of CNO, which correspond to the promotion of
(Figure 5e.1). But, the formation of the trans intermedi&e (  an electron from the HOMO to thex antibonding MO, creates
from the saddle point structuré2 requires a rearrangement a structure with three unpaired electrons interacting attractively
which can be roughly explained by a head to tail interaction with the H atom. Figure 5f shows the electronic distribution
between CN and OH (Figure 5e.2). The electronic structure of in the relevantr orbitals involved in these excited states.
the trans intermediateE] is a mixture of both approaches Finally, the origin of barrie2 can be found in a way similar
involving hybridization of s and p orbitals. The interaction to the interpretation of the appearance of bart2r Figure 59
between CN(X=") and OH(X@II) according to both orientations  pictures the repulsive and attractive interactions which can be
shown in Figure 5e.1,e.2 is basically repulsive. Attractive invoked when approaching OH toward the C atom of CN in
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both X2=+ and &>~ states to form the triplet structure of
intermediateH via barrier22.

VII. Conclusions

The potential energy surfaces of singlet multiplicity for
various isomers of the four-atomic H, C, N, and O system having
already been extensively studied theoreticaliy!l we have
focused our interest on the study of the triplet potential energy
surfaces. Our study, performed at several levels of calculation
(semiempirical and ab initio), reveals the existence of a tiny
barrier at the entrance channel on the singlet surface, a fact
which was not reported previously in the literature. Conse-
quently, the triplet surface would seem to play a major role in
this reaction. Independently of the existence (or not) of this
barrier, the triplet surface is 3-fold degenerate and must
participate by at least 75% in the reaction with respect to the
singlet surface.

From the analysis of the reaction paths obtained with these
different approaches (at semiempirical level and at ab initio
level), we find that the path leading to the exothermic formation
of the products HCN*- O is that possessing the smallest number
of molecular rearrangements involving intermediate wells with
very small barriers. The pathways leading to the very exother-
mic product channels NC&+ H and CO+ NH are also
thermodynamically favorable in the reaction, but many more
rearrangements are involved. These general results are con
sistent with the experimental findings, namely (i) the formation
of HCN as major product of this reaction and (ii) the formation
of NCO, CO, NH, and HCO to a much smaller extent.
However, experimental and theoretical uncertainties remain
concerning the formation of the products CN and OH.
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