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The [Hy, C, N, O] potential energy surface (PES) in its triplet state multiplicity has been explored by means
of high-level ab initio calculations, carried out in the framework of the G2 theory. From the PES survey we
conclude that some of the products of the(#P) + H,CO reaction are the result of a competitive dissociation

of the HLCON* cation into NO + H,C or N+ H,CO". Although the first process is more exothermic than

the second one, it involves a conical intersection, and as a consequeneb@GO" are the dominant products.

NH + HCO', which are also experimentally observed products, can be formed either by the dissociation of
the HCONH cation, through another conical intersection, or by the fragmentation of a quite stable
HN-:-HCO" complex. Other possible products, such as CNBH*, HCN + OH", and CO+ NH,™, although
exothermic, should not be observed since the corresponding reaction pathways involve high activation barriers.
These conclusions are in good agreement with the experimental evidence. The topology ef GieNHOT

PES also explains why no reaction is observed when'N#hd CO or CH and NO' interact in the gas
phase, while in Ckl" + NO reactions, only the charge exchange channel is open. We also predict that the
dominant products in OH+ HCN reactions should be Nt HCO'. However, when this reaction involves

the CNH isomer the observed products should be not onlytNHCO™ but also NH*™ + CO.

Introduction On the other hand, ionization processes mainly produced by
dcosmic rays are also frequent in the stratosphere, the main

In th | of ntion w. ir . - . .
the past decades a good deal of attention was directe product ions being N, N,™, O', and Q" since nitrogen and

toward gaining an understanding of the reactions between ions, i .
oxygen are the main constituents of our atmosphere. However,

mainly monocations, and neutral moleculeEhis interest was the terminating ion i re the result of the reactions of th
motivated, among other reasons, by the importance of these ete aling 1on Species are the resuft of tne reactions ol the
aforementioned ions mainly with water vapor, but also with

reactions to understand the chemistry of the Earth’s atmosphere

or to envisage the mechanisms responsible for the formation of Minor const.|tuents, one of which is formaldehyde. .
many interstellar chemical specfl.is important to emphasize The reaction betweenNand HCO has been experimentally

that insight into the mechanisms by which jemolecule studied by means of selected ion flow tube (SIFT) techni§ues.

reactions proceed at thermal energies has been very often thd10WeVer, to the best of our knowledge the mechanism of this
result of an adequate combination of experimental and theoreti-Process has never been investigated +before. Furthermore,
cal information. The availability of very accurate ab initio €Stimating the relative proportions of,80" and NO" (both

h - i 7
method3 has been of great relevance, since nowadays it is not 30 @mu) from the mass spectrometry techniques ‘used not
only possible to explore the whole potential energy surface &N €asy task. In fact, although this experimental study concluded

(PES) associated with a given reaction, and therefore to have ahat the main products are;80" (65%), HCO'(25%), and

good knowledge of its mechanism, but also to estimate, with NO'(10%), the proportion in which #€O" and NO" are

reasonably high accuracy, the heats of formation of atmosphericformed are only accuratevithin a factor of 2. .

or interstellar species which are not amenable for experiment. It is worth also noting that the PES associated with the
In our group we have pa|d some attenfioo these kinds of aforementioned reaction is common to other |mp0rtant processes

reactions in particular when the reactant monocation is an open-in astrochemistry. Hence, the following reactions NQCH,",

shell species. CO + NH,", HCN + OH*, and CNH+ OHT will be also
The aim of the present paper is to investigate, through the discussed along this paper.

use of high-level ab initio techniques the PES associated with

the reactions between "Nin its triplet ground state and Computational Details

formaldehyde. This reaction is of particular interest in atmo-

spheric chemistry, in particular in tH2 region of the strato-

spheré®, whose ion chemistry is expected to be dominated by

minor neutral constituents, which either diffuse from the Earth’s

surface or are synthesized in the stratosphere. This is the cas

of formaldehyde, which can be produced in this region by

oxidation of CH, previously formed in the Earth’s surface.

Standard G2 ab initio calculations have been performed using
the Gaussian 98 series of prografrishe G2 approach is a
composite procedure which yields final energies of an effectively
QCISD(T)/6-311|-6(3df,2p) quality, assuming that basis set
effects on the correlation energies are additive. A small empirical
correction (HLC) to accommodate remaining deficiencies is
finally added as well as the corresponding zero point energy

t Permanent address: *Partement de Chimie, Factlttes Sciences-  (£PE) correction, estimated at the HF/6-31G* level. The reader
Semlalia, BP: 2390 40002 Marrakesh, Morroco. is addressed to ref 3a for a complete description of this method,
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TABLE 1: G2 Total Energies of the Different [H,, C, N, TABLE 2: Bonding Characteristics of [H,,C,O,N]" Triplet
O] " Triplet-State Cations, E(G2) (hartrees) State Cations in Terms of the Charge Density(r) and the
Energy Density H(r) Evaluated at the Corresponding Bond
system E(G2) System E(G2) Critical Points (all values in au)

1 —168.521 236 TS1-2 —168.445 737

2 —168.484 372 TS2-3 —168.445 351 co NO NC

3 —168.490 881 TS3-4 —168.460 977 p(r) H(r) p(r) H(r) p(r) H(r)

4 —168.507 313 TS3-5 —168.453 675 _

5 ~168.564 573 TS4-6 —168.443 056 2 8'2‘22 _8'223 0287  -0.270

6 —168.555 467 TS4-7 —168.430 943 > 0374 -0606 0236 —0187

7 ~168.450016  TS4-8 ~168.402170 3 0233 -0317 0341 -0357 0281  —0.447

8 —168.499 595 TS6-8 —168.438 742 2 0396 -0440 0379 —0-0.669

9 —168.465 990 TS7-8 ~168.390 412 5 0473 -0808 ' 0.024 0.002

10 —168.448 340 TS1-9 —168.438 053 6 ' 0539 -0810 0320  —0537

11 —168.568 613 TS9-3 —168.433232 7 0377 0419 0282  —0.449

12 —168.569 777 TS9-6 —168.421 798 8 0413 -0486 0361  —0.628

13 —168.560 583 TS9-10  —168.40 7553 9 0257 -0382 0212 —0140 0321  —0455

14 —168.584662  TS10-11  —168.434721 10 0222 —0.297 0227 -0169 0283 0335

15 —168.446 055 TS11-12  —168.537 281 11 0351 -0576 ' 0347  —0.449

cl1 —168.464 666 TS12-13  —168.490 586 12 0350 —0575 0343  —0.446

cI2 —168.438 357 TS12-5 ~ —168.524 036 13 0354 —0574 0341 0546
TS, s e 14 0442 —0.747 0200  —0.171
TS3-15 _168.361 196 15 0.284 —0.447 0.245 -0.187 0.265 —0.410
TS15-14 —168.394 867

of the PES are given in Figure 1, while Figure 2a,b contains

which provides thermodynamic properties as heats of formation, (e energy profile associated with the'(¥) + H,CO reac-

protonation energies, ionization potentials, etc., within chemical 10"- _ _ -
accuracy. Structures and Bonding. Although a detailed description

As we shall discuss in forthcoming sections, some reactive of the structures of the different BHC, N, OJ" triplet state

channels involved conical intersections between different triplet cations is not the main goal of this work there are some points
states. To locate these conical intersections we have used théhat_deserv_e to be S|ngled30ut for comment. In the_flrst place,
procedure developed by Bearpark efas implemented in the the interaction betV\_/een N. P.) and f(_)rmalde_hyde yields co-
Gaussian 98 series of prografior this purpose we have used valently bound species. Th|§ is at va+r|ance with what was found
initially a CASSCF procedure with an active space which for othgr tr|plet state cations as Fand CF, where the
includes six electrons and five orbitals. The basis set expansioninteractions yield systematically weakly bound spe€iés? The

used was 6-31G*. The initial geometry so obtained was then Interaction between N and neutral formaldehyde can be
refined at the QCISD/6-314G(d,p) level of theory to obtain envisaged as a two-steps process. The fII:St one corresponds to
the structure of the corresponding transition state. For the sake? charge transfer, due to the high recombination energy‘ef N

of consistency the final energy was evaluated at the G2 level, CP). As a result, a neutral_ hitrogen atom, i_n its quartet ground
but keeping frozen the QCISD optimized geometry. state, will be for.med, while the €0 m0|ety.would b? a
The bonding characteristics of the different local minima were doublet state cation. To preserve the overall Frlplet muIt|pI|c.|ty
analyzed by means of two different partition techniques, namely, of the gntrance c_hannel,hthe sfpln of+the u_npa|rfed el_ectror;]s inN
the natural bond orbital (NBO) analysis of Weinhold et®al., must be opposite to that o 220" moiety, avoring the
which usually provides reliable atomic charges, and the atomsforr’n""tIon of a cqvalent l.'n.k.ag(.e betwgen bo_th subunits in f[he
in molecules (AIM) theory of Bade? which offers a good second sctip. This possibility is forbidden in halogen cation
procedure to analyze the nature of the bonds within a chemical reactions ) ¥ because, a_Ithough the charge transfer process 1s
system. The AIM formalism is based in a topological analysis _alsp the primary mechanism, the neutral halogen atom is fo”?‘ed
of the electron charge densityr) and its LaplaciarV?o(r). It n its doublgt ground state and thereforg has on!y one unpaired
is well established that the values of V2, and the energy electrqn WhIF:h, to preserve thg overa!l triplet multiplicity, cannot
density! H(r) at the bond critical points provide useful _be pa'”?d with that of the radlcal_ cation. As a consequence_the
information on bonding characteristics. In most cases negatiVelnteractlon between both subunits is essentially electrostatic.

values of the Laplacian are associated with covalent linkages, In the secpnd place it is al§o worth noting thf"‘t’ t.hé(:m)
while positive values are usually associated with closed-shell attachment_ involves a drastic electro_n redistribution of the
interactions as those found in ionic bonds, van der Waals neutral. As_|IIustrated In Tat_)le 2 on going fro_m formaldehyde
complexes, and hydrogen bonds. Although the Laplacian can (0) to spemesl, there is a significant \A/eakenlng of the—.O
exhibit significant exceptions to this general rule, the energy bor!d, since part of the electron density in the @ bpndmg
density does not, so negative values ld{r) are always region Is used to form the_ new covaler)t—ED I|nl_<age.
associated with covalent linkagéseven in those particular ConS|stelntIy,_the €0 stretching _frequency IS rei—shlfted by
cases, as the;fnolecule, where the Laplacian is positive. Since 5314}h9nr(:,(;vhk|)le tge bonf Iength Increases 0.04 A. f h
as mentioned above, electron correlation effects are crucial for IS oond. weakening 1 quite Important from the
the systems under investigation, these population analyses werdéactivity point of view since will favor the €0 bond fission,

: - yielding NO™ + CH, which are some of the experimentally
E?Tg%g%? ;\T&y :g Lee\;ecl).f ';?sg?g\n/ﬁl}snalyms was performed observed products in 3P) + H,CO reactions. It should also

be noted that according to the AIM analysis the ® bond is
significantly weaker than those found for the other cations of
the same potential energy surface, as structioes$ (see Figure
The total energies of the different jHC, N, O] triplet state 1 and Table 2). Accordingly, the NO stretch of specieg
cations are summarized in Table 1. The structures of the minimaappears at a much lower frequency (805 énthan the same

Results and Discussion
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Figure 1. MP2/6-31G* optimized geometries of the different local minima of the @;N,O]" triplet potential energy surface. Bond lengths are

in angstroms, and bond angles are in degrees.

vibration in specied (1048 cnt?) or in species (1493 n11).

This indicates that specidscan be also a good precursor for

the loss of N yielding HCO", which is also one of the

seen that the charge density at theXCbond critical point is
rather small and that the energy density is positive, indicating
that this structure is an ierdipole complex between NH and

experimentally observed products. We will discuss later on theseHCO*. Consistently, the EN stretching frequency is predicted

two possibilities in more detail.

As reflected by the charge densities at the corresponding bond

critical points, thel—2 isomerization process implies a rein-
forcement of the €0 bond, while the &N linkage becomes
still weaker (see Table 2). Consistently, the-G stretching
frequency is blue-shifted by 217 crh while the N-O stretching
frequency is red-shifted by 162 cth As we shall discuss later,
as a consequence of this weakening of the QN linkage,

to be significantly small (168 cnii).

Finally, it can be also observed that the global minimi4n
presents a rather weak-@\ linkage (see Table 2), while the
C—0 bond is stronger than that of neutral formaldehyde and
almost as strong as that of HCOIn fact, structurel4 could
be envisaged as a complex between carbon monoxide agit, NH
the interaction energy being 18.1 kcal/mol. The negative value

structure2 becomes a suitable precursor for the NH loss, also of the energy density indicates that this interaction has a non
observed experimentally. Another precursor for the loss of NH negligible covalent character. In light of these arguments, the
is the local minimunb. From the values in Table 2, it can be global minimum should be an adequate precursor for the loss



Reaction between N3P) and Formaldehyde

J. Phys. Chem. A, Vol. 104, No. 47, 20001135

E(kca/mol)
N H,co C
—n - f ; s
4 (1830) H/c n»\ H\N
TS4-8 d 7 TS78 !
H (1145)5\---}:{ « (121.9) %
4 R ; /N—é X CNH+OH"
N p—g 7 TS47 (968,
AN o el
Feen SE—0 Ny TN
o — N — 5 .
C’-—-o/ ) TS2-3 | H,/c N\ X .
H ! 1812 ¢ A i Ts46 10 N g
N +H,C0* ®72) i E88) i A ©18) HON+OH*
: O\7 (8a5) A (822)
(81.8) —0
NO*+CH, i
73.3 !
(733) @) :
H %!
¥ H\‘ B8(53.4)
N\ A
N\ o
oo
1(30.8)
H N
>c—o/
H
: —
N\«5(12.6) H \D
c—o0
W
H
E(kca/mol H
“N(' ) ‘7!\ 2 A
"+ H,CO N 7\
. Hm,,.c;...o ’Crss 12 / N
N TS9-10 (111.9) < (e02) ¢—o
. Y 1 TS15-14
LWGE T T 0 TSe8(022), 0 Y, N (119.1)
HS TS93 (95.0)° =1 % -
(95.0) 7N : “(B) " P o)
\ % Y 4 T(gj:u‘-;ﬁ
C—oy vy AU
H/ FRRY .
H ". 10(55.5') 15(87.0)
H ‘. N o H
YT WU Z
b : /N
H 5 c—o0
H B N
: :\
! % P
3(58.5)
[
/N’
— - -H,
p €0 Q \
c—0
H/i TS12:5% ¢
NN 1(38.0) 4/
H C—O~g{ . .
/r—v
1TS11-120
L ey
'y f
8(18.3) H ) 13(15.1)
Ny " : 3 N, §(12.6)
— 1103 — \ o—0
' © N\o N\clo ! N\u»(g.a/)H c—o0 “H
W A M/O—O H/

14 (0.0)
Hyy, 0
" CN—C o

Figure 2. Energy profiles associated with: (a) mechanism A, whose first step corresponds to a 1,3-H shift from stru@ureechanism B,

whose first step is the cyclization of structute

of CO. However, as we shall discuss in forthcoming sections,
this reactive channel will not be accessible if(RP) + H,CO
reactions.

[Hz, C, N, O] Potential Energy Surface.To describe the
[Hz, C, N, O]t potential energy surface we shall begin by
structurel which results from the attachment of the Mation

1,3-H Shift from 1. The 1,3-H shift (mechanism A in Figure
2a) connects the local minimuirwith structure2. As discussed
above this process involves a significant reinforcement of the
C—0O bond, while the ©N linkage becomes weaker. A
shortening of the €--N distance, through th€S2—3 transition
state, leads to the three-membered cy&levhich implies a

to the oxygen atom of the neutral. We have mentioned above stabilization of the system by 4.4 kcal/mol. The existence of

that this structure, although it is not the global minimum of the
PES, plays a key role in the reactivity of formaldehyde with
respect to N.

Once structurel is formed three different mechanisms,
namely a 1,3-H shift, a 1,2-H shift and the cyclization of the
system to yield a three-membered ring, are, in principle,
possible.

cyclic structures, such as specigsis rather important since
they usually favor an easy scrambling of the heavy atoms of
the system. Indeed, structuB&an undergo three different bond
fissions. The less favorable one would be precisely the breaking
of the C—N bond going backward to structuz The N-O
bond fission would yield the local minimus The C-O bond
cleavage is the most favorable of the three to yield structure
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Figure 3. Conical intersection (CI1) corresponding to the dissociation of spdcie® CH, + NO*. The energy of the corresponding transition
state was obtained at the G2 level using QCISD/6-+3&{d,p) optimized geometries. Values relative to the global minimum of the PES.

Structure4 can undergo three isomerization processes: (a) minimum of the PES4, which, as we have mentioned above,
A 1,3-H shift would yield specied which would eventually would eventually dissociate into C® NHz™.
dissociate into CNH- OH"(3%). Actually, our results indicate The second possible 1,2-H shift from structWeyields
that specied can be viewed as a tightly bound complex between structure3, also involved in mechanism A (see Figure 2a). The
these two subunits, the interaction energy being 12.4 kcal/mol. reaction paths associated with the bond fissions of this cyclic
b) A H shifting from the NH group toward the CH to yield the = species3 were discussed above. In Figure 2b, we show that the
local minimumé which is the most favorable one. A subsequent barrier associated with a possible 1,2-H shift to yield species
1,3-H shift would connect structure® and 8. c) The 4—8 15is very high. Specie&5 is connected through tHES15-14
isomerization process through the transition st&8d-8 Species  transition state with the global minimum of the PES.
8 can be envisaged as a tightly bound complex between HCN  Let us discuss now the three different bond fissions which
and OH", the interaction energy being 28.8 kcal/mol. can undergo speciés The cleavage of the-€0 bond, through

1,2-H shift from 1. The 1,2-H shift should yield a [HE TS9-6 yields structure6, which was also found along the
OH—N]* cation. However this is not a local minimum of the ~Mechanism A. The breaking of the-® permits to go backward
PES as it collapses to the cyclic structd@ This means that to structure}. We have not found h'ow'ever any stable structure
the 1,2-H shift must be preceded by a cyclization of the system, €orresponding to the NO bond fission, since all attempts
yielding structure9 (see Figure 2b). collapsed to the cyclic structuse

X . N*(3P) + H,CO Reaction. Obviously, the first step in N
1 28 Eug;?f:?(?eiy#Sgggzob;hrTeheediffgrgnsthti)fc:ntc:]:fjé%n%_two + H.CO react.ions should correspond to the attachment of the
1btransition state, leads to étructLlfG and imiolies one of the N* 1o the basic c_enter of the nel_JtraI to yield Spede@nce
. LD - the molecular catiorl is formed, it can undergo the isomer-

highest activation barrier of the WhOIG potential energy surface. izations described in the preceding section or dissociate either
Therefore, the structures glong this path (mechanlsm B) shouldin,[0 H,CO* + N or into H,C + NO*. The first important point

not play any relevant role in N+ CHO reactions, even though is that, according to the values of the activation barriers shown
the N—O bond cleavage would connect structifewith a very

bl ol Thi on h val f in Figures 2a,b, only mechanism A, associated with the 1,3-H
stable catiorL1. This cation has two nonequivalent conformers - gpiq “can compete with the dissociation inteGO* + N or

depending on the relative position of the .hydrqgen fatom of the ;0 H,C + NO*. This implies that structurd must be the
OH group, the most stable one being that in which this hydrogen e\, rsor of the main products of the reaction under investiga-
atom iscis with respect to the nitrogen atom (See Figure 2b). o The second important point is that dissociatiorL.dfito
Bo@h isomers are c_onnected thrqugh &1 1-12transition state H.C + NO* requires less energy than its dissociation inte H
which implies the internal rotation of the OH group. A 1,3-H o+ 4+ N. Hence, a naive interpretation of Figure 2a would

shift leads from12 to 5 which can be cons!dered as a tightly lead to the conclusion that GH- NO* should be the dominant
bound complex between HCGand NH. Itis importantto note 54y cts of the reaction. However, the experimental evidence

that structureb can also be obtained by the-\D bond fission indicates that N+ H,CO" are formed in a greater proportion.

of the cyclic structure3 belonging to what we have called  Thjs clearly indicates that the dissociation of structliriato

mechanism A (see Figure 2a) CH, + NO* must involve an activation barrier. In other words,
Structurel?2 is connected with speciels3 by a 1,2-H shift, the evolution from1l to the dissociation products implies the

which involves a larger activation barrier. Structdfcan also existence of a conical intersection between two triplet states.
be viewed as the result of the isomerization of the HQaiety We have estimated, by means of CASSCF(4,4)/643&(d,p)

of complex 5 through the TS5-13 transition state. This  calculations, that the energy gap between the ground and the
isomerization leads to the COHsomer, which is 37.2 kcal/  first excited state of specidsis ca. 87 kcal/mol (see Figure 3).
mol less stablé3 and to a significant reinforcement of the-Gl This means that the first excited state of this structure is well
bond, which now become a covalent linkagéhis bond above both dissociation limits. On the other hand, when the
reinforcement explains why, despite the low stability of the C—N distance increases, the ground staté ténds to the NO
COH" moiety, specied3lies only 2.5 kcal/mol higher in energy ~ + CH," dissociation limit while the first excited state tends to
than complexs. A subsequent 1,3-H shift leads to the global NO'™ + CH,. The corresponding conical intersection (CI1)
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Figure 4. Conical intersection (CI2) corresponding to the dissociation
of species2 into NH + HCO". The energy of the corresponding
transition state was obtained at the G2 level using QCISD/6+&1
(d,p) optimized geometries. Values relative to the global minimum of
the PES.

between both surfaces (See Figure 3) is estimated to take plac
at a C-N distance of 2.59 A. Consistently, an inspection of
the wave function of the lowest energy state shows that foNC

distances smaller than this value one of the unpaired electrons
is located at the nitrogen atom and the other at the carbon atom

while the positive charge is mainly associated with the,CH
moiety. In contrast, for EN distances larger than the distance

of the conical intersection, both unpaired electrons appear

associated with the CGHmoiety, while the NO subunit is the
one which sustains the positive charge. Once this conical

intersection was located, we have found that the corresponding

transition state lies 2.0 kcal/mol above the £H NO*
dissociation limit (see Figure 3).

We have also checked that the dissociation of strudtimée
H,CO" + N takes place without activation barrier. Hence we
must conclude that, although the dissociation into"NOCH,
is less costly from the energetic point of view than the charge

e
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sociation into HCO + NH. The important point, however, is
that this alternative pathway leads the same final products. In
fact, as shown in Figure 2a, once spe@as formed the most
favorable evolution should yiel&, which would eventually
dissociate into NH- HCO™, since the pathway via structude
involves much higher activation barriers.

In summary, we must conclude that the formation of MH
HCO' as reaction products can be the result of a direct
dissociation of specieg, involving a conical intersection, or
the consequence of its isomerization to yield strucjrand
subsequently structurg which eventually dissociates.

Finally, it must be observed that all the alternative structures
4, 6, 8, 13, or 14 should not be accessible since the correspond-
ing pathways involve higher activation barriers than those
discussed above. Therefore, we must conclude that HNC
OHT, CNH + OH*, or CO+ NH_" should not be observed as
products in N + H,CO reactions, in agreement with the
experimental evidence. Nevertheless, those structures will play
significant roles in other reaction processes which will be
analyzed in forthcoming sections.

NH,"(®B;) + CO Reactions.As shown in Figure 2b, the
interaction between Nt and carbon monoxide leads to the
formation of a tightly bound complek4, which lies 18.1 kcal/
mol lower in energy. However, the most conspicuous fact is

that the isomerization processes which can undergo this complex

require activation barriers which are much higher in energy than
the entrance channel. Hence, the most likely process would be
its dissociation into the reactants. This is in agreement with the
experimental observatiéh which indicates that there is no
reaction between Nft and CO in the gas phase.

OH™(3) + CNH and OH"(3%) + HCN Reactions.For the
sake of clarity we have redrawn in Figure 5 part of the PES of
Figure 2 which is relevant to understand the possible mecha-
nisms associated with these two reactions.

In principle, the first step in any of these two processes would
be the attachment of the Ottation to one of the basic centers

exchange process, the latter could be the most favorable onef the neutral. Our results clearly show that in both cases the

This is in agreement with the experimental evidénaich

attachment to the carbon atom is much more favorable than

estimates that 65% of the reactions products correspond to theN€ attachment to the nitrogen atom. Hence, in the reaction

charge exchange process and only 10% to"NIOCH,. This
seems a large difference in the light of our results. However, it

between OH + HCN, the formation of speciek2 is strongly
favored, and only very small amounts, if any, of spe&iskould

must be taken into account that, as mentioned in the Introduc-P€ formed.

tion, the experimental values are uncertain by a factor f 2.
The PES shown in Figure 2a indicates also that 1he

As illustrated in Figure 5, structur&2 can evolve to yield
speciesb, that would eventually dissociate into NiH HCO'.

isomerization process must Compete with the aforementionedThese should be the dominant prOdUCtS of the reaCtion, because,

dissociations, since the corresponding activation barrier is only
5.4 kcal/mol higher than the M H,CO™ dissociation limit. As

we have mentioned above, speciss a good precursor for
the loss of NH due to the weakness of the L linkage. Since

the HCO™ + NH dissociation limit lies much lower in energy
(See Figure 2a), the dissociationdmust proceed through an

although specie$2 can also isomerize to yield speciethrough

the intermediatd 1 (see Figure 2b), the activation barriers along
this pathway are substantially larger than those involved in the
12-5 isomerization process. Unfortunately, and to the best of
our knowledge, there are no experimental results for this reaction
to compare with.

activation barrier. We have found, using the same procedure Figure 2a also shows that the barriers for the isomerization

outlined above for the case of structdrethat the first excited
state of specie? lies 62.5 kcal/mol above it. On the other hand,
when the C-N bond is enlarged the ground state of spe@es
tends toward NH+ HCO, while its first excited state tends to
NH + HCO". The conical intersection between both potential
energy surfaces (CI2) is estimated to occur for-aNCdistance
of 1.77 A. The corresponding transition state for this dissociation
process was estimated to be 28.9 kcal/mol above stru€ure
(see Figure 4).

Alternatively, specie? can evolve to yield structurg This
process involves an activation barrier of 24.5 kcal/mol and
therefore should be slightly favored with respect to the dis-

of the alternative local minim@lie above the entrance channel,
so one must conclude that this species, play no role in the
reactions between OH+ HCN since it should preferentially
dissociate into the reactants.

The situation is slightly different in the case of the OH
CNH reactions. The most stable structure formed by the
interaction of these reactants is speci@s while structure?,
which corresponds to the nitrogen attachment lies almost 70
kcal/mol higher in energy. Once specig8 is formed it can
evolve either to yield the global minimum of the PE& which
would eventually dissociate into NH+ CO or to yield species
5, that would dissociate into NH- HCO'. Hence, we must



11138 J. Phys. Chem. A, Vol. 104, No. 47, 2000 ljaali et al.

b E(kealimof)
CNH+OH®
COH-OH,
(96.9) -,
HON®OH' s g

A\
W™

NH+HCO*
>
W e
w

o HN*+CO

“, KN A
c—0 ™ -
" o LT e
“",»ﬁ \\\\\\\\\ -
Y 5(12.6)
Hr,

14(0.0)

Figure 5. Energy profile corresponding to the reactions betweent @th HCN and CNH.

conclude that in OM + CNH reactions, the main ionic products one, the N+ H,CO" could be the dominant products, because
should be HCO® and NH+. Again, in this case there is no the dissociation into NO+ H,C involves a conical intersection

experimental information to compare with. and implies a certain activation barrier. Nevertheless, our
NO* + CH2(®B;1) and CH;"(?A;) + NO Reactions. As estimates do not sustain the large difference estimated from the
shown in Figure 2a in both NO+ CH, and CH"™ + NO mass spectrometry study. These estimates are affected, however,

reactions the attachment of the €idoiety to the nitrogen atom by a large error and very likely the difference between the
of the NO to yield specie§ is 20 kcal/mol more favorable than  proportions in which NO and HCO" are formed is much
the attachment to the oxygen atom, to yield structuréVe smaller. Other products of the reaction are MHHCO™, which
have already discussed, when dealing with the N H,CO can be the result of the dissociation of the HCONt&tion @)
reactions, the reactive processes associated with this latteror the result of the direct dissociation of complexThe first
structure. Therefore, we concentrate now our attention on the of these processes involves also a conical intersection. According
most stable isomeB. A 1,2-H and a 1,3-H shifts connect this to our estimates, the formation of other possible products as
structure with the local minimd and8, respectively. However, CNH + OH", HCN + OHT, and CO+ NH,", although

the corresponding activation barriers lie higher in energy than exothermic, should not be observed since the corresponding
the NO' + CH, dissociation limit. On the other hand, we have reaction pathways involve much higher activation barriers than
found that this dissociation process takes place without activationthe previous ones. These conclusions are in good agreement
barrier, i.e., the most favorable process once strucéuis with the experimental evidenée.

formed is its dissociation into CH+ NO™. This means that, in The characteristics of the BHC, N, O]" PES also explain
CH,"™ + NO reactions, only the charge exchange channel should why no reaction is observed when MHand CO or CH and

be open, in agreement with the experimental observatfons, NOT interact in the gas phase, while in €H+ NO reactions,
while no reaction should be observed in N@ CH, interac- only the charge exchange channel is open.

tions. Unfortunately, there is no experimental information for ~ We can also predict that the dominant products in"OH

this latter process. It must also be noted that we have only HCN reactions should be NH- HCO*. However, when the
explored the triplet potential energy surface, and that the interaction takes place between Oldnd CNH the observed
interaction between CFt and NO, which are doublet state products should be, not only N HCO™, but also NH*™ +
systems, would take place preferentially with an overall singlet CO. Unfortunately these reactions have not been experimentally

multiplicity. studied.
Finally, it is also worth mentioning that both HCN and CNH
Conclusions behave as carbon bases when the reference acid s OH
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