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The Reaction of Nitrogen Atoms with Methyl Radicals: Are Spin-Forbidden Channels
Important?
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A computational study of the N§) + CHjz reaction has been carried out. The reactants approach through an
attractive potential surface leading to an intermediat&N whose formation does not involve any barrier.

In agreement with the experimental results, the dominant channel for this reactigltNs-H. The theoretically
estimated rate coefficient for the overall process at 298 K isQ1D 12 cm?® s~* molecule!, which is nearly

1 order of magnitude lower than the experimental result, but also much larger than those computed for the
reactions of ground-state nitrogen atoms with halomethyl radicals. The analysis of the singlet potential energy
surface, and the corresponding computational kinetic study, shows that for the reaction of excited nitrogen
atoms with methyl radicals, the preferred product from the kinetic point of view is al€ditHH, but in this

case production of HCN is significant (with branching ratios around 0.185). According to our calculations,
spin-forbidden processes are highly unlikely for thé3y+ CHjs reaction. However, further evolution of the
preferred products, ¥£N+H, might explain the experimental observation of hydrogen cyanide as a minor
product in this reaction.

Introduction A preliminary theoretical study of the R§) + CHs reaction
has been carried out by Gonzalez and Schi&ggbwever, only
a partial exploration of the potential surface was carried out in
that study, and no attempt to evaluate the possible role of spin-
forbidden paths was made. Nevertheless, their results support
the HLCN + H channel as the dominant one. On the other hand,
a theoretical study by Sadygov and Yarkéhfocused on the
spin-forbidden processes in thetNCHSs; reaction. In their work
they did not explore exhaustively the potential surface, but they
4 ) determined directly the minimum-energy crossing point (MECP)
N, + hv = N("S) + N("D) (1) connecting the triplet and singlet surfaces. According to their
calculations, the magnitude of the spiorbit interaction
In addition, the reaction of nitrogen atoms with methyl (estimated to be about 30 c#) and the local potential surface
radicals seems to play a significant role in the formation of HCN topology at the MECP suggest the viability of the intersystem
in circumstellar cloud$. Consequently, it has considerable crossing. Another recent theoretical wbtkn the title reaction
relevance in astrochemistry. Furthermore, it is also thought to has addressed the convergence of the energy differences on the
be important in combustion proces3&and in the reactions of triplet surface with respect to the size of the basis set and the
nitrogen atoms with hydrocarbofs. nature of the correlation treatment.
Different experimental studiés'® have been conducted on In a series of recent pape¥s.!® we have provided compu-
the reaction of nitrogen atoms with methyl radicals, to determine tational studies of the reactions of ground-state and excited
its kinetics and branching ratios. The reaction is found to be hitrogen atoms with halomethyl radicals (g CHCI, and

The reaction of ground-state nitrogen atoms with methyl
radicals is interesting in different fields. It is believed to be a
major source of hydrogen cyanide in the atmosphere of different
planets, such as Titan and Nepturfezor example, the photo-
chemical breaking of molecular nitrogen gives rise to both
ground-state and excited nitrogen atéihsough the following
process:

fast, with a rate coefficient #&=8.5 x 1071 cm® s~ molecule’! CH.Br). Quantitative estimations of the rate coefficients and
at 298 K7 The observed branching ratios from discharge-flow branching ratios have been provided. In addition, the possible
techniques combined with mass spectronfesng 0.9 for H- role of spin-forbidden processes has been considered. In all

CN-+H and 0.1 for the production of HCN. The experimental cases, even for those systems where spiit interaction is
results are not easy to interpret in this case, as pointed out bynoticeably high such as those containing chlorine or bromine,
Marston et al?, because of the nature of the involved species. the reactions are predicted to take place with no change in the
It is interesting to point out that the most obvious source of Spin angular momentum. The high internal excitation of the
hydrogen cyanide is the HCN H, channel. Nevertheless, it MECP and the relative disposition of the involved species (the
should be pointed out that this channel is in principle spin- probability for intersystem crossing heavily depends not only
forbidden. The ground-state reactants*®y(+ CHs(2A">), on the magnitude of the spitorbit interaction, but also on the
should evolve initially on a triplet surface (the other possibility, Velocity of the nuclei and on the gradients at the MECP) seem
a quintet surface, for the adiabatic evolution of the reactants to be responsible for the marginal role of nonadiabatic channels

lies clearly higher in energy). in those reactions.
In the present work, a computational study of the reaction of
* Corresponding autor. E-mail address: alargo@gf.uva.es. ground-state nitrogen atoms with methyl radicals is reported.
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A complete exploration of both the triplet and singlet surfaces K(E,J) = oN*(E,J)/[hpe(E.J)] (3)
of the [NCH;] system will be provided. On the basis of this
exploration, a kinetic study within the frame of statistical
theories will be carried out, as well as evaluation of the possible
role of spin-forbidden processes for this reaction. In addition, a
discussion of the reaction of excited nitrogen atom3pP\(with
methyl radicals will be provided. Finally, a comparison with
the analogous reactions with halomethyl radicals will be made
when appropriate.

where,o is the reaction symmetry factor ahti(E,J) andp(E,J)
are, respectively, the number of states at the transition state and
the density of states at the minimum evaluated for an engrgy
and a total angular momentudn

The density and sum of states were determined employing
the Forst algorithi#? using the corresponding frequencies and
moments of inertia. The possibility of tunneling was accounted
for in terms of a monodimensional probability according to the
generalized Eckart potenti#l Finally, thermal rate coefficients
were evaluated by averaging over the Boltzmann distribution.

The optimizations of geometries and the vibrational frequency All the kinetic calculations were carried out employing the
calculations were carried out at two different levels, namely CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ energies and B3LYP/
second-order Mller—Plesset (MPZf and density functional  cc-pVTZ geometries and vibrational frequencies. Even though
(DFT)?t theories, employing Dunning'’s triple€c-pVTZ basis this approach based on statistical theories has well-known
set?? We used the B3LYP model for the DFT calculations, limitations32 in practice it is the only tool for study at a
which is a combination of Becke’s 3-parameter exchange semiquatitative level of complicated reactions such as the present
functionaf® and the correlation functional of Le¢fang—Parr2* one.
More accurate energies were obtained at both levels with the We have searched for minimum-energy crossing points
cc-pVXZ (X =D, T, Q) correlated-consistent basis set in order (MECPs), that is, the minimum of the hyperline of inter-
to estimate complete basis-set (CBS) limits. The CBS extrapola- sectiorf®45 between the singlet and triplet surfaces. The MECP
tions are based on the property of correlation-consistent basisis obtained through a hybrid method which employs accurate
sets that exhibit monotonic convergence to an apparent completegeometrical optimizatict§—48 at the B3LYP level, followed by
basis set limi®> We used a mixed exponential/Gaussian function a refinement at the CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ level.
of the form An estimation of the curvature of the sedht? and therefore

an approximate determination of the zero-point vibrational
E(X) = Ecgs + B exp[—(x — 1)] + C exp[—(x — 1)2] (2) energy (ZPVE) at the MECPs, has also been carried out. The
elements of the approximate mono-electr8hispin—orbit

wherex = 2 (D2), 3 (TZ), or 4 (QZ), and® andC are fitting coupli_ng Hamiltonian r_natrix, providing an estimation of the
constants. magnitude of the coupling between the two s_urfaces, have _been

To mitigate possible spin contamination effects on the callculallted for.the MECPs structure§ using first-order cgnflgu-
convergence of the MP series, we employed approximate ration interaction (FOCI) wave functions constructed using the
projected MP2 energie8.0n the other hand, DFT calculations natural _orbltals from a state averaged CASSCF calculatlon._ To
are virtually free of spin contamination. To further refine the ascertain the actual role played by the located MECPs, ie.,

electronic energy, we have also employed two different higher- which minima are actually mterconnecteq through MECPs, a
levels of theory. G¥ calculations were carried out, thus rough lRC.:'“ke procedure has been applied.

electronic energies are effectively computed (making additivity The spm-forbldd_en processes have been accounted for by
assumptions) at the QCISD(T)/6-3tG(3df,2p) level, where means of a nonad!abatlc version of ‘h‘? .RRKM thet$h.In
QCISD(T) stands for quadratic configuration interaction with such cases the unimolecular rate coefficients are computed as
single and double excitations followed by a perturbative 2 E MECP

treatment of triple excitations. The only difference with the K(EJ) = hp(E,J)./;) P (E— EI)P(E.J) dE,  (4)
standard G2 procedure was the use of projected-MP energies . . . .
instead of unprojected ones. Finally, coupled cluster calcula- WhereEn is the fraction of the nonfixed caerdy reversed in the
tions28 CCSD(T)/cc-pVTZ, at the B3LYP geometries were coOrdinate orthogonal to the seam, gitic” (E — EnJ) is the
carried out. This is a single- and double-excitation model density of the states at the minimum energy crossing point
augmented with a noniterative triple-excitation correction. The (MECP). In the above formul&(Es,J) represents the surface
intrinsic reaction coordinate (IRC) metHdd®was employed hopping probability, which has been evaluated by the monodi-

to verify that the transition states connect the desired minima Mensional Delos modé:>3
on the potential energy surface (PES). The quantum chemical
calculations were performed with the GAUSSIAN 98 package
of programs’! [NCH3] Triplet PES. The relative energies of the possible

Kinetic calculations have been carried out within the frame- products and relevant minima and transition states on the triplet
work of the statistical kinetic theoriéd.The formation of the PES for the N{S) + CH3(?A",) reaction are given in Table 1.
initial intermediate and those processes where no transitionIn addition, the energetic profile for the reaction at selected
structure was found (i.e., direct dissociations) were consideredlevels of theory (CCSD(T) and G2) is shown in Figure 1. The
through the microcanonical variational transition state theory geometrical parameters for all involved species are provided as
(wVTST) in its vibrator formulatior?334Potential energy paths  Supporting Information (Figures SB3). We have checked that
for those processes were first scanned. Subsequently, for eaclintermediates, as well as reactants and products, correspond to
point of the scan, the Hessian matrixes, describing the modeslocal minima with all real vibrational frequencies, whereas
orthogonal to the reaction path, were evaluated according totransition structures exhibit one imaginary frequency corre-
the procedure of Millep>36 sponding to the desired normal mode.

For the unimolecular reactions involving all the intermediates, = The B3LYP and MP2 geometrical parameters collected in
the microcanonical rate coefficients have been calculated Figures S+S3 show a reasonable agreement between both
employing the usual eq 3 of RRKM theo#y: levels of theory. There is only one discrepancy between both

Computational methods

Results and Discussion
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TABLE 1: Relative Energies (in kcal/mol) at Different In this case it seems that B3LYP energies might be not accurate
Levels of Theory for the Different Species Involved in the enough, especially for the computation of energy barriers. It is
Reaction of N(S) with CHs on the Triplet PES also interesting to notice that CCSD(T)/ cc-pVTZ relative
PMP2/ B3LYP/  CCSD(T)/ energies are systematically above the G2 ones (in most cases
system CBS CBS  ccpviz G2 by 3—8 kcal/mol). In our previous studies on the ©H2A") +
CHs(?A2") + N(*S) 0.0 0.0 0.0 0.0 N(*S) reactiong*16.18 we observed a similar behavior. We
ransHC=NH+H  —346  —-34.9 —233 —26.2 concluded that the discrepancy between the CCSD(T) and G2
ﬂfé"NC;ﬁH +H :gg'g :?ég :ég'g :gi'g energies is related, at least in part, to the description 68)\(
HoNC + H ~115 -126 18 -102 since the G2 method includes a higher-level empirical correction
HCNEA) + Ha(*=g) 0.6 -11.4 -17 -9.9 (HLC) which seems to be important for the description of3y(
L"NC@A) + Ha(*Zy) 8.3 05 10.4 2.0 The fact that if the relative energies are computed with respect
i R - to one of the intermediates the CCSD(T) values get closer to
I3 _585 609 _481 -565 the G2 ones seems to point in that direction. A second source
TS1 ~35.1 —411 ~292 -375 of discrepancy could be spin contamination, but this is not severe
TS2 —-27.9 —33.9 —21.2 —29.1 in most cases.
Ts3 —195 —23.0 —9.6 —18.0 The approach of reactants proceeds through an attractive
TS4 —26.6 —31.5 —18.0 —27.8 . . . .
TS5 ~31.9 392 —257  —340 potential surface leading to intermediatd, HsCN, whose
TS6 —222 —29.0 —146 —229 formation is then a direct process which does not involve any
TS7 -105 ——— - —-10.6 barrier. This is not surprising, since radieahdical reactions
2 Including ZPVE at the MP2/cc-pVTZ levetincluding ZPVE at ~ 9enerally proceed on potential energy surfaces that have no
the B3LYP/cc-pVTZ level. maximum®* 3|1 is in fact the most stable stationary point on

the triplet surface. Oncé1 is formed, we have basically two

levels. At the MP2 level we were able to locate a transition different possibilities for its further evolution. In the first place,
state (TS7) for the hydrogen atom elimination from I3 to give €limination of a hydrogen atom would lead te@N+H, the
H.NC, whereas at the B3LYP level this is a direct process. most exothermic channel. This process involves a transition
Nevertheless, at the G2 level TS7 is found slightly below the state, TS1, which lies well below the reactants. A second
products, showing that at higher levels of theory this should be possibility is isomerization intél2, H,CNH, through hydrogen
a direct process without any barrier other than its endothermicity. migration from carbon to nitrogen, which proceeds throtigiz.

Concerning the performance of the different levels of theory, TS2, even though it lies also below the reactants, is clearly
inspection of Table 1 shows that the MP2/CBS relative energies located higher in energy thars1. 312 may lead to both HCN
are rather close to the G2 ones, suggesting that refinement of+ H and t-HCNH+ H, the former one involving a lower barrier.
the energy at the G2 level has only a minor effect. On the other Isomerization ofl2 into 33, HCNH,, involves even a higher
hand, B3LYP and CCSD(T) relative energies are quite different. barrier, and is required to produce theNC + H channel as

HNCCA") + Hy('Z,)

E
CH3(%A;") + N(*S) 10.4
T 2.0)

©0.0) ! HCNCA") + Hy('Z,)
' I
: -1.7
: (-9.9)

H,NC + H-

-65.7
-73.2)

Figure 1. Reaction profile (kcal/mol) at the CCSD(T)/cc-pVTZ and G2 (in parentheses) levels for the react®nHNCH; on the triplet PES.
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SCHEME 1. Mechanistic Model for the Kinetic Study k. ky ok
Employed in the P Worke Ky =~ Ky 6)
mployed in the Present Wor Al T K T Koy T Ko
a -322
Kok
k, = Kapl Ik2b + 2% J 7)
A(k712 + k2a + k2b)1 k—23 + I(Sb + k3
Kia Koga kc _ kcapk12k23k3c )
kc N A(k—12 + k2a + k2b)(k—23 + k3b + kSC)
apt 12
CH;(PA,") + N(*S i 311) 3
(CH3(AL" +N( } o ), . 2 where
0.0 capt 657 518 K K
A=K gt Kpp + Ky — e 9)
capt 12 la k_12 + k2a + k2b

The final canonical coefficients have been obtained after

H,NC +H Kse @ Ko t-HCNH + H thermal average according to a Boltzmann distribution.

— vyl b 233 The overall and individual rate coefficients are represented
. . . in Figure 2 as functions of the temperature. It is readily seen in
2 Relative energiest® K are in kcal/mol and were computed at the . o L
CCSD(T)lcc-pVTZ level, including B3LYP/cc-pVTZ ZPVES. Figure 2 that the individual rate coefficient for c_hannels b and
c are so small that they practically superpose with the abscissa.
Consequently, the rate coefficient for channel a virtually
final product. We have also included in Figure 1 the HENY coincides with the overall rate coefficient. The first conclusion
+ H, and HNC@A') + H, channels. Only the former one is is obviously that the dominant channel should be the production
slightly exothermic. We have not been able to locate transition of H,CN + H, which is therefore not only thermodynamically
states for the formation of either HCN or HNC on the triplet but also kinetically favored. This is clearly illustrated by the
surface. However, they should not compete with the rest of Product branching ratios given in Table 2, where it can be seen

channels because the barrier for their production should be inthat atany temperature the branching fraction fg€N is 0.997.
any case higher given their relative stability. Only residual quantities of t-HCNH (always below 0.0027) are

formed, whereas for #NC the branching fraction is negligible.
The overall features of the triplet PES for the*S)(+ CHs The results from the kinetic calculation are consistent with

reaction are rather similar to those of the analogous reactionsthe general overview of the triplet PES for the*S)(+ CHs

of ground-state nitrogen atoms with halomethyl radicaléSN( ~ reaction. The dominant channel;€N + H, proceeds through

+ CHoX (X being F, Cl, or Br)}416.18|n all cases the initial TS1, which is the lowest-lying transition state on the triplet

intermediate’l1, which is formed in a direct process without PES. Channels b and c necessarily imply at least isomerization

any barrier, is the most stable stationary point on the triplet ©f 11 into *I2, which involves a transition statdS2, lying

PES and is located 6670 kcal/mol below the reactants. The ?llghefr (abogt E;kcal/ T:c.)l) ml e.nergg]y tlhéﬂSl I_:Iu_rthermor.e., once

main difference concerns the nature of the most exothermic ..~ "> o/me » the path involving the lowest-lying transition state

is also that leading to #CN + H, sinceTS5lies lower in energy
product. For CH, CHCl, and CHBr as reagta_nts,_the MOSt  thanTS3andTS4. The kinetic calculations are then in complete
exothermic channel leads toEN (through elimination of H,

; i agreement with the essential features of the triplet PES. They
Cl, and Br, respectively). On the other hand, in the case oFCH 550 agree with the experimental observation that the dominant
the most exothermic channel involves elimination of a hydrogen product is HCN 8

atom leading to HFCN. Quite likely the stronger-€ bond, The computed rate coefficient for the overall process at 298
when compared with the -©Cl or C—Br bonds, is largely Kis 9.1 x 102cm? s~ molecule™. This value is considerably
responsible for the different behavior of halomethyl radicals. higher than the rate coefficients obtained for the reactions of
ground-state nitrogen atoms with halomethyl radié&f$;'8

Kinetic Calculations. On the basis of the triplet PES for the
[NCH3] system, we have developed a mechanistic model for 1.0E-11

the reaction of ground-state nitrogen atoms with methyl radicals.  g.0g-12 1 k,
The mechanistic model is depicted in Scheme 1. As can be seen . ., | k,
we have included the three most exothermic channels, that is,w@
H,CN + H (channel ), t-HCNH+ H (channel b), and BNC 3 "
+ H (channel c). Those channels leading to either HCN or HNC .2 608121
in a triplet state should be even less important than channel c. € 5.0E-12 -
According to the mechanistic model shown in Scheme 1, the n; 4.0E-12 1
steady-state solution of the kinetic equations derived from the S 3.0E-12
mechanistic model shown in Scheme 1 leads to 2.0E-12 -
1.0E-12 - bk
koverall = ka + k‘o + kc (5) 0.0E+00 T T T "
100 200 300 400 500
TIK

where the individual coefficients are given by the following  Figure 2. Overall and individual canonical rate coefficients (Grs
expressions: molecule’?) plotted vs temperature.
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TABLE 2: Reaction Product Branching Fractions at
Different Temperatures

contribute to the disappearance 0$GiN and production of
hydrogen cyanide. To ascertain the possible role of spin-

TIK H.CN + H t-HCNH + H HNC +H forbidden processes in the 9§) + CHs reaction, we have
100 0.99750 0.00250 0.00001 accomplished a detailed computational study. The first step is
150 0.99748 0.00251 0.00001 to explore the singlet PES of the [NGHsystem.

200 0.99747 0.00252 0.00001 Singlet PES.We have searched for relevant minima and
250 0.99744 0.00255 0.00001 transition states connecting them on the singlet [NJCPES.

ggg 8'88;‘3% 8'88521 8'88881 The corresponding geometrical parameters for the minima are
400 0.99734 0.00265 0.00001 provided in Figure S4, whereas those of the transition states
450 0.99730 0.00269 0.00001 are given in Figure S5. The geometries of the possible products
500 0.99725 0.00274 0.00001 are also shown in Figure S1. The energies, relative t&N{

CH3(%A",), of the possible products and relevant minima and
transition states on the singlet PES are given in Table 3. Since
these data might also be useful to obtain some conclusions about
the reaction of excited nitrogen atoms with methyl radical, an
10 cm? s~ molecule’’. Employing the B3LYP energy values  energy profile for that reaction, RY) + CHz(2A">,), is depicted

a somewhat smaller value is obtained (%610712 cm? s71 in Figure 3. In that case the energies of all species have been
molecule'?), although essentially of the same order of magnitude computed relative to those reactants. Incidentally, one can note
than at the CCSD(T) level. Nevertheless, it is significant that that the G2 and CCSD(T) levels provide quite close similar
employing the same model and levels of theory the estimatedresults when the energies are taken relative #DIN(- CHa.

rate coefficient for the present reaction is higher than those foundOn the other hand, similar differences as those observed for
for similar reactions of ground-state nitrogen atoms with the triplet species are found when the energies are computed
halomethyl radicals. The main conclusion should be that the taking as reference ground-state nitrogen atoms. This observation
process is fast and efficient, and certainly considerably faster supports our previous conclusion attributing to the difference
than the analogous reactions with halomethyl radicals. Therefore,in describing N{S) the major source of discrepancy between
the main discrepancy with the experimental results is not the both levels of theory.

magnitude of the rate coefficient, but the small fraction (about  1j1 is the only intermediate on the singlet surface which is

which are in the range-313 x 1073 cm® s™* molecule’™.
However, this value is 1 order of magnitude lower than the
experimentdl result for the N{S) + CHs reaction, k=8.5 x

10%) of HCN observed in the experimefits.

Marston et aP. and Sadygov and Yarko#have suggested
that the spin-forbidden channel HCX(") + H,(1=g™) could

less stable than its triplet counterpart. Nevertheless, the energy
difference betweerlll and 3I1 is relatively small. This is
probably due to their similar electronic structure. In fact, both

account for the observed hydrogen cyanide. On the other hand,species differ only in two unpaired electrons located at nitrogen
Gonzalez and Schledélhave suggested that secondary pro- in 31 which are paired in the singlet species. In this case such
cesses, such as #§) + H,CN—HCN(Z=") + NH, could similarity produces not only similar geometrical parameters, but

E
0.0
(0.0)

CH;(%A,!") + N(D)

-63.4
(-59.3)

CH;(A;") +N('S)

HNC +H,
-158.6

(-159.9)

-180.5
(-181.8)

Figure 3. Reaction profile (kcal/mol) at the CCSD(T)/cc-pVTZ and G2 (in parentheses) levels for the reacinNCH; on the singlet PES.
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TABLE 3: Relative Energies (in kcal/mol) at Different MECP1
Levels of Theory for the Different Species Involved in the AT 186
Reaction of N@D) with CH 3 on the Singlet PES ) keatmol
PMP2/ B3LYP/ CCSD(T)/ ! TS1
system CB® CBS® cc-pvVT2? G2 f 292
CHs(’A2") + N(*S) 0.0 0.0 0.0 0.0 365 keal/mol T H,CN+H
CH3(%A2") + N(°D) 72.9 63.0 63.4 59.3 322
H,CN+H —39.3 —42.8 —32.2 —34.7
HCN + H, —1239 -117.0 —109.6 —114.9
HNC + H, —106.3 —103.4 —95.2 —100.6
11 —68.6 —65.6 —55.4 —72.7
12 —129.0 -—126.7 —117.1 —122.5
13 —91.0 —92.2 —81.5 —86.8 (a)
TS1-2 —37.6 —49.9 —36.8 —47.5
TS1-Hen —26.2 —34.7 —20.6 —26.0 . HCN+H,
TSlfH2CN *218 *377 *249 *384 TSS -109.6
TS 3 -471  -46.1 -35.3 —-39.9 —
TS,-Hen —-33.1 —-32.1 —20.5 —26.2
TS-Hne —40.6 —43.3 —31.0 —36.9 26,1 keal/mol
TSs-Hen —12.3 —19.3 —7.6 —19.3 ’ MECP2
TSs-rine 30.9 27.1 37.1 29.7 I " H,CN+H
ancluding ZPVE at the MP2/cc-pVTZ levet.Including ZPVE at ' 17 keallmol -322
the B3LYP/cc-pVTZ level. e
also a close relative energy. The rest of intermedidtgsand
113, are considerably more stable than the corresponding triplets.
The stability of thell2 and I3 species, as well as the much
shorter C-N distances observed for the singlet than for the ®)
triplet intermediates, reflect the formation of much stronger
C—N bonds between carbon and nitrogen atoms in the case of 11
singlet species. The planarity of the singletGMH (412) and ——

HCNH, (113) intermediates is also related to strong i bonds.
The possible evolution of the intermediates on the singlet

Figure 4. Potential energy schemes (kcal/mol) comparing the relative
energies at the CCSD(T) level of the different MECPs of théSN¢-

surface can be seen in Figure 3. We have only represented theCH; reaction with the corresponding competing adiabatic processes.
three most exothermic channels, namely, formation of singlet

HCN or HNC (through elimination in both cases of a hydrogen relatively high barriers for the evolution of energized intermedi-
molecule), and the lowest-lying channel involving elimination ates (see Figure 3) could be a key factor for such behavior. A
of a hydrogen atom leading to-8N + H. The latter is the similar kinetic treatment to that outlined above for thé$)(+
most favored channel observed on the triplet surface. As CHson the triplet PES produces the following branching ratios

expected, the HCN+ H, and HNC+ H; channels are much

at 298 K for the NfD) + CHgz reaction: 0.745 for BCN + H;

more exothermic than any of the channels observed on the triplet0.184 for HCN+ Hy; and 0.071 for HNC+ H,. Modification

surface. Obviously, production of hydrogen cyanide is thermo-
dynamically favored. However, formation of HCN from both
111 andI2 seems to involve higher energy barriers than other
competitive processes. TSicn, the transition state associated
to the formation of HCN+- H; from 111, lies higher in energy
than the transition states for isomerization i and for H-

CN production. The same occurs for JL8cn, the transition
state involved in the formation of HCN froM2, since it lies
higher in energy than both 7S; and TS-yne. The only case
where formation of HCN has a lower barrier than production
of HNC is 113. However, in that case the involved transition
states for both HCN and HNC formation lie higher in energy

of the temperature in the range 10800 K alters these
branching ratios only in the third decimal figure. Therefore, it
seems that on the singlet PES the preferred product from the
kinetic point of view is again BCN + H, that is, the most
favored channel on the triplet PES. Nevertheless, the production
of HCN is significant and even formation of HNC is nonneg-
ligible.

Spin-Forbidden Processedn any case the crucial question
remains the accessibility of the singlet PES from thé3)¢-
CHz(2A'",) reactants. We have characterized two different
MECPs connecting the triplet and singlet surfaces, whose
geometrical parameters are given in Figure S6. One of them,

than the rest of transition states. Therefore, it seems that probablydenoted as MECP1, conneéls directly with the products b

HCN should not be the most favored channel from the kinetic
point of view. Furthermore, we should point out that all
transition states leading to the HCNH, channel on the singlet
PES lie higher in energy (at least 9 kcal/mol) than the transition
state TS1 on the triplet PES involved in the production ef H
CN + H from 3I1. A kinetic computational study for the reaction
N(2D) + CH3(?A” ) could be in principle questioned given the
relatively high internal energies of the intermediates on the
singlet PESY especially 112 and 3. However, we have
computed the rate coefficients for the different processes
depicted in Figure 3 in terms of the statistical kinetic theories.
We have obtained in all cases values which are compatible with
the possibility of randomization of the internal energy. The

CN + H, according to the IRC calculation. The second one,
MECP2, corresponds to the transition betwéénandll2, the
H>CNH species on both surfaces. The corresponding values for
the spin-orbit coupling are relatively low, namely, 23.0 ci
(MECP1) and 10.5 cmt (MECP2). MECP1 has geometrical
parameters close to the MECP characterized by Sadygov and
Yarkony1? These authors also estimated the sqnbit inter-
action in the vicinity of the MECP to be 30 crh Sadygov

and Yarkony? observed the incipient formation of a+HH bond

in the MECP, suggesting that in fact this MECP connétts
directly with HLCN + H. In Figure 4 we show potential energy-
schemes for the spin-forbidden processes and their main
competing adiabatic paths, that is formation M + H from
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Figure 6. J= 0 (a) and 40 (b) microcanonical rate coefficients')s

®) for the nonadiabatic proceskx{) involving MECP2 as functions of

the internal energy, compared with its competing adiabatic processes.

. _ . . N
Figure 5. J =0 (a) and 40 (b) microcanonical rate coefficients)(s See Scheme 1 for the definition of coefficients.

for the nonadiabatic procesk:f) involving MECP1 as functions of
the internal energy, compared with its competing adiabatic processes.

See Scheme 1 for the definition of coefficients. MECP1 another factor is its relatively high energy respect to

the triplet intermediate.

31 and312. Sadygov and Yarkor§ suggested that the spin- The results shown in Figures 5 and 6 suggest that the reaction
crossing through MECP1 could proceed with a significant N(*S) + CHs is likely to proceed without any change in the
probability as to account for the HCN production in the*S)( spin angular momentum. To further confirm this conclusion,
+ CHa reaction. However, it is clearly seen in Figure 4 that the We have incorporated into the mechanistic model for thSN(
barrier for the spin crossing frofil is more than 10 kcal/mol ~ + CHgreaction (shown in Scheme 1) the spin-forbidden process
higher than the barrier for production o£,EN on the triplet ~leading directly to HCN + H. In fact this is the only reasonable
PES. On the other hand, MECP2 lies well below TS5, the SpPin-forbidden process that could be competitive, since it has
transition state for CN formation from312. In fact MECP2is ~ been shown in the previous kinetic analysis of the triplet PES

located only 1.2 kcal/mol higher in energy th#@. that the following path:
To definitively ascertain the role of spin crossing in thé$y( . s
+ CHjs reaction, we have calculated the microcanonical rate N("S)+ CH; —~ "HCN—TS1—H,CN+H (10)

coefficients of the nonadiabatic process#%;~ 11 (ki and

312— 112 (k9. Their values, at different internal energies and is the dominant one, mainly because TS1 lies much below TS2,
two particular values of angular momentb=t 0 andJ = 40), the transition state foPH;CN — 3H,CNH isomerization.

are shown in Figures 5 and 6, respectively, compared with the Therefore the role ofi2, the intermediate from which the second
coefficients for the main competing processes on the triplet spin-forbidden process (involving MECP2) should start, is rather
surface. In Figure %, andky, refer to the3l1— 312 and®l1— limited.

H.CN + H processes, respectively. In Figur&®, ko andkay The result of such kinetic study, including spin-crossing, leads
correspond to th&2— 313, 32— H,CN + H, and®2— t-HCNH to a final result for the branching ratios virtually coincident with

+ H processes, respectively. Our results suggest that, at anythe previously shown in Table 2. The branching fraction for
value of internal energy and angular momentum, the rate HCN + H, accounts to namely 3« 1075 It seems clear
coefficients of the nonadiabatic processes are of scarce relevancaccording to our calculations that spin-forbidden processes are
when compared to the spin-conserving channels. This resulthighly unlikely for the present reaction, and do not seem to
seems to be due to the simultaneous occurrence of low-spin explain the observed 10% of HCM H, in the experiment8.
orbit coupling, high internal excitation of the MECPs, and the ~ The question now is how to explain this contradiction,
relative disposition of the involved species, since the probability assuming of course that the experimental results are correctly
for intersystem crossing depends on the velocity of the nuclei interpreted. A clue is already given in the original paper by
and on the gradients at the MECP. In addition, in the case of Gonzalez and Schledéland also pointed out by Hadjebar et
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small barrier. Furthermore, the corresponding transition state
lies well below the initial reactants R§) + CHa.

The main conclusion from these studies is that further
evolution of the preferred products in the reaction of ground-
state nitrogen atoms with methyl radicals;GiN + H, might
finally lead to the formation of hydrogen cyanide. This could
explain the fraction of HCN observed in the experiments.

Conclusions

A computational study of the reaction of ground-state nitrogen
atom with the methyl radical has been carried out. The reactants
approach through an attractive potential surface leading to an
intermediate’l1, H:CN, whose formation is barrier-free.

In agreement with the experimental results, as well as with
previous theoretical studies, the dominant channel for this
reaction is HCN + H, with branching ratios around 0.997. Only
residual quantities of t-HCNH (with branching ratios below
0.003 at any temperature) are formed, whereas fiNCGithe
branching fraction is negligible. The analysis of the PES shows
that the preferred reaction path is elimination of a hydrogen
atom from the initially formed intermediate, triplet;EIN.

A kinetic computational study provides a rate coefficient for
the overall process at 298 K of 9:1 102 cm® st molecule',
which is nearly 1 order of magnitude lower than the experi-
mental result for the N{S) + CHjs reaction, namelyk = 8.5
x 1011 c¢cm® s7! moleculel. However the theoretically
estimated rate coefficient is much larger than those computed
for the reactions of ground-state nitrogen atoms with halomethyl
radicald>16.18 which are in the range-313 x 10718 cmé s7!
molecule’®.

The analysis of the singlet PES, and the corresponding

al.1® These authors did not attempt any investigation of the computational kinetic study, shows that for the reaction of
possible role of spin-forbidden processes, but suggested thatexcited nitrogen atoms with methyl radicals the preferred
further evolution of the preferred products;&N + H, might product from the kinetic point of view is again,&N + H.
finally lead to the formation of hydrogen cyanide. In both papers Nevertheless, in this case the production of HCN is significant
the authors point to the unimolecular decomposition gEN, (with branching ratios around 0.185), and even formation of
through the elimination of a hydrogen atom, as a possible sourceHNC is nonnegligible.
of HCN. In addition, Gonzalez and Schleffesuggested that We have considered the possibility of spin-crossing from the
H2CN can also participate in bimolecular reactions, such as triplet to the singlet PES. According to our calculations, spin-
recombination with hydrogen atoms or abstraction of a hydrogen forbidden processes are highly unlikely for the present reaction,
atom by*N. Therefore, we have taken into account the following and the reaction of ground-state nitrogen atoms with methyl
possibilities: radicals should proceed without any change in the spin angular
momentum. Nevertheless, we have shown that further evolution

HLCN—HCN+H (11) of the preferred products, 8N + H, might finally lead to the
H,CN + H — HCN + H, (12) formation of hydrogen cyanide and consequently could explain
the small amount of hydrogen cyanide observed in the experi-
H,CN + N(*S)— HCN + *NH (13) ments?

Potential energy schemes for these processes are represented Acknowledgment. This research has been supported by the
in Figure 7. It is clearly seen that process (11) is not favorable, Ministerio de Educacioy Ciencia of Spain (Grants CTQ2004-
since it implies a noticeable barrier (even though the corre- 07405-02-01) and by the Junta de Castilla y he@rant
sponding TS still lies slightly below the initial reactants S VAO085/ 03). The authors gratefully acknowledge Prof."Jase
+ CHs). On the other hand, recombination o, EN with Sordo (Universidad de Oviedo) and Prof. Massimiliano Aschi
hydrogen atoms leading to elimination of a hydrogen molecule (Universitadi L'Aquila) for very helpful comments.
does not seem to be subject to any barrier. We have search for
a possible transition state associated to this process. Actually, Supporting Information Available: Geometries of the
we were able to locate a transition state (at the unrestricted leveldifferent species studied in the present work (Tables $4).
on the singlet surface), but it was found to lie belowON + Full version of ref 31. This material is available free of charge
H (—1.5 and—14.2 kcal/mol, respectively, at the CCSD(T) and at http:/pubs.acs.org.

G2 levels). Therefore, this seems to be a direct process which
does not involve any barrier. Finally, for the reaction ool

with nitrogen atoms, process (13), we found a transition state
lying just 2.7 kcal/mol higher in energy-3.1 kcal/mol at the

G2 level). Consequently, this process must be subject to a very
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