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Abstract

A computational study of the reaction of &) with CH,Br radicals has been carried out. The reaction starts through the formation of a relatively
stable intermediate which does not involve an energy barrier. The two most exothermic products are those resulting from the release of a bror
atom, HC =N+ Br andtrans-HC =NH + Br. A kinetic study, within the framework of the statistical theories, shows that the most exothermic
product, namely BIC =N + Br, isalso the preferred product under kinetic control, whereas only minor fractions of HBrCN + H are predicted at all
temperatures. Therefore, the mechanistic characteristics observed fot ®)e-I0H,Br reaction are very similar to the #§) + CH,Cl reaction, but
quite different from those found in the case of'S{+ CHF, where the preferred channel corresponds to formation of HFCN through elimination
of a hydrogen atom. The rate coefficient for the title reaction is estimated to be akdii 43 cm® s~ molecule! at 300 K, showing that should
proceed with a high efficiency.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction CHyF radicalg14,15] whereas another recent theoretical work
[16] has addressed the study of the reaction ofSy(with
The reactions of oxygen and nitrogen atoms with differentchloromethyl radicals. One of the most interesting aspects of
halogenated alkyl radicals have recently been studied both expahese studies is the effect of halogenation in the reactions
imentally [1-8] and theoreticall)j9—16]. The interest on these of ground-state nitrogen with alkyl radicals. The reaction of
reactions is due to their relevance in atmospheric and combu$(*S) with methyl radicals has been studied both experimen-
tion chemistry. In addition, these processes are radical-radicédlly [19,20] and theoreticall\j21,22], due to its relevance in
reactions, a type of reactions that are not only very importanastrophysic§23,24] and in combustion processgb]. In the
in atmospheric chemistifyt 7,18], but also of general relevance case of the reaction of ground-state nitrogen with methyl rad-
in gas-phase chemistry. Therefore, theoretical studies might beals, experimental studig20] have shown that the preferred
valuable for understanding the mechanisms involved in thesproduct is BCN +H. For the N{S) + CHF reaction theoret-
processes. ical studies predicf14,15] that the major product should be
Recently, two different theoretical studies have been confbranching ratiox~0.75) HFCN +H, with HCN+F as sec-
ducted for the reactions of ground-state nitrogen atoms witlondary product (branching rati®®0.23). On the other hand,
for the analogue reaction with chloromethyl radical the com-
putational studie$16] predict that release of chlorine atoms,
* Corresponding author. Tel.: +39 0862 43 3775; fax: +39 0862 43 3753. resultlng in BCN +Cl, S_hOUId b,e th,e m0_5t favor,ed Ch"_’mnel b0t_h
** Corresponding author. from the thermodynamic and kinetic points of view, with an esti-
E-mail addresses: aschi@caspur.it (M. Aschi), alargo@qf.uva.es (A. Largo). mated branching ratio of nearly 0.97. Therefore, it seems that
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thereis adifferentbehavior depending on the nature of the substiivity assumptions) at the QCISD(T)/6-311 + G(3df, 2p) level,
tuting halogen. In the case of the fluorinated radical eliminatiorwhere QCISD(T) stands for a quadratic configuration interaction
of a hydrogen atom is favored, whereas for {CHrelease of with single and double excitations, followed by a perturbative
chlorine seems to be the dominant channel. treatment of triple excitations. The G2 calculations were per-
Inthe presentwork atheoretical study of the reaction 8)(  formed according to the standard proced@®, with the only
with CH,Br is carried out on the spin conserving surface. In thisexception of the use of projected-MP energies instead of unpro-
respect it may be important to point out that quintet surfacgected ones.
does not show any thermochemically and kinetically relevant All transition states were characterized according to their
intermediate. As far as the occurrence of spin non-conservingnaginary vibrational frequency. In addition, the intrinsic reac-
processes is concerned, further calculations are currently ition coordinate (IRC) methof86,37] was employed to check
progress. A kinetic study within the frame of the statistical the-that they connect the desired minima located on the potential
ories will be also presented. Furthermore, a comparison witkenergy surface (PES). All quantum chemical calculations were
the previous studies on the reactions of 8)with CHF and  performed with the GAUSSIAN 98 package of progre38).
CHClI will be made. In order to obtain more founded conclusions about the pre-
ferred channels for the title reaction, we have carried out kinetic
calculations within the framework of the statistical kinetic the-
ories. For the formation of the initial intermediate, as well as
. for those processes where no transition structure was found

The theoretical methods employed in this work are simi-'; ) ) D .
lar to those used in our previous study of the*S)+ CHF (i.e. direct dissociations), we have employed the microcanon-

and N¢S) + CH.Cl reactiong14—16} Geometrical parameters ical variational transition state theoryYTST) in its vibrator
and vibrational frequencies for the different species involved irformulation[39,40] For this purpose we have made scans for all

the reaction of ground-state nitrogen atoms with bromomethyﬁhese paths. Subsequently, for each point of the scan, the Hessian

radicals have been obtained employing two different theoreti[natrices’ describing the modes orthogonal to the reaction path,

cal methods, namely second-order Maller-Plesset (M2&) were evaluated according to the standard procedure of Miller

and density functional (DFT[27] theories. In both cases we [41,42] ) . . . .
employed Dunning’s triple-zeta cc-pVTZ basis $28]. In For the unimolecular processes involving all the intermedi-
the case of DFT calculations we have chosen the so-calle@t€s: the microcanonical rate coefficients have been calculated

gmploying the usual Eq2) of RRKM theory[43].

2. Computational methods

B3LYP level, which is a combination of Becke’s three-paramete
exchange functiona[29] and the correlation functional of
Lee—Yang—Parf30]. In order to obtain more accurate ener-

gies we have also employed different approaches. In first placg,hereq is the reaction symmetry factav?(E, J) and p(E, J)

we have carried out calculations at the MP2 and B3LYP levyye respectively, the number of states at the transition state and

els with the cc-pVXZ k=D, T, Q) correlated—consistent basis {he density of states at the minimum evaluated for an engrgy
sets and performed extrapolatiof&l] to estimate complete 5,4 a total angular momentufn

basis set (CBS) limits. In particular, we used a mixed expo- The determination of the density and sum of states was
nential/Gaussian function of the form carried out with the Forst algorithrfid4] using the corre-

_ 5 sponding frequencies and moments of inertia (all required
Eces = E(x) — Bexpl—(x — 1)] - Cexp[—(x — 1)’] () data for intermediates and transition states are provided in
wherex =2 (DZ), 3 (TZ), or 4 (QZ), and andC are fitting con- Tables S1 and S2 of the Supporting Informajiofhe possi-

stants. Even though other expressions are also available, it seemgty of tunnel_lng was acpounted forin terms ofa monodlmer_l-
that the different extrapolation models lead to similar resultona! probability according to the generalized Eckart potential
[32]. One potential problem when dealing with open-shell sysI45,]' Finally, thermal rate co_eff|.C|er_1ts were eva!uatgd by aver-
tems is the possibility of spin contamination, which might affect29ing over the Boltzmann distribution. All the kinetic calcula-
the convergence of the MP series. Therefore, in order to mitigatgOns were carried out with our own routlnes, employing the
this problem, we employed approximate projected MP2 energiegcsD(T)/CC'pVTZ//B"Q’I‘YP/CC'F’V-I—Z energies and B3LYP/cc-

[33]. On the other hand, DFT calculations are virtually free ofPY TZ geometries and vibrational frequencies, just as in our
spin contamination. previous study on the K8) + CHCl reaction[16].

In addition to extrapolated MP2 and B3LYP energies, we
have also employed two different levels of theory in order to3. Results and discussion
refine the electronic energy and to compare their performance.
At the B3LYP geometries we carried out CCSD(T) calcula-  First, we will comment on the most interesting features of the
tions [34] (coupled cluster with single and double excitationstriplet potential energy surface of the title reaction. We will focus
model augmented with a non-iterative triple excitation correc-on the most feasible reaction products from the thermodynamic
tion) with the cc-pVTZ basis set. Furthermore, [38] calcula-  viewpoint and discuss on the possible channels leading to such
tions, which employ MP2 geometries, were carried out. In thigoroducts. To getinsights on the kinetics of this reaction, we have
level of theory the electronic energy is computed (making addiundergone a kinetic study within the framework of statistical

k(E, J) = oN*(E, J)/ hp(E, J) 2)
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theories. The most interesting results of the kinetic study will becal parameters. Nevertheless, some interesting discrepancies are

commented in the second part of this work. encountered. For example, B3LYP agrees with experimental
studieg[46,47]which conclude that the reactant Bt is pla-
3.1. [NCH,Br] triplet PES nar, whereas MP2 predicts GBIr to be non-planar. However,

both the small deviation from planarity of the MP2&/mmetry

Fig. 1 shows the most representative geometrical parameninimun (the dihedral angle HCNH is 174)&nd the low imag-
ters for the reactant and possible products of the title reactiodfary frequency of the transition vector in the planar transition
whereas the geometries of intermediates and transition structurgucture (74icrm?), allow us to assume £ symmetry for this
on the trip|et surface are C0||ected|i|'.|"gs_ 2 and 3(espective|y_ species whose electronic state is tHBﬁ] We would also like to
We have checked that intermediates have all their vibrational frePoint out that neither products nor intermediates having a N-Br
quencies real and transition structures one imaginary frequendyond have been found on the B3LYP surface. The same result
corresponding to the desired normal mode. Relative energies féfas also found in the [NCCI] triplet surface. This discrep-
the different species involved in the reaction have been collecte@ncy between MP2 and B3LYP is not very important, because
in Table 1 Finally, Fig. 4shows the energetic profile of the reac- the productrans-HC=NBr lies relatively high in energy and,
tion up to formation of primary products arfdg. 5shows the therefore, it is not one of the preferred products of the reaction
possible evolution of these primarily formed species by releaséeis-HC=NBr has not been located in either the MP2 or B3LYP
of either bromine or hydrogen atoms. surfaces). The C-Br bond distance is relatively sensitive to the

Inspection of the data collected fiigs. 1-3shows that MP2  level of theory. For the reactant and products, this bond dis-

and B3LYP methods yield in general very similar geometri-tance is predicted to be around 0.016-0.A5shorter at the
MP2 level of theory. In the intermediat&sI3 this difference

Table 1 increases to 0.045-0.082 The experimental C-Br bond dis-
Relative energies (in kcal mot) at different levels of theory for the different tance in CHBr has been estimated recend] asrg = 1.8483
species involved in the reaction of &) with CHBr (*B1) which compares rather well to the computed valugs:1.837A

System PMP2/CBS G2  B3LYP/CBS CCSD(T  (MP2) andre=1.858A (B3LYP). The C-N bond distances are
CH,Br(2B1) + N(*S) 0.0 0.0 0.0 0.0 predicted shorter at the MP2 level in some cases (maximun dis-
trans-BrC*=NH+H® —40.1 —344 -393 —27.4 crepancy:—0.037,& in I1) but larger in some others (+0.0§9n
cis BrC"=NH+H* — —39.1 —327 -380 —25.6 HBrC=N). Larger discrepancies are found in the geometries of
tBrLng.iN’LHHJr Bre :;2:2 __5{73'.?) __6‘;'2 _;8'_2 the transition structures (s€@. 3; according to recent theoreti-
cissHC*=NH+Br*  —51.1 _533 —645 _465 cal studie$48], hybrid methods tend to predict looser transition
HC=N+H* +Br* —46.2 —423 —46.4 —-35.2 structures). In any case, the geometrical differences are quan-
trans-HC*=NBr+H* —13.6 -11.2 - - titative rather than qualitative. Except perhaps in the case of
EBCr)ET\lN++B|r-| —gg-g —gg-g —‘Y‘é-g —gé-z TS1 (commented bellow) it seems clear that all the transition
'é=NH2(ZBz) B _324 356 _461 294 structures located on both surfaces represent the same transition
10 +25.1 +209 -03 0.8 states.
11 —68.5 -68.9 -73.8 —63.3 The data collected ifable 1shows that the general trend
12 —58.8 —584 -655 —-51.9 in the relative energies iAAHp (CCSD(T)/cc-pVTZ)<AHp
13 —64.3 —60.3 -67.0 —53.7 (G2)~ AHy (MP2/CBS)<AHp (B3LYP/CBS). In previous
IT431 :gi:# :22:2 1256 607 studies on the NiS) + CH,F/CH,Cl reactiong14,16}, we com-
TS2 327 _328 _384 264 mented that the discrepancies between the CCSD(T) and G2
TS3 -26.9 -257 -315 -19.9 relative energies may be ascribed to two factors: in first place, the
TS4 —26.4 —254 -312 =177 lack of the empiric high-level correction (HLC) in the CCSD(T)
TS5 —32.6 —30.3 -37.8 —25.3 values, which seems to be important for a correct description of
123 :gé:g :?2 :2411:; :‘1“13:; N(#S), and, on the other hand, the cc-pVTZ basis set used in the
Tss 272 _254 _333 _188 CCSD(T) calculations which is still about 4 and 5 kcal mbol
TS9 -37.2 -356 —383 -28.8 from the CBS limit (estimation done at the MP2 level). It seems
TS10 —40.8 —43.1 547 —35.5 to us that the same two factors also hold here and explain the
Tsi1 —30.8 —321 -413 —25.3 differences of-7 kcal mol-! between the CCSD(T) and G2 val-
TS12 —-34.0 -36.5 -42.8 -28.9 Les.
TS13 -5.2 -0.7 1.1 6.8 ) 2 i ) )
TS14 _88 _28 6.2 5.0 A brief comment onS< expectation values is also in order.
TS15 -13.0 —7.7 -13.2 -0.8 In Table S3we provide the electronic energies at the G2 and
TS16 -5.4 +03 -11 6.9 CCSD(T)/cc-pVTZ levels, as well as the HF/cc-pVIZexpec-
TS17 —20.9 —22.4 -305 —14.3 tation values for the different species involved in the reaction of

2 Including ZPE at the MP2/cc-pVTZ level. N(*S) with CHyBr. As can be seen iflable S3 most species

b Since no HF structure was found, the ZPE correction was carried out at thhave<52> values which exceed the spin-pure value by less than
MP2(FULL)/6-31G(d) level (scaled by 0.96). 10%. Nevertheless, we have checked the T1 diagnpticto

¢ Including ZPE at the B3LYP/cc-pVTZ level.

¢ Calculations CCSD(T)/cc-pVTZ//B3LYP/ce-pVTZ. asses that single-reference based methods are reliable. In addi-
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tion, the BSLYP<S2> values are rather close to the spin-pureof bromine fromI1 is probably a direct process which requires
value in all cases. no more activation energy than its own endothermicity which
Before going on to discuss on the most interesting features actually rather low £Ho=+3.5kcal motl). Hydrogen
of the [NCH,Br] triplet PES let us comment that, in order to abstraction fromI1 through TS2 requires to overcome a
provide information of chemical interest about the electronicbarrier of 36.9 kcalmoil. This process vyields the products
structure of the different species showrfilgs. 1 and 2inthe ~ HBrC=N* +H which are 31.9 kcal moft below the reactants.
discussion we will represent “limiting structures” taking into Finally, formation of intermediat from I1 through hydrogen
account the spin densities of the different atoms. Thus, for exanmigration involves a high barrier of 43.4 kcal mé| although
ple, H,C*BrN® represents a structure with pronounced diradicall'S3 still lies 19.9 kcal mot? lower in energy than the reactants.
character “mainly” ascribed to the carbon and nitrogen atoms. Once intermediatel2 is formed new possibilities are
Approach of NfS) atoms to CHCI(2B1) may take place opened. First]2 can release atomic hydrogen to yieldns-
either through the halogen or carbon atoms. In the first cas@&rC*=NH+H (AHo=—27.4kcal mot!) and HBrG=N*+H
MP2 and B3LYP predict two geometrically different inter- (AHp=31.9 kcal mott). These two processes involve relatively
mediates I0 (both are3A”; seeFig. 2). At the MP2 level, highbarriers: 34.2 kcal mot (TS4) and 26.6 kcal mol* (TS5),
this species has a Br—N bond distance of 181nd a spin  respectively. On the other hand, abstraction of bromine from
density at the nitrogen atom of2. We can thus schemat- 12 to give frans-HC*=NH + Br requires only 5.2 kcal mof
ically represent it as pC°BrN°®. At the B3LYP level, 10  (TS6). The products of this process are the second most exother-
is a weakly bound molecule with a Br—N bond distance ofmic products of the reaction, namelyHy = —50.9 kcal mot L.
3.196A. The analysis of the atomic spin densities shows thafinally, I2 may evolve through a new hydrogen migration from
it can be represented asp€—Br---N°***. From the ener- carbon to nitrogen to yield the intermediate BfQH,, I3.
getic point of view,I0 is predicted to be either isoenergetic This intermediate is very stable lying 53.7 kcal mblbelow
with reactants AHo=+0.8kcalmol!, at the CCSD(T)/cc- the reactants and only 9.6 kcal mél above I1. However,
pVTZ//B3LYP/cc-pVTZ level, sedable ) or clearly endother- formation of I3 involves the high-lying transition staf€S7
mic (AHp = +20.9 kcal mot?, at the G2 level). In fact, the main (AHo=—11.2 kcal motY).
reason for the rather different relative energies at the G2 and IntermediateI3 may further evolve by both hydrogen
CCSD(T) levels for0 is the very different geometries at both and halogen abstraction. The first process yields the prod-
levels (essentially the Br—N distance). We have checked thaticts rrans-BrC*=NH + H through a relatively high barrier of
at the B3LYP level, forcing the reactants to approach at close83.5kcalmot?! (TS8). On the other hand, abstraction of a
distances than 3.19% produces a repulsive surface. We canbromine atom is a direct product, since no transition state has
therefore conclude that approaching of reactants through theeenfound onthe MP2and B3LYP energy surfaces. This process
bromine atom to form intermedial@ is not an exothermic pro- yields®*CNH, + Br and its endothermicity is 24.3 kcal mdl
cess and will therefore not play a major role in the title reaction Once the primary products are formed ($eg. 4 we can
in the gas-phase. Finally, we would like to comment that wethink about the possible evolution of these species by further
have also explored the possibility of an intermediate witiha  elimination of either bromine or hydrogen atoms. These pro-
electronic state, but the species we have found are less stallesses, which have been summarizedrig. 5 would lead
than the®A” intermediates at both the MP2 and B3LYP levelsto the two possible secondary products of the title reaction:
of theory. BrCN+H+H and HCN+H+Br. As epected, formation of
If N(*S) atoms approach Gi€I(?B1) through the carbon HCN is more favorable from the thermochemical point of view
atom the intermediaté (2A”) is formed. This is a direct process (seeFig. 5andTable 2, due to the fact that the C—H bond is
which does not involve any transition state. To check that this istronger than the C—Br bond. Production of BrCN (together with
in fact the case we have performed scans of the B3LYP and MP&limination of two hydrogen atoms) is little exothermic whereas
potential energy surfaces approaching the reactants at differefirmation of HON + H + Br has AHg = —35.2 kcal mot1. We
C-N distances and optimizing all other geometrical parameremind the reader that these energies are given with respect
ters. They clearly show that reactants interact on an attractivio the reactants. It must be taken into account, however, that
potential surface. Intermediake lies well bellow the reactants:
—63.3 kcal mott atthe CCSD(T)/cc-pVTZ level (from now on, 1apie 2
the CCSD(T) energies will be used unless otherwise stated). Reaction product branching fractions at different temperatures
IntermediateIl can evolve in three different ways (see

. . . . T (K) H2CN+Br -HCNH + Br HBrCN+H
Fig. 4): bromine abstraction througiS1 to yield the most
exothermic products of the reactiom,&=N® + Br, hydrogen 100 0.985 0.001 0.015
abstraction througil'S2 to give HBrG=N*+H and, finally, g'ggi 8'881 8'812
hydrogen migration from the carbon to the nitrogen atom,s 0.984 0.001 0015
(TS3) to yield the intermediate HCIQN®*H, 12. Regarding the 300 0.984 0.001 0.016
first process, CCSD(T) predic®S1 to lie slightly below the 350 0.983 0.001 0.016
products (of course, at the B3LYP/cc-pVTZ level this transition490 0.983 0.001 0.017
0.982 0.001 0.017

structure lies above the products) whereas G2 predi8isto

i . 0.982 0.001 0.018
lie only 1.3 kcal mot! above them. This suggests that release
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a considerable amount of internal energy should have alread ks kag

been removed by the released bromine and hydrogen atom ‘ @ g
during formation of the primary products. We therefore think ¢ d 27
that the only process leading to a secondary product tha

can play a relatively important role in this reaction is forma-

tion of HCN +H + Br from HBrC=N +H throughTS9, for it Keap m
requires to overcome a barrier of only 3.1 kcal molMore- 00 I
over, HCN + H + Bilies 3.3 kcal mot lower than HBrG=N + H.
Other two possible pathways that lead to formation of HCN
are, on the one hand, elimination of hydrogen atom from [H.oN+ ] [HBroN -1

H>CN and, on the other, isomerization ptins-HC=NH to a s C 310

cis-HC=NH followed by elimination of a hydrogen atom. The o o _

s process should not e feasible because of s endothrmifene™, Hec risionode s ke ey empiyee pep e
ity (AHo=24.6 kcal mot?). Besides, elimination of hydrogen DVTZ level, including B3LYP/cc-pVTZ ZPVES).

from HoCN requires to overcome a barrier of 30.9 kcal moln

any case, the feasibility of this process will mainly depend on thepecies will strongly depend on the amount of energy removed
amount of internal energy retained by®N. The second pro-  py the released hydrogen and bromine atoms. We consider that
cess involves isomerization oluns-HC=NH into cis-HC=NH  the most feasible process leading to a secondary product is elim-
(which is about 5kcalmof' less stable than the trans con- jnation of a hydrogen atom from HBrCN, which requires about

former) followed by hydrogen elimination. The net barrier for 3 1 kcal mot! and has an exothermicity of ca. 3 kcal mbl
this process is 25.9 kcal mol. Besides, this process has an

endothermicity of 15.7 kcal mot. 4. Kinetic calculations
We would finally like to comment that formation of BrCN

from HBrC=N involve transition states that lie quite high in  The analysis of the PES determined for the triplet [NGH

energy (viz.TS13, TS14, TS15 and TS16). This makes for-  system led us to propose a mechanistic model for the reaction

mation of BrCN a highly improbable process in view of our of N(4S) with CH,Br radicals which is schematically depicted

energetic results. in Scheme 1The proposed mechanistic model includes all the
To summarize, we have seen that the most exothermic priyrimary products resulting from elimination of either bromine

mary products of the reaction are those in which a bromingy hydrogen atoms from the different intermediakesi2, and

atom is released fronil and I2: HoC=N*+Br and trans- 3. The channels are denoted in order of decreasing exothermic-

HC*=NH + Br, respectively. This is due to the large stability ity as: a (BCN + Br); b (¢rans-HCNH + Br); ¢ (HBrCN + H); d

of the intermediates and the low strength of the C—Br bond (th?trans-Bl’CNH +H); e (,NC +Br).

endothermicity of these two processes is 3.5 and 1.0kcalmol, The steady-state solution of the master equation leads to the

respectively). However, itmust be noted that release of a broming|iowing microcanonical expression for the overall rate coeffi-
atom from intermediatd3 (AHo=—53.7 kcalmof?) yields  gient:

one of the less exothermic among the considered products
of this reaction®CNH, + Br (AHg=—29.4 kcal mot?) due to  koveral(T) = ka(T) + kp(T) + ke(T) + kd(T) + ke(T) )

f[hehma'rginallydllarger disrslociatioln _ener%yhof th,e C—Bfr bon(;jwhere the individual coefficients for the different channels are
in this intermediate. Further evolution of the primary forme given by the following formulas:

Ncapl(E» ])kla(Ea J) p<_ E

1 00
kalT) = ;57 (T)ZJ:(ZJ +1) /O BE.J) kT) dE (4)

t-HCNH + Br

b -509

1 ® Neapl(E, J)k12(E, J)kan(E, J) E

kn(T) = m;(zwr 1) A AE NBE D ex <—kT> dE (5)
_ 1 o0 Ncap1(E7 J) klZ(E’ J)kZC(Ev J) E

kelT) = ;o (T)zj:(zwr V] “BEd {klc(E, N+ =11 }exp (-kT> dE (6)
1 * Neap(E, J)k12(E, J) k23(E, J)ksd(E, J) E

kalT) = hQr(T)ZJ:(ZJ ) o A(E,J)B(E,J) {kzd(E’ N+ k_23(E, J) + kad(E, J) + kae(E, J) } exp <_kT) dE

()

1 *© Neap(E, J)k12(E, J)kos(E, J)kse(E, J) E

kolT) = W(T);(ZJ " 1)/0 A(E, J)B(E, N)[k—23(E, J) + kad(E. J) + kae(E. J)] p<_kT) 9 ®)
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whereNcap(E, J) is the number of the states evaluated in the  9.0E-13
barrier-free process as described in the methodological sectior 8 0E-13 |
O:(7) are the reactants relative translational partition function '
at the temperatur& andA(E, J) and B(E, J) were calculated 7.0E-13 4
according to the following relations. =, 60E-13
L%}
A(E, J) = k_12(E, J) + k23(E, J) + kan(E, J) + kao(E, J) g SOE-13
ko3(E, J)k_23(E, J oo 4om13 4
Rl B ) = E 53( k)Ezaj( k) £ &
—23(E. J) + k3d(E, J) + k3e(E. J) S 30e13 4
)
2.0E-13 4
B(E, J) = k_cap(E. J) + ki2(E. J) + kia(E. J) + k1c(E. J) R K "
C
S e e e e
_ klz(E’ J)kflz(E’ J) (10) 100 150 200 250 300 350 400 450 500
A(E, J) TIK

The overall and individual canonical rate coefficients are;'gt'tz'dsgetr::]?)g?;?:r'(‘:d“a'Canon'cal rate coefficients (¢ * molecule ™)
represented irFig. 6 as functions of the temperature. Both ' '

channels d (production efans-BrCNH + H) and e (formation

of HoNC +Br) have rate coefficients that are much smaller

than the other ones and therefore they are not shown ifl3x 103 cm®s I molecule) but nearly three times larger
Fig. 6. The estimated activation free energy for the over-than the rate coefficient for the &)+ CHCl reaction[16]

all process is just 0.09kcalmol. This value is consis- (3 x 10~ ¥cm®s I molecule). Nevertheless, we must point
tent with a barrier-free process as evidenced by the analysut that these values should only be considered valid at a semi-
sis of the PES. The computed rate coefficient for the overguantitative level, given the approximations made in the appli-
all process at 300K is @ 1023 cm®*s I molecule®, a value  cation of RRKM theory to the processes under study and also
somewhat smaller than the corresponding estimated value fam the light of our recent results based on molecular dynamics

the reaction of nitrogen atoms with fluoromethyl radiéals simulationg16]. Itis clear that the three reactions with nitrogen

CH,FCA") + N('S)
ey
E| 00
TS1 H,CN +F
A 254
" \ HFCN +H
343
64.8
(a)
CH,CI(B,) + N(*S) CH,Br(*B,) + N('S)
I
E 00 E
152
26 4
TS2
! <248\ HCICN+H “ HBrCN + H
. \
-30.7 319
TS1
HyCN + Cl H,CN + Br
598
62.0 -63.3
(b) (c)

Fig. 7. Schematic representation of the two most competitive channels for the read@nNI(H:F (panel a), N\{S) + CHCl (panel b), and N{S) + CH:Br (panel
c). Relative energies (kcal o) have been obtained at the CCSD(T)/cc-pVTZ level including B3LYP/cc-pVTZ ZPE.
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atoms (CHF, CHyCI, and CHBr) are rather efficient processes below reactants at the CCSD(T)/cc-pVTZ level). This is a direct

proceeding at near collision-efficiency. process which does not involve any energy barrier. Elimination
The individual rate coefficients for the present reaction followof bromine from this intermediate leads to the most exother-

the same trends than in the case of thé3y¢ CHCl reac-  mic products, HC=N + Br (—59.8 kcal mot1). Elimination of a

tion [16]. From inspection ofFig. 6 it is clear that channel hydrogen atom produces less exothermic products, HBrCN +H

a is the dominant one, followed at a large distance by chan—31.9 kcalmot?). The channel proceeding through isomer-

nel c. A qualitative ordering of the individual rate coefficients ization of the initial intermediate, followed by elimination of

according to their magnitudes, produces the following resultbromine to formrans-HC=NH + Br (—50.9 kcal mot 1), is even

ka>> ke >kp > kg~ ke, The corresponding product branching more exothermic than HBrCN + H.

ratios (only for those channels with significant values) at differ- A kinetic study, within the framework of the statistical the-

ent temperatures are collectedTiable 2 It is clearly seen that ories, of the NfS)+ CHBr reaction confirms that the most

the dominant channel (with branching fractions always abovexothermic product, namely4€=N + Br, is also the preferred

0.98) for the reaction of nitrogen atoms with bromomethyl rad-product under kinetic control. The estimated branching ratio

icals is the most exothermic channel, namely channel a leadinigr HoC=N + Br is about 0.98, and only minor fractions of

to HoCN + Br. The results shown ifiable 2also show that the HBrCN+H are predicted at all temperatures. Therefore, the

mostimportant secondary channel (under kinetic control) shoultehavior observed for the k&) + CH:Br reaction is very sim-

be channel c, leading to HBrCN + H, although only in residualilar to its analogue starting from chloromethyl radicals. In both

quantities. It should be noticed that production of HBrCN + H cases, the predicted dominant channel corresponds to forma-

is less endothermic than productionrsediCNH+Br. tion of H,CN through elimination of the halogen atom. On the
The kinetic results are consistent with the general overvievother hand, for the reaction of ground-state nitrogen atoms with

of the PES for the triplet [NCEBr] system shown irfrig. 4. All CHgF the preferred channel, both from the thermodynamic and

channels start from the formation of intermediEtewhich does  kinetic points of view, involves the elimination of a hydrogen

not imply any energy barrier. From this intermediate there aratom and formation of a product containing a carbon—halogen

two direct processes leading respectively &N + Br (through  bond, namely HFCN. The common characteristic for the three

TS1) and HBrCN +H (involvingTS2). The former should be reactions of N{S) with halomethyl radicals is that the all of them

clearly favored, because itimplies a barrier (relativHjmf just  are predicted to proceed with a rather high efficiency.

2.6 kcal mott, whereasI'S2 lies about 36.9 kcal moft above

I1. Channel b, which leads tetHCNH + Br, necessarily involves  Acknowledgement
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