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The triplet potential energy surface for the*S) + CH,F(?A’) reaction has been studied employing both
MP2 and DFT(B3LYP) methods. The energies of the involved species have been refined using the G2, CBS,
and CCSD(T) methods, respectively. The general picture for this reaction is a typical additrmimation
mechanism, where initially a rather stable intermedialdCH,F, is obtained by the interaction of nitrogen

with the radical through the carbon atom. There are two preferred products from the thermodynamic viewpoint,
transFC=NH and HFG=N, the latter one being slightly more stable. Other possible products, such as
H,C=N* and transHC'=NH, are also exothermic but less stable, whereigHC*=NF is even clearly
endothermic. From the kinetic viewpoint, HEQI* is predicted to be the preferred product. It seems that
neither isomerization nor subsequent elimination of hydrogen or fluorine atoms from the primary products is
feasible, since all these processes are much less exothermic and involve considerable kinetic barriers.

Introduction To the best of our knowledge, there is no theoretical

The reaction of N atoms with methyl radicals has been the information about the reaction of nitrogen atoms with haloge-
subject of different theoreticaind experimental studi@éThis ~ ated alkyl radicals. In this paper, we provide a theoretical study
reaction is of interest in several fields, such as astrochemistry olfkthle rta{:\ctllon of N”(SI) with one of the .Zlmplesthhaldq?fenated
(it is suggested to play an important role in the interstellar 2Kyl radicals, namely, CHF(°A’), considering the different
synthesis of HCNand in the chemistry of the atmosphere of potential channels. In addition to the determination of the
Titar?), as well as in combustion processaad in the reaction ~ Préferential products in this reaction, a second purpose of the
between nitrogen and hydrocarbdms few experimental studies ~ Present study is to compare different theoretical methods in order

on the reactions of N atoms with halogenated alkyl radicals (such {0 @ssess their performance and to propose an affordable method
as CHC} and CF) have also been publish&d.0n the other of calculation that could be applied to other more complex
hand, reactions of several halogenated alkyl radicals with oxygenelated reactions.

atoms have been extensively studied. Seetula Elahave )

carried out experimental studies of the kinetics of the reactions C0mputational Methods

of chlorinated methyl radicals with €R). In addition, Wang et Ab initio methodologies, including second-order Mgher
al12715 performed theoretical studies of the reactions obEH  plesset (MP2f and Coupled-cluster with single and double
CHoCl, CHCIF, and CHF with O(P). These reactions are of  excitations and a perturbative treatment of the connected triple
interest not only because of their relevance in combustion excitations [CCSD(T)Y as well as density functional theory
chemistry, but also due to their important role in atmospheric (DFT) with Becke’s 3-parameter exchange funcidhahd the
chemistry. One of the processes that halogenated alkanes caggrrelation functional of LeeYang-Part® (B3LYP), were
undergo in the upper atmosphere is photodescomposition toemployed to carry out an exhaustive exploration of the triplet
produce halogenated alkyl radicals. In addition, halogenated potential energy surface (PES) corresponding to the reaction
alkyl radical may be formed in the reactions of the corresponding N(*S) + CH,F(A’). Pople and co-worker's standard 6-31G-
halogenated alkanes with the hydroxyl radical. Once they are (d,pP and Dunning’s cc-pVXZ (X= D,T,QY° correlation-
formed, halogenated alkyl radicals may take part in several consistent basis sets were used. The geometry optimizations
processes with other species that are relatively abundant in thgyere performed at the MP2/6-31G(d,p), MP2/cc-pVXZ X
upper atmosphere, such as oxygen atoms. . D, T), and B3LYP/cc-pVXZ (X= D, T) levels, and CCSD-

Although the atmospheric relevance of the reactions of N (T)/cc-pvTZz//B3LYP/cc-pVTZ single-point calculations were
atoms with halogenated alkyl radicals is surely not as important ajso accomplished in order to improve the energetic predictions.
as in the case of O atoms, reactions of nitrogen atoms are|; has been shown recently?* that CCSD(T) provides, in
certainly interesting from the general perspective of radical  general, an excellent approach to the CCSDT level and therefore
radical reactions. In addm_on,_ the possible effect on the reaction the CCSD(T)//B3LYP relative energies are expected to represent
mechanism of the substitution of hydrogen atoms by either accurate theoretical predictions. Indeed, recent results by Lynch
fluorine or chlorine atoms is also another interesting question. gnd Truhla#® suggest that the location of saddle points using

* Corresponding author hybrid density funcional methods followed by single-point

t Universpidad d% Oviedo. CCSD(T) calculations represents a recipe that can be considered

* Universidad de Valladolid. to have an excellent performance-to-cost ratio. Further refined

10.1021/jp011760e CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/04/2001




9918 J. Phys. Chem. A, Vol. 105, No. 43, 2001 Menendez et al.

1.206

energetic predictions were obtained by using Pople and co- 20

worker's G2 theor$f as well as by exploiting the important
property of Dunning’s correlation-consistent basis sets that 4 /*
exhibit monotonic convergence to an apparent complete basis C
set (CBS) limit2* The G2 theory, which exploits the approximate
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separability of the one-particle amdparticle expansions, has CHF CA) trans-FC-NH cis-FC=NH

proved to render very accurate energy differences (within

“chemical accuracy”§* while the estimate of the CBS limit at 67 119t 0[50 13

the MP2/cc-pVXZ (X= D,T,Q) level by using a combined (1267) _(1.151) Loy Lo18

Gaussian/exponential functihhas a profound effect on &£ (L098) N N (1.026)

improving the level of agreement with experiméhin principle, 130.0 (1.218)

the latter approach is expected to be less accurate (the correlation (1500 ]

contribution is estimated only at the MP2 level with no further FC=N cis-HC=NH

correction) but much cheaper, and consequently, it can represent

an excellent choice for studies involving larger molecules. A 1800

CBS limit at the B3LYP/cc-pVXZ (X= D, T, Q) level was {1500

also computed (since no drastic changes in geometries were

obtained in exploratory calculations when passing from cc-pVTZ (6% (1196

to cc-pvVQZ, MP2/cc-pVQZ/IMP2/cc-pVTZ and B3LYP/cc- s .
HC=N cis-HC=NF trans-HC=NF

pVQZ//B3LYP/cc-pVTZ energies were employed to perform
the extrapolations).

It is well-known that an important drawback commonly
associated with the use of unrestricted HartrEeck (UHF)
wave functions in open-shell calculations both at the self-
consistent field and post-Hartree-Fock [MP2, DFT and CCSD-
(T)] levels is the spin-contamination problem. We employed HFC=N H,C-N
Schlegel's algorithr#f to estimate approximate spin-projected  rigure 1. Most significant geometrical parameters as computed at the
MP2 energies corresponding to the appropriate multiplicity. It MP2/cc-pvTZ and B3LYP/cc-pVTZ (in parentheses) levels for the
should be mentioned in this context that DFT methods basedreactant and possible products of the reactiofSN¢- CH,F (RA').
on unrestricted determinants for open-shell systems are not veryBond distances are given in A and angles in deg.
prone to spin contamination, as a consequence of electron
correlation being included in the single-determinantal wave
function by means of the exchange-correlation functiéh@ln
the other hand, Stantéhhas shown that, even in CCSD, all
spin contamination is essentially removed from the Coupled-
cluster wave function.

All the structures located in the present study were intercon-
nected by means of the intrinsic reaction coordinate (IRC)
algorithn?233as implemented in the GAUSSIAN 98 packages 1800
of program&* with which the calculations reported in this work
were carried out.

O 1090y

t210) (1.241)

Results and Discussion

The optimized geometries at different levels of theory of the " ¥ “
reactant and possible products for the*®)(+ CHF(?A")
reaction are shown in Figure 1. The corresponding geometries 199 1627 e
for the intermediates on the triplet surface are collected in Figure (1598 “48‘\63\\\\\.
2, whereas those for the different transition structures are given o ¥ T
in Figure 3. The intermediates have all their vibrational (1066) (1.144)

frequencies real (therefore they are true minima on the corre-
sponding potential surface), whereas in the case of transition
states we checked, they had just one imaginary frequencyFigure 2. Most significant geometrical parameters as computed at the
corresponding to the desired mode. To save space, we do nofP2/cc-pVTZ and B3LYP/cc-pvTZ (in parentheses) levels for the
provide the vibrational frequencies at the different levels, but |ntermed|qteiln the reaction of 1) + CH,F (*A’). Bond distances

. . . are given in A and angles in deg.
they are available upon request. Relative energies for the
different species involved in the reaction at selected levels of values, and consequently, some apparent topological inconsis-
theory are given in Table 1, and overall energetic profiles for tencies are present (for example, some minima become slightly
the reaction N{S) + CH,F(%A’), as computed at the G2 and lower in energy than the associated transition structures). Of
B3LYP/CBS levels, are shown in Figures 4 and 5, respectively. course, the real (MP2-unprojected or B3LYP) PESs have been
Each first part of Figures 4 and 5 shows the profile for the checked to be topologically consistent in all cases.
reaction up to formation of the primary products resulting from  Scheme 1 shows the different channels through which the
elimination of either hydrogen or fluorine atoms, whereas Figure reaction between fluoromethyl radical (gfFH 2A’) and atomic
4b and Figure 5b correspond to the possible further evolution nitrogen (N;*S) can proceed on a triplet PES. (The numbers
of these primary products. It should be mentioned that the appearing under the different reactants, products, and intermedi-
energies reported in Figures 4 and 5 are all G2 or B3LYP/CBS ates correspond to the G2 energies in kcal/mol. The G2 energies

Is
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Figure 3. Most significant geometrical parameters as computed at the MP2/cc-pVTZ and B3LYP/cc-pVTZ (in parentheses) levels for the transition
structures in the reaction of #&) + CH.F (A"). Bond distances are given in A and angles in deg.
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of the transition structures are given in parentheses. Si8de Inspection of the geometries computed at different levels

and I3' were not located at the MP2 levetee discussion  collected in Figures 1-3 shows several trends that can be
below—no G2 energies are available for them. Their B3LYP/ summarized as follows. The discrepancies in bond lengths and
CBS energies can be found in Table 1.) To provide information bond angles as computed with different methods (MP2, B3LYP)
of chemical interest about the nature of the different structures and basis sets [6-31G(d,p), cc-pVXZ (> D,T)] were, in

in Scheme 1, we represented “limiting structures” taking into general, smaller than 0.02 A and, 3espectively. In the case
account the spin densities on the different atoms for each of C—H, C—N, C=N, C=N, and N-H bonds, the bonds lengths
structure. Thus, for example&ZH,FN* means that the structure  (R) computed at the MP2 level ai(cc-pVTZ) < R[6-31G-
presents a pronounced diradical character “mainly” ascribed to (d,p)] < R(cc-pVDZ), whereas for the €F and N-F bonds,

the carbon and nitrogen atoms. the ordering isR(cc-pVTZ) < R(cc-pVDZ) < R[6-31G(d,p)].
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TABLE21: Relative Energies at Different Levels of Theory for the Different Species Involved in the Reaction of N4G) with
CH.F (?A")

MP2

system 6-31G(d,p) CBS  QCISD’ QCISD(TY Gx B3LYP/CBS CCSD(TY
CHoF PA') + N (“S) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
trans FC=NH + H* -28.1 —42.9 —21.3 -32.1 —-37.6 —40.9 -31.0
cisFC=NH + H* —22.2 —36.9 —-31.3 -35.0 —25.0
FC=N + H + H* 438 ~12.2 -1.6 0.7 4.6
transHC'=NH + F* -10.1 -19.1 —20.0 -25.1 ~16.5
CisHC'=NH + F* —4.6 ~14.6 ~15.4 —21.2 —12.1
HC=N + H" + F* 1.4 -9.3 —4.3 -31 -0.7
CisHC'=NF + H* 26.3 13.0 13.3
trans HC'=NF + H* 25.1 12.2 11.0 5.8 17.5
HFC=N" + H* -30.2 —41.3 —27.4 —35.2 —40.1 —42.7 —34.3
H,C=N" + F* -19.2 -23.8 —20.9 —26.1 285 —-33.0 —25.4
10 72.4 59.1 61.9
11 —64.8 -69.3 ~59.4 —65.4 —69.7 -715 —64.8
12 —495 —58.9 —42.3 —51.3 -57.8 —64.4 —52.1
13 (13") -19.4 —23.8 -30.6 -39.8 —24.1
14 —20.0 -28.3 -29.8 -38.8 —24.0
5 0.1 —4.9 -5.8
TSO 82.4 73.6 718
TS1 226 —34.2 -19.6 —29.2 —34.4 (-34.1) -38.9 —28.7
TS2 —20.0 —24.7 —20.1 —26.2 —31.0 (-31.7)
TS3 -14.2 —26.1 -9.4 —-20.5 —25.1 (-24.4) -30.9 -19.8
TS4 -9.3 -25.3 -6.5 -19.7 -25.7 318 ~19.1
TS5 -9.0 ~19.1 —22.9
TS6 -12.8 -29.3 -15.3 —-26.1 -31.3 -38.1 —26.2
TS7 -39.4 —23.1
TS8 -10.7 —20.1 —28.0 (-28.7) —-39.3 215
TS9 35.3 19.4 16.5 8.9 22.0
TS10 12.9 6.4 0.0 -1.7 6.8
TS11 22.0 5.1 9.8 3.2 16.4
TS12 20.2 1.1 6.1 5.3 13.0
TS13 16.4 2.2 2.0 3.6 9.8
TS14 6.1 -5.9 -6.0
TS15 14.2 2.7 1.2 0.5 15.5
TS16 28.7 15.7 15.4 12.8 7.8
TS17 8.0 -4.3 5.4 ~11.4 -1.0
TS18 19.3 5.9 5.7 2.0 9.1
TS19 25.4 10.6 11.7
TS20 26.7 11.4 12.2 5.1 17.7

2|ncluding the ZPE correction as estimated at the MP2/cc-pVTZ level (scaled by Bl86)uding the ZPE correction as estimated at the
B3LYP/cc-pVTZ level.c G3 values in parenthesesSince no HF structure was found, the ZPE correction was carried out at the MP2(FULL)/6-
31G(d) level (scaled by 0.96).

Consistently, the B3LYP results show that the bond lengths dissociation energy of 225.45 kcal/mol is obtained). On the other
estimated with cc-pVTZ are, in general, smaller than those hand, the CCSD(T)/cc-pVTZ method renders a value of 212.43
computed with cc-pVDZ. As a general trend, the B3LYP bond kcal/mol. The apparent superiority of G2 over CCSD(T) in such
lengths and angles are slightly greater than the MP2 ones for acases seems to be mainly related to the so-called higher-level
given basis set. Particularly, the B3LYP method tends to predict correction (HLC) imposed in G2 theofj,which introduces
looser transition structures, in agreement with Lynch and corrections for paired and unpaired valence electrons. The HLC
Truhlar’s recent observatiof. correction in G2 theory for NG) represents-0.00671 hartree
Examination of the relative energies collected in Table 1 leads (—4.2 kcal/mol). The most interesting conclusion obtained from
to the conclusion that, in general, the MP2/CBS estimates predictcomparison of the respective performances of the different
much more stabilized structures than the standard Pople’smethods is that the G2 theory predicts, in general, energy values
6-31G(d,p) basis set. Sometimes the MP2/CBS energies arerelatively close to the MP2/CBS ones. This result suggests that
similar to those predicted by B3LYP/CBS, but in most cases, the correlation contributions are reasonably well estimated at
the latter ones are appreciably lower. On the other hand, thethe MP2 level for the systems under study. Some exceptions to
CCSD(T) method generally provides relative energies which this general trend have been detected (see, for exampfeNFC
are, for most species, quite higher than the G2 ones. Neverthe4in Table 1).
less, if relative energies are computed taking as a reference one The reaction starts through the interaction of the carbon and
of the intermediates instead of the reactants, the CCSD(T) valuesnitrogen atoms, resulting in formation of an intermedidfe (
will be very close to the G2 ones, a fact already noticed in the which takes place directly and does not involve any transition
study of another reaction involving nitrogen atoth$hat means state, since both reactants are open-shell species and interact
that the problem with the CCSD(T) energies very probably deals on an attractive potential surface. Since this is an important
with the description of NiS). This is confirmed by computation  question, in Figure 6, we provide the result of the scan of the
of the dissociation energy fordNAt the G2 level, a dissociation  potential surface in this region at two levels of theory, namely,
energy of 223.83 kcal/mol is obtained, a result very close to B3LYP/cc-pVTZ and QCISD/6-31G(d) (quadratic configuration
the experimental value of 225.94 kcal/mol (incidentally, the interaction with single and double substitutions). For obtaining
B3LYP/cc-pVTZ method virtually matches this value, since a these figures, we have considered the approaching of the
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Figure 4. G2 reaction profiles (kcal/mol) for the formation of the primary products resulting from elimination of either hydrogen or fluorine atoms

in the reaction N{S) + CH,F(?A") and further evolution to give the final products FCN and HCN. See the text for the definition of the different
channels (af).

reactants at different fixed-€N distances (from 1.4 to 5.6 A), it is a minimum]. Furthermore, this species does not correlate
optimizing all other geometrical parameters. In both cases, aexactly with the reactants, since in fact it can be represented as
soft potential curve is obtained, thus confirming that the entrance *CH,F---N*, that is, it corresponds to the triplet species obtained
of the reaction is a simple barrier-free path. Intermeditis upon the interaction of CHF(?A’) and NED). The reasons for
rather stable at all levels of theory (nearly 70 kcal/mol below the notable endothermicity of the process leadingQid,F:-+
reactants at the G2 level; from now on, the G2 energies will be N* (61.7 kcal/mol) can be found in the energy required to convert
used in the discussion unless otherwise stated). We have alsd\(“S) into NED), which is 59.3 kcal/mol. Further evolution of
considered other interactions, such as those through the hydrogethis species has also been considered, but it involves even higher
and fluorine atoms, but all of them are much less favorable. barriers. For example, the kinetic barrier associated with the
Approaching of the reactants through the fluorine atom, that is, formation of HC°'N°F (I4) is very high TSO; 71.8 kcal/mol)
through an hypothetical intermediate which could be schemati- as to play any relevant role in this reaction. The structi®es
cally represented asCH,F---N* (I0), takes place along a TS0, and*CHyF---N* have been incorporated into Scheme 1
repulsive potential surface. Nevertheless, we have explored thatfor completeness, but the route @HPA") + N(*S)— CHF(PA")
possibility, and only a stationary point corresponding to that + N(®D) — 10 — TS0 — 14 was not considered in Figure 4
arrangement which lies quite high in energy, 61.7 kcal/mol due to the highly unstable character of all the involved structures.
above the reactants, was found. The characterization of thisTherefore, in what follows we shall limit the discussion only
structure is problematic as a consequence of the small value ofto the possible channels derived after formatiorilof

its lower frequency. MP2/cc-pVTZ frequency calculations From inspection of Figures 4 and 5 and Scheme 1, once the
showed that it is a minimum whereas at the MP2/6-31G(d,p) intermediatell is formed, several possibilities are opened.
and MP2/cc-pVDZ levels it is a transition structure [at the MP2- Channel a refers to all processes starting fidnthat do not
(FULL)/6-31G(d) level, required to perform the G2 calculations, imply any isomerization. Those processes involving hydrogen
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Figure 5. B3LYP/CBS reaction profiles (kcal/mol) for the formation of the primary products resulting from elimination of either hydrogen or
fluorine atoms in the reaction K§) + CH,F(?A") and further evolution to give the final products FCN and HCN. The zero-point energy corrections
as estimated at the B3LYP/cc-pVTZ level are included. See the text for the definition of the different chanifiels (a

migration and, therefore, taking place through the intermediate MP2 energies), the energy orderingT®2 and HC=N* + F*
I2 are generically denoted as channel b. Finally, channel cis the correct one, namelyNCH,F leads to HC=N* + F,
represents the different pathways leading to fluorine migration overcoming a barriefS2. The energy values at the G2 level
from carbon to nitrogen and, consequently, involving the (see Table 1) show thaiS2tends to disappear, becoming lower
intermediatel4. in energy than HC=N-" + F*, thus suggesting fluorine abstrac-
Through channel all (*NCH,F) can undergo hydrogen tion to be a direct process in agreement with the B3LYP
abstraction, yielding one of the most stable products of the description.
reaction, the HFEN* radical (-40.1 kcal/mol), through transi- The migration of a hydrogen atom from carbon to nitrogen
tion structureT S1, overcoming a barrier of 35.3 kcal/mol from  in *NCH,F (channel b) proceeds through a transition structure
I11. However, TS1 lies well below the reactants-@4.4 kcal/ very high in energyTS3; 44.6 kcal/mol relative tdl) but still
mol). Another possibility for the evolution di is abstraction much lower in energy than the reactant26.1 kcal/mol). The
of the fluorine atom leading to a less exothermic produgG+H resulting species is the quite stable diradical W€ (—57.8
N* (—28.5 kcal/mol). This is a direct process at the B3LYP level, kcal/mol) denoted a¥. Such a diradical is the second most
as no transition structure for fluorine abstraction was found. stable species on the triplet PES and might further transform
However, the MP2 description of this process is different, since into several final products. One of the possibilities is abstraction
it involves a transition state for hydrogen abstractidi$Z). of the hydrogen atom bonded to carbon throdg¥ (with a
The slightly greater stability of S2 as compared with yC= high barrier of 32.1 kcal/mol) to give one of the most stable
N* + F shown in Figure 4 is an artifact arising from spin  productstransFC=NH (—37.6 kcal/mol relative to reactants).
contamination. Of course, on the real MP2 PES (unprojected A second pathway, corresponding to fluorine abstraction to give
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Figure 6. B3LYP/cc-PVTZ (top) and QCISD/6-31G(d) (bottom)

profiles for the entrance channel of the*S+ CH,F (2A’) reaction
as a function of the EN distance (in A).

1.4

transHC*=NH, results in a much more unstable produe20.0
kcal/mol) and even a higher barriér%5; 34.9 kcal/mol relative
to 12). The TS5 structure was not located at the B3LYP level.
Finally, a third possibility is the elimination of the hydrogen
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13" structure is directly connected with, the MP2I3 structure
is not).

H.C°N°F (14) may further evolve through hydrogen abstrac-
tion to the less stable products-H*C=NF (13.3 kcal/mol above
the reactants), involving also a high barri@rSQ, 46.3 kcal/
mol). It should be mentioned that at the B3LYP level tiens
H*C=NF isomer is obtained instead of this-H*C=NF isomer.

At this latter level,l4 may suffer fluorine elimination to give
H,C=N* + F, through a process which proceeds without any
barrier (see Figure 5). As mentioned above, the same process
at the MP2 level involves a quite small barrig@iS8; 1.8 kcal/

mol abovel4) and a weakly bound complex3)).

From the energy results collected in Table 1 and Figures 4
and 5, it is clear that there are two products which are
thermodynamically favored, namely, HEQI* + H* andtrans
FC=NH + H°. In these two products, the fluorine atom is
retained bonded to carbon, whereas a hydrogen atom is
eliminated. Those products corresponding to abstraction of
fluorine, transHC*=NH + F* and HC=N* + F, are still
exothermic, but they are about-20 kcal/mol higher than the
most favored ones. Finally, production cis-HC*=NF + H°,
with fluorine bonded to the nitrogen atom, is endothermic and
consequently clearly disfavored. Calculations [G2, B3LYP/CBS
and CCSD(T) levels] suggest that the thermodynamically
favored product is HFEN* (by 1.8-3.3 kcal/mol), although
MP2/CBS slightly favorsransFC=NH. All the theoretical
levels agree, in general, that the production of H#C + H*
should be kinetically favored, sinCES1 lies below bothTS3
(about 8.1-9.3 kcal/mol, depending on the level of calculation)
and TS2 (about 3.4-9.5 kcal/mol).TS8 in channel c results
slightly lower in energy at the B3LYP/CBS level (by only 0.4
kcal/mol; see Figure 5), but it is clearly higher in energy at the
CCSD(T)//B3LYP level.

To lend further support to our conclusions, we have carried

atom bonded to nitrogen, which represents a second way ofout additional calculations for the more important channels,

obtaining the HFEN-" radical through a high energetic barrier
of 26.5 kcal/mol TS6).

We shall finally comment the pathways involving isomer-
ization of 11 into 14 through fluorine migration (channel c in

namely, formation of HFCNiransFCNH, and HCN. To this

end, we have carried out QCISD/6-31G(d,p) optimizations of
the different products, intermediates, and transition states
involved in those channels, followed by single-point calculations

Figure 4). This process is not easy to follow, since a gradual t0 refine the electronic energy at the QCISD(T)/cc-pVTZ level.

separation of the fluorine atom might involve weakly bound

van der Waals structures whose characterization is not trivial.

At the B3LYP level (see Figure 5), migration of fluorine atom
toward nitrogen TS7) first results in an intermediatd3’,
characterized by a long\F distance and a wide-eN—F angle

QCISD' stands for quadratic configuration interaction with

single and double substitutions, whereas (T) means a pertur-
bative treatment of triple substitutions. QCISD should be less
sensible to spin contamination than MP2, and although strictly
speaking it is a single-reference method, QCISD should also

(see Figure 2). This intermediate is connected with the more Perform better if the system under study has a moderate

stable structuré through another transition stafES8, which

multiconfigurational charactéf.In general, as can be seen in

is also rather close in energy (spin contamination is responsible Table 1, the QCISD/6-31G(d,p) results are not far from the MP2

for the slightly greater stability of S8 with respect td4 shown

in Figure 5). At the MP2 level, we were unsuccessful in finding
any transition state similar tdS7. We should recall that in
that region of the triplet PES the transition structii®2 was

ones obtained with the same basis set, whereas the QCISD(T)/
cc-pVTZ relative energies are in most cases halfway between
the MP2 ones and the G2 values. Nevertheless, it is interesting
to point out that extrapolated MP2/CBS relative energies are in

located at the MP2 level (see description of channel a above).general much closer to the reference G2 values than the QCISD-
Therefore, in the case of the MP2 surface, it seems that the(T)//QCISD ones.

first fluorine abstraction might take place (throug82) without
any significant barrier but its endothermicity. The fluorine atom
may then recombine with #=N-" to form I3 (different from

the I3’ structure located at the B3LYP level; see Figure 2 and
Figure 5), which transforms intg} throughTS8 (see Figure
4). Although this description of the process is certainly different
from that in the case of the B3LYP PES, there is in fact little
difference from a practical point of view (compare the B3LYP
1 —TS7— 13" —TS8— 14 and MP2I1 — TS2— H,C=N"*

+ P — I3 — TS8— 14 routes in Scheme 1; while the B3LYP

Another interesting question is the validity of the G2 method
for predicting relative energies for transition states, since there
is no calibration of G2 for predicting energy barriers. For that
purpose, we have carried out &3alculations for selected
transition states (those whose relative energy ordering is
important for the conclusions of the work), namely, TS1, TS2,
TS3, and TS8. The results are also shown (in parentheses) in
Table 1. As can be seen the G3 results, which are highly reliable
for TS’s, virtually match the G2 ones, the largest discrepancy
being just 0.7 kcal/mol. Most important, the relative energy
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ordering of these transition states is exactly the same obtainedthermodynamically nor kinetically. In particular, further frag-

at the G2 level, giving further support to the validity of estimated
G2 reaction barriers for the reaction under study.

It should be mentioned that the possible formation of=HC
N + FH or FG=N + H, has not been considered in Scheme 1

mentation to produce either BEN or HC=N has a low

exothermicity and is subject in all cases to high energy barriers.
We may compare our results for the®S8f+ CH,F reaction

with those obtained for the reaction of nitrogen atoms with

and Figures 4 and 5 since it would imply one of the molecules methyl radicals. In the case of the48) + CHjs reaction, both
to be in a triplet state, thus giving rise to rather endothermic experimental and theoreticalworks agree in that the major
channels. However, we have considered the possibility of further product is HCN+H. The theoretical study by Gonzalez and

evolution of the primarily formed products. Thus, in Figures 4

Schlegel suggests that the reaction proceeds through the direct

and 5 (as well as in Scheme 1), the energy profiles for the formation of an intermediate, similar té, which lies about 62

possible evolution of HFEN* (channel d),transHC*=NH
(channel e), anctisHC=NF (channel f) are represented.

kcal/mol below the reactants at the PMP4 level (our G2 value
for 11 is —69.7 kcal/mol). Therefore, there is a certain

Subsequent fragmentation processes which can take placecoincidence in the basic mechanistic aspects (adeitdimina-

through a second elimination of either hydrogen or fluorine

tion reaction; relatively stable intermediate), as well as in the

atoms are also shown. It should be pointed out that we havepredicted main product, HFCH H, which implies elimination
added to the energy of the different transition structures in of a hydrogen atom from the intermediate. Nevertheless, it is
Figures 4b and 5b and Table 1 the energy of the previously interesting to point out the preference for a product incorporating

eliminated fragment. In that way, we are evaluating their

the fluorine atom in the case of the reaction with EHwhich

energies relative to the initial reactants, and therefore, a directis also reflected in the fact that the second most favorable

comparison with the first part of Figures 4 and 5 is feasible.
The two most stable initial products of the 48§ + CH,F-

(2A") reaction, namely, HFEN* andtransFC=NH, may be

connected through a transition stafeS(0) which is nearly

isoenergetic with the reactants and therefore implies a consider-

able kinetic barrier (about 40 kcal/mol). Further isomerization
of transFC=NH into cisFC=NH involves a transition
structure TS11) that lies 9.8 kcal/mol above the reactants.
Fragmentation of a second hydrogen atom frosFC=NH

is also subject to a considerable barrie6L2 about 40 kcal/
mol). Finally, fragmentation of HFEN®, through elimination

of a second hydrogen atonT$13), involves a high barrier

product istransFCNH + H, instead of HCN + F.

Conclusions

A theoretical study of the triplet potential energy surface for
the reaction of ground-state nitrogen atoms with the fluorinated
methyl radical has been carried out. The reaction proceeds via
a typical addition-elimination mechanism, where initially an
intermediate {NCH,F), which is relatively stable, is formed
upon interaction of nitrogen with the radical through the carbon
atom. Bearing in mind the energies of all the species appearing
in Scheme 1, it is clear that there are two preferred products

(about 42 kcal/mol), whereas the most favorable process for from the thermodynamic viewpoint which imply elimination

HFC=N* seems to be fragmentation into B®G! + F, since
the corresponding transition structure lies slightly below the
reactantsT1S14 —6 kcal/mol). At the B3LYP level, fragmenta-
tion of fluorine is a direct process, and therefof&§14 is not

of a hydrogen atomtransFC=NH and HFG=N°, the latter
one being slightly more stable. Other possible products, such
as HC=N* andtransHC*=NH, are also exothermic but less
stable, whereasissHC*=NF is even clearly endothermic. From

present on the corresponding PES. Nevertheless, this is not arthe kinetic viewpoint, botiransFC=NH and HFCG=N* are

important difference, sinc&S14 lies only slightly higher in

obtained through pathways involving transition structures which

energy (about 3 kcal/mol) than the final products at the MP2/ clearly lie below the reactants. However, HER* should be

CBS level (at the G2 level, it is predicted to be even lower in
energy than H&N + H* + F).

The next primary product in stability order is,&=N".
Elimination of a hydrogen atom results in B, a process
involving a transition structureTS15 which lies somewhat

the preferred product since the barrier relative to the intermediate
*NCHyF is much smaller than the corresponding barrier
involved in the production ofranssFC=NH. Our study also
reveals that further evolution of the primary products, via
subsequent elimination of hydrogen or fluorine atoms or via

higher in energy than reactants (1.2 kcal/mol). Isomerization '€arrangement into other isomeric species, is not likely, since

between HC=N* andtranssHC*=NH is subject to a high barrier

all these processes are much less exothermic and involve

(TS16 15.4 kcal/mol above reactants), and therefore, it is quite considerable kinetic barriers.

unlikely to occur. As expected, isomerization between the trans

and cis isomers of HE=NH involves a much smaller barrier
(TS17 about 15 kcal/mol). Nevertheless, the primary product,
transHC=NH, is more stable than the cis isomer. Further
fragmentation otissHC*=NH produces again HEN through

a transition statel(S18) which implies a relatively high barrier
of about 21 kcal/mol.

Finally, both isomers of HE=NF as well as the transition
structures for their isomerizatioif$19 not present on the
B3LYP PES) and for fluorine eliminationT§20), the latter
passing through a weakly bound structure==I&--F* (15) to
give HC=N, are quite close in energy. All these species are

much higher in energy than the reactants (more than 10 kcal/

mol at the G2 level in all cases).

The main conclusion from Figures 4b and 5b is that further
evolution of the primary products of the 1)) + CH,F(?A")
reaction is quite unlikely, since it is not favored neither

From the methodological viewpoint, the geometries computed
with MP2 and B3LYP methods agree within 0.02 A (bond
distances) and°3(angles). Concerning the performance of the
different methods employed in the present work to estimate the
energies of the structures involved, it seems that MP2/CBS
might be a reasonable compromise between quality of results
and computational cost, since it usually provides relative
energies in good agreement with G2. On the other hand, B3LYP
consistently provides energy values appreciably lower than those
of G2, especially for some transition structures. Nevertheless,
the relative ordering of the different species is virtually the same
as that provided by MP2/CBS or G2.
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