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The reaction of CF2(a3B1) with NO(X2Π) was theoretically investigated using the B3LYP, MP2, CCSD(T),
G2M, CASSCF, and CASPT2 quantum chemical methods with various basis sets including 6-31G(d), 6-311G-
(d), 6-311+G(3df), cc-pVDZ, and cc-pVTZ. In agreement with the experimental kinetic data, the CF2(a3B1)
+ NO(X2Π) reaction is found to proceed via a fast, barrier-free combination. This process, occurring on the
doublet potential energy surface, leads to the electronically excited adduct F2C-NO(22A′′), which readily
undergoes a surface hopping to the 12A′ electronic surface, with a Landau-Zener transition probability
estimated to be close to 90% per C-N vibration. The metastable adduct F2C-NO(12A′) can then either
spontaneously decompose into CF2(X1A1) + NO(X2Π) in a direct chemical quenching mechanism or relax
to its ground-state equilibrium structure F2CNO(X2A′). The product distribution resulting from the latter,
chemically activated intermediate was evaluated by solution of the master equation (ME), under different
reaction conditions, using the exact stochastic simulation method; microcanonical rate constants were computed
using Rice-Ramsperger-Kassel-Marcus (RRKM) theory, based on the potential energy surfaces (PESs)
constructed using both G2M and CASPT2 methods. The RRKM/ME analysis reveals that the hot F2CNO-
(X2A′) rapidly fragments almost exclusively to the same products as above, CF2(X1A1) + NO(X2Π), which
amounts to an indirect chemical quenching mechanism. The reaction on the quartet PES is unlikely to be
significant except at very high temperatures. The high crossing probability (up to 90%) between the two
“avoided” doublet PESs points out the inherent difficulty in treating chemically activated reactions with fast-
moving nuclei within the Born-Oppenheimer approximation.

I. Introduction

Whereas methylene (CH2), the simplest carbene, has a triplet
electronic ground state with a singlet-triplet energy gap of 9
kcal mol-1,1 difluoromethylene (CF2) has a closed-shell singlet
electronic ground state1A1 that2,3 lies 56.6 kcal mol-1 lower in
energy than the triplet excited state3B1. This is due to the strong
stabilization of the fluorocarbene through pπ back-donation,
rendering the singlet state almost unreactive.4 The triplet state,
however, is not only much more reactive, but with a radiative
lifetime of about 1 s,5,6 it is expected to play a significant role
in the chemistry of fluorocarbon etching plasmas, used in the
production of integrated circuits. Recent calculations by Ten-
nyson et al.7 on the e+ CF2 collision revealed rather large cross
sections of up to 1× 10-20 m2 at 6 eV, indicating that
considerable concentrations of CF2(a3B1) could be built up in a
fluorocarbon plasma. In this context, a detailed understanding
of the gas-phase reaction mechanisms and kinetics of the
metastable species CF2(a3B1) is required to further optimize the
etching process.

In our previous experiments,8 CF2(a3B1) radicals were gener-
ated by pulsed laser photolysis of C2F4(X1Ag) at 193 nm. The
overall thermal rate constants of the CF2(a3B1) reactions with
NO and H2 were measured over the 287-600 K temperature
range. The measured rate coefficient of (9.7( 2.5) ×
10-12exp[+(545 ( 80) K/T] cm3 s-1 for the CF2(a3B1) + NO
reaction8 shows the reaction to be very fast and to have a marked
negative temperature dependence, indicating that the initial

reaction step is a barrierless addition process. For the reaction
of CF2(a3B1) + H2,8 only an upper limit rate constant ofk e 3
× 10-14 cm3 s-1 could be established,8a and this was demon-
strated to result mainly from a hydrogen abstraction of H2 by
triplet CF2 giving CF2H + H.8b Although overall thermal rate
coefficients could be measured with good accuracy and the
absolute values and temperature dependence provided some
indication of the reaction mechanisms involved,8a experimental
evaluation of the product distribution is a far more difficult task.
In such a case, quantum chemical (QC) calculations, in
combination with the Rice-Ramsperger-Kassel-Marcus
(RRKM) rate theory, are most helpful tools to unravel the
underlying reaction processes and to obtain quantitative infor-
mation on the product distribution.

In this work, the CF2(a3B1) + NO reaction, which has not
yet been studied theoretically as far as we are aware, was
investigated in depth. Note that the analogous CH2(X3B1) +
NO reaction, which plays an important role in the NOx reburning
processes for the reduction of NO emissions in hydrocarbon
combustion, has been theoretically and experimentally studied
in detail.9-11

II. Theoretical Methods

II.1. Quantum Chemical Calculations. Local minima and
transition structures (TSs) on the potential energy surfaces
(PESs) were initially optimized using density functional theory
with the hybrid B3LYP functional12 in conjunction with the
6-31G(d) basis set (here, only the five “pure-d” basis functions
were used). The unrestricted formalism (UHF, UB3LYP) was
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used for open-shell species. Analytical harmonic vibration
frequencies were then computed at this level to verify the
character of the stationary points located (one imaginary
frequency for a TS and all real frequencies for a minimum).
Zero-point energies (ZPEs), scaled13 by a factor of 0.9806, were
used to correct the relative energies. Geometries of the relevant
stationary points were re-optimized using the same B3LYP
method but with the larger 6-311+G(3df) basis set. Where
necessary, vibrational analysis and intrinsic reaction coordinate
(IRC) calculations were undertaken at the latter level to establish
the correct connections between the reaction intermediates. To
obtain more accurate relative energies, the coupled-cluster theory
CCSD(T) method,14 in combination with the 6-311G(d) basis
set, was also used to compute single-point electronic energies
based on the B3LYP/6-311+G(3df)-optimized geometries.
Direct CCSD(T)/6-311+G(3df) calculations for the systems
under consideration could not be carried out because of the limits
of our computational resources. Therefore, approximate CCSD-
(T)/6-311+G(3df) energies were evaluated using an additivity
scheme based on the MP2 energies.15 In this additivity ap-
proximation, known as the G2M method,16 the total energy of
a molecular system is computed as follows

where B3LYPL stands here for the geometries at the B3LYP/
6-311+G(3df) level. It was shown16 that the G2M relative

energies approach those derived from full CCSD(T)/6-311+G-
(3df) computations and can reproduce several molecular proper-
ties such as heats of formation, ionization energies, electron
affinities, and reaction enthalpies within a chemical accuracy
of 2 kcal mol-1 for a large series of small molecules.17 The
relative energies obtained at the G2M and B3LYP levels are
comparable (see Table 1). However, where experimental data
are available, the G2M values are found to be in closer
agreement with experiment.

Some stationary points in this reaction system have wave-
functions strongly perturbed by spin-contamination effects in
the unrestricted UHF formalism and/or have T1 diagnostic
values much larger than 0.02 in the CCSD calculations, which
is the recommended safe limit.18 The wavefunctions of these
structures are likely to exhibit a multireference character or near-
degeneracy. In this case, the multireference CASSCF method,
in combination with the correlation-consistent cc-pVDZ basis
set, was used to re-optimize geometries, and analytical Hessian
calculations were also performed. Active spaces for the [CF2-
NO] system were chosen as 11 electrons distributed in 11 active
orbitals, denoted as CASSCF(11,11). The active electrons
chosen for the [CF2NO] system include twoσ(C-F), two σ-
(C-N), two σ(N-O), two lone pairs of O, two lone pairs of N,
and one unpaired electron at C. These active spaces appear to
be efficient and flexible enough to describe the different
isomerization or dissociation processes involved. The most
important configuration coefficients in the wavefunction for a
considered species in the CASSCF(11,11) calculations are given
in the Supporting Information. It should be noted here that, for

TABLE 1: Calculated Total and Zero-Point Energies (hartree) and Relative Energy (kcal mol-1) Using the B3LYP/
6-311+G(3df) and G2M Levels of Theory

total energy relative energy

species B3LYPa G2M ZPEb B3LYPa G2M expc

CF2(a3B1) + NO(X2∏) -367.64672 -367.02731 0.01134 0.0 0.0 0.0
CF2(X1A1) + NO(X2∏) -367.73046 -367.11712 0.01151 -52.4 -56.4 -54 ( 2.9e

-56.6g

N(4S) + F2CO(X1A1) -367.73876 -367.13223 0.01414 -56.0 -65.8 -67 ( 2.9
N(2D) + F2CO(X1A1) -367.63832 -367.03246 0.01414 7.0 -3.2
F(2P) + FCON(1A′) -367.51218 0.01054 83.9
F(2P) + FCON(3A′′) -367.55657 0.01033 55.9
F(2P) + FCNO(1A′) -367.63165 0.01347 10.8
F(2P) + c-FCNO(1A′) -367.64596 0.01325 1.7
F(2P) + FNCO(1A′) -367.67773 -367.05369 0.01344 -18.2 -16.6
F2N(2B1) + CO(X1Σg) -367.72459 -367.10729 0.01109 -49.0 -50.2 -49.8( 1.5
FN(X3Σg) + FCO(X2A′) -367.68051 -367.05726 0.01097 -21.4 -18.8
O(3P) + F2CN(X2B2) -367.65345 -367.03450 0.01313 -3.1 -4.5
Iso1: F2CNO(4A) -367.70790 -367.07533 0.01603 -35.5 -30.1
Iso2: F2CON(4A) -367.69136 -367.06583 0.01522 -25.6 -24.2
Iso3a: F2CNO(X2A′) -367.78036 -367.14786 0.01733 -80.2 -75.6
Iso3b: F2CNO(2A′′) -367.76820 -367.13760 0.01750 -72.4 -69.2
Iso4: c-F2CNO(X2A′′) -367.77383 -367.15466 0.01728 -76.1 -79.9
Iso5: OdC(F)NF(X2A′′) -367.78070 -367.15436 0.01678 -80.7 -79.7
Iso6: F2NCO(2A) -367.68867 -367.06263 0.01475 -24.2 -22.2
Iso7a: F2CON(2A) -367.70034 0.01526 -31.2 -31.5f

Iso7b: F2CON(2A′′) -367.66758 -367.03756 0.01558 -10.5 -6.4
TS1(4A′′) 1.3d

TS2(4A) -367.64157 -367.01119 0.01229 3.8 10.1
TS3(4A′′) -367.65097 -367.01708 0.01344 -1.4 6.4
TS4(4A′′) -367.66377 -367.03728 0.01291 -9.7 -6.3
TS5(2A) -367.72971 -367.10721 0.01284 -51.2 -50.1
TS6(2A) -367.72986 -367.10480 0.01579 -49.4 -48.6
TS7(2A) -367.68787 0.01446 -23.9 -24.2f

TS8(2A) -367.68077 -367.04572 0.01407 -19.7 -11.6
TS9(2A) -367.68735 0.01328 -24.3 -24.2f

TS10(2A) -367.68744 -367.06411 0.01317 -24.4 -23.1

a At the B3LYP/6-311+G(3df) level of theory.b Calculated at the B3LYP/6-31G(d5d) level of theory and unscaled.c http://srdata.nist.gov/cccbdb/
. d Based on the MP2/6-311+G(d)-optimized geometry.e Platz et al.44 f Relative energy as compared to Iso3a F2CNO(X2A′). g Koda2 and Mckellar
et al.3

E(G2M) ) E[CCSD(T)/6-311G(d)//B3LYPL] +
{E[MP2/6-311+G(3df)//B3LYPL] - E[MP2/6-311G(d)//

B3LYPL]} + 0.9806× ZPE[B3LYP/6-31G(d)]
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the stationary points for which the HF wavefunction is
dominated by a single configuration, the CCSD(T) energies are
the preferred choice over the CASPT2 calculations. To include
dynamic correlations, the CASPT2/cc-pVTZ method19 with the
same active spaces was employed to compute energies based
on the CASSCF(11,11) reference wavefunctions.

To investigate the entrance channel of addition of CF2(a3B1)
onto the N atom of NO occurring on the doublet surfaces, state-
averaged CASSCF(11,11) calculations for the two lower-lying
electronic states, 12A′′ and 22A′′ (or 12A′ and 22A′), were first
used to obtain the optimized geometries at each fixed C-N bond
distance under the constraint of aCs symmetry, followed directly
by single-point calculations using the CASPT2 method for the
two distinct electronic states 12A′′ and 22A′′ (or 12A′ and 22A′),
in order to refine the potential energy curves. Finally, the PESs
for the reaction considered were constructed using the G2M//
B3LYP/6-311+G(3df) and CASPT2/cc-pVTZ//CASSCF/cc-
pVDZ relative energies. The B3LYP, MP2, and CCSD(T)
calculations were performed using the Gaussian 03 package,20

the CASSCF geometries and vibrational frequencies were
computed using the DALTON program,21 and the MOLPRO
2002 package22 was used for the scanning CASSCF and
CASPT2 calculations. All energies, optimized geometries, zero-
point vibrational energies, and rotational constants of all species
considered in this article are provided in the Supporting
Information

II.2. RRKM/Master Equation Calculations. The G2M//
B3LYP/6-311+G(3df) and CASPT2//CASSCF relative energies
and the B3LYP/6-311+G(3df) and CASSCF(11,11)/cc-pVDZ
harmonic vibrational frequencies obtained above were then used
for kinetic analyses. According to the statistical RRKM theory
of unimolecular reaction rates,23-27 the microcanonical rate
constant,k(E), can be expressed as

where R is the reaction pathway degeneracy,h is Planck’s
constant,Gq(E - Eq) is the sum of vibrational states of the
transition structure counted for energies from 0 toE - Eq, and
F(E) is the density of vibrational states for a reactant molecule
with internal energyE. Gq(E - Eq) andF(E) were counted with
a grain size of 1 cm-1 using the Beyer-Swinehart-Stein-
Rabinovith algorithm.28

The product distribution for the CF2(a3B1) + NO reaction
was obtained by solving the energy-grained master equation
under various conditions [P(He) ) 1-20 Torr or 1 atm,T )
298-600 K], including those of the experimental studies.8 The
Lennard-Jones collision parameters for the bath gas He areσ-
(He) ) 2.55 Å andε/kB(He) ) 10 K.29 Because no collision
parameters of [CF2NO] are available in the literature, the values
σ(CF2NO) ) 4.4 Å andε/kB(CF2NO) ) 166 K were estimated
based on those of CF4.29 Troe’s biexponential model30 was used
for the energy-transfer process, in which an average energy
transferred per collision,<∆E>all, of -130 cm-1 was adopted.29

The probability density function of the energy distribution of
formation of the initial adduct was derived by temporarily
considering thermodynamic equilibrium between the initial
reactants, CF2(3B1) + NO, and the nascent adduct,Iso3a, CF2-
NO. Even at a pressure of 1 atm, the collisional stabilization
rates of the chemically activated intermediates involved, with
nascent internal energies from∼20 to over 70 kcal/mol, are at
most∼3 × 108 s-1, i.e., many orders of magnitude below the
computed (1-10) × 1012 s-1 microcanonical rates of their

dominant unimolecular dissociation reactions (see the next
section). In addition, gas temperatures in low-pressure fluoro-
carbon plasmas are generally low (400-600 K), such that an
approximation of collision-free conditions and low reactant
energies (as in molecular beam experiments) is valid in this
case. Therefore, the product distributions for the title reaction
were studied under collision-free conditions as well. In addition
to various product branching ratios, thermal rate coefficients
can be extracted from a solution of the master equation. The
application of master equation methods to problems in gas-phase
chemical kinetics, such as combustion, atmospheric chemistry,
and chemical vapor deposition, has been discussed in detail in
two recent excellent reviews by Miller, Klippenstein, and co-
workers.31

In the energy-grained master equation for this application,
the maximum energy considered was 70000 cm-1 above that
of the lowest conformer (e.g., c-F2CNO), and a very small
energy band size of 10 cm-1 was chosen to ensure that the
density of states did not change within the band. A stochastic
simulation was used to solve the master equation following
Gillespie’s exact stochastic algorithm.32 To obtain product
distributions with high precision, a large number of stochastic
trials was chosen,∼107. Choice of a good uniformly distributed
random-number generator (RNG) is also very important in
stochastic simulations. In this application, various RNGs with
a very long period were chosen, including MRG32k3a recom-
mended by L’Ecuyer,33 RANLUX with a luxury level of 4 by
James and Luscher,34 and MT19937 by Matsumoto et al.35 The
results obtained were in excellent agreement with each other.
A detailed explanation on the stochastic solution of the master
equation was given previously,36 and our implementation was
described in a recent work.37 It is worth noting here that another
ESM implementation is also available in the literature, the
MultiWell program suite developed by Barker.38 In addition to
the ESM approach, solution of master equation can be gained
using deterministic techniques. Some software packages avail-
able employing these techniques are ChemRate,39 Unimol,40 and
VariFlex.41

III. Results and Discussion

Coupling between the triplet excited CF2 and the doublet NO
can generate chemically activated adducts that have total spin
states42 of 1/2 or 3/2. As such, the CF2(a3B1) + NO reaction could,
in principle, proceed on both quartet and doublet electronic state
PESs.

III.1. Quartet PES. The quartet electronic PES for the CF2-
(a3B1) + NO reaction was constructed and is schematically
presented in Figure 1. In the first reaction step, addition of CF2-
(a3B1) to the N end of NO faces an energy barrier of 1.3 kcal
mol-1 to form F2CNO(4A′′), Iso1, via TS1. TS1 does not exist
at the B3LYP level, but was located at the MP2/6-311+G(d)
level. To check the existence ofTS1at a higher level of theory,
we carried out IRC calculations using the MP2 method and then
computed single-point electronic energies at the CCSD(T)/6-
311G(d) level. The results plotted in Figure 2 verify thatTS1
really exists. The F2CNO, Iso1, then decomposes viaTS3 with
a barrier height of 36.5 kcal mol-1, leading to O(3P) + F2CN.
TS3 lies 5.1 kcal mol-1 aboveTS1and is geometrically tighter.
As a result, redissociation ofIso1 back to the initial reactants
is expected to be favored over its decomposition to O(3P) +
F2CN. To evaluate the ratio of the fractions of the products CF2-
(a3B1) + NO and O(X3P) + F2CN as a function of temperature,
we solved the master equation (atP ) 20 Torr). The results
presented in Figure 3 show that, even at 1000 K, the yield of

k(E) ) R
h

Gq(E - Eq)

F(E)
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redissociation back to the reactants [CF2(a3B1) + NO] is still
about 200 times larger than the yield of decomposition to O(3P)
+ F2CN. As a result, the latter reaction channel is apparently
not important under relevant reaction conditions.

The CF2(a3B1) carbene can attack the O end of NO via TS2,
leading to F2CON(4A), Iso2. This step must overcome a barrier
of 10.1 kcal mol-1. Iso2 then decomposes rapidly to yield the
most exothermic products, N(4S) + F2CO, via the lower-lying
TS4 with a barrier height of 17.9 kcal mol-1. However,TS2
lies 8.8 kcal mol-1 aboveTS1and is also geometrically tighter.

Kinetic calculations using TST theory23-27 show that (see Figure
3), at 1000 K, the rate of the entrance reaction channel viaTS2
is about 160 times lower than that viaTS1. As a consequence,
the former path cannot efficiently compete with the latter at
relevant temperatures.

In summary, although the CF2(a3B1) + NO reaction can occur
on the quartet PES, the initial addition step needs to overcome
a non-negligible energy barrier, and furthermore, the subsequent
decomposition of F2CNO(4A′′), Iso1, to the final products O(3P)
+ F2CN is energetically much less favorable than its redisso-
ciation back into the reactants. As a result, the reaction
proceeding on the quartet surface is not expected to contribute
significantly to the overall rate. Therefore, N(4S) + F2CO are
unlikely to be formed even though they are, thermodynamically,
the most favorable products.

III.2. Doublet PES. The combination of triplet excited CF2

with NO, under imposedCs minimum symmetry, occurs on two
higher-lying excited doublet electronic PESs (22A′′ and 22A′),
whereas the reaction of singlet ground-state CF2 with NO takes
place on two low-lying doublet electronic states (12A′′ and 12A′).
First, to estimate the energies of these ground and excited states
as a function of the distancer(C-N), scanning calculations using
multireference methods such as CASPT2 and CASSCF are
necessary, even though the accuracy of these levels is limited
because one has to resort to state-averaged wavefunctions.
Second, the complexity of the system of energy surfaces forced
us to impose theCs point group as minimum symmetry, so as
to limit the number of states for a given wavefunction symmetry;
if the C1 point group were allowed, one would be faced with
four different electronic states, but it proved rather difficult to
construct the higher-lying states without symmetry. The higher
states could, in principle, be calculated as the higher roots of
the CASSCF wavefunctions, but the identity of the states
considered could not be determined appropriately, and this
unavoidably results in even larger errors on the energies. The
IRCMax(CASPT2/CASSCF) calculations presented in Figure
4 show that the interaction of triplet CF2(a3B1) with NO gives
rise to an attractive 22A′′ F2CNO surface and a repulsive 22A′
surface. That this reaction can occur on an attractive surface
(22A′′) is fully consistent with the high rate coefficient and the
negative temperature dependence observed by us.8 The com-

Figure 1. Quartet electronic state PES of the CF2(a3B1) + NO(X2Π)
reaction constructed using the G2M relative energies.

Figure 2. Minimum-energy pathway computed at the MP2/6-311+G-
(d) and CCSD(T)/6-311G(d) levels of theory for the channel CF2(a3B1)
+ NO(X2Π) f F2CNO(4A′′).

Figure 3. CF2(a3B1) + NO(X2Π) reaction on the quartet electronic
state PES: (O) rate constant ratio for the CF2(a3B1) + NO entrance
channels versus temperature, (9) yield ratio of the (re-)decomposition
channels of F2CNO(4A′′) versus temperature.
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bination of singlet ground-state CF2 with NO, on the other hand,
can proceed only on the (low-lying) repulsive surfaces 12A′′
and 12A′.

The CASPT2/CASSCF(11,11) results displayed in Figure 4
can be interpreted as follows:

(i) The upper and lower2A′′ surfaces underCs symmetry
result, in fact, from an avoided crossing imposed by the Born-
Oppenheimer (B-O) approximation, as illustrated by Scheme
1. The B-O-allowed intersecting curves (dashed lines) sche-
matically represent the2A2-state bonding interaction of triplet
CF2 with NO and the repulsive2B1-state antibonding interaction,
both under the higherC2V symmetry.

(ii) In the reaction of CF2(X1A1) with NO underCs symmetry
(CNO plane), there are no bonding interactions between theσ
lone pair of CF2(X1A1) and the half-occupiedπ valence orbital
of NO (see Chart 1, parts 1.6 and 1.7). Instead, there is a
repulsive interaction between theσ lone pairs of CF2(X1A1) and
NO, which leads to the purely repulsive 12A′′ and 12A′ surfaces.

(iii) Interaction of CF2(a3B1) with NO can occur on both the
22A′′ and 22A′ electronic surfaces (where the prefixes 1 and 2
refer to the successive electronic states, of the given symmetry,
in the B-O frame). In the 22A′′ state, there is a bonding
interaction of the unpaired pπ orbital of CF2 with the filled π
orbital of NO resulting in threeπ electrons delocalized over
three atoms (see Chart 1, part 1.4). As a result, the 22A′′ surface
is attractive. In the 22A′ state, there is a (weaker)π-bonding

overlap of the half-occupied (p)π orbitals of CF2(a3B1) and NO,
which is overridden by the stronger repulsion between the half-
occupiedσ orbital of CF2(a3B1) and the in-planeσ lone pair of
N (see Chart 1, part 1.5). Hence, the 22A′ surface is moderately
repulsive.

Therefore, as shown in Figure 4, the reaction of CF2(a3B1)
with NO first takes place on the 22A′′ attractive surface, leading
to the excited doublet adduct F2C-NO, which has an internal
energy of∼19 kcal mol-1 at the CASPT2/6-311G(d) level. The
equilibrium C-N bond distance in this adduct is about∼2.1
Å. Around the equilibrium position of this adduct (i.e., in the
harmonic-oscillator region), there is an extensive overlap of the
22A′′ and 12A′ B-O surfaces, the potential energy of the 22A′′
state being nearly equal to that of 12A′. At the high kinetic
energies of the nuclei involved heresthe potential energy of
the overlap region lying some 15 kcal mol-1 below the reactant
levelsthis should result in a high probability of a Landau-
Zener transition from the 22A′′ surfaceto the 12A′ surface. To
estimate this transition probability, we computed the energy gap
2a between these two states at the C-N bond distance of 2.1
Å for the CASSCF-optimized geometry of the 22A′′ state,
obtaining 2.5 kcal mol-1 at the CASPT2 level. The Landau-
Zener transition probabilityP is given by the expression43

wherea is one-half of the energy gap,a ) 1.25 kcal mol-1; u
is the relative velocity of the nuclei at the point of “intersection”,
u ≈ 3 × 105 cm s-1; and∆F is the difference in the potential
energy gradients of the two intersecting surfaces, estimated at
∆F ≈ 150 kcal mol-1 Å-1. We thus findP ) exp(-0.14) )
0.87; i.e., transition occurs at almost each C-N vibration.

The vibrating doublet F2C-NO adduct, once on the 12A′
electronic surface after transition from the 22A′′ surface, will
either elongate and thus spontaneously decompose into CF2-
(X1A1) + NO products in the direct “chemical quenching”
mechanism described above or contract and then relax to the
doublet F2CNO(X2A′) ground state, i.e., the F2CNO(12A′)
structure forr(C-N) ≈ 1.3 Å in Figure 4, denoted asIso3a in
Figure 5. However, the latter C-N contraction step faces a

Figure 4. IRCMax[CASPT2/CASSCF/6-311G(d)] calculations for the
entrance channels of the CF2(a3B1) + NO reaction on the 22A′′ and
22A′ (B-O) surfaces and for those of the CF2(X1A1) + NO reaction
on the 12A′′ and 12A′ (B-O) surfaces.

SCHEME 1

CHART 1

P ) exp(- 2πa2

∆Fpu)
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potential energy maximum that lies about 10 kcal/mol above
the crossing region (see Figure 4) and therefore appears less
favorable than the former. Another pathway for the initial F2-
CNO adduct that could lead indirectly toIso3a, F2CNO(X2A′),
might involve the B-O-allowed “conical” intersection of the
two 2A′′ surfaces along their higher-symmetryC2V cross section,
schematized by the dashed curves in Scheme 1, which represent
the attractiveC2V

2A2 and repulsiveC2V
2B1 states (see also Chart

1). The F2CNO(12A′′) structure that would result (denotedIso3b
in Figure 5) could then rapidly relax to the F2CNO(X2A′) ground
state by internal conversion. However, our IRCMax[CASPT2/
CASSCF/6-311G(d)] results (see Figure 4) show clearly that
the lowest-energy state of the initial, attractive F2C-NO adduct
is the lower-symmetryCs 22A′′ state rather than the higher-
symmetryC2V

2A2 state, such that the 22A′′ minimum, in fact,
lies lower in energy than theC2V

2A2 andC2V
2B1 intersection,

implying that the upper cone of Scheme 1 is strongly distorted,
with two deep sags, to the left and right of theC2V section. As
a result, the preferred minimum-energy pathways of the initial
adduct should not follow theC2V

2A2 curve and therefore also
miss the conical intersection with the repulsiveC2V

2B1 curve.
It should be stressed that, in the foregoing discussion, a

symmetry ofat least Cs was imposed in the vicinity of the
crossing points, because the energies for the minima (along the
C-N reaction coordinate) of theC1 energy surfaces could not
be evaluated. Although it is not possible to estimate the precise
consequences of relaxing this constraint, it should be noted that
all doubletC1 states are of the same species and therefore should
avoid mutual crossings under the B-O approximation.

Let us now consider the lowest-lying doublet electronic PES
for this reaction, which is schematically illustrated in Figure 5.
The F2CNO(Cs,X2A′), Iso3a, formedindirectly from the com-
bination of CF2(a3B1) with NO belongs to theCs point group

and lies 75.6 kcal mol-1 lower in energy than the reactants.
The 2A′′ excited electronic state of F2CNO, denoted asIso3b,
lies only 6.4 kcal mol-1 higher than the ground electronic state
Iso3a. Iso3b, if produced from the initial reactants, is expected
to immediately undergo an internal conversion intoIso3a. The
dominant fate ofIso3a is a facile C-N bond dissociation via
the loose, product-likeTS5(2A′), which lies only 25.5 kcal mol-1

aboveIso3a, to yield the low-energy products CF2(X1A1) +
NO. Thus, overall, this path results in chemical quenching of
CF2(a3B1) by NO. IRC calculations along the C-N reaction
coordinate were subsequently performed to determine the
variational microcanonical RRKM rate constant for a total
energy corresponding to the reactant limit (i.e., collision-free
conditions at 0 K). The results are plotted in Figure 6. The C-N
bond distance in TS5 is 2.2 Å at the B3LYP/6-311+G(3df) level
but 2.0 Å at the G2M level. RRKM calculations generate a
variational TS with a C-N distance of 1.8 Å. Concomitantly,
the “true” variational rate constant, of∼7 × 1012 s-1, is about
5 times less than that computed for the conventional maximum-
energy transition structure. Note that this variationalk(E) value
surpasses the rate of intramolecular vibrational relaxation (∼1012

s-1), such that the statistical RRKM theory should break down.
However, the F2C-NO dissociation process at issue does not
require any vibrational-energy redistribution, because the hot
Iso3aarises here by CF2(a3B1) + NO combination that should
activate precisely the C-N vibration mode of interest. As a
result, the statistical, variationalk(E) value of∼7 × 1012 s-1

should rather be a lower limit, with the C-N vibration frequency
of ∼3 × 1013 s-1 as upper limit.

A second possible pathway fromIso3a forms cyclic c-F2-
CNO (Iso4) via TS6 (27 kcal mol-1 aboveIso3a). TS6 has no
symmetry and is rather tight. At first sight, it is somewhat
surprising thatTS6 connects Iso3a(X2A′) to Iso4(X2A′′).
However, IRC calculations at the B3LYP/6-311+G(3df) level
confirmed this connection (cf. Figure 7). A similar conclusion
was obtained earlier for the CH2(X3B1) + NO reaction.11 This
is merely due to a change in the molecular plane.

Iso4can rearrange back toIso3avia TS6with a barrier height
of 31.3 kcal mol-1 or undergo a further ring-opening to form

Figure 5. Lowest-lying doublet electronic state PES of the CF2(a3B1)
+ NO(X2Π) reaction constructed using the G2M and CASPT2 relative
energies. The dotted line indicates that the CF2(a3B1) + NO f F2-
CNO(X2A′) entrance channel proceeds indirectly via the doublet excited
adduct F2CNO(22A′′) (see text).

Figure 6. Energy profile for the channel F2CNO(X2A′) f CF2(X1A1)
+ NO(X2Π) computed at the G2M level and profile of the variational
microcanonical rate constant at a total energy corresponding to the CF2-
(a3B1) + NO reactant limit. Note that only the minimum rate constant,
at the reaction bottleneck, of∼7 × 1012 s-1, has physical meaning.
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Iso7avia TS7, which lies 55.7 and 7.3 kcal mol-1 aboveIso4
and Iso7a, respectively, as calculated at the CASPT2 level of
theory. CASSCF calculations forTS7 resulted in three signifi-
cant configurations with different coefficients of-0.7, 0.5, and
0.4, indicating a multireference character. Isomerization ofIso4
to FC(dO)NF, Iso5, by concerted breaking of the N-O bond
and 1,2-F shift from C to N must proceed through the very
tight and high-energyTS8 (barrier of 68.3 kcal mol-1) and is
therefore unlikely to be of any importance. If formed at all,
Iso5can dissociate by breaking the C-N or C-F bond, leading
to FN(3Σg) + FCO or F(2P) + FNCO, respectively. We were
not successful in locating a transition structure for the alternative

rearrangement ofIso5 to F2NCO Iso6 by a 1,2-F shift from the
N atom to the C atom, which should be followed by spontaneous
fragmentation into F2N + CO.

F2CON(C1), Iso7a, lies 31.5 kcal mol-1 below the reactants
(CASPT2). It has a two-configuration wavefunction (coefficients
of -0.79 and 0.45) and could either go back toIso4 via TS7
or break the C-O bond to yield the products CF2(X1A1) + NO
via TS9, which lies 7.3 kcal mol-1 aboveIso7a. With a C-O
bond only 0.29 Å longer than that inIso7a, TS9 is an early
and reactant-like transition structure. Another conformer is
Iso7b(2A′′), with a long O-N distance of 1.6 Å, lying 3.2 kcal
mol-1 below N(2D) + F2CO, suggesting a weak complex by
loose combination of N(2D) and F2CO.

In summary, the CF2(a3B1) + NO reaction, proceeding
indirectly through the vibrationally excited intermediate F2CNO-
(X2A′), yields only CF2(X1A1) + NO as major products.
However, the decomposition of F2CNO(X2A′) to CF2(X1A1) +
NO can proceed either via simple C-N homolysis or via the
c-F2CNO and F2CON isomers in a more involved route. It is
interesting to quantitatively evaluate the competition between
these two channels. The reaction scheme for the kinetic analysis
is presented in Figure 8. The G2M and CASPT2/CASSCF(11,-
11) energies and CASSCF vibrational frequencies were used
to compute the microcanonical rate constants. The master
equation under various reaction conditions was solved using
the exact stochastic simulation method. The product distributions
were found to be pressure-independent (<100 atm), but
exhibited very slight changes as a function of temperature (cf.
Table 2). Therefore, the product distribution computed under
collision-free conditions atT ) 0 K appears to be valid in the
pressure and temperature ranges of interest. AtP ) 1 atm and
room temperature, the obtained product distribution shows that
dissociation of F2CNO by C-N homolysis viaTS5contributes
99.7% (as a lower limit; see above), whereas the remaining 0.3%
arises from decomposition involving intermediates.

It can thus be concluded that the CF2(a3B1) + NO reaction
almost exclusively yields CF2(X1A1) + NO as products via
chemical quenching paths.

IV. Conclusions

The fast CF2(a3B1) + NO reaction was theoretically studied
to elucidate the reaction mechanisms involved and to evaluate
the product distributions. Various quantum chemical methods
in conjunction with different basis sets were used to construct
PESs. On the basis of G2M and CASPT2 relative energies,
approximate Landau-Zener transition probabilities between
crucial “avoided-crossing” PESs were evaluated. Also, RRKM
microcanonical rate constants of relevant unimolecular reaction
steps were computed, and product distributions were estimated
by master equation analysis using the exact stochastic simulation

Figure 7. Minimum-energy pathway for the F2CNO(X2A′) f c-F2-
CNO(X2A′′) step computed at the B3LYP/6-311+G(3df) level of
theory.

TABLE 2: RRKM/ME-Computed Product Distribution (%) for the CF 2(a3B1) + NO(X2Π) Reaction Proceeding through the
Ground-State Doublet Equilibrium Structure F 2CNO(X2A′), Iso3a, under Various Reaction Conditions

reaction conditions
collisionally

stabilized F2CNO
CF2(X1A1) + NO(X2∏)

from direct F2CNO* dissociationa
CF2(X1A1) + NO(X2∏)

from F2CNO* through the F2CON* isomer

T ) 0 K, P ) 0 Torr 0 99.76 0.24
T ) 298 K,P ) 0 Torr 0 99.71 0.29
T ) 298 K,P ) 1 Torr 0 99.71 0.29
T ) 298 K,P ) 20 Torr 0 99.71 0.29
T ) 298 K,P ) 760 Torr 0 99.71 0.29
T ) 600 K,P ) 0 Torr 0 99.59 0.41
T ) 600 K,P ) 1 Torr 0 99.59 0.41
T ) 600 K,P ) 20 Torr 0 99.59 0.41
T ) 600 K,P ) 760 Torr 0 99.59 0.41

a As lower limits; see text.

Figure 8. Kinetic scheme used for RRKM/ME calculations for the
CF2(a3B1) + NO reaction occurring on the lowest-lying doublet
electronic state PES.
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method. The main results emerging from this study can be
summarized as follows:

(1) The CF2(a3B1) + NO reaction on the two quartet energy
surfaces,4A and 4A′′, is negligibly slow at moderate tempera-
tures because either the initial addition step (4A surface) or the
subsequent decomposition step (4A′′ surface) faces substantial
effective energy barriers, of∼10 and∼6 kcal mol-1, respec-
tively.

(2) On the other hand, CF2(a3B1) and NO rapidly combine
on the barrier-free, attractive 22A′′ doublet energy surface to
form the electronically excited adduct F2CNO(22A′′). The
resulting high relative F2C-NO velocity at the 22A′′ energy
minimum together with the close proximity (∼2.5 kcal mol-1)
there of the lower-lying repulsive 12A′ surface, give rise to a
high Landau-Zener 22A′′ f 12A′ transition probability of about
90% at each avoided-crossing C-N vibration. Given that the
repulsive F2CNO(12A′) state connects to the ground-state
products CF2(X1A1) + NO(2Π), a major, if not dominant, CF2-
(a3B1) + NO reaction channel is therefore expected to be fast
direct chemical quenching CF2(a3B1 f X1A1) by NO.

(3) In an alternative route, the F2CNO(12A′) adduct can relax
to its ground-state equilibrium structure, F2CNO(X2A′). The
latter also rapidly produces CF2(X1A1) + NO, with a yield close
to unity, which amounts to indirect chemical quenching.

(4) Simultaneous physical quenching of electronically excited
CF2(a3B1) by collision with NO, directly leading to CF2(X1A1)
+ NO, might also occur. Yet, available experimental data5,6,8

clearly indicate that rates of physical quenching cannot match
the high reaction rate observed and theoretically rationalized
as fast chemical quenching.

(5) The most remarkable result obtained in this work is
perhaps a crossing probability of about 90% per vibration
between two avoided potential energy surfaces. This suggests
that, in the real world of chemically activated reactions, with
extremely fast-moving nuclei, the separation of energy surfaces
and the avoided crossing between them as a consequence of
the Born-Oppenheimer approximation lose their meaning for
specific cases.
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