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Abstract: The dynamics of the two unimolecular reactions that initiate the thermal decomposition of methyl
nitrite were investigated by direct dynamics calculations. The two decomposition pathways are (I) O-N bond
scission to form CH3O and NO and (II) concerted elimination through a four-center transition state to produce
CH2O and HNO. Structural data along the reaction paths were obtained from high-level ab initio methods.
Specifically, the elimination reaction path was achieved from MP2 results scaled so that the height of the
barrier coincided with the value given by QCISD(T)//QCISD calculations. The dissociation path was first
calculated at the CASSCF(8,8) level of theory and then scaled to reproduce the dissociation energy predicted
by QCISD(T)//CASSCF(8,8) computations. All the ab initio calculations were performed with the standard
6-311++G(d,p) basis set. Thermal rate constants were evaluated by canonical variational transition-state
theory (CVT). For the elimination process, tunneling was taken into account by using the approximations
zero curvature tunneling (ZCT) and small curvature tunneling (SCT). The overall agreement between the
calculated rate constants and the experimental ones reported in the literature is reasonably good. The calculations
indicate that the dissociation is remarkably faster than the elimination not only because the barrier height for
the O-N bond scission is lower than that for the elimination reaction but also because the former process is
entropically favored.

1. Introduction

The pyrolysis and photolysis of methyl nitrite (MeONO) has
been the focus of many investigations because it is a convenient
source of the methoxy radical, which is very important to
combustion and atmospheric chemistry. Early work on the
pyrolysis of MeONO by Steacie and Shaw1 suggested that the
cleavage of the CH3O-NO bond was the first step in the thermal
decomposition process. A second reaction then converted CH3O
to CH3OH and CH2O. Subsequent experimental studies,2-8

however, pointed out that the actual mechanism is much more
involved. In particular, He et al.8 proposed a mechanism
including as many as 16 elementary steps, with six of them
being considered as key reactions. Their detailed kinetic
modeling, aided by Rice-Ramsperger-Kassel-Marcus (RRKM)
calculations, afforded a quantitative description of the disap-
pearance of methyl nitrite and the formation of all major
products.

According to the accumulated experimental data, the overall
thermal decomposition of MeONO is basically initiated by the
aforementioned dissociation process:

Most of the proposed mechanisms also include one more
unimolecular decomposition channel that is believed to proceed
through a four-center transition state:

The O-N bond scission is markedly faster than the intramo-
lecular elimination reaction. The ratiokI/kII estimated experi-
mentally by Batt et al.6 in the temperature range 443-447 K is
10, and that computed from the rate constants reported by He
et al.8 is even greater.

In this paper, rate constants for the two competing channels
that initiate the thermal decomposition of MeONO (reactions I
and II) are evaluated by direct dynamics calculations; that is,
the dynamics calculations are based directly on the electronic
structure data without the intermediary of a fit. We begin with
an ab initio investigation carried out at high levels of theory so
as to obtain accurate data (energetics, frequencies, and reaction
paths) on these two reaction channels. Then we apply canonical
variational transition-state theory (CVT) with semiclassical
corrections for tunneling to compute thermal rate constants at
temperatures in the range 300-1500 K.

2. Methodology

2.1. Ab Initio Calculations. The geometries of the station-
ary points involved in the elimination reaction (reactant,
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products, and a four-center transition state) were initially fully
optimized with the GAUSSIAN94 package program9 using the
standard 6-311++G(d,p) basis set and the second-order Møller-
Plesset perturbation theory (MP2)10 to account for electronic
correlation energy. Then quadratic CI full optimizations includ-
ing single and double substitutions (QCISD),11 as well as single-
point QCISD(T) (a triples contribution to the energy is added)
calculations at the QCISD-optimized geometries were also
carried out, employing the above basis set, so as to improve
the energetic predictions. Normal-mode analyses were per-
formed to verify that the minima have all positive frequencies
and that the transition state has only one imaginary frequency
with the corresponding eigenvector pointing toward the reactant
or the product. The harmonic vibrational frequencies were
obtained by diagonalizing the mass-weighted Cartesian force
constant matrix, calculated from analytical second derivatives
of the total energy at the MP2 level of theory.

Starting from the saddle-point geometry we have constructed
the minimum energy path (MEP)12,13for the elimination reaction
following the Gonzalez-Schlegel mass-weighted Cartesian-
coordinates reaction path algorithm14 at the MP2/6-311++G(d,p)
level, with a stepsize of 0.01a0 amu1/2 (a0 ) Bohr radius). Then,
the MP2 potential was scaled to make the barrier height equal
to the value given by the QCISD(T)//QCISD computations. For
subsequent kinetic calculations, the matrices of force constants
were evaluated at the MP2 level of theory every 0.1a0 amu1/2

along the path. We found no significant changes in the
calculated rate constants when the step size used for Hessian
evaluations was reduced. All calculations were performed in
the mass-scaled Cartesian coordinate system in which all mass-
weighted Cartesian coordinates were scaled byµ-1/2, whereµ
is a single mass taken as the reduce mass of products (15.25
amu).

To study the dissociation surface we employed the CASSCF
method,15 which behaves properly at the dissociation limit, with
an active space that comprised eight electrons in eight orbitals,
and the 6-311++G(d,p) basis set.16 A full geometry optimiza-
tion was first carried out for the reactant (CH3ONO). Then a
series of partial optimizations was performed in which the O-N
bond distance was gradually constrained from 1.7 to 3.5 Å by
a step size of 0.3 Å, relaxing the remaining coordinates at each
step. A final point at 10 Å was optimized, too, to ensure that
we reached the dissociation products (CH3O and NO) at about
3.5 Å. Second derivatives were calculated at each point by
numerical differentiation. All CASSCF(8,8) calculations were

done with the GAMESS 93 electronic structure code.17 Single-
point QCISD(T) calculations at the CASSCF-optimized geom-
etries were also performed (with GAUSSIAN94) to improve
the energetic results.

We used a distinguished-coordinate path (DCP)18-20 instead
of an MEP to define the reaction path and reaction coordinate
in the dissociation channel because there is no saddle point.
We found that the O-N bond distance was the most important
varying parameter; consequently, we selected this geometrical
feature as the distinguished coordinate. Thus, in this study, the
DCP is defined as the sequence of minimum energy structures
obtained for several fixed values of the O-N distance. Fol-
lowing the procedure employed in the elimination channel, we
scaled the CASSCF potential to make the dissociation energy
(De) equal to the value given by the QCISD(T)//CASSCF(8,8)
calculations. In addition to the DCP thus determined, we have
also utilized an improved DCP based on an algorithm developed
recently by Villa and Truhlar21 in which the orientation of the
dividing surface is optimized. They called this reaction path
the dynamically optimized DCP, and in this study, it will be
referred to as the DODCP.

2.2. Kinetic Calculations. We applied canonical variational
transition-state theory23 to evaluate rate constants for the
dissociation and elimination channels in the temperature range
300-1500 K. These calculations were undertaken with the
POLYRATE package program (version 7.8.1).22 In CVT, the
rate constant,kCVT, is defined as the least forward flux of
trajectories through any family of curves perpendicular to the
minimum energy path, for a given temperatureT

wheres is the reaction coordinate andkGT(T,s), the rate constant
for passage through the generalized transition state (GTS) that
intersects the MEP ats, is given by

whereσ is the symmetry factor,h andkB are the Planck and
Boltzmann constants,VMEP(s) is the potential energy of the MEP
at s, andQR andQGT are the partition functions of the reactants
and the GTS, respectively. The conventional transition-state
rate constant,kTST, corresponds tos) 0. The vibrational factors
were calculated using the harmonic approximation, except for
the torsional modes. For these modes we employed a formula
derived previously by Truhlar24 for hindered internal rotational
modes, which gives reasonable accuracy over the whole range
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from harmonic oscillator to hindered rotator to free rotator. For
a unimolecular reaction the translational factors of the partition
functions in eq 2 are equal and can therefore be ignored. In
this study, we assumed that the contribution to the rate constant
from the electronic partition functions is negligible.

Rate constants were corrected by means of transmission
coefficientsκX (where X indicates the approximation used):

where kCVT/X(T) is the corrected rate constant. For the dis-
sociation process, we used the classical adiabatic ground-state
(CAG) transmission coefficient,25 κCVT/CAG, which corresponds
to a classical correction for the reaction coordinate motion and
allows one to estimate the microcanonical rate constant,kµVT(T).
This coefficient is given by

wheres*
AG is the value of the reaction coordinate at the top of

the curve,s*
CVT is the value ofs minimizing kGT(T,s), andVa

G(s)
is the vibrationally adiabatic ground-state curve, which is
calculated as

with εint(s) being the zero-point energy, ats, of vibrations that
are orthogonal to the MEP. Thes values were obtained from
the set of DCP points computed as described in section 2.1, by
fitting a curve through the DCP points.

For the elimination process, the classical transmission coef-
ficient, κCVT/CAG, was calculated to be unity in the range of
temperatures investigated. However, because in this case a light
particle is transferred between two heavy atoms (heaVy-light-
heaVy system), quantal effects such as tunneling should be
considered. Accordingly, we have calculated the transmission
coefficient by the expression

whereâ ) 1/kBT andPX(E) is the semiclassical transmission
probability at total energyE in the approximation X. Specif-
ically, we employed the approximations zero curvature tunneling
(ZCT)23,25 and small curvature tunneling (SCT).23,26 In ZCT
calculations, the curvature of the reaction path is assumed to
be negligible, so that the tunneling path coincides with the MEP.
In SCT calculations, which constitute a generalization of the
Marcus-Coltrin method,27 it is assumed that the tunneling path
is displaced from the MEP to a concave-side vibrational turning
point in the direction of the internal centrifugal force. This
deviation is not explicitly calculated but is taken into account
by calculation of a reduced mass,µeff, that is used in computing
PSCT(E).

3. Results and Discussion

3.1. Minima and Elimination Transition State. It was
postulated that the elimination reaction in both the thermal and
the photolytic decompositions of methyl nitrite proceeds through
a four-center transition state. For the photolytic decomposition
of MeONO, Brown and Pimentel28 had early suggested that
CH2O and HNO were formed by intramolecular elimination
from the cis form of the nitrite. In this study, which concerns
with the thermal decomposition, we located a transition state
for the elimination reaction, which is a four-center arrangement
with C1 symmetry (see Figure 1). Additionally, we found that
the elimination MEP connects this transition state with the
products CH2O and HNO as well as with the trans conformation
of MeONO rather than the cis form. This prompted us to select
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Figure 1. Energy diagram for the MeONO potential energy surface, showing reactant, saddle point, and asymptotic values of dissociation and
elimination decomposition products.

κ
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the trans conformation as the reactant structure to be employed
in the dynamical study. The trans form, however, is not the
most stable conformation of MeONO, but its energy relative to
the cis form, the most stable one, is less that 1 kcal/mol.29-33

In particular, ab initio calculations performed at the QCISD/6-
311++G(d,p) level of theory predict virtually the same energy
for both conformations (the energy difference is 0.03 kcal/
mol).34

Equilibrium geometries, energies, and vibrational frequencies
computed in this study are listed in Table 1, together with the
corresponding experimental values.32,33,35-46 According to the
previous discussion, the structural parameters of MeONO shown
in Table 1 refer to the trans conformation. More specifically,
the theoretical parameters refer to the most stable trans
conformer, the one with the energetically preferred methyl group

orientation, as calculated by the CASSCF, MP2, and QCISD
methods. The MP2 method predicts that the trans-eclipsed
arrangement (a C-H bond eclipses the O-N bond) is the most
stable trans conformation, contrary to that predicted by the
CASSCF and QCISD methods. Nevertheless, the energy
differences are almost negligible; that is, the calculations predict
an almost free rotation for the methyl group,34 which agrees
with the fact that the precise orientation of the methyl group in
this conformation has still not been experimentally determined.

In general, the agreement between the parameters calculated
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(30) Ghosh, P. N.; Bauder, A.; Gu¨nthard, Hs. H.Chem. Phys.1980, 53,
39.

(31) Felder, P.; Ha, T.-K.; Dwivedi, V.; Gu¨nthard, Hs. H.Spectrochim.
Acta 1981, 37A, 337.

(32) van der Veken, B. J.; Maas, R.; Guirgis, G. A.; Stidham, H. D.;
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Table 1. Equilibrium Geometries, Energetics, and Frequencies for the Chemical Species Involved in This Studya

trans-CH3ONO transition state CH2O + HNO CH3O + NOinternal
coordinate exptlb MP2 CASSCF QCISD MP2 QCISD exptlc MP2 QCISD exptld CASSCF

N6O7 1.164 1.182 1.189 1.175 1.157 1.138 1.212 1.221 1.207 1.15 1.154
O5N6 1.415 1.413 1.401 1.405 2.151 2.093
C2O5 1.436 1.434 1.449 1.435 1.279 1.292 1.208 1.213 1.208 1.376 1.419
H1C2 1.09 1.091 1.079 1.091 1.423 1.331 1.116 1.105 1.107 1.094 1.086
H3C2 1.09 1.092 1.082 1.091 1.105 1.105 1.116 1.105 1.107 1.094 1.084
H4C2 1.09 1.092 1.082 1.091 1.105 1.104 1.094 1.084
H1N6 1.336 1.443 1.064 1.054 1.058
O5N6O7 111.8 111.3 109.7 111.0 119.3 118.8
C2O5N6 109.9 109.9 108.9 109.3 79.0 79.9
H1C2O5 109.5 109.5 104.7 105.3 99.9 102.1 122.0 122.0
H3C2O5 109.5 108.5 110.5 110.7 119.6 118.7 122.0 122.0
H4C2O5 109.5 108.5 110.5 110.7 119.6 118.7
H1C2H3 110.0 110.0 98.2 100.2 116.5 116.0 116.0 108.25 109.13
H1C2H4 110.0 110.0 95.5 96.8 108.25 109.13
H3C2H4 110.3 110.2 115.1 114.2 108.25 111.04
H1N6O7 116.6 117.2 108.4 107.9 108.5
C2O5N6O7 180.0 180.0 180.0 100.9 101.4
H1C2O5N6 0.0 180.0 180.0 7.3 8.6
H3C2O5N6 -120.1 61.0 60.4 112.6 117.4
H4C2O5N6 120.1 -61.0 -60.4 -94.8 -96.3

Relative Energy
0.0 0.0 0.0 0.0 40.94 43.64e 15.3 15.14 14.38e 41.7 39.29f

Harmonic Frequencies
78 107 1391i 1184 1207 717 729

213 222 178 195 1282 1278 1064 1006
379 379 373 254 1517 1559 1159 1123
564 583 642 354 1779 1762 1582 1545
812 834 906 541 2932 2974 1599 1563

1031 1090 1083 730 2953 3045 1657 1620
1043 1188 1230 1230 3216 3164
1180 1220 1276 1238 1501 1499 3311 3235
1424 1483 1564 1285 1565 1582 3320 3258
1447 1501 1603 1420 2684 3033
1467 1534 1616 1495 1904 1872
1665 1652 1665 1556
2822 3088 3196 1823
2882 3190 3274 2958
2912 3196 3307 3032

a Distances given in angstroms, angles given in degrees, and energies given in kilocalories per mole.b Taken from refs 32, 35, and 36.c Taken
from refs 37-42. d Taken from refs 43-46. e QCISD(T)/6-311++G(d,p)//QCISD/6-311++G(d,p) calculations.f QCISD(T)/6-311++G(d,p)//
CASSCF/6-311++G(d,p) calculations.
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by the different theoretical methods and the experimental data
is good. As far as geometries are concerned, the most notable
deviations are found between the MP2 and the QCISD values
predicted for the four-center elimination state (see Figure 1 and
Table 1). In particular, we remark the deviations found between
structural parameters involving the hydrogen atom that is
transferred in the elimination process (H1).

MP2 and CASSCF frequencies were computed for the
chemical species involved in the elimination and dissociation
pathways, respectively. In general, the MP2 frequencies appear
to be higher than the experimental ones for both the reactant
and the elimination products. The CASSCF frequencies,
however, do not follow a general trend when they are compared
with the experimental data: they are higher for the reactant but
lower for the dissociation products. Note that the agreement
between experiment and theory (specially MP2) is good for the
lowest frequencies, which have the most influence on the
calculation of rate constants. The MP2 frequencies along the
dissociation reaction path cannot, however, be employed for
the dynamics calculations because the MP2 method does not
describe appropriately the MeO-NO scission process.

The energy of the elimination transition state, relative to the
trans-MeONO value, is calculated to be 40.94 kcal/mol at the
MP2 level and 43.64 kcal/mol at the QCISD(T)//QCISD. As
indicated in the foregoing section, we used the latter outcome
to scale the MP2 MEP. The above values are in the order of
that calculated by McKee47 at the MP2/6-31G*//HF/6-31G*
level (46.47 kcal/mol). The total relative energies computed
here for the elimination products, 15.14 by MP2 and 14.38 by
QCISD(T)//QCISD, are close to the experimental figure, 15.3
kcal/mol. For the products of dissociation, the theoretical value
obtained at the QCISD(T)//CASSCF level, 39.29 kcal/mol, is
somewhat lower than the recommended value forD°298, 41.8
( 0.9 kcal/mol,45 based on Batt’s data.6

3.2. Reaction Paths. The classical potential along the
dynamically optimized DCP and its associated vibrationally
adiabatic ground-state potential (Va

G) obtained in this study for
the N-O bond cleavage are depicted in Figure 2. As can be
seen, the classical potential appears as a typical dissociation
curve with a dissociation energy of 39.29 kcal/mol and no

maximum (“loose” transition state). When the zero point energy
contributions are added to construct the adiabatic potential,
however, a maximum appears. Furthermore, the maximum in
the GTS free energy of activation, which is the location of the
CVT transition state, varies with the temperature as shown in
Table 2: it shifts toward shorter O-N distances as the
temperature increases. In the next section, we shall explain this
behavior in terms of a generalization of the quasiequilibrium
formulation of conventional TST.

To explore whether the DODCP presents significant alter-
ations with respect to the DCP that could give rise to different
kinetic predictions, we plotted in Figure 3 the adiabatic potential
in the vicinity of the transition state as calculated from each
classical path. At first sight, the two factors of the adiabatic
potential governing the calculation of rate constants by CVT,
the position of the maximum and the barrier height, for the two
curves seem very similar. Nevertheless, the differences are large
enough as to affect significantly the calculation of rate constants,
as will be shown later.

The MEP and the adiabatic potential curve for the elimination
process are plotted in Figure 4. The barrier height of the MEP
for the forward reaction, the concerted elimination to form CH2O
and NO, is 43.64 kcal/mol. The position of the maximum
moves toward the reactant as the temperature increases, which
is the same trend as that found for the dissociation channel (see
Table 2). For example, at 300 K, the maximum of the
vibrationally adiabatic ground-state potential,Va

G, is located at
s ) -0.0038a0, and at 1500 K, the position is ats ) -0.0183
a0.

Figure 5 shows the variation of several geometrical param-
eters along the elimination MEP. The MEP initially exhibits

(45)Handbook of Chemistry and Physics; Lide, D. R., Ed.; CRC Press:
Boca Raton, FL, 1995-1996; Vol. 76.

(46) Endo, Y.; Saito, S.; Hirota, E.J. Chem. Phys.1984, 81, 122.
(47) McKee, M. L.J. Am. Chem. Soc.1986, 108, 5784.

Figure 2. Classical potential (VClassical) and vibrational adiabatic ground-
state potential (Va

G(s)) of the dissociation pathway as a function of the
O-N distance.

Table 2. Position of the Maximum in the GTS for the
Dissociation and Elimination Channels

dissociation elimination

T/K R(O5-N6)/Å Va
G(s*

CVT)a s*
CVT/a0 Va

G(s*
CVT)a

300 2.9341 66.53 -0.0038 69.55
400 2.9324 66.53 -0.0063 69.54
448.4 2.9316 66.53 -0.0068 69.54
457.7 2.9316 66.53 -0.0069 69.54
468.8 2.9308 66.53 -0.0070 69.54
473.0 2.9308 66.53 -0.0071 69.54
473.5 2.9308 66.53 -0.0071 69.54
500 2.9308 66.53 -0.0074 69.54

1000 2.7816 66.30 -0.0128 69.52
1500 2.2298 61.14 -0.0183 69.48

a Values in kilocalories per mole.

Figure 3. Vibrational adiabatic ground-state potential (Va
G(s)) as a

function of the O-N distance in the vicinity of the GTS, as calculated
from the DCP (dashed line) and the DODCP (solid line).
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a decreasing CO-NO dihedral angle, which changes markedly
from 180° (reactant) to 100° (at s ≈ -0.8 a0). The N-H1

distance decreases significantly froms ≈ -1.0 a0 to s ≈ 0.2
a0, when the N-H bond is formed. Finally, the C-H1 distance
exhibits also a notable change froms ≈ -0.2 a0, that is, very
close to the transition state where the C-H bond is being
broken.

Many vibrational frequencies experience significant changes
in going from the reactant to the elimination products, especially
close to the transition state (see Figure 6). For example,
frequency 2823 cm-1, which corresponds to a C-H stretch in
the reactant region, changes markedly in the vicinity of the
transition state and then it is transformed into the HNO bend in
the product region. Similarly, frequency 1424 cm-1, associated
to a methyl bend, is transformed into the N-H stretch of the
HNO compound in the product region; this change occurs
basically in the interval betweens ≈ 0 a0 and s ≈ 0.2 a0.
Finally, vibrational frequencies associated to interactions that
are not present in the products vanish when these species are
formed. These interactions are the O-N stretch, the CON and
ONO bends, and the methyl and CO-NO torsions.

3.3. Dynamical Study. 3.3.1. Dissociation.In this study,
the dissociation pathway was investigated in the range of
temperatures 300-1500 K. For this reaction channel, the
dissociation path presents a “loose” transition state, which
prevents one from using conventional TST. We applied CVT

to calculate dissociation rate constants using either the DCP or
the dynamically optimized DCP. We also computed CAG
transmission coefficients employing the DODCP to improve the
rate constants. The rate constants are displayed in Table 3 and
graphically in Figure 7. For the sake of comparison, we
included high-pressure experimental rate constants extrapolated
from rates obtained at 710 Torr and temperatures in the range
450-520 K.8 Additionally, Table 4 gives the ratio between
rate constants calculated by the different approaches, and Table
5 compares our calculated Arrhenius parameters with those
determined experimentally.8 It is found that our rate constants
are somewhat higher than the experimental ones, except those
estimated at 1500 K. The calculations performed with the
DODCP afforded rate constants that are closer to the experi-
mental values than are those obtained with the DCP. Further-
more, the theoretical figures are improved when the CAG
transmission coefficients are included in the computations. This
is also true for the Arrhenius parameters: the values calculated
when the CAG factor was included are almost within the
experimental uncertainties. Note that the CAG transmission
factor computed at 1500 K is 0.15, a value extremely low; this
might imply an inaccurate treatment of the thresholds.25

As indicated in the above section, the position of the
maximum in the dissociation channel moves toward shorter
O-N distances as the temperature increases (see Table 2). This
behavior can be understood from the interpretation of the CVT
rate constant that arises from generalizing the quasiequilibrium
(or quasithermodynamic) formulation of conventional TST.23

In this approach, the GTS rate constant is given by

whereK0 is the value of the reaction quotient evaluated at the
standard state and∆GGT,0(T,s) is the generalized free energy of
activation curve. This equation indicates that the minimum in
kGT(T,s) corresponds to a maximum in∆GGT,0(T,s). There are
two influences on the magnitude of∆GGT,0(T,s): the enthalpy
change∆HGT,0(T,s) and the entropy change∆SGT,0(T,s):

The generalized free energy and its enthalpic and entropic
contributions at 300 K as a function of the O-N distance are
plotted in Figure 8. The generalized enthalpy was calculated
in this study from the well-known Gibbs-Helmholtz equation,

Figure 4. Minimum energy path (VClassical) and vibrational adiabatic
ground-state potential (Va

G(s)) of the elimination channel.

Figure 5. Variation of selected geometrical features along the
elimination MEP.

Figure 6. Variation of generalized vibrational frequencies along the
elimination MEP.

kGT(T,s) )
σkBT

h
K0 exp[-∆GGT,0(T,s)/RT] (7)

∆GGT,0(T,s) ) ∆HGT,0(T,s) - T∆SGT,0(T,s) (8)
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using a two-point central difference method. Then, eq 8 was
employed to estimate the entropic contribution. As can be seen,
∆HGT,0(T,s) increases as the separation between the fragments
in the GTS increases, favoring a maximum in∆GGT,0(T,s) at

large separations of the fragments in the GTS.∆SGT,0(T,s) is
also maximized at large separations of the fragments because
the freely rotating products correspond to a maximum in entropy.
Therefore, the second term on the right-hand of eq 8 (a negative
quantity) favors a maximum in∆GGT,0(T,s) at shorter separations
of the fragments in the GTS, and this contribution becomes more
and more important asT increases. As a result, the position of
the maximum in the GTS shifts toward smaller O-N distances
with increasing temperature (see Table 2).

3.3.2. Elimination. Variational transition-state theory rate
constants for the elimination reaction computed in the temper-
ature range 300-1500 K are tabulated in Table 3 and depicted
graphically in Figure 9. Note that the symmetry number (σ)
for this reaction is 2 because the saddle point has two
enantiomers (C1 symmetry). The ZCT and SCT transmission
coefficients calculated at several temperatures are given in Table
4, together with the ratio between the rates computed by CVT
and those obtained by conventional TST. Overall, the varia-
tional effects are found to be almost negligible, even at high
temperatures. On the other hand, quantal effects, especially
tunneling, may be significant because this decomposition
channel involves the transfer of a light particle. The transmis-
sion factors obtained by the ZCT and SCT approaches show
that in fact tunneling is especially important at low temperatures;
particularly, at 300 K,κZCT ) 8.58 andκSCT ) 31.99. At this
temperature, the SCT transmission coefficient is about 4 times
greater than the ZCT coefficient, indicating that inclusion of
the curvature along the reaction path is important for a reliable
representation of tunneling.

Table 3. Theoretical and Experimental Rate Constantsa for the Dissociation (kI) and Elimination (kII) Channels

kI/s-1 kII /s-1

T/K CVTb CVTc CVT/CAGc exptld TST CVT CVT/ZCT CVT/SCT exptle

300.0 8.50(-12) 6.35(-12) 4.74(-12) 2.22(-13) 2.76(-16) 2.72(-16) 2.32(-15) 8.66(-15)
400.0 3.74(-5) 2.88(-5) 2.32(-5) 3.25(-6) 4.77(-9) 4.69(-9) 1.44(-8) 2.86(-8)
448.4 5.44(-3) 4.24(-3) 3.49(-3) 6.81(-4) 1.07(-6) 1.05(-6) 2.53(-6) 4.31(-6) 6.61(-6)
457.7 1.26(-2) 9.81(-3) 8.10(-3) 1.17(-3) 2.67(-6) 2.62(-6) 6.05(-6) 1.01(-5) 1.63(-5)
468.8 3.27(-2) 2.56(-2) 2.12(-2) 4.65(-3) 7.54(-6) 7.41(-6) 1.64(-5) 2.66(-5) 4.14(-5)
473.0 4.65(-2) 3.64(-2) 3.02(-2) 6.76(-3) 1.10(-5) 1.08(-5) 2.37(-5) 3.80(-5) 6.54(-5)
473.5 4.84(-2) 3.79(-2) 3.15(-2) 7.07(-3) 1.15(-5) 1.13(-5) 2.47(-5) 3.96(-5) 6.96(-5)
500.0 3.85(-1) 3.02(-1) 2.54(-1) 6.49(-2) 1.10(-4) 1.08(-4) 2.16(-4) 3.28(-4)

1000.0 6.56(+7) 5.61(+7) 4.64(+7) 2.58(+7) 7.24(+4) 7.03(+4) 8.15(+4) 8.99(+4)
1500.0 1.27(+10) 1.15(+10) 1.77(+9) 1.89(+10) 7.19(+7) 6.91(+7) 7.19(+7) 7.51(+7)

a Powers of 10 in parentheses.b Calculations using the DCP.c Calculations using the DODCP.d Taken from ref 8.e Taken from ref 6.

Figure 7. Arrhenius plot of experimental (kuni
∞ ) and calculated rate

constants for the dissociation channel. Calculations using the DODCP
are indicated by the star symbol.

Table 4. Ratios between Rate Constants Calculated by Various
Methods for the Two Channels and Tunneling Transmission Factors
for the Elimination Process

dissociationa elimination

T/K kCVT/kCVT b kCVT/CAG/kCVT kCVT/kTST κZCT κSCT

300 0.75 0.75 0.98 8.58 31.99
400 0.77 0.80 0.98 3.10 6.15
448.4 0.78 0.82 0.98 2.42 4.12
457.7 0.78 0.83 0.98 2.33 3.88
468.8 0.78 0.83 0.98 2.23 3.62
473.0 0.78 0.83 0.98 2.20 3.54
473.5 0.78 0.83 0.98 2.20 3.53
500 0.79 0.84 0.98 2.02 3.07

1000 0.87 0.83 0.97 1.18 1.31
1500 0.91 0.15 0.96 1.04 1.09

a Calculations otherwise indicated were performed by using the
DODCP.b Calculations using the DCP.

Table 5. Arrhenius Parameters: Activation Energies (Ea, in
kcal/mol) and Pre-exponential Factors as log(A/s-1)

dissociation elimination

CVT
CVT/
CAG exptla TST CVT

CVT/
ZCT

CVT/
SCT exptlb

log(A/s-1) 17.47 16.53 16.01( 0.30 13.50 13.49 13.07 12.82 13.6( 0.6
Ea 40.60 38.88 39.6( 0.4 39.81 39.80 38.17 37.18 38.5( 1.0

a Taken from ref 8.b Taken from ref 6.

Figure 8. Gibbs energy profile and its enthalpic and entropic
contributions atT ) 300 K as a function of the O-N distance
(dissociation process). All of the values are taken versus reactant.
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For the sake of comparison, Table 3 includes the rate
constants achieved experimentally at temperatures in the range
443-473 K.6 The theoretical and experimental rate constants
for this reaction channel are much smaller than those obtained
for the dissociation process. This could be expected considering
that the barrier height for the elimination channel is higher than
that for the dissociation. Nevertheless, this is not the only factor
that makes the rates of these two channels so different, as will
be shown below. We found that the rates are improved when
tunneling is included in the computations. Specifically, the
CVT/SCT calculations afforded rate constants that conform very
well with the experimental ones. Good agreement is also
evident when our Arrhenius parameters are compared with those
determined experimentally: in most cases, the theoretical
parameters are within the experimental errors (see Table 5).

As indicated above, the position of the GTS for the elimina-
tion process, as well as for the dissociation, shifts toward the
reactant with increasing temperature. The explanation given
before to clarify the trend found in the dissociation process is,
however, not appropriate here because the elimination reaction
path presents a tight transition state. This makes∆HGT,0

decrease notably as the reaction coordinate increases from zero,
on the contrary to the behavior presented in the dissociation
process. Furthermore, the variation of∆SGT,0 with the reaction
coordinate is also significantly different here. In fact, from eq
8 and the Gibbs-Helmholtz equation we estimated that∆SGT,0

is almost insignificant for the elimination channel. For the sake
of example, we show graphically in Figure 10 how these
thermodynamic quantities evaluated at 300 K vary along the
reaction path. From this analysis, we conclude that the O-N
bond cleavage is considerably faster than the elimination process
not only because the barrier height for the O-N bond cleavage
is lower than that for the elimination reaction but also because
the former process is entropically favored.

4. Concluding Remarks

Direct dynamics calculations were performed to explore the
two competing channels that initiate the thermal decomposition
of methyl nitrite. Electronic structure data were obtained by
using the standard 6-311++G(d,p) basis set and the CASSCF,
MP2, and QCISD methods. Canonical variational transition-
state theory was applied to compute thermal rate constants for

the dissociation and elimination processes, at temperatures in
the range 300-1500 K.

A DCP for the dissociation process was constructed, taking
the O-N distance as the distinguished coordinate. The dis-
sociation energy was computed to be 39.29 kcal/mol by QCISD-
(T)/6-311++G(d,p)//CASSCF(8,8)/6-311++G(d,p) calcula-
tions. Subsequently, the DCP was improved by an algorithm21

in which the orientation of the dividing surface is optimized
(DODCP). For the elimination pathway, our calculations led
us to predict a four-center transition state and a MEP that
connects this transition state with the trans conformation of
MeONO. The elimination barrier height was calculated as 43.64
kcal/mol at the QCISD(T)/6-311++G(d,p)//QCISD/6-311++G-
(d,p) level of theory.

The rate constants evaluated for the O-N bond scission, the
main unimolecular decomposition channel, are rather higher than
the experimental ones.8 Our best results are those achieved by
the DODCP and including the CAG transmission coefficients
in the calculations. For these calculations, the Arrhenius
parameters are practically within the experimental errors.

For the elimination process, the results were improved when
tunneling was taken into account. In particular, the CVT/SCT
calculations predicted rate constants that are in good agreement
with those determined experimentally,6 indicating that tunneling
in the elimination process is reliably represented by the SCT
approach. On the other hand, the rate of the elimination reaction
is quantitatively insignificant compared with the rate of the
dissociation process. This is a result of two factors that take
part in the same direction. First, the barrier height for the O-N
bond scission is lower than that for the elimination channel,
and second, the dissociation process is entropically favored.

The results presented in this study are encouraging for the
ability of direct dynamics calculations to be able to predict
reliable rate constants for rather complex chemical reactions in
the gas phase.
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Figure 9. Arrhenius plot of experimental and calculated rate constants
for the elimination channel. The squares are experimental data6 obtained
at temperatures in the range 443-473 K. The lines show the results
obtained by CVT, including several approaches to take tunneling into
account (see text).

Figure 10. Gibbs energy profile and its enthalpic and entropic
contributions atT ) 300 K along the elimination MEP. All the values
are taken versus reactant.
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