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ABSTRACT: The thermal decomposition of nitromethane provides
a classic example of the competition between roaming mediated
isomerization and simple bond fission. A recent theoretical analysis
suggests that as the pressure is increased from 2 to 200 Torr the
product distribution undergoes a sharp transition from roaming
dominated to bond-fission dominated. Laser schlieren densitometry is
used to explore the variation in the effect of roaming on the density
gradients for CH3NO2 decomposition in a shock tube for pressures of
30, 60, and 120 Torr at temperatures ranging from 1200 to 1860 K. A
complementary theoretical analysis provides a novel exploration of
the effects of roaming on the thermal decomposition kinetics. The
analysis focuses on the roaming dynamics in a reduced dimensional
space consisting of the rigid-body motions of the CH3 and NO2 radicals. A high-level reduced-dimensionality potential energy
surface is developed from fits to large-scale multireference ab initio calculations. Rigid body trajectory simulations coupled with
master equation kinetics calculations provide high-level a priori predictions for the thermal branching between roaming and
dissociation. A statistical model provides a qualitative/semiquantitative interpretation of the results. Modeling efforts explore the
relation between the predicted roaming branching and the observed gradients. Overall, the experiments are found to be fairly
consistent with the theoretically proposed branching ratio, but they are also consistent with a no-roaming scenario and the
underlying reasons are discussed. The theoretical predictions are also compared with prior theoretical predictions, with a related
statistical model, and with the extant experimental data for the decomposition of CH3NO2, and for the reaction of CH3 with
NO2.

1. INTRODUCTION

Roaming reactions1−7 are a class of unimolecular reactions that
compete with bond scission reactions and generally lead to
closed shell, stable species rather than reactive radical products.
The kinetics of roaming reactions are important to combustion
modeling because these reactions are ubiquitous,4 and the
products are typically much less reactive than those from bond
scission. Consequently, the radical pool is altered, which affects
simulation of many combustion phenomena such as laminar
flame speeds, heat release rates, autoignition, etc. Most studies
of roaming reactions in neutral molecules have focused on
photodissociation experiments, beginning with the study of
formaldehyde by Townsend et al.1 The experimental literature
on thermally initiated roaming reactions is still quite limited,
although various recent studies have been conducted in shock
tubes8−13 and “Chen” nozzles.14 Theoretical studies emphasiz-
ing the thermal kinetics of roaming reactions have also been
presented.3,5,10,15

Nitromethane is an energetic material and monopropellant,
and its decomposition has been studied extensively both
experimentally16−33 and theoretically.15,16,34−42 For a long time
there was some disagreement as to whether scission of the C−

N bond to produce CH3 and NO2 was the sole decomposition
reaction. This discord arose from differences found in shock
tube and infrared multiphoton dissociation (IRMPD) experi-
ments. The shock tube studies20,21,23,26,27 span a large range of
pressures and temperatures (0.15−40 atm, 1060−1490 K) and
were conducted by a number of groups with different analytical
techniques over more than 40 years. Consistently, only CH3

and NO2 were found as the primary dissociation products.
However, in IRMPD experiments Wodtke et al.25 observed
formation of NO as well as CH3 and NO2, with the channel
producing NO accounting for 40% of the nitromethane
consumed. These results are also consistent with recent
IRMPD experiments by Dey et al.16 Wodtke et al. proposed
that NO resulted from an isomerization with a barrier of 55.5 ±
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1.5 kcal/mol, about 5 kcal/mol below the C−N bond
dissociation energy, followed by dissociation of methyl nitrite
to CH3O + NO. Numerous theoretical studies38,39,41,42 could
not locate such a low isomerization barrier and typically found
barriers about 10 kcal/mol higher than the C−N bond
dissociation energy.
Notably, this difficulty was actually resolved in early

multireference configuration interaction (MRCI) calculations
of Saxon and Yoshimine that clearly showed a roaming
mediated isomerization (RMI) path with a long-range
transition state (TS) at an energy that was estimated to be
0.4 kcal/mol below CH3 + NO2.

40 Interestingly, this TS was
“characterized as a loose combination of radical species”,
precisely as in subsequent roaming studies for this and related
reactions. Importantly, the looseness of this TS was taken to
imply that the upper bound on the IRMPD estimated barrier
should be increased significantly, thereby bringing theory and
observation into agreement. Saxon and Yoshimine had
previously made similar observations for the corresponding
rearrangement in NH2NO2.

43 In retrospect, these two studies
appear to be the first qualitatively correct analyses of roaming
transition states for neutral molecules.
Subsequent studies in 2000 by Hu et al.39 and in 2003 by

Nguyen et al.38 failed to confirm the existence of this roaming
saddle point. Ultimately, with a newfound appreciation for
roaming mechanisms, Zhu et al.37 reexplored this roaming
saddle point with UCCSD(T)/CBS//UB3LYP and CASPT3//
CASSCF calculations and the Saxon and Yoshimine picture was
accepted as correct. Although the UCCSD(T)/CBS calcu-
lations of Zhu et al. appear to have been accepted as definitive,
their focus on single-reference-based methods for both the
optimization and the energy evaluation is problematic as the
roaming TS is located in a region of space with large-scale
multireference effects. The exploration of the global potential
energy surface for the ground and excited states of CH3NO2 by
Isegawa et al.34 at the CASPT2//CASSCF level provides a
more definitive validation of the Saxon and Yoshimine result.
In addition to the structural analysis, Zhu et al.15,37 also used

transition state theory calculations to predict branching ratios
for the formation of methyl nitrite relative to C−N scission and
indicated that, at the conditions of the IRMPD experiments, the
roaming channel should dominate. Saxon and Yoshimine had
reached similar conclusions on the basis of qualitative rate
theory considerations. In contrast, at the higher pressures of the
shock tube experiments the roaming channel was predicted by
Zhu et al.15,37 to be negligible, thereby effectively reconciling
the differences between the products observed in thermal
dissociation experiments in shock tubes and those found in
IRMPD experiments. Later theoretical studies by Homayoon et
al.16,35,36 explored the roaming dynamics with quasiclassical
trajectory studies, as recently reviewed by Bowman.7 Their
analyses include examination of the subsequent dynamics from
the CH3ONO isomerization products on to bimolecular
products, with their predicted distribution of CH3 + NO2
products versus CH3O + NO and CH2O + HNO products
correlating with the fraction that branches through the roaming
mediated isomerization pathway. The product dissociation
dynamics is irrelevant to the roaming mediated isomerization
dynamics of interest here and so will not be considered further.
Nevertheless, their predicted RMI branching provides an
interesting point of comparison for the present analyses.
Zhu et al. predict strong pressure dependence in the

branching ratio between 1 and 200 Torr for temperatures

above 1000 K, with the mechanism changing from predom-
inantly RMI below 2 Torr to effectively complete dissociation
by C−N scission above 200 Torr. This range of conditions is
accessible to laser schlieren densitometry (LS) studies behind
incident shock waves, and the large difference in enthalpy of
reaction between dissociation (ΔHr,298K = 61.0 kcal/mol) and
RMI (ΔHr,298K = 2.1 kcal/mol), to which LS experiments are
sensitive, should allow the branching ratio to methyl nitrite to
be assessed. Consequently, in this work we present LS shock
tube experiments with conditions spanning the high temper-
ature region where a strong transition between RMI and
dissociation should be observed according to Zhu et al. These
experiments also encompass and extend the range of prior
shock tube studies to higher temperatures and lower pressures.
This experimental study is complemented with a detailed

theoretical analysis of the decomposition kinetics for CH3NO2,
with a particular focus on the kinetic and dynamic role of the
roaming mediated isomerization. The analysis also naturally
leads to a treatment of the kinetics for the reverse CH3 + NO2
reaction. For combustion modeling purposes it is important to
have quantitative rather than qualitative estimates of the
roaming branching fractions. Unfortunately, although the prior
theoretical studies15,16,34−37 provide a useful qualitative
description of the roaming mediated isomerization in
CH3NO2, there are various shortcomings in the analyses that
are likely to limit the accuracy of their predictions. The present
theoretical study aims to remove many of these limitations via
the implementation of higher level electronic structure methods
and via the use of rigid body trajectories in the long-range
region to more accurately explore the threshold behavior of the
roaming phenomenon for this reaction.
The present theoretical analysis begins with the development

of a high accuracy CASPT2-based analytic representation of the
global potential energy surface (PES) for the interaction
between rigid CH3 and NO2 radicals. The effect of fragment
relaxation is incorporated through one-dimensional corrections
to this rigid body PES. Rigid body trajectory (RBT) simulations
on this PES then provide high-level predictions for the energy
dependence of the roaming branching. A statistical framework
provides a qualitative interpretation of the results. Master
equation simulations incorporating the RBT predictions for the
roaming branching yield predictions for the temperature and
pressure dependence of the decomposition rate constants and
branching fractions. These simulations incorporate stationary
point properties obtained from high accuracy theoretical
analyses of the thermochemistry.
A chemical model for CH3NO2 decomposition is used to

explore the consistency between the theoretical rate predictions
and the experimental observations of the shock induced density
gradients. The consistency with other literature rate observa-
tions is also explored. The present theoretical predictions for
the roaming branching are also compared with corresponding
theoretical predictions of Zhu et al.15 and of Homayoon et al.35

as well as with predictions based on a statistical theory for
roaming kinetics.5 Various tests are performed to provide
indications of the expected uncertainties in the present kinetic
predictions.

2. EXPERIMENTAL SECTION
Density gradients behind incident shock waves were measured
by laser schlieren densitometry44 in a diaphragmless shock tube
(DFST)45 that provides excellent control over the post shock
conditions. The DFST has been described previously45 and
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only brief details are given here. The driver section contains a
bellows-actuated fast-acting valve that replaces the more
traditional diaphragm. When the valve is closed, the driver
and driven sections can be filled to the desired loading
pressures, and the DFST is fired by rapidly opening the valve.
By varying both the driver section pressure, P4, and the driven
section pressure, P1, the pressure behind the incident shock
wave, P2, can be constrained to narrow ranges over a wide range
of temperatures. The experiments were performed with a new
configuration of the driver section46 that greatly improves the
long-term reproducibility of the DFST, allowing nearly identical
experiments to be performed days apart to check the
consistency of the results.
A set of five pressure transducers evenly spaced (120 mm)

along the side of the driven section are centered around the
point where LS measurements are made. Incident shock wave
velocities were obtained from the time intervals taken for the
shock wave to pass between successive transducers. From these
velocities and the loading conditions, the temperature and
pressure behind the incident shock wave are calculated
assuming frozen conditions. The uncertainty in velocity is
estimated as 0.2%, corresponding to a temperature error of less
than 0.5%, here amounting to 10−15 K.
The laser schlieren densitometry method has also been

thoroughly described.44,47,48 A narrow laser beam traverses the
shock tube perpendicular to the direction of propagation of the
shock wave. The beam is deflected by interaction with the
shock front, generating the characteristic valley and peak seen
in each panel of Figure 1. After the shock front passes through
the laser beam, the axial density gradients in the shock heated
gases, resulting from chemical reactions also deflect the beam
producing the small signals to the right of the large peak, Figure
1.44 The deflection of the laser beam is proportional to the

magnitude of the density gradient, which in turn is proportional
to the rate (r) and enthalpy of reaction (ΔHr) (see appendix B
in ref 44). At the start of reaction, time t0, the only reactions
contributing to the observed density gradients are dissociation
and RMI of nitromethane. However, in these experiments the
CH3ONO product of RMI is not expected to be stabilized but
dissociates immediately and thus as discussed later the
enthaplies of reaction at t0 are those of dissociation of
nitromethane and formation of the dissociation products
from CH3ONO. As RMI is expected to be a minor channel,
it should make little contribution to the initial density gradient
at t0 allowing accurate rate coefficients for dissociation to be
obtained from the LS measurements at t0. Signals at later times
are composed of the sum of the density gradients from all
reactions.
To then convert the raw LS signals into density gradients, the

mixture molar refractivity is required. For the bath gas krypton,
a molar refractivity of 6.382 cm3 mol−1 was obtained from
Gardiner et al.49 The molar refractivity of nitromethane, 12.605
cm3 mol−1, was calculated with the Lorenz−Lorentz equation49
from the index of refraction (1.382) and the density (1.127 g/
mL at 25 °C).50 The normal assumption was made that the
mixture molar refractivity does not vary significantly with the
extent of reaction, which is an excellent approximation for
dilute mixtures in krypton such as those used in the LS
experiments.
The majority of the experiments reported were obtained with

a new configuration of the laser schlieren setup, which will be
briefly described. To obtain high quality LS profiles, it is
necessary to have a stable and narrow beam, and until recently
this was obtained from a Spectra Physics Model 120 helium
neon (HeNe) laser (632.8 nm, 6 mW, beam diameter = 0.8
mm). This laser has been reliable but has not been produced

Figure 1. Raw laser schlieren signals for dissociation of nitromethane diluted in krypton.
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for many years and a replacement is necessary. Recently, the
HeNe laser has been replaced with a Fabrey−Perot diode laser
(Newport model LQC635-08C). This laser creates a nominally
circular beam (635 nm, 8 mW) of 1 mm diameter via a
microlens attached to the laser exit. Initial experiments
performed with the diode laser generated broad poorly shaped
LS peaks, an indicator of poor beam quality, primarily due to
the beam being somewhat elliptical with the long axis parallel to
the direction of shock wave propagation. However, simply
interposing a circular orifice of 0.6 mm diameter between the
laser and the shock tube close to the entrance window of the
shock tube produced very high quality signals. This circular
narrow beam after the orifice resulted in a narrower peak
produced from interaction of the laser and shock front
compared to measurements with the original HeNe laser,
which allowed meaningful chemical signal to be recovered for
an additional 0.2 μs in the critical region near the start of
reaction, t0. This somewhat crude spatial filter created
diffraction rings around the main beam traversing the shock
tube, but deflection of the beam due to axial density gradients is
too small for these to interfere with the “chemical” signal. The
effective flux reaching the detector is less than from the original
setup and results in a small decrease in signal/noise on a per
shot basis. However, with the DFST this decrease in signal can
easily be compensated for, if necessary, by signal averaging over
several experiments.46 The improved stability of the diode laser
compared to the HeNe reduces artifacts in the baseline signal,
which improves the quality of signals from weak density
gradients.
Reagent mixtures of nitromethane dilute in krypton were

prepared manometrically in a 50 L glass bulb that was
previously evacuated to <10−3 Torr. Nitromethane (Sigma-
Aldrich 98.5%) was degassed prior to use. Kr was obtained
from Air Gas with 99.999% purity. Mixtures were stirred with a
PTFE coated magnetic stirrer and allowed to homogenize for at
least an hour before use.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Density Gradients. A total of 65 experiments were

performed over the range 1200 < T2 < 1860 K and nominal P2
of 30, 60, and 120 Torr with reagent mixtures of 0.5%, 1%, 2%,
and 4% nitromethane dilute in krypton. The initial and post
shock temperatures, pressures, and mixture compositions for
each experiment are given in Table S1 of the Supporting
Information. Example plots of the raw LS signals are shown in
Figure 1, and semilog plots of the absolute density gradients
derived from these, in Figure 2. The small valleys and large
peaks at around 10 μs in Figure 1 are due to interaction of the
laser beam with the shock front44,48 and the tailing signals to
the right are from the chemical reaction. The first few
microseconds of the signal are used to establish a baseline for
each experiment and in all cases the “chemical” signal is initially
positive and goes negative before recovering toward the
baseline. This behavior is seen most clearly in Figure 2 but is
also observable in the raw signals. The interaction of the shock
front and laser beam obscures the start of reaction, time t0, and
this point is located with an established method48 to an
accuracy of 0.1−0.2 μs. The rate of dissociation of nitro-
methane is obtained from the initial density gradient, (dρ/dx)0,
by extrapolating the signal back to t0. The error in location of t0
has a negligible effect on the derived rate coefficients. Initial
estimates of (dρ/dx)0 are subsequently refined in an iterative
fashion through simulation of the complete density gradient

profile with a chemical kinetic model and an in-house code for
simulating chemical reactions in shock waves that incorporates
the methodology of Gardiner.49 All reactions are treated as
reversible and the reverse rate coefficients are obtained via the
equilibrium constant. Thermochemical properties for CH3NO2,
CH3O, H2CO, CH3, HNO, NO, NO2, and H were taken from
Active Thermochemical Tables values (cf. discussion below).
For other species the thermochemical properties are from Goos
et al.51

In Figure 2 the simulation results are compared with
experiments. For the 60 and 30 Torr experiments the
simulations consistently ran parallel to the underside of the
experimental points and could not be brought into agreement
with reasonable changes to rate coefficients, thermochemistry,
or branching ratios. When this situation arises, it is typically due
to incubation and small delays estimated from the method of
Dove and Troe52 were introduced for 60 Torr (∼0.3 μs) and
30 Torr (∼0.5 μs). The incubation delay is indicated on Figure
2d by a dashed vertical line.

3.2. Mechanism. The complete mechanism consisting of
63 reactions is available in Table S2 of the Supporting
Information. The most important reactions for simulation of
the experimental data are summarized in Table 1 and the
reaction numbers are taken from these tables.
The reaction mechanism is composed of four main parts: (1)

reactions of CH3NO2 and related species; (2) a submechanism
for methyl radical self-reaction;53,55 (3) a submechanism for
methoxy radical reactions;12 (4) bimolecular reactions of H,
OH and CH3 radicals. The two submechanisms were taken
from prior LS studies at reaction conditions similar to those of
the current work. Rate coefficients for all reactions apart from 1,
2 ,and 61 were obtained from the literature or estimated as
noted in Table S2 (Supporting Information). These reactions
represent, respectively, C−N scission in nitromethane, RMI,
and an alternate path to recombination for the products of
reaction 1.

Figure 2. Semilog density gradient plots derived from the signals in
Figure 1 and comparison with the simulations. Absolute values are
plotted. Symbols represent experimental data and line simulations.
Open and filled circles are positive and negative density gradients,
respectively. The vertical dash line in (d) indicates an incubation delay.
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→ + Δ =HCH NO CH NO 61.0 kcal/mol3 2 3 2 r,298K

(1)

→ * → +

Δ =H

CH NO [CH ONO ] CH O NO

44.8 kcal/mol
3 2 3 3

r,298K (2)

→ * → +

Δ =H

CH NO [CH ONO ] H CO HNO

17.3 kcal/mol
3 2 3 2

r,298K (2a)

+ → +

Δ = −H

CH NO CH O NO

16.2 kcal/mol
3 2 3

r,298K (61)

These reactions are intimately linked through the CH3···NO2
PES and initial estimates of the rate coefficients were taken
from master equation analyses that are discussed in the theory
sections. For reactions that were in high temperature falloff, rate
coefficients were calculated for the nominal P2 where pressure
dependent expressions were available. The majority of the
reactions produce little density gradient due to small enthalpies
of reaction and/or low rates of reaction and therefore the
simulations exhibit little sensitivity to them. However, they are
necessary for the conversion of one species to another.
Methyl nitrite is the RMI product of nitromethane and the

ΔHr,298K is just 2.1 kcal/mol, which would create a negligible
contribution to the observed (dρ/dx)0. However, on the basis
of Zhu et al.15 and the current work, it is assumed in the
mechanism that methyl nitrite is formed in an energetically
excited state, CH3ONO* and is not stabilized but immediately
dissociates. It is also assumed that CH3O and NO are the only
products from CH3ONO*, reaction 2. Consequently, the

effective enthalpy of reaction for RMI is increased by 42.7 kcal/
mol compared to CH3ONO being first stabilized. Thus, the
effective ΔHr,298K for C−N bond dissociation and RMI of
nitromethane only differ by 16 kcal/mol and the simulations
are less sensitive than anticipated to the branching ratio.
Additionally, over the range of experimental conditions,
dissociation of CH3O, reaction 34, is fast, k34 ∼ 4 × 105 s−1,
and is a major sink for methoxy radicals. The effective ΔHr,298K

for conversion of CH3NO2 to H2CO + NO + H is 4.7 kcal/mol
greater than that of reaction 1, which would further suppress
sensitivity to the branching ratio. However, on the time scale of
an LS experiment, dissociation of CH3O, although fast, cannot
be considered instantaneous and bimolecular reactions of
methoxy also influence the density gradients. Thus, the RMI
path is simulated as reaction 2 rather than a combination of
reactions 2 and 34.
CH3O and NO are not the only potential products of

CH3ONO*. It could also dissociate to HNO + H2CO,
15

reaction 2a. This reaction has to occur, however, either by a
second roaming transition state or by a tight transition state,15

and neither is likely to compete with bond scission in highly
excited methyl nitrite. Consequently, the RMI path for
nitromethane is incorporated into the mechanism by only
reaction 2. Any error in this assumption is negligible, as shown
in Figure 3, where the results of simulations assuming excited
methyl nitrite dissociates in equal proportions by reactions 2
and 2a and only by reaction 2 are compared. This lack of
sensitivity to the particular route of dissociation of methyl
nitrite is not surprising as ultimately reactions 2 and 2a lead to
the same products, H2CO, NO, and H. Similar comments apply
to reaction 61.

Table 1. Abbreviated Reaction Scheme for Dissociation of Nitromethane

reaction log(A)b nb Ea/R
b ΔHr,298K

b ref

1a CH3NO2 = CH3 + NO2 61.0 pwc

HPL 21.718 −1.56 30964
120 Torr 47.978 −10.47 33808
60 Torr 48.075 −10.595 33927
30 Torr 48.016 −10.68 34307

2 CH3NO2 = CH3O + NO 44.8 pwc

HPL 27.396 −3.91 31192
120 Torr 47.619 −10.67 33708
60 Torr 47.925 −10.82 33663
30 Torr 48.127 −10.95 33609

3 H + CH3NO2 = H2 + CH2NO2 2.398 3.50 2617 −3.5 24
4 CH3 + CH3NO2 = CH4 + CH2NO2 −0.260 4.00 4177 −4.3 26
5 CH2NO2 = H2CO + NO 13.000 0.00 17325 −35.0 25, 26
6 OH + CH3NO2 = H2O + CH2NO2 5.699 2.00 503 −18.2 22
8 C2H6 = CH3 + CH3 61.084 −13.50 55195 90.0 53, 54d

34 CH3O + M = H + H2CO + M 13.732 0.00 7800 20.9 12
35 H + CH3O = H2 + H2CO 13.300 0.00 0 −83.3 12
36 CH3 + CH3O = CH4 + H2CO 15.875 −1.00 252 −84.1 12
55 OH + CH3O = H2O + H2CO 13.250 0.00 0 −98.0 12
56 HCO + OH = CO + H2O 14.000 0.00 0 −103.3 98
57 CH3OH + M = CH3 + OH + M 15.748 0.00 30998 92.0 12
61 CH3 + NO2 = CH3O + NO 13.602 −0.2 0 −16.2 22
62 HNO + M = H + NO + M 16.079 −0.43 24899 48.3 22
63 H + NO2 = OH + NO 13.945 0.00 0 −29.5 97

aThe complete mechanism is available in Table S2 of the Supporting Information. Reaction numbering is consistent with that used in Table S2.
bUnits: kcal, mol, cm, s. k = ATn exp(−Ea/RT) with T in K. cArrhenius parameters derived from master equation results from the present work (pw).
Valid for the range 500 < T < 2000 K. dReaction is pressure dependent. Arrhenius parameters are for 120 Torr.
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The simulations shown in Figure 2 are in excellent
agreement with the experiments and are representative of the
complete data set. Analysis of the simulation results shows that,
although the complete mechanism consists of 63 reactions, the
density gradients are sensitive to only a small subset that are
summarized in Table 1. The contribution of each reaction to
the net (observed) density gradients was calculated and the
initial positive density gradients are generated mainly by
reaction 1 (ΔHr,298K = 61.0 kcal/mol) with the RMI channel,
reaction 2 (ΔHr,298K = 44.8 kcal/mol), giving minor
contributions (∼10% of the net density gradient up to 1 μs).
The sensitivity of the simulations to k1 and k2/(k1 + k2) are
shown in Figures 4 and 5, respectively. At later times,

dissociation of CH2NO2, reaction 5, and CH3O, reaction 34,
are the primary sources of positive density gradients. The
principal contributors to the negative density gradients are
reactions 5, −8, 36, 55, 56, 61 and 63, and these start to make
noticeable contributions after 1 μs for all but the highest
temperature experiments where dissociation of CH3NO2 is very
fast. Of these reactions (61), CH3 + NO2 = CH3O + NO, and
(63), H + NO2 = OH + NO, are the main source of negative
density gradients with the others making smaller contributions
of similar magnitudes. Reaction 61 is exothermic by only 16.2
kcal/mol and its strong contribution to the net density gradient
indicates it is the principle route for the consumption of methyl
radicals. Furthermore, reaction 61 and not RMI, reaction 2, is
the major source of methoxy radicals. Due to the high
concentrations of CH3 and NO2 created by reaction 1 the
simulations are quite sensitive to k61, Figure 6. Reaction 63, H +

NO2 = OH + NO, makes similar negative contributions to the
net density gradient as reaction 61. However, k63 is nearly an
order of magnitude larger than k61 and the enthalpy of reaction
is almost twice as large. Thus, reaction 63 actually represents a
relatively minor path compared to reaction 61 and the
simulations are only mildly sensitive to changes of a factor of
2 in k63. Apart from reaction 63, the other reactions influencing
the negative density gradients are all very exothermic, ΔHr,298K
= 80−100 kcal/mol, and as the density gradients for each
reaction are smaller than those from reaction 61 they are minor
channels. Of these reactions, (36) and (55) are additional sinks
for CH3O radicals and the high concentrations of methyl
radicals generated by reaction 1 makes reaction 36 much more
efficient than k36 (∼4 × 1012 cm3 mol−1 s−1) would suggest.

3.3. Rate Coefficients and Branching Ratio. The rate
coefficients for C−N scission in nitromethane, k1, and
branching ratios obtained from the above simulations are
shown in Figures 7 and 8. The k1 are deep into fall off and show
a marked pressure dependence in accord with the current
theoretical predictions, which are discussed later. The error in
k1 is difficult to assess but on the basis of experimental errors
and the sensitivity of the simulations to k1 it is estimated to be
±30%. The agreement between the present theoretical values
and the present experimental results is excellent. A comparison
of the present theoretical values with the experimental literature
is given in section 5. The branching ratios fall in the range
0.10−0.19 with a median value of 0.13 and one standard
deviation of 0.02. There is generally a slight decrease with
increasing temperature, but no apparent dependence on

Figure 3. Comparison of simulation results for dissociation of
energized CH3ONO by reactions 2 and 2a, Table 1 or reaction 2
only. Red squares: reaction 2 only, every fourth point shown. Blue
circles: reactions 2 and 2a, every fifth point shown.

Figure 4. Sensitivity of simulations to k1: solid black line, final model;
red dash-dot line, k1 × 1.3; blue dash line, k1 × 0.7.

Figure 5. Sensitivity to the RMI branching ratio (BR), k2/(k1 + k2):
black line, BR = 0.13, k1 from Table 1; blue dash line, BR = 0.20, k1
from Table 1; red dash line, BR = 0.2, k1 and k2 adjusted to keep (dρ/
dx)0 the same as for the black line.

Figure 6. Sensitivity to CH3 + NO2 = CH3O + NO, reaction 61: black
solid line, final model; red dash-dot line, k61 × 0.5; blue dash line, k61 ×
2.
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pressure. The scatter in the 30 and 60 Torr data is larger than
in the 120 Torr results and is mainly due to smaller density
gradients in these experiments leading to greater uncertainty.
Overall, there is very good agreement between the experimental
results and the theoretical predictions particularly considering
the challenges involved in the theoretical estimates and the
experimental work. Though the experimental branching ratio
shows essentially no pressure dependence, the scatter of the
data is within the theoretically predicted pressure variation.
This predicted pressure variation is substantially weaker than
was originally predicted by Zhu et al.15

The above simulations were made by assuming, on the basis
of literature and the current theory, that RMI would play some
role in dissociation of nitromethane. It was noted earlier that
the differences in enthalpies of reaction for dissociation of
CH3NO2 by reaction 1 and RMI were much smaller than
initially anticipated, which reduced the sensitivity to the effects
of RMI on the density gradients at t0. The simulations in Figure
2 represent the best fits taking into account the theoretical
predictions of RMI. However, as shown in Figure 9, simulations
that do not include RMI can reproduce the experimental data
very well. Although only one example is shown, similar quality
fits are generally obtained across the complete data set, but with
a few being somewhat worse. The differences between the two
models lie only in the treatment of CH3NO2 dissociation and,
in the case without roaming, the k1 have been increased by 15−
25% to capture the early density gradients correctly. This
unusual situation where two models that are so different give

such good simulations of the same LS experiments arises only
because the ΔH for dissociation of nitromethane by reaction 1
differs by just 3.6 kcal/mol from formation of the ultimate
products (H2CO, NO, and H) from the RMI path and k1 in the
model without RMI is very close to (k1 + k2) in the model with
RMI. Thus, on the basis of the experiments alone it would be
hard to conclude if RMI played a role in the dissociation of
nitromethane. But, considering both experiment and theory, a
consistent picture is obtained only when RMI is included.
Simulations have also been performed to test the upper limit

of the branching ratio that can be tolerated. Across the
complete data set, using branching ratios even a few percent
larger than those in Figure 8 shifts the inflection point, where
the net density gradient changes from positive to negative, to
shorter times. This shortcoming can be corrected, but to do so
requires treating k61 as an adjustable parameter and reducing it
from the Glarborg et al. value. For instance, a mean BR of 0.16
can be accommodated if k61 is reduced by 10−40%, with
smaller k61 prevailing at higher temperatures. In Figure 9 the
extreme case is shown where nitromethane dissociates only by
RMI. In this simulation k2 was set equal to k1 from Table 1 and
k61 was from Glarborg et al. If models are generated with
branching ratios between those in Table S1 (Supporting
Information) and the case of only RMI, then the results fall
between the two.
It was mentioned in the above discussion of the reaction

mechanism that the simulations are sensitive to the value of k61.
Throughout the simulations k61 was fixed at the value of
Glarborg et al.22 The literature on reaction 61 is sparse and is
summarized in Figure 10 along with the current theoretical
predictions for k61, which are discussed later. Clearly, there is
considerable uncertainty as to the correct high temperature
value of k61. The current theoretical predictions agree well with
the upper limit of the only high temperature experimental data,
a shock tube study by Srinivasan et al.54 However, the estimates
of Glarborg et al. are a factor of ∼2.5 lower than the current
theoretical predictions and are in fair agreement with the lower
limit values of Srinivasan et al. With respect to the LS
experiments the k61 from Glarborg et al. represents an upper
limit (cf. Figure 6). Simulations with k61 from the current
theory consistently become too negative almost from the start
of the reaction. Given the complexity of calculating k61 and the
challenges of directly measuring it at high temperatures, the
disagreement is not severe and further study is beyond the
scope of this work.

Figure 7. Arrhenius plot of k1/s from LS experiments and theory for
dissociation of CH3NO2 by C−N scission. Lines are current
theoretical predictions with ⟨ΔEdown⟩ = 320(T/300)0.5 cm−1.

Figure 8. Comparison of branching ratios, k2/(k1 + k2), for
dissociation of nitromethane. Lines are predictions from the current
theoretical work.

Figure 9. Comparison of two extremes for modeling the dissociation
of nitromethane: red line, no RMI channel (k2 = 0); blue line, only
RMI (k1 = 0; k2 = k1Table1).
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4. THEORETICAL METHODS
4.1. Potential Energy Surface. The stationary points on

the potential energy surface relevant to the decomposition of
CH3NO2 were characterized with a variety of ab initio
electronic structure approaches. The rovibrational properties
of all the stationary points were determined with ab initio,
multireference, second-order perturbation theory (CASPT2).
Geometry optimizations and frequency analyses were done
using CASPT2 with the Dunning56 aug-cc-pVTZ (atz) basis
set. These were followed by single point CASPT2 calculations
done using the larger Dunning aug-cc-pVQZ (aqz) basis set.
The triple-ζ and quadruple-ζ energies were then extrapolated
to the complete basis set limit (CBS). The CASPT2
calculations employ the formalism of Celani and Werner.57

To obtain more accurate energies for the stable species,
CH3NO2, CH3ONO, CH3OON, H2CO, and HNO, and the
two relevant radical asymptotes, CH3 + NO2 and CH3O + NO,
CCSD(T), calculations were done using the CASPT2 geo-
metries, again extrapolating to the CBS limit. The stationary
point energies were also studied with an alternative high level
approach built on CCSD(T) rovibrational analyses and
extensive consideration of corrections to the CCSD(T)/CBS
limit. These high level (HL) calculations provide an informative
test of the more readily accessible CCSD(T)/CBS//CASPT2
method described above. In this HL approach the rovibrational
analyses are performed at the CCSD(T) level with the cc-
pVTZ (tz) basis set. The CBS limit is obtained from
extrapolations for the aug′-cc-pVQZ (a′qz) and aug′-cc-pV5Z
(a′5z) basis sets, where the prime indicates that diffuse
functions are included for only the s and p orbitals in C, N,
and O and the s function in H. Corrections for higher order
excitations, core−valence correlation, anharmonic vibrations,
and relativistic and Born−Oppenheimer effects, are obtained
from CCSDT(Q)/cc-pVDZ, CCSD(T,full)/CBS(cc-
pcVTZ,cc-pcVQZ), B3LYP/tz second order perturbation
theory, Douglass−Kroll CI/aug-cc-pcVTZ, and HF/tz diagonal
Born−Oppenheimer correction (DBOC) calculations, respec-
tively. For a few cases difficulties were encountered with the
anharmonic vibrational analyses and/or the DBOC calcu-
lations. For the former we then employed a standard correction
(−0.13nH) based on the number of H atoms (nH), and for the
latter we simply ignored the correction. For NO, a spin−orbit

correction of −0.17 kcal/mol was also incorporated, whereas
the spin−orbit correction in CH3O was neglected due to the
complication of accurately treating its coupling with Jahn−
Teller effects.
For the stationary points involved in the roaming pathways,

CCSD(T) calculations were found to be unreliable owing to
sizable multireference character in the electronic wave
functions.40 The energies of these roaming stationary points
were evaluated relative to the respective radical asymptotes
using the above-mentioned CASPT2 calculations. For the
CH3NO2 → CH3ONO roaming path, the CASPT2 active space
for the optimizations and rovibrational analyses consists of
seven orbitals and ten electrons (7o,10e). The seven active
orbitals include the CH3 and NO2 radical orbitals, three NO2 π
orbitals, and the two oxygen lone-pair orbitals. For the
CH3ONO → H2CO + HNO roaming path, the active space
consists of six orbitals and eight electrons. The six active
orbitals include the CH3O radical and oxygen lone pair orbitals
and the four NO π, π* orbitals. Because of the 4-fold near-
degeneracy of the CH3O + NO asymptote, these CASSCF
calculations were state averaged over the four lowest doublet
states.
The CH3NO2 → CH3ONO roaming saddle point is central

to the present kinetic analysis. Thus, in the interest of gaining
an improved understanding of the expected accuracy of the
predicted energetics, we have also studied this saddle point with
a variety of alternative electronic structure methods. In
particular, we have estimated the energy with Davidson-
corrected multireference configuration interaction (MRCI+Q)
calculations employing the same (7o,10e) active space and with
CASPT2 employing an (11o,14e) active space. The latter active
space includes the NO σ, σ* orbitals in addition to the above-
described seven orbital active space. We have also estimated the
energies from a combination of CCSD(T) evaluations for the
triplet electronic state with multireference-based determina-
tions of the singlet−triplet spin splitting. Recent studies
indicate that such a spin-splitting-based analysis provides better
consistency between CASPT2 and MRCI+Q results.58,59 In
each case, the CBS limit was estimated from extrapolation of
calculations for the atz and aqz bases and the CASPT2-
(7o,10e)/atz optimized geometries were employed in the
analyses. These various approaches were also explored in
studying the interaction energies for the minimum energy paths
(MEP) describing the addition of CH3 to the N and O atoms
of NO2.
The present rigid-body trajectory simulations of the

dynamics in the roaming region require an analytic description
of the six-dimensional interaction between rigid CH3 and NO2
fragments at arbitrary separations and distances, which was
obtained as follows. The CASPT2/adz method was used to
calculate energies on two quasirandom60,61 grids of the five
intermolecular angles and the center-of-mass distance R. A total
of 12 800 energies were calculated for R = 1−20 Å, and 76 800
energies were calculated for R = 2−5 Å. The (7o,10e) active
space was used in the CASPT2 calculations, and for this choice
of active space, the CASSCF step converged to an inconsistent
solution at some of the sampled geometries, particularly at
small R. These were eliminated from the data set by comparing
the difference in the CASSCF and CASPT2 energies at each
sampled geometry against expected values for this quantity. The
data set was further restricted to exclude energies below −15
kcal/mol relative to the CH3 + NO2 asymptote. The final data
set consisted of 78 990 energies.

Figure 10. Plot of the RBT predictions for the high pressure limit rate
coefficient for the CH3 + NO2 → CH3ONO reaction together with the
experimental data for k61.
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The analytic potential energy surface was defined as a
function of nine Morse variables, yi = exp(−ri/1 Å), where ri for
i = 1−9 are the three symmetry-equivalent H−N distances and
the six symmetry-equivalent H−O distances. The interaction
energy

∑=
α

α αV c B

was expanded in terms of the basis functions62

= ···αB P y y y[ ]n n n
1 2 9

1 2 9

where P collects symmetry-equivalent terms, and α labels the
symmetrized terms. The exponents ni were varied from 0 to 4
subject to the restriction Σini ≤ 6, resulting in 513 independent
basis functions. The expansion coefficients cα were obtained via
least-squares minimization over the ab initio data, with each
data point assigned an energy-dependent weight. Root-mean-
square errors for energies within 1 kcal/mol of the asymptotic
energy were weighted by 30, those from 1 to 15 and −1 to −15
kcal/mol were weighted by 3, those from 15 to 25 were
weighted by 1, and those above 25 kcal/mol were weighted by
an exponentially decreasing function of the energy. The mean
unsigned error of the fitted data was 0.32 kcal/mol for the
entire data set, and 0.043, 0.017, 0.012 kcal/mol for energies
within 15, 3, and 1 kcal/mol of the asymptotic energy,
respectively. The fitted potential is compared with the ab initio
data along a two-dimensional cut in Figure 11. The analytic
potential is seen to provide a very accurate representation of
the ab initio data.
One-dimensional corrections were evaluated along MEPs for

addition to the nitrogen and cis addition to the oxygen (trans
addition to the oxygen has a significant barrier and so does not
play an important role). The corrections are designed to
account for limitations in the size of the active space, the size of
the basis set and geometry relaxation. Geometries along the two
MEPs were optimized using (11o,14e)-CASPT2/atz calcula-
tions. At these optimized geometries, single point CASPT2
calculations were done with the aqz basis set and the triple-ζ
and quadruple-ζ energies were extrapolated to the CBS limit.
The one-dimensional corrections then consist of the difference
between the unrelaxed (7o,10e)-CASPT2/adz and the relaxed
(11o,14e)-CASPT2/CBS energies along each MEP. The
correction potentials along these two cuts are shown in Figure
12. A simple switching formula was used to interpolate between
the two one-dimensional corrections for the CN and CO
addition MEPs in the construction of a global correction
potential. The difference between the C−N and C−O
separations was used as a parameter in this switching.
The dependence of the MEP on the reference electronic

structure method is illustrated in Figure 13 for the N and cis-O
additions. The various methods are seen to be in reasonable
accord, with the coupled-cluster plus spin-splitting-based
approach bringing the CASPT2 and MRCI+Q predictions
into very good agreement throughout the transition state
region. Notably, a given percent variation in the MEP maps
into a roughly similar percent variation in the predicted rate
constant. Thus, the relatively modest variation of about 10% in
the predicted MEP lends considerable confidence to the final
kinetic predictions. Note that for the N addition, the correction
potential has only a minor affect, decreasing the predicted rate
coefficient by about 20% at low temperature, and increasing the
predicted rate coefficient by up to 20% at high temperature.

The correction potential has a qualitatively similar effect on the
O addition rate constant, but the increase in the predicted rate
coefficient at high temperature is as large as a factor of 2. This
larger affect is due to the increased magnitude of the relaxation
and active space correction for the O side addition in the 2−2.4
Å region. The final rate calculations employ the correction
potential based on the coupled-cluster plus spin-splitting-based
PT2(11e,14o)/CBS energy relaxed MEP energy.
Various further tests of the accuracy of the final potential

energy surface were performed. In particular, a separate
random, but roughly uniformly dense, grid in angular space
coupled with a grid in radial space that increases in density with

Figure 11. (a) Calculated CASPT2 and (b) fitted CH3 + NO2
interaction energies for geometries with the C atom in the plane of
NO2 and methyl oriented perpendicular to N−C. The contours show
the asymptotic energy defining the zero of energy (black solid); 1, 2, ...,
15 kcal/mol (red solid); −1, −2, ..., −15 kcal/mol (thick blue solid);
and −0.1, −0.2, ..., −0.9 (thin blue dashed). The difference potential
(FIT−CASPT2) is shown in (c), where the contour scheme is similar
to that of (a) and (b) except on a 10× finer scale.
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decreasing separation was used to generate 3 × 105 CASPT2/
adz ab initio data points. After deletion of geometries with
inconsistent CASSCF orbitals, these data points were used to
generate another Morse-polynomial-based analytic fit. Variable
reaction coordinate transition state theory (VRC-TST)63,64

calculations implementing the two separate analytic potential
energy surfaces yielded high pressure recombination rate
constants that differed by 2% or less for the addition of methyl
to either the N atom or the O side of NO2. This small
difference strongly suggests that the potential is converged with
respect to the number of sampling points. A third analytic
potential was based on fits to MRCI+Q(7e,10o) calculations,
employing a smaller set of 4 × 104 quasirandom geometries. In
this case, the predicted high pressure recombination rates, after
inclusion of a one-dimensional correction to the same

estimated MEP energies, generally agreed to within about
10%. A final test with direct VRC-TST calculations further
verified that the analytic PES employed provides an accurate
reproduction of the phase space volume in the transition state
region.
The second roaming pathway, CH3ONO → H2CO + HNO,

has little impact on the interpretation of the experiments
described here because both CH3O and HNO rapidly
dissociate by loss of a hydrogen atom at the temperatures of
these experiments. For this reason we did not attempt to
calculate the branching between roaming mediated abstraction
and radical dissociation for the decomposition of CH3ONO.
Nevertheless, it seemed worthwhile to explore the energetics of
this pathway with CASPT2 evaluations.
The MOLPRO program package65−69 was used for all the

electronic structure calculations except the B3LYP anharmonic
vibrational analyses, which were performed with G09,70 and the
DBOC calculations, which were performed with the CFOUR
program package.71 The CCSDT(Q) calculations employed the
MOLPRO implementation of Kaĺlay’s MRCC code.72

4.2. Thermochemistry. The thermochemistry needed for
benchmarking the theoretical results and interpreting the
experimental observations was obtained using the Active

Figure 12. Interaction potentials (gray lines; right axis) and one-
dimensional correction potentials (black, blue, green, and red lines; left
axis) evaluated for cuts relevant to (a) nitromethane association and
(b) methyl nitrite association.

Figure 13. Interaction potentials obtained from a variety of methods
for (a) nitromethane association and (b) methyl nitrite association.
The CC notation denotes calculations based on CCSD(T) evaluations
of the triplet states coupled with the specified evaluation of the spin
splitting. The atz basis set is employed in these analyses.
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Thermochemical Tables (ATcT) approach, which, in contrast
to traditional sequential thermochemistry (A begets B, B begets
C, ...), derives accurate, robust, and reliable thermochemical
values by constructing, statistically analyzing, and solving a
Thermochemical Network (TN). The ATcT approach has
been described in more detail in earlier papers.73−77 Tersely,
the ATcT TN is constructed from relevant reaction enthalpies
or Gibbs energies, bond dissociation enthalpies, constants of
equilibria, adiabatic ionization energies, and electron affinities,
etc. that were experimentally measured or obtained from state-
of-the-art electronic structure methods. These determinations
present a set of constraints that need to be satisfied by the final
enthalpies of formation. After the TN is constructed, ATcT
conducts an iterative analysis of internal consistency, evaluating
in turn the associated uncertainty of every determination,
hunting down elements of the TN that have overly optimistic
uncertainties and would tend to skew the resulting enthalpies.
Once internal consistency has been achieved across the whole
TN, ATcT solves the resulting set of constraints and obtains
the enthalpies of formation for all species simultaneously.
The current ATcT TN (ver. 1.122), is described in a

companion paper in the current issue of this journal,78 together
with a selection of essential combustion-related chemical
species that are relevant to the definition of sequential bond
dissociation enthalpies of methane, ethane, and methanol. The
last previous version79 of the ATcT TN has been updated to
incorporate, inter alia, CH3NO2 and CH3ONO. The related
partition functions that are used by ATcT for these two species
are RRHO based, and incorporate corrections for the hindered
rotors in nitromethane80 and methyl nitrite. For the sake of
consistency, the thermochemistry for key chemical species
appearing in this study, including CH3, CH3O, H2CO, NO2,
NO, and HNO was extracted from the current version of
ATcT. ATcT outputs, in the form of tables of enthalpies of
formation, heat capacities, entropies, and enthalpy increments,
covering the range 100−6000 K in 50 K increments, were fitted
to inverse-T polynomials using an in-house code and also to
seven-term NASA polynomials using the program of McBride
and Gordon.81 The enthalpies of formation and NASA
polynomials are available in Tables S3 and S4, respectively, of
the Supporting Information.
4.3. Rigid Body Dynamics. Rigid-body reduced-dimen-

sional trajectory (RBT) simulations were performed as
described in refs 3 and 5 to determine the energy dependent
reactive fluxes for the conversion of CH3NO2 into either CH3 +
NO2 or CH3ONO. Briefly, trajectories are initiated on
approximate transition state dividing surfaces and then
propagated forward and backward in time until stable products
are reached. The transition state dividing surfaces consist of a
union of a planar surface, providing the separation between
CH3ONO and CH3NO2, and spherical surfaces, representing
the division between fragments and molecular complexes.
Enough trajectories were run to produce estimated sampling
flux errors of a few percent for the main processes. Larger
uncertainties are encountered for the less probable processes at
high and low energy. The simulations employ a six-dimensional
analytic CASPT2-based potential energy surface together with
one-dimensional correction potentials as described in the
preceding section.
The reactive fluxes obtained from the RBT simulations

provide the input to the master equation calculations, which are
then used to determine the temperature and pressure
dependence of the kinetics. The RBT simulations also

automatically provide the corresponding reactive flux for the
CH3 + NO2 association processes to form either CH3NO2 or
CH3ONO. Thus, we also consider the predictions for those
association reactions in the results section.
For comparison purposes we have also implemented the

statistical kinetic model of ref 5. The requisite transition state
fluxes for this model are obtained from VRC-TST calculations.
The outer transition states are assumed to have center-of-mass
separations of 9 bohr and larger. For the inner transition states,
the C pivot points are displaced above and below the plane of
the methyl along the C3 axis. For the addition to the N atom,
the NO2 pivot point is placed along the ONO bisector. For
addition to the O side, a pair of pivot points are placed at a
range of distances and angles from the O atoms. The roaming
flux is evaluated as the flux through the planar dividing surface
that passes through the N atom and is perpendicular to the
ONO bisector. C···N separations ranging from 4 bohr to the
outer transition state are assumed to contribute to the roaming
flux. The requisite Monte Carlo evaluations of the partition
function integrals are converged to 1%.

4.4. Thermal Kinetics. Temperature and pressure depend-
ent phenomenological rate coefficients for the CH3NO2 system
(including the decomposition of CH3NO2 to various products
and the bimolecular reaction of CH3 with NO2) are obtained
from the one-dimensional master equation (ME) employing an
in-house software package.82,83 The reactive fluxes for the
roaming process and for the radical−radical recombination
reactions are obtained via convolution of the transitional mode
fluxes, from the rigid body reduced-dimensional trajectory
simulations, with the conserved mode vibrational frequencies.
The density of states for the CH3NO2 complex is obtained
through rigid-rotor harmonic oscillator assumptions coupled
with a quantum treatment of the one-dimensional hindered
rotor motion. We make no attempt to determine the branching
between stabilization into the CH3ONO well and formation of
the CH3O + NO or H2CO + HNO bimolecular products.
Meaningful analyses of that branching would require careful
consideration and analytic representation of the CH3O···NO
potential energy surface, which is considered beyond the scope
of this effort. Homayoon et al. have considered that branching
in their quasiclassical trajectory simulations.35 Notably, those
predictions suffer from the same ambiguities in the treatment of
zero-point energies as do their predictions for the branching to
the RMI channel, as discussed in detail below.
Lennard−Jones collision parameters were calculated using

the “one-dimensional optimization” and MP2/aug′-cc-pVDZ
methods, which were previously shown to predict 12/6
Lennard−Jones collision rates within ∼20% of those based
on tabulated values for a variety of species.84 For CH3NO2 +
He, Ar, Kr, and N2 (ε/cm

−1, σ/Å) = (41.7, 3.69), (197, 3.89),
(242, 3.98), and (292, 3.84), respectively. Calculated Lennard−
Jones parameters for CH3ONO + M gave collision rates that
differed by less than 3% from the CH3NO2 + M collision rates,
and so the CH3NO2 + M results were used for both wells.
Collisional energy transfer in the master equation was

described using the “exponential down” model,85 with the
temperature dependence of the range parameter α for the
deactivating wing of the energy transfer represented by the
expression

α α=T T( ) ( /300 K)n
300

In our prior studies of C3H8,
9 C2H5OH,86 CH3CHO,8

CH3OCH3,
10 and CH3C(O)CH3

87 dissociation n was set to
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0.85 and α300 values of 100, 125, 150, 100, and 400 cm−1 were
found to yield reasonable representations of the experimental
dissociation rates. Initial attempts to fit the present data for Kr
bath gas with n set to 0.85, was found to yield too large a
temperature dependence. Thus, in the results section we
consider fits that vary the values of both n and α300. Reducing
the value of n to 0.5, which is still within the range of trajectory
estimates for this parameter in related systems of similar size
(for example, trajectory-based values of n for linear C4
molecules in Kr were calculated to be ∼0.5388), yields a
markedly improved fit. For α300 we find that the optimal value
depends to some extent on the bath gas, as discussed in the
theoretical results section.

5. THEORETICAL RESULTS AND DISCUSSION
5.1. Potential Energy Surface. The energies of the

stationary points are shown schematically in Figure 14 and are

listed in Table 2 along with comparisons to three previous
calculations and to the Active Thermochemical Tables (ATcT)
values. The 0 and 298 K heats of formation from the ATcT
analysis are reported in the Supporting Information (Tables S3
and S4 respectively) together with the NASA polynomial fits
representing the temperature dependence of their thermo-
chemical properties. The HL calculations are in excellent
agreement with the ATcT values aside from CH3O + NO,
where the discrepancy is still just 0.5 kcal/mol. This modest
discrepancy likely arises from the difficulty of treating the
Jahn−Teller coupling and spin−orbit splitting in CH3O, as well
as irregularities in the DBOC for both CH3O and NO.
The present CCSD(T)//CASPT2 and HL calculations are

in good agreement (with a maximum discrepancy of 0.8 kcal/
mol) aside from the CH3OON minimum and the CH3OON→
H2CO + NO saddle point. The CCSD(T)/B3LYP results of
Zhu et al.15,37 are also in reasonable agreement with a few
exceptions. The B3LYP values from Homayoon et al.35 and the
CASPT2//CASSCF values from Isegawa et al.34 show much
larger discrepancies and, at least in isolation, are not kinetically
useful. Note that Homayoon supplement their B3LYP-based
analysis with CASSCF calculations, but due to their neglect of
dispersion, CASSCF calculations tend to yield binding energies

that are too small and bond distances that are too long. Our
experience with treating radical−radical recombination kinetics
is that CASSCF energies lead to errors in the predicted kinetics
that generally exceed a factor of 2.
Our CASPT2/CBS//CASPT2/atz calculations, in agree-

ment with the CASPT2//CASSCF calculations of Isegawa et
al.,34 find a weakly bound CH3OON minimum along the
CH3ONO→ H2CO + HNO roaming pathway. This minimum,
predicted to be bound by ∼7 kcal/mol relative to CH3O + NO,
is not present in the results of either Zhu et al.37 or Homayoon
et al.35 Though Isegawa et al.34 do report the existence of a
minimum in this region, their predicted structure and stability
for it are quite different from our results, having a positive
binding energy of 0.6 kcal/mol relative to CH3O + NO and an
OO distance of 2.9 Å compared to 2.0 Å in our calculations.
Isegawa et al.34 also report the existence of a second weakly
bound minimum along this roaming path, labeled S0-Q1,
between CH3ONO and CH3OON. We do not find a minimum
in this region. The differences between our calculations and
those of Isegawa et al.34 can probably be attributed to their use
of CASSCF/6-31G* geometries.
The most significant difference between the four calculations

relevant to the branching between dissociation and roaming in
the decomposition of CH3NO2 is the energy and structure of
the roaming saddle point in the CH3···NO2 long-range region.
Our CASPT2(7o,10e)/CBS//CASPT2(7o,10e)/atz calcula-
tions place this roaming saddle point at −1.1 kcal/mol relative
to the radical asymptote, whereas the results from refs 34, 35,
and 37 are −0.5, −0.1, and −0.6 kcal/mol, respectively.
Notably, errors in the fitted potential surface from ref 35 result
in the fitted zero-point-corrected, roaming, saddle point lying
0.24 kcal/mol above the energy of the radical asymptote.
Although the energy for the roaming saddle point in our
calculations is in reasonable agreement with that of both Zhu et
al. and Isegawa et al., the geometries are not. Our CASPT2/atz
geometry optimization leads to a CN distance of 3.04 Å at the
saddle point whereas the B3LYP/6-311+G(3df,2p) calculations
of Zhu et al. yield 3.48 Å and the CASSCF/6-31G* calculations
from Isegawa et al.34 yield 3.53 Å. Again, these differences are
likely related to the neglect of dispersion in CASSCF
calculations. Zhu et al. also report CASPT3/CASSCF results
for the saddle point, which is at a remarkably low energy of
−2.7 kcal/mol and again has too large a CN distance of 3.72 Å.
Due to its relevance to the present study, we have further

explored the energy of the CH3NO2 → CH3ONO roaming
saddlepoint with a variety of additional methods, as reported in
Table 3. The results reported there indicate that the CBS
estimates are well converged with respect to basis set size. The
MRCI+Q(7e,10o), CASPT2(7e,10o), and CASPT2(11e,14o)
values range from −0.4 to −1.1 kcal/mol. The MRCI values are
not expected to be accurate and are provided simply to indicate
the effect of the Davidson correction, which to some extent is
indicative of the uncertainty in such values. The CASPT2
predictions show little variation with active space, and yet there
is a difference of 0.7 kcal/mol between these raw CASPT2 and
MRCI+Q results. The coupled-cluster plus spin-splitting-based
predictions show a much greater consistency, all falling within
the range −0.72 ± 0.16 kcal/mol. Our best estimate is −0.78
kcal/mol, which is simply the average of the spin-splitting-based
CASPT2(11e,14o) and the MRCI+Q(7e,10o) values. The 2σ
uncertainty in this estimate is perhaps 0.1−0.2 kcal/mol, which
arises from both the uncertainty in the underlying CCSD(T)/
CBS estimate of the triplet state energy and the uncertainty in

Figure 14. Schematic of the energies and geometries of the stationary
points relevant to the dissociation of CH3NO2.
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the spin-splitting. Notably, the CCSDT(Q)/cc-pVDZ, core−
valence, and relativistic corrections for the triplet state energy
relative to CH3 + NO2 are just +0.016, −0.018, and +0.001

kcal/mol, respectively, suggesting the uncertainty in this energy
is very small.
Chemical reaction rates also depend strongly on the

vibrational frequencies at the saddle point. Notably, the
CASPT2, B3LYP, and CASSCF methods also predict very
different vibrational frequencies for the roaming saddle points,
as reported in Table 4. The smaller values observed for the
B3LYP and CASSCF methods correlate with expectations for
the larger CN distance. For harmonic oscillator assumptions,
the transition state partition function is proportional to the
product of these lowest frequencies. The ratio of these products
is 0.19 and 0.05 for the B3LYP/CASPT2 and CASSCF/
CASPT2 comparisons, respectively. Although harmonic oscil-
lator assumptions are not expected to be quantitatively
accurate, the harmonic ratios should still be representative of
the true ratios of state densities. Clearly, kinetic predictions for
the flux through the roaming saddle point based on B3LYP or
CASSCF potentials cannot be expected to be quantitatively
accurate.
Similar differences between the CASPT2, B3LYP, and

CASSCF geometries and frequencies are found for the roaming

Table 2. Energies (kcal/mol) of Stationary Points Relevant to the Thermal Decomposition of CH3NO2
a

stationary point
CCSD(T)//
B3LYPb B3LYPc

CASPT2//
CASSCFd

CCSD(T)//
CASPT2e HLf ATcTg

Minima
CH3NO2 −59.8 (−60.8) −53.02 −49.6 −59.27 −59.13 −59.16 ± 0.12
cis-CH3ONO −58.2 −50.03 −47.7 −57.49 −57.87 −57.86 ± 0.11
trans-CH3ONO −57.0 −50.13 −46.5 −57.09 −57.17 −57.12 ± 0.22
CH3OON −11.4 [1.6]h −23.47 [−7.32]h −25.11 [−-9.61]h

CH3 + NO2 0 0 0 0 0 0
CH3O + NO −16.9 −17.22 −13.0 −16.15 −15.50 −16.04 ± 0.09
H2CO + HNO −43.7 −37.5 −32.4 −44.46 −43.68 −43.52 ± 0.04
H2CO + H + NO 3.60 3.50 ± 0.03

Saddle Points
CH3NO2 → CH3ONO −0.6 (−2.7) −0.14 −0.5 −1.05
CH3ONO cis → trans −46.1 −37.84 −35.2 −46.37 −45.92
CH3ONO → CH3OON −17.6i [−0.7]h,i −12.4 [0.6]h −16.99 [−0.84]h

CH3OON → H2CO + HNO −19.6 [−6.6]h −23.09 [−6.94]h −25.09 [−9.59]h

CH3ONO → H2CO + HNOj −10.8 [6.1]h −12.07 [5.15]h −16.24 [−0.74]h
aAll energies include zero point corrections. bUCCSD(T)/CBS(DZ,TZ,QZ)//UB3LYP/6-311+G(3df,2p) values from Zhu et al.15,37 The numbers
in parentheses denote CASPT3(8o,8e)/6-311+G(3df,2p)//CAS(8o,8e)/6-311+G(d) values. cUB3LYP/6-311++G(d,p) values from Homayoon et
al.35 The UCCSD(T)/CBS//UB3LYP/6-311+G(d,p) values from ref 35 are essentially identical to the corresponding values from Zhu et al.15,37
dCASPT2(11o,14e)/6-311++G(d,p)//CAS(9o,12e)/6-31G* from Isegawa et al.34 For comparison purposes the electronic energies from ref 34
have been adjusted by the present CASPT2(7o,10e)/atz zero point energies. ePresent CCSD(T)/CBS(atz,aqz)//CASPT2(7o,10e)/atz or
CASPT2(7o,10e)/CBS(atz,aqz)//CASPT2(7o,10e)/atz results as described in the text. fPresent high level results from CCSD(T)/
CBS(a′qz,a′5z)//CCSD(T)/cc-pVTZ calculations with corrections. gActive Thermochemical Tables version 1.122. hNumbers in brackets denote
energy relative to CH3O + NO. iCH3ONO → H2CO + NO roaming saddle point. jCH3ONO → H2CO + NO tight saddle point.

Table 3. Roaming Saddle Point Energy for CH3NO2 →
CH3ONOa

basis

method adz atz aqz CBS

CASPT2(7o,10e) −1.35 −1.21 −1.11 −1.05
CASPT2(11o,14e) −1.30 −1.15 −1.05 −0.99
MRCI(7o,10e) −0.29 −0.06 0.07 0.16
MRCI+Q(7o,10e) −0.80 −0.58 −0.45 −0.36
CCSD(T);CASPT2(7o,10e)b −1.17 −0.99 −0.89 −0.81
CCSD(T);CASPT2(11o,14e)b −1.22 −1.04 −0.93 −0.88
CCSD(T);MRCI(7o,10e)b −0.94 −0.76 −0.64 −0.56
CCSD(T);MRCI+Q(7o,10e)b −1.08 −0.88 −0.76 −0.68

aAll energies are in kcal/mol relative to CH3 + NO2, include the
CASPT2(7o,10e)/atz estimated zero-point correction, and are
calculated at the CASPT2(7e,10o)/atz geometries. bEvaluated from
a CCSD(T) evaluation of the triplet state and the specified
multireference-based evaluation of the singlet−triplet splitting.

Table 4. Lowest Vibrational Frequencies (cm−1) for CH3NO2 → CH3ONO Roaming Saddle Point

mode CASPT2(7o,10e)/atz B3LYP/6-311++G(d,p) CASSCF(11o,14e)/6-31G* B3LYP/CASPT2a CASSCF/CASPT2a

νimag 179i 121i 69i
ν1
b 14i 18 11i

ν2 87 49 42 0.57 0.48
ν3 97 54 55 0.57 0.56
ν4 149 115 83 0.77 0.55
ν5 155 118 84 0.76 0.54
ν6 588 573 355 0.98 0.60

aRatio of the B3LYP to CASPT2 or CASSCF to CASPT2 frequencies for the modes with real frequencies. bThe small imaginary value obtained for
this mode in the CASSCF and CASPT2 analysis is simply indicative of numerical difficulties for such low frequency modes. In effect, this methyl
torsional mode is a free rotor in the roaming saddle point.
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saddle point in the CH3O···NO region of the potential energy
surface. Indeed, as described above, for this case even the
topography of the surface is method dependent.
The topography of the roaming process in the CH3···NO2

region is illustrated in Figure 15 where the interaction potential

between CH3 and NO2 is illustrated for a fixed CN distance of
3.0 Å, which corresponds to the CN distance at the roaming
saddle point. The middle left of this plot corresponds to the
CH3NO2 minima, whereas the middle right of the plot
corresponds to the CH3ONO minimum. The minimum energy
path for the roaming mediated isomerization process, CH3NO2
→ CH3ONO, corresponds to the motion along the horizontal
line from left to right. The overall dynamics involves first the
partial CN bond fission to yield CH3···NO2 at a CN separation
of about 3 Å, followed by the roaming along the horizontal path
in this plot, and then the formation of the CO bond as the CH3
group gets pulled in to the O atom. Although there are no
saddle points for the first and last stages of this process, there
are still bottlenecks to both the bond fission and bond
reformation processes.
A contour plot of the interaction energies on the transition

state dividing surface for the roaming motion is provided in
Figure 16. The plane of the plot is perpendicular to the
horizontal line of Figure 15, and passes through the N atom,
which is roughly the location of the roaming saddle point. This
plot shows that the preferred roaming path proceeds directly
over the N atom at a CN separation of 3 Å. However, there is a
considerable range of orientations and separations for which
the roaming path lies below the asymptotic energy of CH3 +
NO2. Indeed, a purely attractive roaming path exists even in the
plane of the NO2 fragment. A proper evaluation of the roaming
flux should consider the full range of these paths, as in the
present RBT and statistical theory calculations. Note that the
roaming paths do not extend to short separations, which

provides strong motivation for the present rigid-body reduced-
dimensionality treatments.

5.2. Microcanonical Kinetics. A statistical framework for
interpreting and evaluating the kinetics of roaming has been
developed from the consideration of the multiple bottlenecks
correlating with partial bond fissions, roaming, and full
separation to bimolecular products.5 In essence, one considers
the long-range roaming region to consist of a number of
effective intermediates and then solves for the kinetics of
formation, isomerization, and decay of these intermediates.
This framework provides a useful conceptual picture of the
roaming dynamics and kinetics. It is also semiquantitative in its
predictions, with deviations between it and the RBT results
providing interesting indications of a dynamical preference for
roaming at low energies and a dynamical preference for
complete decomposition to separated fragments at higher
energies.
In the present case, the long-range region can be separated

into two intermediates: a CH3···NO2 intermediate, IN, where
the methyl group is closer to the N than either of the O’s, and a
CH3···ONO intermediate, IO, where the methyl group is
instead closer to one or the other of the O atoms. The overall
kinetics then reduces to the following system of reactions:

where the N terms represent the reactive flux for the specified
channel. This case is closely related to that for CH3CHO, but
with isomerization products replacing the abstraction products.
The inner and outer fluxes for the two sides are readily
estimated with our variable reaction coordinates TST method-

Figure 15. Plot of the (7o,10e)-CASPT2/adz interaction potential
between CH3 and NO2 at a fixed CN distance of 3.0 Å (approximately
the separation at the roaming saddle point). The potential values for
each orientation are projected onto the plane of the plot. Red to
yellow colors represent increasingly repulsive interactions and purple
to black represent increasingly attractive interactions, as noted in the
color scale on the right. The geometries of the CH3 and NO2
fragments are fixed. The orientation of the CH3 with respect to the
NO2 is optimized.

Figure 16. Plot of the (7o,10e)-CASPT2/adz interaction potential for
the motion of CH3 relative to NO2 in the roaming dividing surface
separating CH3NO2 from CH3ONO. The plane of the plot contains
the nitrogen atom and is perpendicular to the ONO bisector. The
methyl H’s are oriented as they are in the roaming saddle point. The
blue lines denote attractive contours, and the red lines denote
repulsive. The first 10 lines have a spacing of 0.1 kcal/mol, and the
thicker lines have a spacing of 1 kcal/mol.
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ologies. Meanwhile, the roaming flux can be estimated as the
flux through the vertical planar surface with x ∼ 0.5 Å (cf.
Figures 15 and 16).
Even for this simplest of cases, the branching between

roaming mediated isomerization (CH3NO2 → CH3ONO),
kRMI, and dissociation (CH3NO2 → CH3 + NO2), kdiss, is given
by a fairly complex expression:

= +

+ +

k k N N N N

N N N

/ /[ (1 / )

(1 / )]

RMI diss inner,O outer,O outer,N roaming

outer,N inner,O roaming

Nevertheless, this expression is readily evaluated. The
individual fluxes for RMI and dissociation are given by

=

+ +

× + + −

N N N N

N N N

N N N N

/[( )

( ) ]

RMI inner,N inner,O roaming

outer,N inner,N roaming

outer,O inner,O roaming roaming
2

= + +

+ + +

× + + −

N N N N N N

N N N N N

N N N N

[ ( )

]/[( )

( ) ]

diss inner,N outer,N outer,O inner,O roaming

outer,O roaming outer,N inner,N roaming

outer,O inner,O roaming roaming
2

respectively.
Notably, at energies below the dissociation threshold the

expression for kRMI/kdiss correctly yields an infinite branching
because Nouter,N and Nouter,O are necessarily 0. Furthermore,
with increasing energy above the dissociation threshold both
Nouter,N and Nouter,O rapidly become competitive with (or even
dominates) both Ninner,O and Nroaming and the roaming
branching fraction rapidly decays to a small number. This
result clearly demonstrates the threshold nature of the roaming
phenomenon. Roaming is a dominant process only from its
threshold to just above the dissociation threshold.
It is instructive to review various limits for these expressions.

The rapid roaming (RR) limit corresponds to the case where
Nroaming is much greater than both Nouter,N and Ninner,O. In this
limit, the RMI branching becomes proportional to the flux
going in to CH3ONO from CH3···ONO relative to the total
flux going from IN and IO out to CH3 + NO2.

→ +k k N N N/ /( )RMI diss inner,O outer,N outer,O

The individual fluxes are given by

=

+ + +

N N N

N N N N/( )

RMI inner,N inner,O

outer,N inner,N outer,O inner,O

= +

+ + +

N N N N

N N N N

( )

/( )

diss inner,N outer,N outer,O

outer,N inner,N outer,O inner,O

Within the statistical framework, this limit is generally
applicable only at energies near the dissociation threshold.
But this energy range is precisely the interesting range of
energies where the branching switches from dominantly
roaming to dominantly dissociation. At higher energies Nouter,N
generally becomes competitive with Nroaming because they have
a similar entropy. At lower energies Ninner,O competes with
Nroaming because the inner transition lies at separations where
the minimum on the inner TS dividing surface is typically

comparable to or lower than the minimum on the roaming
dividing surface.
In the slow roaming (SR) limit, where Nroaming is much less

than both Nouter,N and Nouter,O, the branching is proportional to
the roaming flux, Nroaming:

→ +k k N N N N N/ /[ ( )]RMI diss roaming inner,O outer,N outer,O inner,O

The individual fluxes are given by

= +

+

N N N N N N

N N

/[( )

( )]

RMI inner,N roaming inner,O outer,N inner,N

outer,O inner,O

= +N N N NN /( )diss inner,N outer,N outer,N inner,N

In this limit, the roaming flux is proportional to the probability
of roaming [Nroaming/(Nouter,N + Ninner,N)] times the probability
of addition to the O [Ninner,O/(Nouter,O + Ninner,O)]. Interest-
ingly, at low energies this roaming flux reduces to just Nroaming
because the inner fluxes dominate the outer fluxes at low
energy. Meanwhile, in this same limit, the dissociative flux
reduces to Nouter,N and the branching reduces to Nroaming/
Nouter,N. Nevertheless, at least within the statistical framework
the slow roaming conditions are rarely met, except perhaps at
high energy for some reactions.
In a rapid O addition (ROA) limit, we instead consider

Ninner,O to be large, and the branching expression reduces to

→k k N N/ /RMI diss roaming outer,N

The individual fluxes are given by

= + +N N N N N N/( )RMI inner,N roaming outer,N inner,N roaming

= + +N N N N N N/( )diss inner,N outer,N outer,N inner,N roaming

This limit is increasingly valid with decreasing energy,
particularly below the dissociation threshold because the
effective TS energy for the inner transition states generally
lies below the roaming threshold. Interestingly, this limit for
kRMI/kdiss is the same as the low energy limit of the slow
roaming limit.
In their analysis Zhu et al.15 ignore any coupling of the

channels and evaluate the fluxes as

=N NRMI roaming

=N N Nmin( , )diss inner,N outer,N

This decoupling limit ignores the bottleneck to formation of
the long-range intermediate that must precede roaming and the
inner bottleneck to addition to the O. It thereby provides an
upper limit for the RMI flux. Notably, this result for kRMI/kdiss is
the same as the low energy limits for the slow roaming and
rapid O addition expressions.
The various statistical and trajectory fluxes are illustrated in

Figures 17−19. The outer and inner statistical theory fluxes for
the N side are seen to provide an accurate representation of the
trajectory flux for the decomposition of CH3NO2 into CH3 +
NO2 at low and high energies, respectively. The transition from
a dominant outer to a dominant inner transition state is seen to
occur at about 1.5 kcal/mol. A similar correspondence is found
for the O side, but with a more gradual transition between the
inner and outer transition states.
The plot in Figure 19 compares the various expressions for

the statistical RMI flux, NRMI, with both the full statistical model
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and RBT results (solid line). Notably, the rapid roaming limit
(N_RR) provides a fairly accurate reproduction of the full

statistical flux (N_stat) over the full energy range plotted.
Meanwhile, the roaming flux alone (N_roaming), which is
employed as the RMI flux in the decoupled limit of Zhu et al., is
at least an order of magnitude greater than the statistical
predictions. The rapid O addition limit (N_ROA) is also never
a valid approximation to the full statistical model, at least for
the energy range plotted. With increasing energy the slow
roaming limit (N_SR) gradually transitions from the roaming
only flux, toward the full statistical flux.
The comparison of the full statistical model with the RBT

flux suggests that there is a dynamical preference for RMI at
low energies, and against it at high energies. The latter is readily
explained in terms of a dynamical preference toward continued
dissociation at high reaction coordinate energies. In contrast,
the former suggests a dynamical preference at low translational
energies for full exploration of orientational roaming followed
by O addition prior to the statistical sampling of the
dissociation paths. Interestingly, at low energies the RBT flux
approaches the roaming only flux, suggesting that the roaming
bottleneck really is the correct bottleneck for the RMI process
at low energy.
The present RBT and statistical model predictions for the

RMI branching [PRMI = NRMI/(NRMI + Ndiss)] are compared in
Figure 20 with the corresponding predictions from the

quasiclassical trajectory simulations of Hoyamoon et al.35 The
latter is obtained as the sum of the branching to the CH3O +
NO and CH2O + HNO channels, both of which must be
preceded by the RMI process because the tight isomerization
TS is too high in energy to allow significant flux. Although the
three results show qualitatively similar behaviors, quantitatively
they are very different. The deviation between the statistical and
RBT results is as discussed above with regard to Figure 19.
It is important to recognize that the roaming phenomenon is

a threshold phenomenon. By focusing on only the transitional
modes, the present RBT approach should provide an accurate
treatment of this threshold behavior. The modes being
considered are relative and overall rotational modes, whose
thresholds are properly treated in a classical framework. The
quantum thresholds of the vibrational modes of the fragments

Figure 17. Plot of the statistical and trajectory fluxes for CN fission in
CH3NO2.

Figure 18. Plot of the statistical and trajectory fluxes for CO fission in
CH3ONO.

Figure 19. Plot of various statistical approximations and the RBT flux
for the RMI in CH3NO2.

Figure 20. Plot of the predicted RMI probability as a function of the
energy relative to CH3 + NO2. The solid black line denotes the present
RBT results, the red dotted line denotes the present statistical theory
results, and the dashed blue line denotes the full dimensional
quasiclassical trajectory results of Hoyamoon et al.35
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enter naturally through convolutions of the properly
determined transitional mode fluxes.
In contrast, full-dimensional quasiclassical trajectory simu-

lations must make some assumption about how conservation of
the conserved mode vibrational zero-point energy affects the
dynamics. This assumption strongly affects the predicted
roaming. Indeed, for the PES employed in ref 35 a quasiclassical
study with strict conservation of zero-point energy at all times
would have predicted zero-roaming at the dissociation
threshold, because the zero-point-corrected roaming threshold
on their PES is actually 0.23 kcal/mol higher than the
dissociation threshold. In this situation, the dissociative flux
should always dominate the roaming flux and one would expect
only a small peak in the predicted roaming just above the
roaming threshold, followed by a decay back toward 0.
Meanwhile, a purely classical simulation would likely predict
a RMI branching that rapidly decays from unity toward zero as
the energy increases just a few tenths of a kcal/mol above the
dissociation threshold, because the roaming threshold on their
PES is very close to the dissociation threshold.
In their simulations, Hoyamoon et al.35 instead adopt what

they call a “soft-constraint” where all trajectories are discarded if
the products are formed with less than their harmonic zero-
point energy. This constraint artificially biases against
dissociation because it only affects dissociative trajectories;
isomerizing trajectories are so exothermic that effectively all of
them satisfy the zero-point constraint by the time products are
reached. This biasing leads to too gradual a rise in the
dissociative flux relative to the roaming mediated isomerization
flux and the roaming branching is greatly overestimated, as is
observed in Figure 20.
Zhu et al.37 also predict this branching fraction. The scale of

their plot makes it difficult to be precise, but it appears that
their predicted roaming branching falls more rapidly even than
the present statistical predictions. Furthermore, it falls to
effectively 0 within 2 kcal/mol of the threshold. The latter
behavior seems counter to expectations. It appears that their
roaming transition state has an entropy similar to that of their
dissociation transition state, and thus their branching should
gradually decrease at high energies just as with the current
statistical model results.
5.3. Thermal Kinetics. The pressure dependent RMI

branching fractions from the present RBT/ME approach and
from Zhu et al.15 are illustrated in Figure 21 for Ar bath gas.
The roaming branching is predicted to be significant for a broad
range of temperature and pressure. At 1 atm pressure it is still
17% at 500 K and 9% at 2000 K. Qualitatively, the two
predictions show many similarities, with both decreasing with
increasing temperature and with increasing pressure. The
decrease with temperature arises because the microcanonical
roaming probability decreases dramatically with increasing
energy (cf. Figure 20). More energetic trajectories are more
likely to proceed directly on to products. The decrease with
pressure arises because the average energy at which the
dissociation occurs increases with increasing pressure. In the
low pressure limit, the dissociative distribution is a narrow band
starting at the roaming threshold with a width determined by
the decay of the energy transfer kernel, i.e., just a few kcal/mol.
This narrow distribution of energy is precisely that set of
energies for which roaming is dominant.
The results of Zhu et al.15 are generally smaller than the

present results and they also show a much stronger pressure
dependence. In their analysis, Zhu et al., consider the roaming

and dissociation processes to be completely separate. Within
the statistical framework, this assumption should yield an
overestimate of the branching fraction. However, the statistical
framework itself underestimates the RMI branching; for the T
and P range of relevance to the present experiments the
complete statistical model underestimates the branching
relative to the RBT model by about a factor of 0.6. A further
shortcoming in their analysis is their use of rigid-rotor harmonic
oscillator assumptions to evaluate the roaming fluxes.15 Such
estimates are generally expected to be of relatively limited
accuracy for the treatment of roaming processes.89 Here, within
the statistical framework, replacing the phase-space-integration-
based evaluation of the roaming flux with a rigid-rotor
harmonic-oscillator analysis lowers the predicted RMI branch-
ing by a factor of 2−3.
Nevertheless, it is still puzzling that the Zhu et al. branching

ratio is so low, especially when one realizes that they have used
their low energy CASPT3 roaming saddle point of −2.7 kcal/
mol (relative to CH3 + NO2) in their calculations. Our
predicted RMI branching is quite sensitive to this energy. For
example, shifting the roaming flux versus energy down by 0.2
kcal/mol, which is representative of the uncertainty in the PES,
yields RMI branching fractions that are increased by about a
factor of 1.2.
As discussed in the PES results, our best estimate for the

zero-point-corrected roaming saddle point energy is −0.78
kcal/mol. In contrast, the analytic potential energy surface has a
ZPE-corrected saddle point energy of −0.98 kcal/mol. To first
order, this discrepancy has the effect of shifting the calculated
roaming flux versus energy curve by 0.20 kcal/mol. At low
energies the RBT calculated RMI flux is fairly similar to the
roaming flux. Thus, a crude correction for the effect of this
discrepancy on the kinetics is to simply shift the calculated RMI
flux by 0.20 kcal/mol. All the thermal kinetics calculations
reported here employ this shift.
It is difficult to accurately predict the uncertainty in our

theoretical estimates. Nevertheless, we feel it is useful to
provide some qualitative predictions of our expectations. On
the basis of the observed variations in the MEP energies and
the accuracy of the potential energy surface fits, we expect our
prediction of the high pressure limit addition/dissociation rate

Figure 21. Plot of the predicted temperature and pressure dependence
of the RMI probability in an Ar bath gas at the specified pressures
(Torr) from the present RBT/ME approach (solid lines) and from
Zhu et al.15 (dotted lines).
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constants to have a 2σ uncertainty of perhaps 20−30%.
Numerous comparisons of comparable VRC-TST calculations
with experiment for related reactions suggest that such
uncertainty estimates are reasonable. The evaluation of the
pressure dependence of the kinetics relies to some extent on
the accuracy of our treatment of energy transfer, which involves
a fit to the experimental data. This accuracy thus depends to
some extent on the accuracy of the underlying experiment.
Similarly, the prediction of the RMI rate constant is more
involved, requiring a treatment of the roaming dynamics in
addition to the pressure dependence. Thus, the 2σ uncertainties
for both the pressure dependent rate constants and the roaming
branching are perhaps twice as large, i.e., a factor of 1.6.
As illustrated in Figure 7, the present RBT/ME-based

predictions for the temperature and pressure dependence of the
rate coefficient for dissociation of CH3NO2 into CH3 + NO2,
can provide an excellent representation of the present laser
schlieren data. These data are for Kr as a bath gas and
employed an optimized α300 value of 320 cm−1. A similar
attempt to fit the data of Zaslonko23 for Ar bath gas at
somewhat lower temperatures (1050−1400 K) (cf. Figure 22),

yielded an optimal α300 value of 200 cm−1. For this value, the
observations from various other studies in Ar bath gas, such as
that of Glanzer et al.27 and of Petrov et al.,21 are also well
reproduced (cf. Figure 23). A number of low temperature
observations have also been made with CH3NO2 as the bath
gas.28−33 In this case, the predictions are near the high pressure
limit (cf. Figure 23), which is not unreasonable given the
enhanced energy transfer rates for a collider such as CH3NO2.
Although it is not unreasonable for Ar and Kr to have slightly

different energy transfer parameters, prior trajectory simu-
lations for a variety of systems have shown similar energy
transfer properties for Ar and Kr, with α300 differing typically by
less than 5%.87,90 Thus, it seems likely that the somewhat larger
discrepancy in these fitted α300 values is simply indicative of the
level of accuracy of the experimental data. Certainly, both of
these values are within the range of what one might expect on
the basis of our prior studies of related molecules, particularly

when one notes that this parameter generally increases with
molecular size.
As discussed at length in the experimental section, the RBT/

ME predictions for the branching ratio are also in reasonable
accord with the present laser schlieren measurements, especially
when one accounts for reasonable variations in the CH3 + NO2
reaction, and for the uncertainties in the theoretical predictions.
The RBT/ME simulations also yield predictions for the rate

of the recombination reactions CH3 + NO2 → CH3NO2 and
CH3 + NO2 → CH3ONO, with the latter correlating with
measurements of k61. For the former reaction, we predict a
room temperature high pressure limit rate coefficient of 3.8 ×
10−11 cm3 molecule−1 s−1, which is in excellent agreement with
the corresponding experimental data for this reaction (3.26 ±
0.40,91 3.45 ± 0.50,90 2.0 ± 1.0,92 4.3 ± 0.493) × 10−11 cm3

molecule−1 s−1. Meanwhile, for the 1100−1400 K range,
Glanzer and Troe extract a value of 3.43 × 10−11 cm3

molecule−1 s−1,94 whereas the RBT/ME simulations predict a
value of 1.9 × 10−11. For CH3 + NO2 → CH3ONO the RBT/
ME predictions for the high pressure rate coefficient are
compared with the available experimental data for k61

22,54,95,96

in Figure 10. In this case, it appears that the RBT/ME
predictions are about a factor of 2 too large near room
temperature and remain somewhat high at higher temperature,
although at higher temperature the experimental record is less
clear. The extent of this discrepancy is somewhat surprising. It
is perhaps worth noting that, according to the statistical theory
framework, an overestimate of k61 would generally map into a
related overestimate of the RMI.
For modeling purposes we provide in Table 5 modified

Arrhenius fits to the present RBT/ME calculations of the rate
constants for CH3NO2 → CH3 + NO2 and CH3NO2 →
roaming products at a range of pressures with our best fit for Kr
bath gas. Though we recognize that it would be valuable to also
predict the pressure dependence of the branching between
CH3ONO and bimolecular products, this aspect requires an
accurate treatment of the CH3ONO → CH3O + NO and

Figure 22. Arrhenius plot of the total rate coefficient for CH3NO2
decomposition (k1 + k2) at a variety of pressures from the present
RBT/ME calculations (lines) and from Zaslonko et al.23 (symbols).

Figure 23. Arrhenius plot of the total rate coefficient for CH3NO2
decomposition (k1 + k2) at a variety of temperatures and pressures
from the present RBT/ME calculations (lines) and from a variety of
experiments.
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H2CO + HNO fluxes. Such a treatment was deemed beyond
the scope of the present analysis.

6. CONCLUSIONS

Loss of nitromethane through unimolecular reactions at high
temperatures is a far from trivial process that is complicated by
competition between dissociation to CH3 + NO2 products and
a roaming mediated isomerization that predominantly leads,
eventually, to H2CO + NO + H. Analysis of the LS density
gradients is complicated by the dissociation and RMI paths
having similar effective enthalpies of reaction which reduces the
sensitivity to the branching fraction. Typically, dissociation and
roaming paths have very large differences in their ΔHr as one
forms radical products and the other stable molecules.
The associated reaction of CH3 + NO2 is also not trivial to

analyze and leads not to nitromethane but rather CH3O + NO
or CH2O + HNO. The current experimental results are
consistent with the evaluation of Glarborg et al., whereas the
theoretical predictions are about a factor of 2.5 higher.
However, both are consistent with the extant sparse high
temperature literature for this reaction. Further theoretical and
experimental study of this process is warranted but beyond the
scope of this work.
The current theoretical study has developed a high level

framework for this challenging system based around a global
PES for CH3···NO2. A careful analysis with particular attention
to the features that most influence the roaming channel has
resulted in kinetic and mechanistic parameters that are in
reasonable to very good agreement with the current
experimental work. In particular, the experimental rates of
dissociation of nitromethane are readily reproduced by the
theoretical predictions and the predicted branching to RMI is
entirely consistent with models for the time dependence of the
density gradients. There is, however, some modest disagree-
ment on the magnitude of the energy transfer parameter
needed to reproduce the current work in krypton bath gas and

the experimental literature for argon as a bath gas. At this time
this cannot be resolved, but the differences lie well within the
uncertainties of the theoretical work and may be entirely due to
uncertainties in the different experiments.
The present theoretical analysis improves on prior theoretical

analyses of the roaming process of Homayoon et al.35 and of
Zhu et al.15 in the incorporation of more quantitatively accurate
potential energy surface information and in the focus on the full
roaming, dissociation, and isomerization dynamics within the
reduced dimensional rigid body space. The resulting high level
predictions for the branching to RMI are dramatically different
from those of Homayoon et al.35 Meanwhile, the predictions of
Zhu et al. for the RMI branching at high temperatures and low
pressures (P < 200 Torr) are qualitatively consistent with the
current work. However, Zhu et al. do predict much stronger
pressure dependence in the branching ratio than observed
experimentally or predicted theoretically. The theoretical effort
also reviews a statistical model for the overall decomposition
process that is helpful in interpreting the details of the kinetic
behavior.
Overall, the current work provides a consistent picture of the

dissociation of nitromethane and the magnitude of the RMI
channel as well as the temperature and pressure dependence of
this path based on detailed complementary experimental and
theoretical work.

■ ASSOCIATED CONTENT

*S Supporting Information
The following items are available in the electronic Supporting
Information: (1) shock conditions and experimental rate
coefficients; (2) complete reaction mechanism; (3) ATcT
heats of formation for key species; (4) NASA polynomials for
key species. This material is available free of charge via the
Internet at http://pubs.acs.org

Table 5. Modified Arrhenius Fits for the Rate Constants for CH3NO2 → CH3 + NO2 and CH3NO2 → Roaming Productsa

reaction pressure (atm) A (s−1) n Ea (cal/mol) T range (K)

CH3NO2 → CH3 + NO2 0.001 6.59 × 1050 −11.99 68620 500−2000
0.003 4.18 × 1051 −12.07 68970 500−2000
0.01 2.58 × 1052 −12.13 69450 500−2000
0.03 1.00 × 1053 −12.14 69950 500−2000
0.1 3.02 × 1053 −12.11 70570 500−2000
0.3 5.11 × 1053 −12.03 71160 500−2000
1 4.15 × 1053 −11.84 71780 500−2000
3 1.20 × 1053 −11.53 72230 500−2000
10 6.07 × 1051 −10.99 72450 500−2000
30 5.96 × 1049 −10.27 72260 500−2000
100 3.70 × 1046 −9.20 71520 500−2000

CH3NO2 → roaming products 0.001 9.05 × 1052 −12.73 68940 500−2000
0.003 1.34 × 1053 −12.66 69120 500−2000
0.01 1.95 × 1053 −12.57 69400 500−2000
0.03 2.69 × 1053 −12.50 67200 500−2000
0.1 2.97 × 1053 −12.39 70130 500−2000
0.3 2.11 × 1053 −12.23 70500 500−2000
1 6.73 × 1052 −11.96 70820 500−2000
3 8.64 × 1051 −11.60 70970 500−2000
10 2.37 × 1050 −11.03 70870 500−2000
30 3.52 × 1048 −10.39 70680 500−2000
100 1.91 × 1046 −9.62 70620 500−2000

aRate coefficient is given by ATn exp(−Ea/RT) where T is in K.
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