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ABSTRACT: Classical trajectory and canonical variational transition state theory (CVTST) calculations were
performed on the CH;0 + NO — CH30NO recombination reaction for the temperature range 300-1000 K to study
theoretically this reaction for the first time. The dynamics calculations employ our previously reported potential
energy surface for the dissociation and elimination reactions of methyl nitrite (Martinez-Nufiez E, Vazquez SA. J.
Chem. Phys. 1998; 109: 8907). In the present work this surface was conveniently modified to reproduce more
accurately the experimental CH;0—NO dissociation energy and to obtain more reliable rate constants for both the
dissociation and the recombination reactions. The recombination rate constants calculated with this modified version
of the original potential energy surface agree better with the experimental results than do the rates obtained with the
original one. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

There have been many experimental studies of the
methoxy (CH30) + nitric oxide (NO) reaction.'™'® This
reaction is a prototype radical-radical reaction that can
give rise to two different reaction channels: first, the
recombination reaction to form chemically activated
methyl nitrite (CH;0NO*)

CH;0 + NO — CH;0NO" (1)

which is the subject of the present study, and, second, the
direct disprotonation channel:

CH;0 + NO — CH,0 + HNO (2)

The CH,0 and HNO products can also be obtained via
the chemically activated methyl nitrite molecule as
follows

CH;0 + NO % CH;0NO* 5 CH,O+ HNO  (3)

Experimental studies have been devoted to measuring the
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rate constants for the above reactions in a moderately
wide range of temperatures and pressures. Frost and
Smith® determined the rate constant for the reaction
CH30 + NO in the pressure range 3-100 Torr of argon
and for temperatures ranging from 296 to 573 K by using
laser-induced fluorescence. They arrived at the following
high-pressure limit expression: k., =3.6 x 107 ''(7/
298) ¢ cm® molecule ™' s'. They also concluded that
the formation of CH,O and HNO can only occur via
rearrangement of energized methyl nitrite [(3)]. By
contrast, McCaulley et al® used a discharged flow
reactor to measure the methyl nitrite yield of the
CH30 + NO reaction at 297 K and low pressures (0.5
and 1 Torr) and concluded that under these experimental
conditions the direct disprotonation channel, Eqn. (2), is
the major one. More recently, Ohmori et al.'® determined
the values of the rate constant at room temperature
through laser-induced fluorescence, and employing
Lindemann—Hinshelwood theory extrapolated their re-
sults to the high-pressure limit to obtain k., =(4.5 £
1.5) x 107" ecm® molecule™" s™' at 296 £ 6 K. In the
most recent work, Caralp et al."® used discharge flow
(DF) and pulsed laser photolysis (PLP) techniques and by
means of RRKM calculations, based on their own ab
initio data, derived the following expression for the
limiting high-pressure rate constant: k., = (3.4 +0.4) x
10~ "(77298)*7° cm® molecule ' s~ in the temperature
range 220-600 K.
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Figure 1. Contour plot for relaxed nitric oxide (NO) moving around the equilibrium methoxy (CHsO) molecule.
Contours start at 20 kcal mol~" with successive contours at intervals of 5 kcal mol~" (being the zero of energy for

the CH3ONO equilibrium geometry)

In the atmosphere, the main sink of the methoxy
radical (CH50) is its reaction with O,, whereas at
combustion temperatures CH3;0 can also decompose
unimolecularly (CH30 — CH,0 + H) or react with H, O
or OH. However, in laboratory studies (smog chambers
or shock tubes) the decomposition of methyl nitrite
CH;0NO is a very common source of methoxy and
relative measurements involving this radical often use the
title reaction as a reference. In fact, several elementary
steps in the kinetic modeling of methyl nitrite pyrolysis’
involve this radical.

Recently, two of us studied the elementary steps b and ¢
of Eqn. (3) by both classical trajectory calculations'* and
transition state theory.15 The calculations of the former
study concern microcanonical rate constants, whereas the
latter involves canonical rate constants. In the present
study we shall concentrate on the calculation of the
CH;0 + NO — CH;ONO* recombination rate constant
and its temperature dependence. We use our previously
reported potential energy surface (PES)'* and a modified
form of it for the present work along with classical
trajectories and canonical variational transition state
theory (CVTST) to compute thermal rate constants in
the 300-1000 K temperature range. This work comple-
ments the experimental results, which are not available for
the whole range of temperatures studied here.

PES

Our reported PES for methyl nitrite,'* which accounts for
the CH5;0 4+ NO and CH,O + HNO dissociation chan-

Copyright © 2001 John Wiley & Sons, Ltd.

nels, was used in the present study. This analytical PES is
expanded in terms of valence internal coordinates, with
parameters calibrated with our own ab initio data.'® The
PES was tested by the calculation of rate constants for the
elimination reaction [step ¢ in Eqn. (3)] and a further
comparison between them and the experimental rates.
The calculated rate constants were in overall good
agreement with experiment when semiclassical correc-
tions to the conventional transition state expression were
used.'* A contour plot of the PES for the methoxy radical
in its equilibrium geometry, with nitric oxide in its
relaxed geometry moving around, is shown in Fig. 1. The
main feature in the plot is the methyl nitrite minimum and
the lack of a barrier for the recombination reaction. The
minimum energy paths (MEPs; calculated with our PES)
involving the elementary steps in Eqn. (3) are displayed
graphically in Fig. 2. As seen in Fig. 2, there exists a very
tight saddle-point of index one for the elimination
reaction with an energy barrier slightly higher than the
CH;0 + NO dissociation energy.

In a previous direct dynamics study,'” we also
investigated the elimination and dissociation reactions
of methyl nitrite [steps b and ¢ in Eqn. (3)]. Whereas for
the elimination reaction very good agreement with
experiment was reached, for the dissociation channel
our theoretical rates were substantially higher than those
obtained experimentally. The reason for this ‘disagree-
ment’ was attributed to the underestimation of the
CH;0—NO dissociation energy in the theoretical
study,'” since the dissociation rate constant is very
sensitive to the magnitude of this value. In addition, the
recombination rate constant is found to be quite sensitive
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Figure 2. MEPs for the elementary steps in the reaction
mechanism in Egn. (3)

to the assumed form for the potential.'® In fact, Hase et
al."” showed that the Morse potential (the one used in our
model'?) is too long range when compared with ab initio
calculations on the H 4 CHj; recombination reaction.
They proposed a ‘stiff” Morse function in which the
curvature parameter 3 varies as a function of the
separation of the fragments. However, in the present
work, and owing to the lack of accurate long-range ab
initio calculations, we have made another type of
correction to our previously reported surface to obtain a
more realistic CH3;0—NO dissociation energy that will
produce better results for both the unimolecular dissocia-
tion and the recombination rates.” More specifically, the
new PES includes a switching function of the form:

SW = {1 — exp[—a(ron — ron)]}

e

where a=0.5 A~" and b=10.0 A™"; &% is the rrans-
methyl nitrite ON equilibrium bond length (see Ref. 14)
and ra[ is the methoxy radical CH equilibrium bond
length.'* Thus, SW has a value of one for the
CH;0 + NO asymptotic channel and zero for the methyl
nitrite equilibrium geometry. This switching function
was incorporated into the ON interaction potential (a
Morse function; see Ref. 14) in the following way:

V(VON) = Voriginal(VON) + D x SW (5)

where Viyigina(fon) is the ON interaction term in the
original PES, and D is 1.9kcalmol™'. Our original

"The recombination rates are not as sensitive to the potential well depth
as the dissociation rates. However, by making a deeper well depth the
potential will be more long range and, consequently, the recombination
rates will be higher than those obtained with the previous surface.
“This value is based on Batt’s data of Ref. 2.

The agreement could be better by increasing the value 1.9 in Eqn.
(5). However, this would affect the dissociation rate constants and also
the energetics for the elimination channel. Therefore, the PES could
not be used in a more complete kinetic study.

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 3. Potential energy profile along the CH30—NO
distance (methoxy and nitric oxide with relaxed geometries
at each step) calculated with the original version of our PES
(---) and the modified version of the present work (—)

surface predicted a dissociation energy D, (zero-point
energy excluded) of 41.7 kcal mol~', whereas the new
PES predicts a value of 43.6 kcal mol ' (the correspond-
ing Dy at 298 K is 41.2 kcal mol ', which compares quite
well with the recommended literature'® value of
41.8 + 0.9 kcal mol ™ 1).* Figure 3 shows a cut of both
surfaces along the CH3;0—NO distance, with the
remaining coordinates relaxed. Because we have used
the switching function SW, the new surface only modifies
the CH30—NO dissociation channel energy; it does not
change the remaining attributes of the original PES (i.e.
the geometrical and energetic parameters for the
elimination channel). Therefore, this surface could be
used in a dynamics study to analyze the branching ratios
for both channels, which are also of great interest.'>"!!

CVTST RATE CONSTANTS

According to variational transition state theory, the rate
constant can be expressed as'®

kBT Qts(Tv S)

k(T,s) = JTW

exp(—Vmep(s)/ksT)  (6)

where ¢ is the symmetry factor, 4 and kg are the Planck
and Boltzmann constants, Vygp(s) is the potential energy
along the MEP at a given reaction coordinate distance s,
and QR and Q" are the partition functions of the reactants
and the transition state respectively. The conventional
transition state rate constant k' >' corresponds to s =0
(the saddle point for a reaction with a barrier). In CVTST
the transition state is located at the point along the
reaction coordinate where the thermal rate constant is
minimized.

In terms of the free energy of activation, the thermal
rate constant can also be expressed as

k(T,s) = akBTTexp(—AGtS(T,s)/kBT) (7)
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where AG" is the difference in free energy between the
transition state and the reactants. The above equation
indicates that the minimum in k(7, s) corresponds to a
maximum in AG". Therefore, the best dividing surface
(the transition state) is found at the reaction coordinate
point at which the free energy change is maximum. Since
for the dissociation reaction there is no saddle point, the
MEP was calculated starting from an initial CH;0—NO
separation of 10 A and using a step-size in the numerical
integration of 0.001 amu'"? A.

It is well known that low-frequency vibrations are best
treated as two-dimensional hindered internal rotors
instead of quantum harmonic normal modes.** In fact,
we have recently shown that this is also important to
predict more realistic kinetic isotope effects and the
energy dependence of the microcanonical rate con-
stants.'* Thus, in the present study the four lowest-
frequency vibrations (corresponding to the CH;0 and NO
rocking motions) were treated as two hindered two-
dimensional rotations. The Hamiltonian for this motion
reads

P r;

0 ¢
=+ ——4V(0, 8
21y 21,sin* 0 (6,¢) ®)
where 6 is bounded by 0 and 7 and ¢ by 0 and 27. The
classical partition function for this Hamiltonian is

0 / exp(—H ks T)dT 9)

T ol

where ¢ is the symmetry number and the infinitesimal
phase space volume dI' is dpydp,dode.

In the present work, CVTST rate constants were
calculated by using Eqn. (7) with the quantum harmonic
approximation for all the degrees of freedom at the
variational transition state except for the four lowest-
frequency vibrations, which were treated as hindered
two-dimensional rotors.

The transition state properties for the unimolecular
dissociation obtained in this work are collected in Table 1
and compared with the results obtained in our previous
direct dynamics study.15 Equation (7) shows that there
are two opposing influences on the magnitude of the free
energy variation: the enthalpy change AH® and the
entropy change AS®. AH® becomes larger as the
separation between the fragments in the transition state
increases and the potential Vygp(s) rises to its asymptotic
value. Hence the enthalpic effect favors a maximum in
AG" at large separations of the fragments (large O—N
distances in Table 1). AS is also maximized at large
separations of the fragments, since the freely rotating
products correspond to a maximum in the entropy. Since
the AS term appears as a negative quantity in the free
energy change (AG™ = AH" — TAS®™), this term favors a
maximum in AG" at smaller separations in the transition

Copyright © 2001 John Wiley & Sons, Ltd.

Table 1. Transition state properties obtained in the CVTST
calculations for the dissociation CH3ONO — CHs0 + NO

Temperature  R(O—N)¥/A*®  R(O—N)“¥/A%* AG™¢
300 2.93 3.61 35.54
400 2.93 3.45 34.19
500 2.93 3.31 32.88
600 3.23 31.64
700 3.14 30.47
800 3.09 29.34

1000 2.78 2.66 28.03

# CH3;0—NO distance at the variational transition state.
® Results from Ref. 15.

¢ CVTST calculations of this work

9 Free energy variation at the transition state.

state. In addition, the contribution of the AS™ term to the
free energy becomes more important as the temperature
increases. Therefore, as the temperature increases it is
expected to lead to a decrease in the separation between
the fragments at the transition state, as shown in Table 1.
Also seen in Table 1 is that the direct dynamics
calculations of Ref. 15 predict substantially lower
separation of the fragments at the transition state than
those obtained here with the improved analytical
potential, which may be explained by differences in
the shapes and reaction endothermicities of the PESs
involved.

The rate constants for the dissociation reaction are
collected in Table 2 in comparison with experiment’ and
our previous direct dynamics results.'”” As shown in
Table 2, the present dissociation rate constants are in
much better agreement than those obtained previously. In
particular, this is true at 300 K; whereas the rates
obtained in our previous direct dynamics study'’ are
about 39 times higher than experiment,’ the theoretical
rates of the present work are only 2.8 times lower. In
addition, at 1000 K the rates obtained in the previous
direct dynamics study15 are 2.5 times higher than the
experimental ones,” whereas the CVTST rates of the
present work are only 1.7 times lower. Clearly, a
substantial improvement of the theoretical results was
achieved in the present work.

The recombination rate constant can also be calculated
by CVTST theory from the unimolecular rates by using
the following expression:

krec/kuni = feq (10)
where K. is the equilibrium constant calculated as

_ Ocn,ono

K. —
“ Ocn,00n0

exp(AH; /kgT) (11)

where AH; is the enthalpy difference between the
reactant and product at 7= 0 K and Qcpn,ono0, Qcn,0 and
Ono are the CH3;0NO, CH30 and NO partition functions.

J. Phys. Org. Chem. 2002; 15: 123-129
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Table 2. CVTST rate constants (s~") for CH;ONO — CH50
+ NO and comparison with experiment

Temperature k(T)* kK(T)® kexp(T)*
300 8.5 (—12) 78 (=14)  22(-13)
400 3.7 (=5) 1.7 (—6) 32 (—6)
500 3.8 (—1) 4.3 (-2) 6.5 (—2)
600 3.7 (+1) 48 (+1)
700 4.4 (+3) 53(+3)
800 1.6 (+5) 1.8 (+5)

1000 6.6 (+7) 1.5 (+7) 2.6 (+7)

# Results from Ref. 15.
® CVTST calculations of this work
¢ Experimental results from Ref. 7.

Note that in this case Qcp,0 and Ono also include the
translational and electronic factors. The electronic
partition factors, in which spin—orbit coupling was

explicitly considered, are*>°

Ocn;0 = 2+ 2exp(—141/T) (12)
and

Ono =2+ 2exp(—177/T) (13)

with the temperature in kelvin. The recombination rate
constants thus obtained will be presented and compared
with experiment and with the results of classical
trajectory calculations in the following section. It is
interesting to point out that the variable reaction
coordinate (VRC) variational transition state theory
model of Klippenstein and coworkers® may lead to
more accurate recombination rates than those obtained
here with conventional VTST.

RECOMBINATION RATE CONSTANTS

Although recombination rates can be estimated as shown
in the previous section by CVTST calculations, the
dynamical details (like, for instance, dividing surface
recrossings) are bypassed in the transition state theory
approach. Given a PES for a reactive system and not very
far from the classical limit, the quasi-classical trajectory
calculations are equivalent to a real experiment in the
laboratory. Therefore, in the present work we have also
performed extensive quasi-classical trajectory calcula-
tions for the title recombination reaction.

The quasi-classical trajectory method can be employed
to obtain CH30 + NO — CH3;ONO recombination rate
constants from the following expression:*?

max

K(T) = (D) KT ) P bl (14)

where p is the reduced mass of the reactants (CH30 and
NO), N, the number of reactive events, N the total number

Copyright © 2001 John Wiley & Sons, Ltd.

of trajectories in the ensemble, b,,,,x the maximum impact
parameter and g.(7) the electronic degeneracy factor. The
initial conditions were selected as follows: the internal
(vibrational and rotational) and relative translational
energies of the reactants where chosen from the
corresponding Boltzmann distributions.* Additionally,
the impact parameter was randomly chosen from O to
bmax-

In the present work, quasi-classical trajectory rate
constants were calculated using Eqn. (14) for the
temperature range 300-1000 K at seven temperatures.
Batches of 1000 trajectories were used to determine the
maximum impact parameter and ensembles of 10000
trajectories were used to evaluate the reaction probability
(N,/N) for each temperature, so that a total of 154000
trajectories were ran on a UP1000 Alpha platform. To
determine whether or not methyl nitrite had been formed,
a geometrical test was considered. More specifically, we
used a step-size of 0.03 fs until a point in which all the
bond distances in CH;0ONO* dropped below 2 A or the
asymptotic entrance channel was reached again. To
evaluate the electronic degeneracy factor g.(7), spin—
orbit splitting of the “E states of methoxy?’ and *IT states
of nitric oxide?*™° were explicitly considered, and,
therefore, this factor has the following form:

1
[2+2exp(—177/T)][2 4+ 2exp(—141/T)]

(15)

ge(T) =

All the trajectory calculations were accomplished by
using the VENUS95 dynamics program.33

The maximum impact parameters computed in this
work for the seven temperatures studied are collected in
Table 3. The results presented on the left side of Table 3
were obtained with the original PES.'* As shown in Table
1, the impact parameter decreases with temperature, since
we are studying a reaction without an energy barrier.
Also shown is that between 8 and 11% of the trajectories
led to CH30NO* for the original PES. In addition, Table
1 collects the corresponding maximum impact par-
ameters and reaction probabilities calculated with the
modified version of the surface in the same temperature
range. As can be seen, the maximum impact parameter is
substantially increased in this new PES, as could be
anticipated by a simple inspection of Fig. 3. In addition,
the N,/N ratio was also increased in this case. Though the
dissociation rate constants are very much sensitive to the
potential well depth, the recombination rate constants are
less sensitive to this value. The main influence arises
from the change in the position of the variational
transition state. That is, with the modified version of
the PES we obtain looser variational transition states (i.e.
the transition state partition functions values are higher)
than those obtained with the previous surface. This is the

J. Phys. Org. Chem. 2002; 15: 123-129
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Table 3. Impact parameters and reaction probabilities for the
title association reaction in the 300-1000 K temperature
range

Original PES* Modified PES®
Temperature Dmax N,/N, Dmax N,/N,
300 5.5 0.0773 7.4 0.0798
400 53 0.0858 6.3 0.1029
500 53 0.0868 5.9 0.1125
600 5.1 0.0952 5.8 0.1106
700 5.0 0.1021 5.8 0.1058
800 4.9 0.1072 54 0.1216
1000 4.9 0.1082 5.2 0.1251

? Values of the maximum impact parameters (A) and the reaction
probabilities N,/N; (where N, is the number of reactive events and N, the
total number of trajectories).

main reason why the modified version gives higher
recombination rate constants.

The rate constants calculated with our original PES by
classical trajectory calculations are shown in Fig. 4 (open
circles connected by a line for visual clarity) along with
the experimental results of Caralp et al.®? (solid line),
Frost and Smith® (dashed line), Sanders er al.’® (full
triangles), Zellner* (full squares) and Ohmori ef al. 10 (full
circles). The classical trajectory rate constants computed
with our modified surface are shown as dot circles.
Also, the CVTST rate constants of the present work are
depicted in Fig. 4 as squares. As seen in Figure 4, the
CVTST rates are upper bounds to the ‘exact’ classical
rate constants (those obtained by quasi-classical trajec-
tory calculations). In addition, the CVTST recombination

rates predict a marked temperature dependence, not
observed in the classical trajectory nor in the experiment.
The maximum difference between the CVTST and the
trajectory recombination rate constants appears at the
highest temperatures (at 800 K the CVTST rate is almost
five times greater than the trajectory one). This difference
may be explained on the basis of the dynamical effects
‘bypassed’ in the statistical CVTST calculations. For
example, the recrossings of the dividing surface, which
are more often at high temperatures, are only taken into
account in the statistical model by minimizing the rate
constant with respect to the dividing surface location,
whereas in the classical trajectory model the trajectories
are followed up to the CH;0NO well; i.e. the transition
state recrossings are properly taken into account. Overall,
owing to the approximations employed to evaluate the
CVTST recombination rate constants (see section above),
the results are quite reasonable. As seen in Fig. 4, most of
the experimental rates are reported for room temperature
and present a wide scattering. Therefore, the comparison
between theory and experiment is reasonably good,
especially for the theoretical results obtained with the
modified PES. The quasi-classical trajectory results
obtained with our new surface do not exhibit temperature
dependence, whereas those obtained with the original one
present a temperature dependence contrary to that
suggested by Caralp et al."® and Frost and Smith.®
However, we must stress at this point that the experi-
mental values were not measured directly but derived by
fitting the experimental rates to RRKM and/or Linde-
mann—Hinshelwood equations. Also seen in Fig. 4 is that
the differences between the quasi-classical rate constants

w
-3
1

w
o
i

In (k(T)/em’ mole™ s™)

Caralp et al.
28 - - Frost and Smith
A Sandersetal. —— CVTST calculations (this work)
Zellner —O— Original PES (this work)
27 4 e Onhmorietal —O— Modified PES (this work)
T T T T
0 1 2 3 4 5

1000/T (K)

Figure 4. Comparison between the thermal rate constants computed in this work and those obtained

experimentally. See the legends of the figure
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calculated by the two PESs increase as the temperature
decreases. Therefore, the lower-temperature calculations
are more sensitive to the shape of our PES. To some
extent, the discrepancies between our calculated and the
experimental rates could be attributed to the lack of an
accurate treatment of the long-range interactions, which
influence the precise value for the recombination
rates>*3> as stated above. Overall, taking into account
the agreement between the experimental results of He et
al.” and our CVTST dissociation rate constants and the
scattering in the experimental recombination rate con-
stants (Fig. 4), our model PES seems to be quite
satisfactory.

CONCLUSIONS

In the present study, classical trajectory and CVTST
calculations were performed to calculate thermal rate
constants for the experimentally well-studied methoxy
+ nitric oxide reaction. In particular, we focused on the
recombination rates to give chemically activated methyl
nitrite, which can subsequently undertake a four-center
elimination reaction (studied previously'*'
dissociate to give methoxy and nitric oxide again. The
classical rates computed in the present work compare
reasonably well with the experimental rates at the lowest
temperature (300 K) taking into account the scattering in
the experimental results. We improved our results by
modifying our original PES to obtain a more reliable
dissociation energy for the CH;0—NO bond. The rate
constants obtained with this new surface compare better
with experiment, but they still differ to some extent.
Overall, taking into account the agreement between the
theoretical rates obtained with our new model and those
determined experimentally, the new PES seems to be
substantially improved after the modification made in the
present work.
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