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Large-scale classical trajectory calculations have been performed to study the reaction Ar+ CH4 f CH3 +
H + Ar in the temperature range 2500e T/K e 4500. The potential energy surface used for ArCH4 is the
sum of the nonbonding pairwise potentials of Hase and collaborators (J. Chem. Phys.2001, 114, 535) that
models the intermolecular interaction and the CH4 intramolecular potential of Duchovic et al. (J. Phys. Chem.
1984, 88, 1339), which has been modified to account for the H-H repulsion at small bending angles. The
thermal rate coefficient has been calculated, and the zero-point energy (ZPE) of the CH3 product molecule
has been taken into account in the analysis of the results; also, two approaches have been applied for discarding
predissociative trajectories. In both cases, good agreement is observed between the experimental and trajectory
results after imposing the ZPE of CH3. The energy-transfer parameters have also been obtained from trajectory
calculations and compared with available values estimated from experiment using the master equation
formalism; in general, the agreement is good.

1. Introduction

Collision-induced dissociation (CID) processes have long
been subject to many studies in various contexts. The CID
mechanism may occur through direct dissociation (e.g., as the
result of a high energetic collision) where the molecule is
fragmented during the initial impact or, in two steps, with the
prior formation of an internally excited species followed by its
unimolecular dissociation. In both cases, the amount of colli-
sional energy transfer is a key parameter in the study of such
reactions. Indeed, knowledge of the mean collisional energy
transfer is imperative in using the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory1,2 to calculate rate constants for
dissociation (or recombination) reactions. This becomes espe-
cially important in combustion chemistry, where the dissociation
(or even recombination) reactions occur at high temperatures
and low pressures. The RRKM theory uses estimates of the
mean collisional energy transfer (which are normally obtained
from experimental results on related systems at a particular
temperature) to calculate the rate constants for such reactions.
Because low-pressure rate constants are quite sensitive to
collisional energy transfer, those RRKM calculations may
occasionally lead to inaccurate values.

The dissociation reaction

where M is usually a rare gas atom (e.g., argon), plays a
fundamental role in combustion. Under most experimental
concentrations of CH4, reaction 1 can compete with reaction H
+ CH4 f CH3 + H2, which is clearly important for the CH4/
O2 combustion chemistry.3 Because of this, reaction 1 has been

subjected to many experimental4-9 and theoretical10,11 studies.
Most of these studies focused their attention on the determination
(or calculation) of the dissociation rate coefficients in the high-
temperature regime. In particular, Kiefer and Kumaran7 have
performed laser-schlieren shock-tube experiments in the tem-
perature range 2800e T/K e 4300 to measure the rate of
dissociation of CH4 diluted in both Ar and Kr. They have
concluded that the thermal rate coefficient of reaction 1 should
show significant Arrhenius curvature at high temperatures.7

More recently, Sutherland et al.12 have used atomic-resonance
absorption spectrometry to observe absolute H-atom formation
rates from CH4 dissociation with Kr as a bath gas. These
experimental results12 confirmed those obtained by Kiefer and
Kumaran,7 while establishing that the collisional-energy-transfer
parameter in Kr increases with increasing temperature; they12

expect relatively little difference in the energy-transfer parameter
when Kr is replaced by Ar as the bath gas. Moreover, from the
theoretical side, Miller et al.11 have used three formulations of
the master equation, applied to methane dissociation in the low-
pressure limit, to extract information about collisional energy
transfer. Thus, the values of the collisional energy transfer
deduced11 from experimental rate coefficients7 are shown to
increase continuously as the temperature increases from 300 to
4000 K.

The quasi-classical trajectory (QCT) method has proven to
be reliable for studying energy transfers in highly excited
molecules,13,14 and, in particular, it has been applied to
investigate the energy transfer in collisions of argon with
methane.15-17 However, in comparison with the present work,
all of these studies15-17 have used less realistic analytical models
to represent both the intramolecular CH4 and the intermolecular
Ar-CH4 interactions. Besides, the QCT method has the clear
advantage of having no approximation in the dynamics inherent
to the energy-transfer process (other than the use of classical
mechanics) while allowing the calculation of the relevant
parameters without using any kind of experimental data as input.
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M + CH4 f CH3 + H + M (1)
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In turn, it also allows the calculation of thermal rate coefficients
for reaction 1. Of course, the trajectory approach suffers from
some drawbacks, namely, those related to quantum-dynamics
effects, and its application to systems with many degrees of
freedom is limited by the knowledge of the corresponding
potential energy surface and the computational means available.
Concerning the quantum effects, one expects tunneling to have
a minor influence on the title reaction, once it is barrierless along
the minimum energy path. Conversely, as a result of the high
endoergicity of reaction 1, the problem of zero-point energy
(ZPE) conservation in the CH3 product should be the most
relevant disadvantage of using classical trajectories, even in the
combustion range of temperatures. However, many strategies
have been proposed18-35 to approximately correct for this
problem. Among these, some are designated as active, because
they seek to correct the ZPE leakage along the integration of
each trajectory, while the others take into account only the
energies of reactant and product molecules (and sometimes that
of the transition-state structure) and, hence, are called passive
methods. Because the latter do not interfere in the dynamics of
the trajectories (they only “manipulate” the statistics of the
ensemble of trajectories according to some predefined criteria),
they are more convenient from both a practical implementation
and theoretical justification; see refs 34 and 36-41 for a critical
analysis of the ZPE problem in classical trajectory calculations.

Our main goal is to perform a classical trajectory study of
the title reaction in the combustion range of temperatures while
assessing the ZPE effects in the thermal rate coefficients; after
ZPE correction, the calculated thermal rate coefficients can be
compared with the experimental ones. To our knowledge, this
is the first theoretical dynamics study attempting to calculate
the thermal rate constant for reaction 1. We also want to estimate
the Ar + CH4 collisional energy-transfer parameters at those
high temperatures. Thus, the plan of this paper is as follows. In
section 2, we give the details about the Ar-CH4 potential energy
surface and describe the process of choosing initial conditions
for trajectory calculations. The trajectory analysis (including the
way in which the ZPE of CH3 is imposed) and the results for
both thermal rate constants and energy-transfer parameters are
presented and discussed in section 3. Finally, section 4 gathers
the main conclusions.

2. Trajectory Calculations

2.1. Potential Energy Surface.The potential energy surface
for ArCH4 may be written as

whereVCH4 is the full-dimensional potential function for methane
and the fiveVAr-X i (X1 represents the carbon atom, while X2,
X3, X,4 and X5 stand for the hydrogens) pair potentials account
for the Ar-CH4 van der Waals interaction. We have employed
the recent intermolecular Ar-CH4 potential of Hase and
collaborators,42 which is expected to perform well for the range
of temperatures studied in this work. This has been calibrated
with QCISD(T)/6-311++ G** data,42 and the corresponding
two-body functions have the form

where theA, b, andC parameters for both Ar-C and Ar-H
interactions have been taken from the potential identified as
Ar/CH4-III in ref 42; for other Ar-C and Ar-H potentials,

see refs 43 and 44. The use of eq 3 must be done with some
caution for very short Ar-X distances (high energies) where
the second term (C is negative) dominates over the first one,
which leads to a negative potential. We have verified that those
short distances are far from being reached in this trajectory
calculation. In addition, the Ar/CH4-III potential has been
shown to provide agreement with high-energy experiments for
the Ar + C2H6 system.45

The potential energy surface adopted in this work for CH4 is
the one of Duchovic, Hase, and Schlegel46 (DHS), which is
known to adequately describe the breakage of the C-H bond,
that is, the dissociation reaction CH4 f CH3 + H; this is a key
step in the present CID study. However, we have found that
the DHS surface allows the H atoms to closely approach each
other when CH4 is highly vibrationally excited, which is not
infrequent for the temperatures considered here. Indeed, Hase
and collaborators46 have already pointed out that their CH4

potential may not be reliable to be used in classical trajectory
calculations of methane dissociation at energies where other
channels are open [e.g., the reactions CH4 f CH2(1A1) + H2

and CH4 f CH2(3B1) + H2, having thresholds (cf. ref 46)
respectively of∼15 and∼7 kcal mol-1 higher than that for
CH4 f CH3 + H]. Thus, we have accounted for the H-H
repulsion by adding to the original CH4 potential six terms of
the type

multiplied by the corresponding switching function

At small H-H distances (for example,RH-H < Rcut), the
repulsive potential of eq 4 dominates over all of the other CH4

interactions and disappears forRH-H > Rcut. We have chosen
Rcut ) 1.0 Å because this already corresponds to a strong
repulsive interaction region of the DHS surface. Moreover, a
rapid switch from the pure repulsive potential given by eq 4
and the DHS function is necessary to reproduce the original
CH4 frequencies at its equilibrium geometry;γ ) 100 Å-1 has
been found to be a good choice for the decaying parameter of
the switching function in eq 5. This new potential function that
accounts for the drawback of the DHS surface was then fitted
to QCISD(T)/6-311++G(d,p) ab initio points calculated for 10
different HCH angles, and the resulting parameters in eq 4 are
A ) 1400 kcal mol-1 andb ) 8.5 Å-1. Figure 1 shows both
the DHS surface46 and the improved CH4 potential as functions
of the HCH angle. It is clear from this figure that the improved
CH4 surface reproduces quite well the present ab initio calcula-
tions, while the DHS one is in complete disagreement for the
smallest angles.

Figure 2 shows a contour plot for Ar moving around the CH4

molecule, which has been fixed at its equilibrium geometry.
The topographical details of the intermolecular potential energy
surface that stand out in this figure result just from a cut of the
global potential energy surface, which corresponds to argon
moving in the plane formed by carbon and two of the hydrogen
atoms. Because of this, only two of the four equivalent minima
(Emin ) -0.20 kcal mol-1 below the Ar+ CH4 asymptotic limit)
are visible in Figure 2 (shaded areas). These are associated with
lines of the Ar-C approach that are perpendicular to the four
faces of the tetrahedron, with an argon-carbon distance ofRAr-C

) 4.12 Å. Also shown by the dots in the figure are two of the
saddle points for isomerization (Esaddle ) -0.13 kcal mol-1)

VArCH4
) VCH4

+ ∑
i)1

5

VAr-X i (2)

VAr-X(R) ) A exp(-bR) + C/R6 (3)

VH-H(R) ) A exp(-bR) (4)

fi(RH-H) ) 1
2

{1 - tanh[γ(RH-H - Rcut)]} (i ) 1-6) (5)

5416 J. Phys. Chem. A, Vol. 109, No. 24, 2005 Marques et al.
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that correspond to the edges of the tetrahedron (RAr-C ) 4.30
Å); the second-order saddle points (Esaddle,2) -0.07 kcal mol-1)
at the vertices (RAr-C ) 4.78 Å) are indicated by triangles in
Figure 2. Note that, although deeper (i.e.,Emin ) -0.39 kcal
mol-1, Esaddle) -0.32 kcal mol-1, andEsaddle,2) -0.24 kcal
mol-1), similar Ar-CH4 structures (RAr-C ) 3.70 Å,RAr-C )
3.90 Å, andRAr-C ) 4.25 Å, respectively) have been recently
obtained in the CCSD(T)/aug-cc-pVTZ ab initio calculations
of Liu and Jäger;47 these ab initio values are in very good
agreement with those from the symmetry-adapted perturbation
theory calculations of Heijmen et al.48

We present in Figure 3 the main energetic features of the
title reaction in the present ArCH4 potential energy surface. It
is clear from this figure that the reaction Ar+ CH4 f CH3 +
H + Ar is highly endoenergetic, with the classical energy
threshold beingEth ) 110.6 kcal mol-1. The value of 112.1
kcal mol-1 shown in parentheses is estimated from the

experimental enthalpies at 298.15 K obtained at NIST49 and
taking into account the corresponding thermal energy as well
as the ZPEs of both CH4 and CH3. Also indicated in Figure 3
is the Ar-CH4 van der Waals structure associated with the
aforementioned four equivalent minima. Finally, we have shown
in this figure the ZPE of CH3 (i.e., E ZPE

CH3 ) 18.29 kcal mol-1),
which has been calculated using the harmonic frequencies of
CH3 arising in a normal-mode analysis of the DHS potential,46

while the corresponding experimental value is indicated in
parentheses.

2.2. Initial Conditions. The thermal rate coefficients were
evaluated by the expression50

wherekB is the Boltzmann constant,µ is the Ar-CH4 reduced
mass, andσ(T) is the reactive cross section at temperatureT;
as usual,σ(T) ) πbmax

2Nr/N, with bmax, Nr, and N being the
largest impact parameter that leads to reaction, the number of
reactive trajectories, and the total number of trajectories for a
given temperature, respectively. The reactive cross sections have
been calculated by running trajectories with an extensively
adapted version44,51,52 of the MERCURY program,53 which
allows for the definition of all possible reactive channels.44 This
has been further modified to incorporate the proper selection
of initial conditions for the present work that we describe as
follows.

The collision energyEtr has been selected from the Maxwell-
Boltzmann distribution at temperatureT using the appropriate
cumulative function18

where the value ofEtr for each trajectory is randomly calculated
by numerically solving the equationG(Etr) - ê ) 0; ê is a
random number chosen in the range 0e ê e 1. In turn, the
vibrational normal modes of CH4 have been sampled quasi-
classically from the corresponding Boltzmann distributions, as
described in detail in ref 50.

Figure 1. Comparisons of the improved DHS potential energy surface
(full circles) and the original DHS potential energy surface (open circles)
with the QCISD(T)/6-311++G(d,p) ab initio calculations (full squares)
as a function of the HCH angle.

Figure 2. Contour energy plot for the Ar atom around the CH4

molecule (fixed in its equilibrium geometry) in the plane defined by
the C-H bonds that are indicated with the thin lines. The C-H bonds
standing up and down that plane are represented by the thick and dotted
lines, respectively. The first energy contour corresponds toE1 ) -0.22
kcal mol-1, ∆E ) 0.02 kcal mol-1 being the energy difference between
contours. The shaded areas show the minima, while full dots and
triangles stand for first-order and second-order saddle points, respec-
tively. See the text for further explanation.

Figure 3. Main energetic features of the reaction Ar+ CH4 f CH3

+ H + Ar. Values in parentheses are the experimental estimates. See
the text for further explanation.

k(T) ) (8kBT

πµ )1/2

σ(T) (6)

G(Etr) ) (kBT)-2∫0

EtrE′tr exp(-E′tr/kBT) dE′tr (7)

Trajectory Dynamics Study of the Ar+ CH4 Reaction J. Phys. Chem. A, Vol. 109, No. 24, 20055417
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The sampling of rotational energy and angular momentum
for CH4 takes into account that the molecule is a spherical top
with equal momenta of inertia according to the three principal
axes of inertia (i.e.,I ≡ Ia ) Ib ) Ic). The rotational energy for
a spherical top depends only on the rotational angular momen-
tum J (i.e., it has no contribution from the angular momentum
component along the molecule-fixed axis) so thatJ is sampled
from the probability distribution

where 0e J e ∞ andP(J) is already normalized. Thus,J may
be sampled using the cumulative distribution function, which,
after integration, leads to the result

Moreover, all three of the components ofJ are treated on equal
footing; that is

and the classical rotational energy is calculated asErot ) J2/2I;
the random numbersêi (i ) 1-3) belong to the range 0e êi

e 1.
Once the initial conditions are established, one of two

situations may arise: (i) the total energy (Etot ) Evib + Erot +
Etr) is below the dissociation threshold (i.e.,Etot < Eth), or (ii)
Etot g Eth. In case i, the trajectory has no chance of forming
products and, hence, it is not integrated, being considered
nonreactive. Because of the endoergicity of the reaction, this is
the most frequent case, as shown by the fraction of such
trajectories in column 3 of Table 1. Thus, from the total number
of generated trajectories (Ng) presented in Table 1, only a very
small subset (corresponding to those with initial conditions
described in case ii) needs to be integrated until one or more
internuclear distances reach 10 Å or 90 ps has elapsed. In all
cases, the maximum impact parameter (bmax) has been fixed at
4 Å. This is well-optimized for the main calculations of the
present work, where the ZPE effects have been taken into
account (see section 3.1).

Concerning the energy transfer, we have calculated batches
of 20 000 trajectories for temperaturesT ) 2500, 3000, 3500,
4000, and 4500 K. For each batch, the collision energy has been
sampled from the corresponding Boltzmann distribution (see
above) while the internal energy of CH4 has been fixed at the
threshold (i.e., 110.6 kcal mol-1). The rotational counterpart of
the latter has been calculated asRT/2 (R is the gas constant)
for each axis of inertia and the remaining vibrational energy
attributed to the normal modes according to a microcanonical

distribution;54 thus, the initial vibrational (rotational) energies
are, in kcal mol-1, 103.2 (7.4), 101.6 (9.0), 100.2 (10.4), 98.7
(11.9), and 97.2 (13.4) forT ) 2500, 3000, 3500, 4000, and
4500 K, respectively. The end of trajectories is detected when
all of the distances between argon and the other atoms become
larger than 15 Å, which is sufficient to ensure that the energy-
transfer process is concluded. In turn,bmax has been optimized
by using the procedure of Lim and Gilbert,55 assuming as
criterion of convergence that the second moment of the energy
transfer becomes less than 2× 10-2 cm-2 for b > bmax. Because
bmax thus calculated should include all of the inelastic collisions,
the values obtained are always greater than the corresponding
ones for reactive events (i.e.,bmax ) 4 Å): bmax ) 5.8, 5.6,
5.4, 5.3, and 5.4 Å forT ) 2500, 3000, 3500, 4000, and 4500
K, respectively. Note thatbmax is extremely dependent on the
potential energy surface; for example, Hase et al.16 have used
bmax ) 4.5 and 5 Å tostudy the Ar+ CH4 collisional energy
transfer with different ArCH4 model potentials.

3. Results and Discussion

3.1. Trajectory Analysis. The contribution to the thermal
rate constant of the title reaction may arise from (i) the direct
formation of Ar + H + CH3 (which is a rare event for
endoenergetic processes and has not been observed in the present
trajectory calculation), (ii) the formation of a vibrational-
rotational excited CH4

/ species (due to collision with Ar) that
can dissociate afterward, and (iii) CH4

/ reactants initially
prepared with an internal energy above the dissociation thresh-
old. Sometimes the latter should be considered predissociative
because they may dissociate prior to the collision with argon.
However, a rigorous predissociation criterion cannot be easily
established and, hence, it may be assumed that all trajectories
initiated with internal energies above the threshold should be
discarded from the final statistical analysis; for example, a
similar procedure has been adopted by Rodrigues and Varan-
das43 in the Ar+ HCN collision-induced dissociation. Of course,
this criterion for defining predissociative trajectories (hereafter
referred to as PD1) should be regarded as an approximation
because highly energized CH4

/ species may last for a suf-
ficiently long period so that a collision with argon is able to
occur. Besides the PD1 procedure, we have applied the RRKM
theory1,2 to calculate the probability of a trajectory to be
predissociative; that is

wherekRRKM(E) is the variational RRKM rate constant andtcol

()600 ps) is the average collision time calculated by the kinetic
theory of gases for the experimental conditions of pressure and
temperature adopted by Kiefer and Kumaran;7 this method of
assigning predissociative trajectories will be hereafter referred
to as PD2. Although this must still be seen as an approximation,
it is clearly a better estimation for predissociative trajectories.

Because the title reaction is highly endoenergetic and the
nascent CH3 product molecule has a substantial ZPE content
(see Figure 3), we expect that important effects due to ZPE
leakage may occur in this system. To investigate this, we have
considered three cases in the analysis of the trajectories, those
being the results presented in Tables 2-4. First, the pure
classical analysis considers that all of the trajectories leading
to CH4

/ species withEint g 110.6 kcal mol-1 will promptly
dissociate to form H+ CH3; the corresponding results are shown
in Table 2.

TABLE 1: Trajectory Calculations for the Study of
Reaction Ar + CH4 f CH3 + H +Ar a

T/K Ng
b fni

c T/K Ng
b fni

c

2500 6× 106 0.987 3800 1× 105 0.740
2800 1× 106 0.963 4000 4× 104 0.677
3000 5× 105 0.936 4200 4× 104 0.614
3200 5× 105 0.899 4500 4× 104 0.524
3500 2.5× 105 0.827

a See the text.b Number of generated trajectories.c Fraction of the
generated trajectories that have been nonintegrated.

P(tcol) ) 1 - exp[-kRRKM(E) ×tcol] (13)

P(J) ) J
IkBT

exp(-J2/2IkBT) (8)

J ) [-2IkBT ln(1 - ê1)]
1/2 (9)

Jx ) J cos(2πê2) sin(πê3) (10)

Jy ) J sin(2πê2) sin(πê3) (11)

Jz) J cos(πê3) (12)

5418 J. Phys. Chem. A, Vol. 109, No. 24, 2005 Marques et al.
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In the second approach (hereafter referred to as “ZPE
analysis”), all trajectories ending with an internal energy below
the ZPE for CH3 (i.e.,Eint < 128.89 kcal mol-1) are considered
to be nondissociative. However, because during the dissociation
CH4

/ f CH3 + H part of the CH4
/ internal energy may be

channeled into translation, it is not possible, a priori, to know
the number of energized species that will reach a CH3 product
with its ZPE. Thus, all trajectories forming CH4

/ species, as
defined by the “ZPE analysis”, are continued until one of the
C-H bonds breaks down (i.e.,RC-H > 10 Å) or the integration
time reachest ) 600 ps (i.e., the average collision time estimated
for the experimental conditions of Kiefer and Kumaran7); the
results for the “ZPE analysis” are collected in Table 3. In this
table, NCH4

*, N600, and Ndiss stand for the number of CH4
/

complexes formed in the Ar+ CH4 collision, the number of
“nondissociating” trajectories, and those leading to CH3 with
an internal energy above its ZPE, respectively. Note that the
difference betweenNCH4

* and N600 + Ndiss corresponds to the
number of trajectories dissociating to CH3 without internal
energy above the respective ZPE, which are assigned as
nonreactive in the “ZPE analysis”. In turn, “nondissociating”
trajectories correspond to extremely stable CH4

/ species that
will last more than the estimated average collision time and,
hence, are also considered to be nondissociative. We show in
Figure 4 the logarithm of the decay rates for CH4

/ complexes

that follow the PD2 criterion for assigning predissociative
trajectories. It is apparent in this figure that the decay rates for
T ) 2500, 3500, and 4500 K present essentially an exponential
behavior, although the energy distribution of CH4

/ complexes
is far from forming a microcanonical ensemble. Additionally,
we have continued the integration after the aforementioned
deadline for “nondissociating” trajectories (indicated by the
dashed line in Figure 4) up tot ) 9000 ps and noticed that
some CH4

/ complexes dissociate aftert ) 600 ps, but only one
forms CH3 with an internal energy above its ZPE forT ) 3500
K (the same happens forT ) 3200 and 3800 K, although it is
not shown in the figure); for the remaining temperatures, there
is no trajectory dissociating with the ZPE of CH3 after t ) 600
ps. Note also that some CH4

/ complexes do not dissociate even
within the long time period of 9000 ps, and they possibly
correspond to trajectories with quasi-periodic motion that hardly
decay to form products.

Finally, it can be argued that one should look at the vibrational
energy rather than the internal energy for comparison with the
ZPE of the CH3 product formed in the dissociation of the
energized CH4

/ species. Accordingly, we have considered a
third approach that is similar to the “ZPE analysis” but where
the vibrational energy of CH3 substitutes its internal energy in
the comparison with the corresponding ZPE; this is hereafter
referred to as “ZPE-V analysis”, and the main results from this

TABLE 2: Results for the Ar + CH4 Reaction Obtained through the Pure Classical Analysis of the Trajectory Calculations
and the PD2 Method for Defining Predissociative Trajectoriesa

T/K Ntot NCH4
* 102σCID/Å2 k(T)/109 cm3 s-1 mol-1

2500 5 995 964 (5 985 768) 10416 (870) 8.73( 0.08 (0.73( 0.02) 1130.8( 11.1 (94.6( 3.2)
2800 996 972 (991 282) 5770 (464) 29.09( 0.38 (2.35( 0.11) 3987.1( 52.3 (322.5( 15.0)
3000 496 682 (491 432) 5318 (385) 53.82( 0.73 (3.94( 0.20) 7635.1( 104.1 (558.6( 28.5)
3200 493 613 (484 872) 8870 (706) 90.32( 0.95 (7.32( 0.28) 13234.2( 139.2 (1072.4( 40.3)
3500 242 764 (234 907) 7929 (593) 164.17( 1.81 (12.69( 0.52) 25156.6( 277.9 (1944.4( 79.7)
3800 94 420 (89 664) 4862 (412) 258.83( 3.62 (23.10( 1.14) 41326.4( 577.2 (3687.7( 181.3)
4000 36 810 (34 494) 2326 (168) 317.62( 6.37 (24.48( 1.88) 52030.5( 1044.2 (4010.3( 308.6)
4200 35 719 (32 928) 2822 (236) 397.12( 7.17 (36.03( 2.34) 66660.2( 1204.2 (6047.2( 392.2)
4500 33 723 (30 222) 3544 (280) 528.25( 8.39 (46.57( 2.77) 91782.1( 1458.5 (8091.4( 481.3)

a Values in parentheses are obtained through the PD1 approach for assigning predissociative trajectories; see the text.

TABLE 3: Results for the Ar + CH4 Reaction Using the “ZPE Analysis” and the PD2 Method for Defining Predissociative
Trajectoriesa

T/K Ntot NCH4
* N600 Ndiss 103σCID/Å2 k(T)/109 cm3 s-1 mol-1

2500 5 998 755 (5 998 724) 105 (88) 33 (31) 17 (16) 0.14( 0.03 (0.13( 0.03) 1.8( 0.4 (1.7( 0.4)
2800 998 879 (998 850) 93 (78) 38 (37) 18 (14) 0.90( 0.21 (0.70( 0.19) 12.4( 2.9 (9.7( 2.6)
3000 498 576 (498 544) 108 (80) 42 (39) 15 (11) 1.51( 0.39 (1.11( 0.33) 21.4( 5.5 (15.7( 4.7)
3200 496 955 (496 903) 213 (183) 63 (59) 36 (35) 3.64( 0.61 (3.54( 0.60) 53.4( 8.9 (51.9( 8.8)
3500 246 167 (246 099) 242 (194) 92 (88) 43 (39) 8.78( 1.34 (7.97( 1.28) 134.5( 20.5 (122.1( 19.5)
3800 96 850 (96 803) 187 (156) 69 (65) 31 (28) 16.09( 2.89 (14.54( 2.75) 256.9( 46.1 (232.1( 43.9)
4000 38 081 (38 061) 103 (91) 39 (38) 20 (18) 26.40( 5.90 (23.77( 5.60) 432.4( 96.7 (389.4( 91.8)
4200 37 277 (37 245) 137 (114) 52 (52) 38 (34) 51.24( 8.31 (45.89( 7.87) 860.1( 139.5 (770.2( 132.0)
4500 35 786 (35 740) 202 (172) 65 (64) 43 (40) 60.40( 9.20 (56.26( 8.89) 1049.4( 159.9 (977.4( 154.5)

a Values in parentheses are obtained through the PD1 method for assigning predissociative trajectories; see the text.

TABLE 4: Results for the Ar + CH4 Reaction Using the “ZPE-V Analysis” and the PD2 Method for Defining Predissociative
Trajectoriesa

T/K Ntot NCH4
* N600 Ndiss 104σCID/Å2 k(T)/109 cm3 s-1 mol-1

2500 5 998 755 (5 998 724) 105 (88) 33 (31) 2 (1) 0.17( 0.12 (0.08( 0.08) 0.2( 0.2 (0.1( 0.1)
2800 998 879 (998 850) 93 (78) 38 (37) 3 (1) 1.51( 0.87 (0.50( 0.50) 2.1( 1.2 (0.7( 0.7)
3000 498 576 (498 544) 108 (80) 42 (39) 3 (3) 3.02( 1.75 (3.02( 1.75) 4.3( 2.5 (4.3( 2.5)
3200 496 955 (496 903) 213 (183) 63 (59) 8 (8) 8.09( 2.86 (8.09( 2.86) 11.9( 4.2 (11.9( 4.2)
3500 246 167 (246 099) 242 (194) 92 (88) 7 (7) 14.29( 5.40 (14.30( 5.40) 21.9( 8.3 (21.9( 8.3)
3800 96 850 (96 803) 187 (156) 69 (65) 6 (6) 31.14( 12.71 (31.16( 12.72) 49.7( 20.3 (49.7( 20.3)
4000 38 081 (38 061) 103 (91) 39 (38) 5 (5) 66.00( 29.51 (66.03( 29.53) 108.1( 48.4 (108.2( 48.4)
4200 37 277 (37 245) 137 (114) 52 (52) 11 (10) 148.33( 44.72 (134.96( 42.67) 249.0( 75.1 (226.5( 71.6)
4500 35 786 (35 740) 202 (172) 65 (64) 12 (11) 168.55( 48.65 (154.71( 46.64) 292.9( 84.5 (268.8( 81.0)

a Values in parentheses are obtained through the PD1 method of assigning predissociative trajectories; see the text.
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approach are summarized in Table 4. However, because of
vibration-rotation coupling, the corresponding energies are not
exactly separable, and it is possible to convert part of one into
the other. Note that the final rotational energy (〈Er〉) is calculated
in an approximate way by averaging the vibrational motion of
the product molecule, and the corresponding vibrational coun-
terpart results from the differenceEint - 〈Er〉.53

The total number of trajectories used in the statistical analysis,
which is related to the way of assigning predissociative
trajectories (see above), is shown in Tables 2-4 under the
symbolNtot. Note that, for each temperature,Ntot is smaller when
using the PD1 approach for defining predissociative trajectories
(values in parentheses) than when using the more accurate PD2
approach considered in this work. The discrepancy between both
sets of values is more significant in the case of the pure classical
analysis (see Table 2), which may be attributed to its smaller
energy threshold in comparison with 128.89 kcal mol-1 for the
“ZPE analysis” and the “ZPE-V analysis”. Of course, a similar
trend arises for the number of CH4

/ complexes formed in the
Ar + CH4 collision (NCH4

*). Note also that columns corre-
sponding toNtot, NCH4

*, andN600 are equal in Tables 3 and 4
because the only difference between the “ZPE analysis” and
the “ZPE-V analysis” arises from the type of energy (internal

or vibrational) used for comparison with the ZPE of CH3 after
the dissociation of energized CH4

/ species.
Moreover, we show for completeness, in Tables 2-4, the

corresponding values of the CID cross sections (σCID) and rate
constants [k(T)]; the latter will be discussed in section 3.2. It is
apparent from these tables that, for each temperature,σCID

decreases as the ZPE criterion for trajectory analysis becomes
more restrictive. In turn, the values ofσCID tend to increase
when using the PD2 assignment of predissociative trajectories
despite the PD1 approach (values in parentheses), especially in
the cases of classical analysis (Table 2) and “ZPE analysis”
(Table 3); for the “ZPE-V analysis” (Table 3), where the number
of dissociative trajectories is always very small,σCID is
approximately constant or slightly increases (forT ) 2500,
2800, 4200, and 4500 K) when passing from PD1 to PD2.

3.2. Thermal Rate Coefficients.One of the main goals of
the present work is the study of ZPE effects in the thermal rate
constants for the reaction Ar+ CH4 f CH3 + H + Ar. For
this, we calculated the thermal rate constant as a function of
temperature by using the pure classical analysis and two methods
for assigning predissociative trajectories, that is, PD1 and PD2
(see section 3.1); the calculated values are shown in column 5
of Table 2. Considering that the experimental values for the
rate constant vary from∼2 × 109 cm3 mol-1 s-1 at T ) 2500
K to ∼1 × 1012 cm3 mol-1 s-1 at T ) 4500 K, we observe,
from Table 2, that the calculated values using the classical
analysis of trajectories lead to discrepancies of about 2 orders
of magnitude in the case where the PD1 approach has been
considered (values given in parentheses); discrepancies of about
3 orders of magnitude are obtained when applying, in contrast,
the PD2 method. Although the potential energy surface used
here for the ArCH4 species may have some inaccuracies, one
can hardly explain such a discrepancy based only on the
potential model. In fact, the analytical DHS46 potential energy
surface is expected to describe well the C-H bond rupture,
including the angular deformations of both methane and the
methyl radical along the minimum energy path. Moreover, as
described in section 2.1, we have improved the DHS46 potential
energy surface to eliminate some of its unphysical behavior in
describing the H-H repulsion at small internuclear distances;
also, the Ar-C and Ar-H pair potentials42 are expected to be
accurate for describing the Ar-CH4 interaction in the range of
temperatures considered here. Thus, we believe that ZPE effects
have a major influence on the thermal rate constants of the title
reaction.

We investigate the importance of ZPE effects in the CH3

product by considering the passive approximations described
as the “ZPE analysis” and the “ZPE-V analysis” in section 3.1.
We recall here that the “ZPE analysis” considers nonreactive
all of the dissociative trajectories forming CH3 products with
an internal energy less than its ZPE, while the “ZPE-V analysis”
uses, instead, the vibrational energy of CH3 for the same
purpose. Note that, for the temperature range considered here,
the CH4 reactant is always prepared with an energy content quite
above the corresponding ZPE and, hence, is not expected to
fall below that value after a nonreactive collision. Because of
this, we think that it is useless to apply any ZPE constraint to
CH4, as has been done in other works19,56,57where the vibrational
energy of the reactants is kept constant rather than being
randomly selected from appropriate distributions.

The thermal rate constants obtained for reaction Ar+ CH4

f CH3 + H + Ar by applying the “ZPE analysis” and excluding
the predissociative trajectories identified with the PD2 method
are represented in Figure 5. We give in Table 3 the correspond-

Figure 4. Logarithm of the decay rates as a function of time for the
CH4

/ species that fulfill the PD2 criterion for the assignment of
predissociative trajectories: (a)T ) 2500 K; (b)T ) 3500 K; (c)T )
4500 K. Full (open) circles correspond to trajectories that dissociate to
form CH3 with an internal energy above (below) its ZPE. The vertical
dashed line setst ) 600 ps, which is used to establish the criterion for
“nondissociating” trajectories in the present work. Though not shown
by the time scale of the figure, trajectories are allowed to dissociate
within 9000 ps; after that time, there are 10, 14, and 17 nondissociative
trajectories forT ) 2500, 3500, and 4500 K, respectively. See the text
for further explanation.
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ing numerical values as well as those obtained by the PD1
approach (values given in parentheses). It is clear from this table
that, in contrast with the pure classical analysis, both PD1 and
PD2 approaches give almost the same values for the rate
constants. Also shown in Figure 5 are the experimental curves
of Kiefer and Kumaran7 and Sutherland et al.12 that have been
fitted to the generalized Arrhenius expression

where A, m, and E are fitting parameters. Although the
experimental results from Sutherland et al.12 are for the Kr+
CH4 reaction, they expect a little difference in the energy transfer
for both systems (see also section 3.3) and, hence, the rate
constants may be compared with each other. In fact, the values
of the rate constants measured by Kiefer and Kumaran7 and
Sutherland et al.12 agree within(25% for the temperature range
2300 e T/K e 4500.12 In turn, the trajectory results arising
from the “ZPE analysis” can also be fitted by using eq 14, and
the parameters become log(A/cm3 mol-1 s-1) ) 28.7 ( 13.4,
m ) -3.3( 3.4, andE ) 92.8( 22.4 kcal mol-1. Clearly, the
agreement between the trajectory results from the “ZPE
analysis” and the experiments is quite good, though slightly
underestimating them, especially for lower temperatures. Note
that even the experimental rate constants are not free from errors,
being estimated as(50% (shaded area in the figure) for the
determinations of Kiefer and Kumaran.7

Moreover, the rate constants calculated by the “ZPE-V
analysis” and using the PD2 approach to identify predissociative
trajectories are shown in Figure 5 (open dots), while the
numerical values are given in Table 4. Also represented in this
table are the corresponding values ofk(T) (given in parentheses)
obtained by applying the PD1 approach. As in the “ZPE
analysis”, one can hardly observe significant differences in the
values ofk(T) obtained by both the PD1 and PD2 approaches.
We also show in Figure 5 the curve that fits the values calculated
by the “ZPE-V analysis” to eq 14; the fitting parameters are
log(A/cm3 mol-1 s-1) ) 29.4( 23.1,m ) -3.5 ( 5.8, andE
) 102.5( 38.6 kcal mol-1. We observe in Figure 5 that the
thermal rate constants from the “ZPE-V analysis” constitute a

lower bound for both the experimental measurements and the
values obtained with the “ZPE analysis”. This is the expected
result because the “ZPE-V analysis” is more restrictive than
the “ZPE analysis”. Finally, it must be pointed out that, though
the “ZPE-V analysis” appears to be more physically acceptable
(because one expects the vibrational energy rather than the
internal energy to be above the ZPE of CH3), the “ZPE analysis”
allows some flexibility in the energy criterion, which perhaps
accounts for some lack of accuracy in the calculation of the
vibrational energy (see section 3.1); thus, this may explain the
good agreement between the values ofk(T) calculated from the
“ZPE analysis” and those measured experimentally.

3.3. Collisional Energy Transfer. The nth moment of the
energy transfer in all of the collisions can be obtained through
trajectory calculations by using the expression

whereNtraj is the total number of calculated trajectories for the
energy-transfer analysis and∆Ei is the difference between the
initial internal energy of CH4 and its value at the end of
trajectoryi. Note that eq 15 can be used to calculate the average
energy transfer in all collisions (〈∆E〉traj) as well as the corre-
sponding root-mean-squared energy (〈∆E2〉traj

1/2). A similar ex-
pression also applies for the average energy transfer in de-
activating collisions (i.e., trajectories where the internal energy
of CH4 diminishes), 〈∆Ed〉traj. Moreover, it is well-estab-
lished13,58-61 that, for a comparison with experimental data, the
trajectory results obtained by eq 15 have to be scaled

where σLJ is the Lennard-Jones (LJ) collision diameter and
Ω(2,2)* is the LJ collision integral (which can be easily evaluated
with the COLRATE code62). The standard error of the trajectory
results has been estimated by a bootstrap analysis.63-65

We show in Figure 6 the values of energy-transfer parameters
〈∆E〉 (panel a),〈∆Ed〉 (panel b), and〈∆E2〉1/2 (panel c), calculated
by scaling the trajectory results (cf. eq 16) for each temperature
(T). Also shown in Figure 6 are the recent results of Miller et
al.11 using two different models for the master equation to
deduce the energy-transfer parameters from the experimental
data of Kiefer and Kumaran.7 One of these models (hereafter
referred to as model I) considers the total energy of CH4 as an
independent variable for four different forms of the energy-
transfer probabilityP(E,E′) (all shown by the full lines in the
figure), while the other (model II) looks at its vibrational energy
and uses an exponential form forP(E,E′) (dashed lines); see
ref 11 for details. Additionally, the〈∆E〉 values of Sutherland
et al.12 deduced from their experiment on Kr+ CH4 (which
they expect to be similar to those of Ar+ CH4) are also shown
in Figure 6a.

From a first glance of Figure 6, we observe that our results
are in reasonable agreement with the estimations of Miller et
al.11 and, at least, in qualitative agreement with those of
Sutherland et al.12 for Kr + CH4. In particular, the trajectory
results present a good agreement with model I for〈∆E〉 and
〈∆E2〉1/2, while the calculated values of〈∆Ed〉 overestimate the
results of Miller et al.11 In contrast, our results are in complete
disagreement with the energy-transfer values obtained with
model II, which has been considered to give too low values.11

Figure 5. Thermal rate coefficient for the reaction Ar+ CH4 f CH3

+ H + Ar as a function of temperature. The points refer to the trajectory
calculations: “ZPE analysis” (full dots) and “ZPE-V analysis” (open
dots). The solid, thick lines correspond to least-squares fits of the
calculated points using eq 14; error bars indicate the 68% confidence
interval of the Monte Carlo integration. The experimental results are
represented by the dashed (ref 11) and dotted (ref 12) lines; the 50%
error expected for the experimental results of Kiefer and Kumaran7 is
shown by the shaded area. See the text for further explanation.

k(T) ) ATmexp(-E/RT) (14)

〈∆En〉traj ) ∑
i)1

Ntraj∆Ei
n

Ntraj

(15)

〈∆En〉 )
πbmax

2

πσLJ
2 Ω(2,2)*

〈∆En〉traj (16)
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Another important feature from Figure 6 is that both〈∆Ed〉
and 〈∆E2〉1/2 vary more rapidly with temperature than〈∆E〉.
Thus, as has been advocated by Miller et al.,11 assuming〈∆E〉
(despite 〈∆Ed〉) as independent of temperature may be a
reasonable first approximation for modeling unimolecular
reactions whenever better information is not available. Indeed,
though presenting a slightly decreasing tendency (with some
oscillations) asT increases, our values of〈∆E〉 are essentially
constant within the error bars (Figure 6a), which is in agreement
with the behavior shown by the results of Miller et al.11 (model
I) and, moderately, with those of Sutherland et al.12 for Kr +
CH4.

To gain more insight about the energy-transfer fluxes arising
in the trajectory calculations, we have displayed in Figure 7
the average values of energy transfer in all of the collisions
from rotation to vibration (Rf V′), rotation to translation (R
f T′), and vibration to translation (Vf T′) as a function of
temperature; these values have been calculated on the basis of
simple balances among the three types of energy [i.e., vibration
(V), rotation (R), and translation (T)], taken on average for the
six possible sets in which the trajectories may fall: (i) V
activation; (ii) V, T activation; (iii) T activation; (iv) R
activation; (v) R, V activation; and (vi) R, T activation. It is
clear from Figure 7 that the energy transfer among CH4 internal
degrees of freedom (〈ERfV′〉) is a strong function of temperature

and a significant amount of rotational energy is transferred to
vibrational during the inelastic collision process, especially at
high temperatures. This may be attributed to a very efficient
R-V coupling, which is normally improved as the initial
rotational energy is raised, as is the case for increasing
temperature (see section 2.2). Clearly, this indicates that
rotational degrees of freedom must be treated as active,
especially at high temperatures. Conversely, the variations of
〈ERfT′〉 and〈EVfT′〉 with temperature are, in general, very small.
Indeed, 〈ERfT′〉 slightly increases with temperature, while
〈EVfT′〉 appears to decrease at a larger rate (especially for high
temperatures), which may be due to a stronger V-T coupling
as the collision energy increases (in an average sense) and the
vibrational CH4 content decreases (see section 2.2); note also
that the Vf T′ flux is reversed (i.e., it becomes Tf V′) at T
≈ 4000 K. Because-〈∆E〉 depends on these two contributions,
the reason becomes apparent for its nearly constant value with
temperature, as described above (see also Figure 6a).

4. Conclusions

We have performed the first theoretical dynamics study of
the Ar + CH4 reaction where the rate constant has been
calculated in the temperature range 2500e T/K e 4500. The
CH4 DHS surface46 has been improved by performing QCISD-
(T)/6-311++G(d,p) ab initio calculations in order to account
for H-H repulsive interactions at high vibrational energies; in
addition, the Ar-C and Ar-H pair potentials42 that have been
added to model the Ar-CH4 intermolecular interaction are
accurate within the range of temperatures studied in this work.
The results show that the ZPE of the CH3 product molecule
has a major influence on the calculated thermal rate constants;
after ZPE correction, the rate constants present a good agreement
with the experimental ones, irrespective of the criterion (PD1
or PD2) used to assign predissociative trajectories. We have
also estimated the energy-transfer parameters from trajectory
calculations where the initial internal energy of CH4 has been
fixed at the dissociation threshold and the collision energy
selected from a thermal distribution. The values of〈∆E〉 and

Figure 6. Energy-transfer parameters for Ar+ CH4 as a function of
temperature: (a)〈∆E〉; (b) 〈∆Ed〉; (c) 〈∆E2〉1/2. The solid dots are the
results of the present work obtained from eq 16; error bars are estimated
by a bootstrap analysis.63-65 The results of Miller et al.11 are represented
by the solid and dashed lines; the solid lines correspond to four different
forms of the energy-transfer functionP(E,E′), which depends on the
total energy of CH4, while for the results represented in the dashed
lines, P(E,E′) is an exponential-type function depending on the
vibrational energy of CH4. Also shown by the dotted line (panel a) is
the result of Sutherland et al.12 for Kr + CH4. See the text for further
explanation.

Figure 7. Average values of the energy transfer for rotation to vibration
(〈ERfV′〉), rotation to translation (〈ERfV′〉), and vibration to translation
(〈EVfT′〉) as a function of temperature: triangles,〈ERfV′〉; squares,
〈ERfT′〉; diamonds,〈EVfT′〉. The dotted line is depicted for reference;
negative values of the energy transfer mean that the flux is in the reverse
direction of the indicated one. See the text for further explanation.
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〈∆E2〉1/2 are in good agreement with those deduced by Miller
et al.11 from the experiment,7 while overestimating them in the
case of〈∆Ed〉. Finally, we have shown that the nearly constant
value of-〈∆E〉 over the studied range of temperatures results
from a subtle balance due to an increase of the average Rf T′
energy transfer and a slightly stronger decrease of the average
V f T′ one.
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