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The complex-forming CH+ H2 f CH2 + H reaction is studied employing a recently developed global
potential energy function. The reaction probability in the total angular momentumJ ) 0 limit is estimated
with a four-atom quantum wave packet method and compared with classical trajectory and statistical theory
results. The formation of complexes from different reactant internal states is also determined with wave packet
calculations. While there is no barrier to reaction along the minimum energy path, we find that there are
angular constraints to complex formation. Trajectory-based estimates of the low-pressure rate constants are
made and compared with experimental results. We find that zero-point energy violation in the trajectories is
a particularly severe problem for this reaction.

1. Introduction

The H2 + CH(2Π) f H + CH2(X̃3B1) reaction and its reverse
reaction have been the subject of a number of experimental and
theoretical studies, for example, refs 1-8. Being one of the
simplest systems involving the methylidyne (CH) radical, it is
relevant to gas-phase hydrocarbon combustion. The reaction
involves intermediate formation of the methyl radical, CH3-
(X̃2A2′′). The nature of the complex formation should be
interesting because “non-least-motion” paths with CH and H2

oriented parallel to one another at moderate separations,
followed by C2V insertion at shorter separations, are expected
to be important.7,8

Recently, a global potential energy function, based on high-
quality ab initio data, was developed for the CH3 system and
shown to lead to accurate vibrational energy levels.9 In this
paper, we employ this potential energy function to carry out a
variety of theoretical calculations on the CH+ H2 reaction. A
four-atom wave packet approach10 is used to estimate the total
angular momentumJ ) 0 reaction probability, which is
compared to corresponding classical trajectory and statistical
theory estimates. The probability of complex formation is also
determined for several different reactant internal states and for
different total angular momenta, showing that there are indeed
angular constraints to complex formation. Finally, rate constants
are estimated at the classical trajectory level and compared to
experiment.

Note that our work is relevant to the zero-pressure limit of
the CH+ H2 reaction. The effect of pressure on the stabilization
and the decomposition of CH3 complexes is an interesting issue

that we do not probe here. See, for example, the work of Hippler
and co-workers5,6 who have carried out experimental and
theoretical studies focusing on the collisional effects in CH3

decomposition.
Section II below discusses relevant computational details,

section III presents our results, and section IV concludes.

2. Computational Methods

2.1. Potential Energy Function. Details of the global
potential energy function employed here are given in ref 9.
Briefly, it is an accurate fit to over 75 000 multireference
configuration interaction electronic structure points sampling
the CH3(X̃2A2′′), CH2(X̃3B1) + H, and CH(2Π) + H2 regions
and the regions connecting them. The depth of the CH3 well is
4.8 eV relative to the energy of isolated CH and H2 at their
equilibrium bond distances. On this surface, the CH+ H2 f
CH2 + H reaction is barrierless along the minimum energy path
(MEP), with a bare endothermicity of 0.18 eV and a zero-point
corrected endothermicity of 0.20 eV. This latter theoretical
endothermicity is within 0.055 eV (1.3 kcal/mol) of the
experimentally based endothermicity, 0.145( 0.006 eV,
inferred from Active Thermochemical Tables.11,12

Reaction to form CH2 + H takes place primarily through the
formation of intermediate CH3 complexes. Figure 1 displays
the MEP for complex formation. It was obtained by varying
the separation between the CH and H2 center-of-masses,R, and
minimizing the potential with respect to the remaining internal
coordinates. ForR > 2.51 a0, the MEP corresponds to planar
geometries with the CH and H2 bonds oriented more parallel
to one another, in accordance with the early work of Brooks
and Schaefer.7 ForR < 2.51a0, the MEP corresponds to planar
geometries with aC2V type insertion of the CH bond into the
H2 bond. At R ) 2.5 a0, minima corresponding to both the
parallel andC2V approaches coexist with the same energy. Each
minimum has energy of approximately-0.73 eV, and they are
connected via a saddle point at energy∼0.57 eV. Thus, while
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there is no barrier to complex formation in this system, the
angular variation along the MEP suggests that not all approach-
ing CH and H2 fragments will lead to complexes.

2.2. Quantum Dynamics.We employ the real wave packet13

method along with a diatom+ diatom Jacobi coordinates four-
atom representation.10 We restrict these quantum calculations
to the total angular momentumJ ) 0 limit with reactants in
their zero-point energy (ZPE) states. The wave packet is a
function of six nuclear degrees of freedom: the separation of
the CH and H2 centers-of-mass,R; the CH and HH internuclear
distances,rCH andrHH; and three angular coordinatesθCH, θHH,
andæ. The angular coordinates correspond to the angles made
by the CH and HH bonds with theR axis and an associated
torsional angle. Evenly spaced grids are used to representrHH

andR, and parity-adapted angular basis functions or equivalent
primitive grids are used to represent the angular degrees of
freedom.10

As in the treatment of the OH in the previous work on
OH + H2,10 we assume that the CH bond associated with the
reactant CH does not break and describe it with a potential-
optimized discrete variable representation (PODVR).14 This
assumption leads to no significant errors in the capture prob-
abilities we calculate, since the subsequent CH3 complex
dynamics is not relevant to them. However, the quantum reaction
probabilities we calculate based on this assumption are most
likely overestimates of the true ones. The Appendix discusses
this in greater detail and develops a simple correction procedure
for the reaction probabilities. We assume that the CH bond does
not break for reasons of computational efficiency; the reactive
quantum dynamics calculations already can require many hours
of computational time on a sixteen processor shared-memory
parallel node. In the future, we plan to carry out a more extensive
calculation with grids for all radial degrees of freedom,
employing a wave packet code optimized to run in a massively
parallel environment.15

Each step of the real wave packet propagation involves
evaluating the action of the Hamiltonian operator on the wave
packet. Primitive rotational basis functions are used to represent
the wave packet when evaluating the action of the rotational
kinetic energy, and transformations to and from an angular grid
point representation are used to evaluate the action of the
potential on the wave packet.10 The total reaction probability is
evaluated on a grid of energies according to a flux analysis16

based atrHH ) 7 a0. Other numerical aspects, including spatial
grids and rotational bases, are listed in Table 1. Many tests with
larger and smaller grids, basis sets, and other details such as
absorption were made at the start of this work. We estimate
that the values finally chosen should lead to converged reaction
probabilities to within 10%.

The capture probabilities are computed with wave packet
methods by absorbing the wave packet as it enters into the
interaction region, as described by Lin and Guo.17,18 Because
this calculation involves the entrance channel only, where
coupling between various degrees of freedom is relatively weak,
the basis sets required are somewhat more modest than for the
full quantum calculation. Nevertheless, a rather large rotational
basis is required for convergence. The capture probabilities are
computed directly from a flux analysis. The flux is evaluated
at a value ofR, R†, that is, between the asymptotic region and
the entrance channel. As long asR† is not too close to the
absorption region, the results are independent of its exact value.
The results are also not very sensitive to the absorption
parameters in the interaction region. Numerical parameters for
the capture wave packet calculations are also given in Table 1.

2.3. Classical Trajectories.The VENUS96 trajectory pro-
gram19 was used to carry out our quasiclassical trajectory (QCT)
work. The analogue of theJ ) 0 quantum calculations above
is to run only collisions of CH and H2 with zero impact
parameter and ZPE in the respective diatomics. These calcula-
tions are carried out using a version of VENUS96 customized
to incorporate the potential, with derivatives being calculated
numerically. A time step of 0.05 fs is used, and initial and final
separations of the collision fragments are taken to be 12a0.
With initial energy EZPE + Ecol ) 0.44 eV + Ecol, energy
conservation to 4× 10-5 eV is achieved. We study fixed
collision energiesEcol in the range 0.05 to 1 eV, integrating a
sufficient number of trajectories for eachEcol to yield reaction
probabilities with statistical errore2%. This can require up to
12 000 trajectories at the lowest collision energies.

Of course in the case of QCT calculations, a variety of other
calculations can be readily performed, and we have estimated
the thermal rate constant at several temperatures in the range
300-1000 K using the Boltzmann distribution sampling meth-
ods within Venus. These methods sample the appropriate
distributions of collision energies, impact parameters, and
reactant rotational states. The reactants are kept in their
vibrational ground states, which should be adequate for the
temperatures studied. At each temperature, the number of
trajectories is chosen so that the statistical error is less than 2%,
which can involve between 31000 and 90 000 trajectories per

Figure 1. Energy along the MEP (solid curve) corresponding to the
formation of CH3 from CH and H2 fragments as a function of the
separation between fragments,R. Schematic diagrams of parallel and
C2V approaches are also indicated.

TABLE 1: Computational Details of the Reactive and
Capture Wave Packet Calculations

parameters
(au) atomic units)

reactive
calculation

capture
calculation

Rmin (au),Rmax (au),NR 0.1, 13.0, 176 0.4, 14.0, 176
rHHmin (au),rHHmax (au),NHH 0.5, 12.0, 76 1.0, 5.0, 48
number ofrCH PODVR points 2 1
largest value ofjHH 20a 16a, 13b

largest value ofjCH 20 18
absorption parametersc:
Cabs(au),Rabs(au) forR

10, 0.005 10.5, 0.005

absorption parameters:
Cabs(au),rabs(au) forrHH

9.0, 0.005 2.0, 0.005

absorption parameters:
Cabs(au),Rabs(au) forR
in the interaction region

N/A 2.0, 0.1

incoming Gaussian functiond:
p2ko

2/(2µ) (eV), R0 (au),R (au)
0.35, 9.0, 0.3 0.3, 9.0, 0.3

a The rotational basis for H2 with initial jCH ) jHH ) 0. Note that
only even values ofjHH are contained in the basis.b Used in the capture
calculation with initial jCH ) jHH ) 1. Note that only odd values of
jHH are contained in the basis.c The absorption is given by
exp[-Cabs(R - Rabs)2], R g Rabs, except in the interaction region where
it is applied forR e Rabs. d Defined as in ref 13.
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temperature. The rate constant is computed from the total
number of reactive trajectories based upon20

whereNr/N is the fraction of reactive trajectories,bmax is the
maximum impact parameter, andµ is the reduced mass of H2

and CH. We include an electronic degeneracy factor,gel ) 1/2.
This factor is needed because only one of the two spatial
components of theΠ state of CH in the reactants correlates
with CH3 and the H+ CH2 product channel. To converge the
rate constant calculations,bmax ) 5.5 Å and 15 000 trajectories
were required at each temperature.

2.4. Capture/Phase Space Theory (C/PST) Statistical
Model. In phase space theory (PST), as pioneered by Light and
Pechukas,21,22a reaction probability is given byPcPs, wherePc

is the probability of forming a complex andPs is the probability
for the complex to react weighting all available channels equally.
(See ref 23 for a more recent discussion of PST.) Rather than
estimatePc in various approximate ways, we can use our wave
packet-based capture probabilities (see section 2.2). Our pro-
cedure for evaluating the statistical probabilityPs is detailed in
the Appendix.

3. Results

3.1. Reaction Probabilities.The quantum mechanical (QM)
reaction probability,Pr, for CH (VCH ) jCH ) 0) + H2 (VHH )
jHH ) 0) f CH2 + H, with total angular momentumJ ) 0, is
shown in Figure 2 as the heavy solid curve. As discussed in
section 2.2, our QM model results are likely overestimates of
the true reaction probability, and the thin solid curve in Figure
2 is the corrected quantum probability,Ph r, result is given by
applying eq A4 of the Appendix. The open circles with error
bars are the corresponding quasiclassical trajectory (QCT)
results. The dashed curve is the capture/phase space theory (C/
PST) estimate of the reaction probability given byPcPs. We
have takenPc ) 0.74, consistent with our capture wave packet
calculations of section 3.2 below.

The C/PST and corrected QM results are in reasonable accord
at moderate and high energies and show some larger discrep-
ancies in the 0.2-0.4 eV range. Assuming the corrected QM
results are a reasonable representation of the true situation, the
results are consistent with statistical behavior of the CH3

complexes, once they are formed. The zigzag features in the

QM probabilities are due to the many overlapping resonances
present, a feature common to the QM reaction probabilities of
many complex-forming chemical reactions such as H+ O2.24,25

The details of the zigzag patterns are sensitive to many
parameters and are difficult to converge absolutely.25 More fine
structure will also result with use of a denser energy grid. We
connected the QM points with lines in Figure 2 only for reasons
of visual clarity.

The QCT results in Figure 2 are generally higher than the
C/PST and QM results, with the largest discrepancies occurring
for collision energies near and below the QM threshold for
reaction,≈0.2 eV. Note that the statistical errors (e2%) in the
QCT results are equal in size or smaller than the size of the
symbols used and so are not shown. It turns out that there is no
rigorous QCT threshold for reaction because the ZPE placed in
the reactants, 0.44 eV, is greater than the minimum energy to
form products classically. Because there is no barrier to reaction,
this latter energy is just the classical endothermicity, 0.18 eV.
Coupled with the presence of a deep well in the interaction
region, and the fact that the ZPE of CH2 (0.47 eV) is relatively
large like the reactants, many trajectories with reactant ZPE and
collision energy below 0.18 eV can react because they can form
CH2 with energy less than its ZPE. While ZPE violation is well-
known, the energetic details just noted make the CH+ H2

reaction a particularly severe case. We will see in section 3.3
that the incorrect threshold behavior has severe consequences
for the temperature dependence of the QCT rate constant.

3.2. Capture Probabilities.As shown in Figure 1, there are
no barriers on the MEP. Thus, one might expect the capture
probabilities (Pc) to be unity for all translational energies. At
the energies relevant for the reaction, however, this turns out
not to be the case. The solid line in Figure 3 gives the capture
probabilities computed from theJ ) 0 calculation with initial
jHH ) jCH ) 0. For translational energies in the range of 0.2-
0.8 eV, the capture probability is in the 70-74% range. The
reason thatPc < 1 is that the entrance channel is relatively
narrow with respect to the orientations of the CH and the H2.
In Figure 4, we plot the potential energy as a function ofθHH

and θCH with R ) 4.8 a0 (R†), and rCH, rHH, and æ at their
equilibrium values. The diatomics are optimally oriented when
they approach one another nearly parallel to each other and
perpendicular toR. When both CH and H2 are initially in the
ground rotational state, there is a broad angular distribution in
the entrance channel so that a significant portion of the wave
packet is reflected back toward the reactants before it enters
the complex region. Thus, one might expectPc to be a function
of the initial orientation of the diatomics. To test the effect of

Figure 2. Total angular momentumJ ) 0 reaction probabilities for
CH + H2 f CH2 + H, with zero-point energy in the reactants: quantum
dynamics model (heavy solid curve), quasiclassical trajectories (circles),
capture/phase space theory model (dashed curve), and corrected
quantum results (thin solid curve). Regarding fine structure in the
quantum results, see the text for further discussion.

k(T) ) gel x8kBT

πµ
πbmax

2
Nr

N
(1)

Figure 3. Capture probability as a function of initial translational
energy for three different initial conditions:jHH ) jCH ) 0 (solid line);
jHH ) jCH ) 1, |kHH| ) |kCH| ) 0 (dashed line);jHH ) jCH ) 1, |kHH| )
|kCH| ) 1 (dotted line).
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this initial orientation, we computed theJ ) 0 capture
probability with initial jCH ) jHH ) 1. WhenJ ) 0, the quantum
numbers for projection of the angular momentum of the
diatomics on the body fixedR axis, kCH andkHH, are equal in
magnitude and opposite in sign. For the initial condition,jCH )
jHH ) 1 the magnitude ofkHH can be either 0 or 1.10 If |kHH| )
|kCH| ) 0, both diatomics will be aligned along theR axis so
that CH and H2 approach one another collinearly. If, however,
|kHH| ) |kCH| ) 1, then, for both H2 and CH, the initial rotational
even-parity wave function is given by sinθ cos æ. Thus, the
two diatomics face one another and are perpendicular toR, the
most favorable orientation. We see from Figure 3 that this
perpendicular orientation (dotted line) does indeed give rise to
largerPc and that the collinear orientation (dashed line) leads
to much smaller values.

Thinking classically, we might suspect that there will be two
basic types of trajectories in this reaction, those that enter the
complex region and those that do not. The former trajectories
form a highly excited CH3 complex and may be expected to
dissociate to one of the six product channels (three equivalent
reactive channels and three equivalent nonreactive channels)
in a statistical manner. We would expect that the distribution
of trajectory lifetimes would be broad and that all three
hydrogens would have an equal chance of ending up attached
to the carbon atom. Those trajectories that do not enter the
complex region however, would all be nonreactive, have short
lifetimes, and there would be no exchange of H atoms. The
distribution of trajectory lifetimes shown in Figure 5 illustrates
this point. The lifetime distributions for the reactive trajectories,
and for the nonreactive trajectories that exchange H atoms, are
broad with very few with a lifetime ofe0.2 ps. In contrast,
57% of the nonreactive trajectories that do not exchange H
atoms are in thee0.2 ps range, representing 21% of the total
number of trajectories. (If we assume that these trajectories are
not “captured”, then the quasiclassical capture probability is
0.79, somewhat higher than the quantum capture probability of
0.74.) We can further assess the statistical nature of the break
up of the collision complex by comparing the number of reactive
trajectories that exchange hydrogens and those that do not. (Note
that the exchange channel is not included in our wave packet
calculations.) If the breakup of the complex is statistical, then
1/3 of all reactive trajectories should be in the exchange channel.
For all of the energies considered here, this condition is satisfied
within statistical error.

We plan to make an extensive analysis of capture probabilities
for total angular momentum statesJ > 0. To obtain a rough
idea of the effect ofJ for the present paper, we performed some
preliminary calculations forJ ) 10, 20, and 30, employing a
smaller rotational basis, with 6 and 12 being the largest values
of jHH and jCH, respectively. The reactants were kept in their
ZPE states, and we used the helicity conserving approximation.26

Since these results are not fully converged, we do not display
them. However, we expect them to be accurate to within 10-
15%. We find, in general, that centrifugal barrier effects tend
to lower the capture probabilities, particularly at low collision
energies. Nonetheless, the capture probabilities are still signifi-
cant. ForJ ) 30, for example,Pc ≈ 0.3 atEcol ) 0.2 eV, rising
to Pc ≈ 0.7 at Ecol ) 0.5 eV. This implies thatJ ) 30 and
higher values ofJ will make substantial contributions to the
reactive cross sections at all relevant collision energies. We
therefore anticipate that high values ofJ will contribute
significantly to the thermal rate constants. This is also consistent
with the large impact parameters (bmax ) 5.5 Å, section 2.3)
required to converge the QCT rate constants.

Figure 4. Contour plot of the potential energy surface as a function
of θHH and θCH, with R ) 4.8 a0, æ ) 0, and the CH and H2 bond
lengths in their equilibrium positions. Contours range from-0.05 to 1
eV in increments of 0.05 eV.

Figure 5. Lifetime distributions from the trajectory calculations.
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3.3. Rate Constants.It is possible to estimate a low-pressure
rate constant using the quantum reaction probability of Figure
1. For example, one can determine, on the basis of the potential
along the MEP and aJ(J + 1)/(2µR2) centrifugal term, various
centrifugal barriers to complex formation from reactants. One
can then proceed as in ref 27 by simply assuming the reaction
probability for any total angular momentum,J, is of the same
form as theJ ) 0 one but shifted in energy to account for the
centrifugal barriers. These probabilities can then be used to
compute cross sections and/or rate constants. However, this
approach, even when corrected for the 0.055 eV error in the
theoretical endothermicity, leads to an underestimation of the
rate constants by 2 orders of magnitude at 300 K and 1 order
of magnitude at 1000 K. The reason for this is that the reaction
is sufficiently endothermic that relatively highEcol values,g0.2
eV, contribute to the rate constant. These energies are all above
the low-J centrifugal barriers, making them irrelevant. Thus,
the high-J centrifugal barriers, say forJ > 30, are crucial in
determining the magnitude of the rate constant. Owing to
dynamical effects, these barriers are inadequately approximated
with the simple procedure outlined here. The incorporation of
more accurateJ-dependent capture probabilities such as those
discussed above may provide more reliable rate constants. It is
also likely that the simple centrifugal-barrier capture model
would be more quantitative when applied to reaction prob-
abilities for the reverse reaction, CH2 + H f CH + H2, which
is exothermic.

For the present paper, we have, however, determined QCT-
based rate constants. These rate constants were obtained as
outlined in section 2.3, with statistical errors sufficiently small
(2%) that the error bars lie with the size of the symbols used to
present the results (open circles) in Figure 6. The figure
also gives the experimental low-pressure rate constants of
Brownsword et al. (filled circles).3 The QCT rate constants do
not follow the experimental trend at lower temperatures, that
is, high 1000/T, and are essentially flat. As discussed in section
3.1 in relation to Figure 2, there can be unrealistically large
QCT reactivity at collision energies near and especially below
the correct quantum mechanical threshold due to a severe ZPE
violation problem. This is responsible for the physically
incorrect, flat QCT rate constant. However, it is encouraging
that the higher temperature experimental and QCT results, or
low 1000/T results, are in agreement. Of course, given the severe
ZPE violation problems and the fact that 1000 K is not
sufficiently high to ensure the classical limit has been achieved,

this agreement may even be somewhat fortuitous and deserves
further investigation (see Concluding Remarks).

4. Concluding Remarks

We carried out quantum and classical dynamics calculations
on the CH+ H2 reaction with a recently developed global
potential energy function.9 Our results are consistent with a
capture/phase space theory model with nonunit capture prob-
abilities. The nonunit capture probabilities arise from angular
constraints to complex formation, but collision complexes that
do form behave statistically.

The limited nature of our quantum calculations did not permit
a reliable quantum determination of the low-pressure rate
constant. Future work will be to pursue a more complete
quantum description of the problem to fully compare with
statistical models. We will also apply more sophisticated
capture-based approaches to estimating the rate constants in the
spirit of the wave packet-based statistical methods of Lin and
Guo.17,18 This will be an extensive project that requires, for
converged estimates, the determination of many capture prob-
abilities in a suitable ensemble of total angular momentum states
and initial diatomic rotational states.

Regarding the quasiclassical trajectory (QCT) results, we
found that a severe ZPE violation problem led to significant
error in the QCT-based rate constant. It would of interest to
pursue approaches to incorporate ZPE effects by rejection of
certain trajectories. Simply rejecting from consideration trajec-
tories that have less than ZPE in the products is one very simple
approach that guarantees the threshold energy will be correct
and will lead to a more qualitatively correct temperature
variation in the rate constant. Our preliminary calculations,
however, indicate that the corresponding magnitudes of the rate
constants are not satisfactory. More sophisticated approaches,
as in the work of Varandas and co-workers on H+ O2,28,29and
a much larger investigation beyond the scope of the present
paper are required. Indeed, the severity of the problem in the
present case may make it a very good test case for comparing
and validating various ZPE correction approaches.

The exothermic reverse (CH2 + H f CH + H2) reaction is
somewhat easier to study theoretically and can lead to rate
constants for the forward reaction as well via detailed balance.
We therefore also plan to carry out quantum and classical
calculations of this reaction. Finally, it will be interesting to
apply variational transition state theory and related models30 to
the CH + H2 system with the same potential surface as used
here.
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Appendix: Statistical Considerations

A capture/phase space theory estimate of the reaction prob-
ability is PcPs, wherePc is the probability to form complexes
andPs is a simple statistical reaction probability for the complex

with NCH2 and NCH+H2 being the total number of product and
reactant internal states available at total energyE. It is possible
to obtain these state numbers to be consistent with ourJ ) 0,
even-parity quantum calculations. In the caseNCH+H2, one simply
constructs it from only the primitive rotational quantum numbers
used in the quantum calculation, that is, from all possibleJ )
0 even-parity rotational states superimposed on all possible
reactant vibrational states. The number of available CH2 states
does not correspond to zero angular momentum for CH2 since
the orbital angular momentum associated with the outgoing H
atom can add negatively to it from an overall zero total angular
momentum. There are various ways to obtainNCH2, for example,
the use of approximate rovibrational energy levels for CH2 and
careful consideration of angular momentum constraints. A
simple numerical way, which we used, is to explicitly determine
all the available CH2 states consistent with a numerical
representation of a triatom-atom Jacobi coordinates Hamil-
tonian with CH2 and H infinitely separated and neglect radial
kinetic energy terms associated with the CH2-H distance.
Essentially, the same Hamiltonian form and numerical imple-
mentation as in our diatom-diatom calculations is possible, and
it is straightforward to apply the angular momentum con-
straints.31 A Lanczos procedure similar to that of ref 32 was
used.

The method of calculation ofPs outlined above involves
enumerating all the possible reactants in one particular reactant
channel, say CHa + HbHc. Similarly, it involves enumerating
all the possible products in one product channel, say, HaCHb +
Hc. Considering hydrogen exchanges, there are actually three
equivalent reactant channels and three equivalent product
channels. Because of the equal number of reactant and product
channels, however, eq A1 and its method of evaluation above
are still valid for the general case that allows all possible
hydrogen exchanges since all the absolute state numbers just
triple and the ratios remain the same. In this paper, we also
carried out some quantum reaction probability calculations
starting from the CHa + HbHc channel and not permitting CHa
to dissociate, that is, not allowing completely free exchange of
the hydrogen atoms. It is easy to see then that only one of the
three reactant channels (CHa + HbHc) and two of the three
product channels (HaCHb + Hc and HaCHc + Hb) are possible.
Because of this imbalance, and assuming a strong statistical
component to the reaction probability, one expects the corre-
sponding quantum reaction probability to be an overestimate.
For example, if the probability of forming complexes were unity
and the complexes decayed completely statistically, then the
correct reaction probability would bePs from above. However,
the restricted quantum problem has only 2NCH2/3 of the possible
product states andNCH+H2/3 of the possible reactant states. If
the number of reactant channels greatly exceeds the number of
product channels, then one would predict that the quantum
probability is an overestimate by a factor of 2:Pr ≈ [2NCH2/
3]/[NCH+H2/3] ) 2 Ps.

For nonunitPc, it is possible to obtain a better correction
factor for the calculated quantum probabilities, as follows. First,

we assume that a corrected quantum reaction probability is of
the form

wherePc is computed via the wave packet method discussed in
the text andPhs is to be found from

with Pr being the original quantum reaction probability based
on the limited number of available channels andPnr(stat) being
the statistical part of the total nonreactive probability,Pnr. Since
Pnr ) (1 - Pc) + Pnr(stat)) 1 - Pr, we find Pnr(stat)) Pc -
Pr. Equation A2 then becomes

With Pc ) 0.74 andPr ) 0.3, for example, the corrected reaction
probability given by eq A4 is 0.19, that is, 1.6 times smaller
than the original value.
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