
Published: September 19, 2011

r 2011 American Chemical Society 3478 dx.doi.org/10.1021/ct200459v | J. Chem. Theory Comput. 2011, 7, 3478–3483

ARTICLE

pubs.acs.org/JCTC

Use of Direct Dynamics Simulations to Determine Unimolecular
Reaction Paths and Arrhenius Parameters for Large Molecules
Li Yang, Rui Sun, and William L. Hase*

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409, United States

ABSTRACT: In a previous study (J. Chem. Phys. 2008, 129, 094701) it was shown that for a largemolecule, with a total energymuch
greater than its barrier for decomposition and whose vibrational modes are harmonic oscillators, the expressions for the classical
Rice�Ramsperger�Kassel�Marcus (RRKM) (i.e., RRK) and classical transition-state theory (TST) rate constants become
equivalent. Using this relationship, a molecule’s unimolecular rate constants versus temperature may be determined from chemical
dynamics simulations of microcanonical ensembles for the molecule at different total energies. The simulation identifies the
molecule’s unimolecular pathways and their Arrhenius parameters. In the work presented here, this approach is used to study the
thermal decomposition of CH3�NH�CHdCH�CH3, an important constituent in the polymer of cross-linked epoxy resins.
Direct dynamics simulations, at the MP2/6-31+G* level of theory, were used to investigate the decomposition of microcanonical
ensembles for this molecule. The Arrhenius A and Ea parameters determined from the direct dynamics simulation are in very good
agreement with the TST Arrhenius parameters for theMP2/6-31+G* potential energy surface. The simulation method applied here
may be particularly useful for large molecules with a multitude of decomposition pathways and whose transition states may be
difficult to determine and have structures that are not readily obvious.

1. INTRODUCTION

Computational chemistry is an important tool for studying
unimolecular reactions.1,2 To understand the dynamics and
kinetics of a unimolecular reaction, it is necessary to know the
atomic-level mechanism(s) by which a molecule dissociates.3

Electronic structure calculations4 are often used to identify the
important unimolecular pathways and transition states (TSs). A
classical trajectory chemical dynamics simulation5 may be per-
formed to investigate the molecule’s atomistic intramolecular
and unimolecular dynamics.1,2 The potential energy surface
(PES) for this simulation may be an analytic potential energy
function,6,7 or the simulation may be performed by direct
dynamics,8,9 in which the gradient and potential energy for
calculating the trajectory is obtained directly from an electronic
structure theory.

For large molecules and/or high energies (e.g., hyper-
thermal),10�12 identifying reaction pathways and TS properties
by electronic structure calculations becomes less practical and
more challenging. This is because the important decomposition
pathways may become less identifiable, and there is the possibi-
lity of a multitude of pathways.13,14 Such effects are found when
protonated peptide ions collide with hydrocarbon surfaces.15,16

For collisions of protonated diglycine with the diamond {111}
surface, at a collision energy of 100 eV, 88 different fragmentation
pathways of the peptide ion are observed.15 Similarly, protonated
octaglycine dissociates via 304 pathways when it collides with the
diamond {111} surface at 100 eV.16 Identifying TSs for all of
these pathways would be a formidable task and may also be
impractical.

In this article a classical trajectory direct chemical dynamics
simulation procedure is described and applied for determining
the reaction pathways of a molecule undergoing unimolecular
decomposition at temperatureT. Furthermore, by calculating the

unimolecular constants ki(T) for the individual paths versus T,
the Arrhenius parameters A and Ea for the paths may be
determined. The unimolecular reactions investigated are those
for decomposition of CH3�NH�CHdCH�CH3 (Figure 1),
which represents an important constituent in the polymer of
cross-linked epoxy resins.17,18 This molecule is small enough that
the ab initio TSs may be determined, and thus, Arrhenius
parameters may be determined for these TSs using transition-
state theory (TST) and compared with the simulation values.
This provides a test of the simulation methodology. In the
following, the theoretical model and the computational metho-
dology are first described, followed by a presentation of the
computational results.

2. THEORETICAL MODEL

The theoretical approach used here is based on the recent
finding19 that for a molecule consisting of s harmonic oscillators
the classical Rice�Ramsperger�Kassel�Marcus (RRKM) rate
constant:

kðEÞ ¼ ν
E� Eo

E

� �s � 1

ð1Þ

and classical TST rate constant:

kðTÞ ¼ ν expð � Eo=kBTÞ ð2Þ
become equivalent for large E with Eo/E, 1 and large s≈ s� 1.
For s classical harmonic oscillators, the energy and the tempera-
ture are related by E = skBT. Thus, a simulation of the
unimolecular decomposition of a microcanonical ensemble at
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energy Emay be used to determine the thermal unimolecular rate
constant k(T). This relationship is consistent with the under-
standing that, for a molecule with large s and large E, the
populations of the vibrational states of the individual oscillators
are given by a Boltzmann distribution20 and that the fluctuations
of the energy of a grand canonical ensemble are negligible,
making it similar to a microcanonical ensemble.21 If anharmonic
effects are important, they may be included by multiplying the
expressions in eqs 1 and 2 by an anharmonic correction factor,19

which accounts for anharmonicity in both the reactant molecule
and TS.

The trajectories comprising this microcanonical ensemble are
integrated until a unimolecular reaction occurs or up to a
maximum time tmax. The reactions observed are those important
for the molecule at temperature T. The total rate constant k for
unimolecular decomposition of the molecule may be found by
fitting the number of molecules remaining versus time:

NðtÞ=Nð0Þ ¼ expð � ktÞ ð3Þ
where N(0) is the number of trajectories for the initial micro-
canonical ensemble at t = 0 or more approximately from the
number of trajectories remaining at tmax, i.e.:

NðtmaxÞ=Nð0Þ ¼ expð � ktmaxÞ ð4Þ
The total number of products formed at tmax is P(tmax) =N(0)�
N (tmax). The total unimolecular rate constant is a sum of the rate
constants for the individual unimolecular pathways, i.e., k = ∑ki,
and the rate constant for an individual pathway is simply:

ki ¼ ½PiðtmaxÞ=PðtmaxÞ�k ð5Þ
where Pi(tmax) is the number of sets of products formed for path i
at tmax. The Arrhenius parameters Ai and Ea,i for path i are found
from the Arrhenius equation ki (T) = Ai exp(�Ea,i/kBT) by
determining ki as a function of T.

The above theoretical model assumes the unimolecular dy-
namics are intrinsically RRKM,22 so that a microcanonical
ensemble of states is maintained as the molecule decomposes.
As shown by the simulation results, these dynamics are observed
for the molecule studied here CH3�NH�CHdCH�CH3.

3. COMPUTATIONAL METHODOLOGY

3.1. Direct Dynamics Simulations. The simulations are
performed using direct dynamics8,9 in which the technology of
classical trajectory calculations is coupled with electronic struc-
ture theory. In this manner, the gradient, energy, and possibly
Hessian23,24 needed to calculate the trajectory come directly
from an electronic structure theory, without the need for an
analytic potential energy function. To initialize the trajectories,
the phase space of the reactant molecule is excited randomly at

fixed energy E to form a microcanonical emsemble.25 The
temperature associated with this energy may be identified from
the average kinetic energy of the molecule’s N atoms, i.e.:

∑
N

i¼ 1
mi < ν

2
i > =2 ¼ 3NkBT=2 ð6Þ

or by equating E to the average thermal energy of the molecule’s
s = 3N � 6 classical oscillators, i.e., E = skBT. Procedures for
forming this microcanonical ensemble are well established.22,25�29

The simulations of CH3�NH�CHdCH�CH3 unimolecu-
lar decomposition were performed by exciting microcanonical
ensembles of molecules so that their temperatures (E = skBT)
were 3500, 4000, 4500, 5000, and 5500 K. The software package
consisting of the chemical dynamics computer program
VENUS30,31 interfaced with the NWChem32 electronic structure
computer program was used for the simulations. A total of 100
trajectories were calculated for each temperature. The simula-
tions were performed by direct dynamics using the MP2/6-31
+G* electronic structure theory. The trajectories with T of
3500�5000 K were integrated for tmax of 5.1 ps or until a
unimolecular reaction occurred. The 5500 K trajectories were
integrated with tmax = 3.3 ps. The reported uncertainties for the
rate constants and the Arrhenius parameters are standard devia-
tions. The temperatures of the simulations were determined
from E = skBT.
3.2. PES and TST Calculations. The model PES for the direct

dynamics simulations is given by MP2/6-31+G* theory. It is
recognized that MP2 is quite approximate for homolytic bond
rupture reactions,33 due to the shortcomings of Hartree�Fock
theory.34 As discussed below, the most important decomposition
pathway found here for CH3�NH�CHdCH�CH3 is dissocia-
tion to 3CH3 + 3NH�CHdCH�CH3. The MP2 potential
energy curve for this dissociation is given in Figure 2. The
potential energy varies from 87.76 kcal/mol at rC�N= 3.06 Å
to 87.78 kcal/mol at rC�N= 3.14 Å, with a maximum of 87.83
kcal/mol at 3.11 Å. This dissociation energy is similar to the
experimental value of 85.1 kcal/mol for CH3�NH2.

35 The
CH3�NH dissociation energy, for the molecule studied here,
is expected to be slightly lower than the value for CH3�NH2,
since replacing one of the H-atoms of�NH2 by a C-atom lowers
the bond energy.35

The TS for CH3�NH�CHdCH�CH3 f 3CH3 + 3NH�
CHdCH�CH3 dissociation is variational, and its structure is
determined by the shape of the potential energy curve.36�38 As
shown by earlier work,39 MP2 theory does not give the correct

Figure 1. Structure of CH3�NH�CHdCH�CH3, the molecule
investigated for the unimolecular decomposition studies.

Figure 2. MP2/6-31+G* potential energy curve (0) for CH3�
NH�CHdCH�CH3f 3CH3 + 3NH�CHdCH�CH3 dissociation.
The dashed line is the Morse potential energy curve.

http://pubs.acs.org/action/showImage?doi=10.1021/ct200459v&iName=master.img-000.jpg&w=175&h=80
http://pubs.acs.org/action/showImage?doi=10.1021/ct200459v&iName=master.img-001.png&w=150&h=123
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potential energy curve for such a dissociation. Using the MP2
dissociation energy of 87.83 kcal/mol and MP2 quadratic force
constant for C�N stretching of 5.20 mdyn/Å, the Morse
potential energy curve, V = D{1 � exp�[β(r � ro)]}

2, is given
in Figure 2, where it is compared with the MP2 potential energy
curve. (This C�N stretching force constant is only slightly larger
than the experimental value of 5.12 mdyn/Å for CH3NH2.)

35

The MP2 curve rises more steeply and may be fit by a r-
dependent Morse β parameter.40,41 Such a curve has been
referred to as a “stiff” Morse potential.40,41 The variational
TS42 for a stiff Morse potential is at a much shorter bond length
than for the standardMorse potential, resulting in amuch “tighter”
TS.42 This leads to a significantly smaller A factor for the stiff
Morse potential. For CH4fH+CH3 dissociation, the A factor is
an order of magnitude smaller for the stiff Morse potential.40�42

The Morse potential more accurately models the actual potential
energy curve than does the “stiff” Morse potential.39 Thus, the
MP2 direct dynamics is expected to give an A factor for
CH3�NH�CHdCH�CH3f 3CH3 + 3NH�CHdCH�CH3

dissociation, which is significantly smaller than the assumed
experimental value of 1016�1017 s�1.43

Classical TST calculations were performed to calculate Ar-
rhenius parameters for the MP2/6-31+G* PES, to compare with
the Arrhenius parameters determined from the MP2/6-31+G*
direct dynamics simulations. As discussed below, three pathways
were considered for this comparison, i.e., the decomposition to

3CH3 + 3NH�CHdCH�CH3 and two isomerization reactions.
For the harmonic oscillator model, the classical TST rate
constant in eq 2 is given by

kðTÞ ¼
Qs
i¼ 1

νi

Qs � 1

i¼ 1
ν6¼i

expð � Eo=kBTÞ ð7Þ

where the νi are the vibrational frequencies for the unimolecular
reaction, the νi

6¼ the vibrational frequencies for the TS, and Eo
the classical potential energy barrier for the MP2 PES. The ratio
of the products of vibrational frequencies is the Arrhenius A
factor and Eo is the activation energy.
The above harmonic oscillator model is expected to be

applicable for the two isomerization reactions, which have “tight”
transition-state structures located at the isomerization barriers.
As discussed above, the C�N dissociation reaction to form

3CH3 + 3NH�CHdCH�CH3 has a variational TS located at
the minimum in k(T) along the dissociation path.37,38 For bond
dissociations, such as CH4 f H + CH3, a harmonic oscillator
variational TST model is accurate,44�46 and this model is used
here for C�N bond dissociation. Vibrational frequencies and
potential energies are found along the intrinsic reaction coordi-
nate (IRC),47,48 and this information is used to find the mini-
mum in k(T), i.e., eq 7. These calculations were performed with
the GAMESS computer program.49

The IRC frequency for the CH3 torsion about the C�N bond
was found to be unstable, and its value was found by interpolation
between the frequency of 208 cm�1 at the CH3�NH�CHd
CH�CH3 potential energy minimum to 29.8 cm�1 at the energy
maximum at RC�N = 3.11 Å (see above). In previous work, the
frequency for such a mode was found to decay approximately
exponentially as the bond ruptures.39�51 This exponential inter-
polation, as well as linear interpolation, was considered here and
found to give similar results.

A more accurate representation of the C�N dissociation
reactionmay require a flexible variational TSTmodel52�54 which
treats the transitional vibrational modes, that are transformed
into product rotations, as hindered rotational degrees of free-
dom. An important property of the model is that it includes
anharmonicity for the transitional modes.55,56 A possible short-
coming is the assumed separability between the transitional and
remaining modes, which becomes more approximate as the
length of the rupturing bond is shortened. This could be a
problem for the MP2/6-31+G* PES, which has a “stiff” Morse
potential for the C�N bond (see above). However, in future
analyses of this C�N bond dissociation, it would be of interest to
consider the flexible variational TST model.
The TST activation energies and A factors for the MP2/6-31

+G* PES were compared with these parameters found from the
chemical dynamics simulations. The TSs for the isomerization
reactions were placed at their potential barriers to give their Eo
values and the A factors were calculated from eq 7. For C�N
dissociation, both the bond dissociation energy and the potential
energy at the IRC variational TS were considered as possible
MP2 values for Eo. The dissociation A factor is that for the
variational TS.

Figure 3. Plots of ln N(t) for the number of excited CH3�NH�
CHdCH�CH3 molecules remaining versus time for simulations at
4500, 5000, and 5500 K. The fits are to eq 4. The unit for t is sec.

http://pubs.acs.org/action/showImage?doi=10.1021/ct200459v&iName=master.img-002.jpg&w=190&h=375
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4. SIMULATION RESULTS

A total of 100 trajectories were calculated for each of the
temperatures 3500, 4000, 4500, 5000, and 5500 K. The number
of trajectories which reacted within tmax for the respective
temperatures is 6, 19, 48, 84, and 100. A total of 33 different
primary and secondary decomposition pathways were observed,
and a mechanistic analyses of these pathways and their relation-
ship to experiment will be presented elsewhere.57Of interest here
is the kinetics analysis discussed in Section 2. The dominant
pathway is C�N bond rupture to form the radicals 3CH3 and

3NH�CHdCH�CH3. The isomerizations via H-atom transfer,
to form CH3�NdCH�CH2�CH3 and CH3�NH�CH2�
CHdCH2 are also important pathways. This bond rupture and
these isomerizations are considered here.

Using the number of dissociations which occurred within tmax,
eq 4, the rate constant k for decomposition of CH3�NH�CHd
CH�CH3 is (1.21 +0.49/�0.50)� 1010, (4.13 +0.93/�0.97)�
1010, (1.28 +0.18/�0.20) � 1011, and (3.59 +0.41/�0.51) �
1011 s�1 for T of 3500, 4000, 4500, and 5000 K, respectively.
Equation 4 may not be used to calculate a rate constant for
5500 K, since all the trajectories dissociated within tmax. For the
calculations at 4500, 5000, and 5500 K, there is a sufficient
number of reactions to find the rate constant from a plot of ln
N(t) versus t; i.e., eq 3. The plots are given in Figure 3, and the
fitted rate constants for the respective temperatures are 1.30 (
0.02 � 1011, 3.65 ( 0.05 � 1011, and 1.16 ( 0.03 � 1012 s�1.
Values for these rate constant found from nonlinear fits of eq 3
are nearly the same and 1.37 � 1010, 3.41 � 1011, and 9.75 �
1011 s�1, respectively. The rate constants from plots of ln N(t)
andN(t)/N(0) are in excellent agreement with those found from
the single pointN(tmax)/N(0). In the following analyses, the rate
constants for 3500�5000 K are from N(tmax)/N(0), while the
5500 K value is from the ln N(t) plot.
4.1. CH3�NH�CHdCH�CH3 f 3CH3 + 3NH�CHdCH�

CH3 Dissociation. The rate constant versus temperature for
C�Nbond rupture to form 3CH3 + 3NH�CHdCH�CH3was
determined using eq 5, the total rate constant versus temperature
and the Pi(tmax)/P(tmax) ratio for this decomposition pathway. The
resulting kd rate constants are given in Figure 4 as a plot of ln kd
versus 1/T. The linear fit to this plot gives Ea = 82.8( 4.3 kcal/mol
andA= 8.0 + 5.2/�3.2� 1014 s�1. TheEa value of 82.8 kcal/mol is
similar to but somewhat lower than theMP2 dissociation energy of
87.83 kcal/mol. This difference is expected from the variational

nature of the TS for the C�N bond dissociation pathway.37,38 As
the temperature is increased, the free energy barrier for C�Nbond
rupture moves to a shorter C�N bond length, resulting in
activation energies that are decreased as the temperature is
increased37,38 and are less than the dissociation energy. The direct
dynamics A factor of∼1015 s�1 is much smaller than the expected
experimental value of 1016�1017 s�1 for CH3 dissociation.42,43

Such a result is expected. The MP2/6-31+G* potential for C�N
bond rupture, Figure 2, is not sufficiently attractive and, thus, gives
rise to a variational TS structure that is “too tight”. The result is a
small A factor.
As discussed in Section 3.2, a harmonic oscillator model, based

on the IRC, was used to find a variational TS for C�N bond
rupture at 4000 K. The resulting TS is located at a C�N distance
of 2.41 Å, giving rise to a potential energy of 73 kcal/mol and a A
factor of 8 � 1014 s�1. The A factor is the same as the chemical
dynamics value, but the Eo is smaller than that from the dynamics.
The harmonic IRC variational TST rate constant is 8.5 � 1010

s�1 and ∼4 times larger than the dynamics value of 2.2 � 1010

s�1. Overall, the TST Arrhenius Eo and A parameters for the
MP2/6-31+G* PES are consistent with the values found from the
MP2/6-31+G* direct dynamics simulation.
It is worth noting that there are ambiguities in the above

variational TST calculation due to substantial changes in vibra-
tional modes as the C�N bond ruptures. The CH3 torsion about
this bond may be a vibration for the reactant, but for a sufficient
bond extension, it will become a free rotor. Here it is treated as a
vibration for both the reactant and the variational TS. The
torsion’s partition function at the minimum is 13.4 and 40.6 as
a vibration and free rotor, respectively. For the C�N bond
dissociation maximum at 3.11 Å (Section 3.2), these respective
values are 93.3 and 42.3. Thus, treating the torsion as a free rotor
at the variational TS would decrease the TST rate constant. In
addition, there are four rocking/bending modes whose frequen-
cies go to zero as the C�N bond breaks. It may be better to treat
these modes as hindered rotors, instead of vibrations, as is done
by the flexible variational TST.52�56 However, there are approx-
imations in separating these modes from the remaining modes of
the dissociatingmolecule, and also, the uncertainty in treating the
CH3 torsion of the reactant remains.
4.2. CH3�NH�CHdCH�CH3 Isomerization Reactions.

Rate constants versus temperature were determined, as described
above, for the isomerization reactions to form the products

Figure 4. Plot of ln kd versus 1/T for CH3�NH�CHdCH�CH3 f

3CH3 + 3NH�CHdCHdCH3 dissociation. The linear fit yields the
Arrhenius parameters Ea = 82.8 ( 4.3 kcal/mol and A = 8.01 + 5.24/
�3.17 � 1014 s�1. The kd is in units of s�1, and T is in K.

Figure 5. Plot of ln kisom versus 1/T for forming the isomerization
products CH3�NdCH�CH2�CH3 and CH3�NH�CH2�CHd
CH2. The linear fit yields the Arrhenius parameters Ea = 64.9 (
7.0 kcal/mol and A = 5.2 + 4.5/�2.8� 1013 s�1. The kisom is in units
of s�1, and T is in K.

http://pubs.acs.org/action/showImage?doi=10.1021/ct200459v&iName=master.img-003.jpg&w=184&h=133
http://pubs.acs.org/action/showImage?doi=10.1021/ct200459v&iName=master.img-004.jpg&w=194&h=133
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CH3�NdCH�CH2�CH3 and CH3�NH�CH2�CHdCH2.
To obtain better statistics, the rate constants for these two
pathways were combined to give a total isomerization rate
constant kisom versus T. The resulting Arrhenius plot of ln kisom
versus 1/T is given in Figure 5. The fitted Ea and A are 64.9 (
7.01 kcal/mol and 5.2 + 4.5/�2.8� 1013 s�1.
To compare with these fitted Arrhenius parameters, the ab

initio TSs were found for these two isomerizations. Their
structures and energies are given in Figure 6. The fitted Ea is
intermediate of the two ab initio barrier heights but more akin to
Eo = 63.2 kcal/mol for the CH3�NdCH�CH2�CH3 product.
The classical TST A factor, calculated from the reactant molecule
and TSs’ vibrational frequencies, is 8.8 � 1013 s�1 for the
CH3�NdCH�CH2�CH3 product and 6.9 � 1013 s�1 for
CH3�NH�CH2�CHdCH2 product (the latter pathway has a
reaction path degeneracy of 3). The fitted A factor is similar to
these values. To make a direct comparison with the fitted Ea and
A from the chemical dynamics simulation, the classical TST rate
constants for the two isomerization paths were summed at each
temperature to give a composite rate constant and plotted as ln
kisom versus 1/T. The resulting plot gives Ea = 62.8 kcal/mol and
A = 9.2 � 1013 s�1, values in overall good agreement with those
from the chemical dynamics simulation. That the composite A
and Ea are closer to those for the CH3�NdCH�CH2�CH3

product is consistent with the lower Ea and larger A for this
product.
The smaller A factor found from the simulations, as compared

to the harmonic TST value, may be the result of anharmonic
effects for the chemical dynamics on the MP2/6-31+G* PES.
This is consistent with the smaller simulation total isomerization
rate constants as compared to those for the TST calculations. For

the T of 3500, 4000, 4500, 5000, and 5500 K, the respective
simulation rate constants are 5.2 � 109, 1.9 � 1010, 5.0 � 1010,
1.2 � 1011, and 1.5 � 1011 s�1. The TST values are approxi-
mately a factor of 2 larger and 1.1� 1010, 3.4� 1010, 8.2� 1010,
1.7 � 1011, and 3.0 � 1011 s�1.

5. CONCLUSIONS

For the work presented here a classical trajectory direct
chemical dynamics simulation approach is described for deter-
mining unimolecular reaction paths and Arrhenius parameters.
This method is expected to be particularly useful for large
molecules with many decomposition paths and whose TSs may
be difficult to determine by standard electronic structure theory
methods. The simulations are performed by coupling the metho-
dology of chemical dynamics simulations with electronic structure
theory8,9 and involve studying the unimolecular decomposition of
microcanonical ensembles of molecules.

Themolecule studied here is CH3�NH�CHdCH�CH3, an
important constituent in the polymer of cross-linked epoxy
resins.17,18 This epoxy resin is a component in flame resistant
nanocomposites,17,58 and it is important to understand its
decomposition kinetics at high temperatures, as is done here.
Arrhenius parameters for decomposition of CH3�NH�CHd
CH�CH3 to 3CH3 + 3NH�CHdCH�CH3 and isomerization
to CH3�NdCH�CH2�CH3 and CH3�NH�CH2�CHd
CH2 were determined from direct dynamics simulations at the
MP2/6-31+G* level of theory. The Arrhenius activation energies
determined from the simulation are in good agreement with the
isomerization potential energy barriers and C�N bond dissocia-
tion energy for the MP2/6-31+G* PES. TST is used to calculate
Arrhenius A factors for the MP2/6-31+G* PES, and they are in
good agreement with the values found from the simulations.
Overall, the TST Arrhenius parameters for the MP2/6-31+G*
PES are consistent with the values obtained from the MP2/
6-31+G* direct dynamics simulation.

It is pointed out that there are uncertainties and ambiguities in
the TST calculations as a result of anharmonic effects and the
treatment of modes in the variational TST calculations for C�N
bond rupture. A strength of a direct dynamic simulation is that
these effects are accurately represented in determining the
Arrhenius parameters.

Additional applications and tests of the computational chemistry
approach described and applied here, for determining unimole-
cular decomposition pathways and Arrhenius parameters, are
expected. It may be particularly useful for studying nanomaterials
and biological molecules.
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Figure 6. MP2/6-31+G* TS structures and potential energies for
forming the isomerization products CH3�NdCH�CH2�CH3 and
CH3�NH�CH2�CHdCH2.
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