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The unimolecular dissociation of azomethane is studied by first sampling the reaction channels with a density
functional theory based ab initio molecular dynamics method and then by mapping out the reaction barrier
and transition structure for each channel with Gaussian based ab initio method at G3 and B3LYP/6-31G(d)
levels. A number of new dissociation channels are identified, and all of them involve the migration of H
atoms or the breaking of a C-H bond. There is also notable difference among these channels fortrans- and
cis-azomethane. In the gas phase, a CH4 loss channel could be present in the dissociation ofcis-azomethane.
For N-N bond cleavage observed on metal surfaces, the hydrogen migration from C to N atoms, by either
1,2- or 1,3-hydrogen shifts, is the first step. Further H migration could result in N-N cleavage and produce
HCN and CH3NH2, both observed in previous surface experiments. The concerted C-H bond cleavages in
cis-azomethane could also produce H2.

Introduction

The dissociation of azomethane, CH3NNCH3, has long been
used as a source of methyl groups,1,2 while in recent years there
have been renewed interests in the dynamics and mechanisms
underlying such a dissociation process, both in the gas phase
and on metal surfaces. In the gas phase, the focus has been on
the cleavage of the two C-N bonds: whether it is “stepwise”3-5

or “concerted”.6 Although the semantics of those terms is not
uniform among different authors,6,7 recent experiments all
seemed to point to a very short time lag (∼1 ps) between the
breaking of the two C-N bonds.6-9 This problem has also been
studied in great detail by theoretical calculations. Although a
transition state for simultaneous C-N bond cleavage was
identified,10 there is a consensus that the sequential mechanism
is more important than the simultaneous cleavage.10,11 The
product•CH3N2 radical after the initial dissociation step was
found to be highly unstable with a very low dissociation barrier
around 2.3 kcal/mol.12,13Coupled with the considerable thermal
energy deposited in azomethane during the photoexcitation
process, it accounted for the experimental observation of a short
time delay (∼1 ps) between the two cleavage steps.10-12 This
conclusion was further supported by a semiclassical dynamics
study on the C-N cleavages14 based on ab initio fitted potential
energy surfaces.15

On metal surfaces,16-21 the dissociation of azomethane is
much more complicated than that in the gas phase. Although
part of the motivation for such studies is to find a way to produce
adsorbed methyl groups, the C-N cleavage plays only a minor
role in the dissociation. Both cis18,19 and trans16,17 isomers of
CH3NNCH3 were observed on surfaces, and transformation from
trans to cis could proceed at low temperature around 100 K.18,19

The N-N cleavage, instead of C-N cleavage, was most often
observed,16,17,19,21 which could be preceded by a hydrogen
migration step to form CH3NHNdCH2, formaldehyde methyl-

hydrazone.16,18,19The final products of dissociation could include
C2N2, H2, N2, HCN, CH3NH2, and CH4, depending on experi-
mental conditions.

The trans isomer of azomethane is more stable than its cis
isomer, and transformation between the two isomers has also
be studied in great detail by theoretical calculations.10,22-26 As
mentioned above, both isomers make a contribution to the
dissociation on metal surfaces. In the gas phase, the trans isomer
should dominate. However, the dissociation of azomethane in
gas-phase studies are usually initiated by UV photoexcitation.
The crossing point from the excited S1 state to the S0 ground
state was identified by high level ab initio calculations as an
asymmetrical structure with a CNNC dihedral angle of 92.81°.10

This rotation of the N-N bond prior to internal conversion
indicates that both the trans and cis isomers should be present
in the gas-phase experiment,6 although little attention has been
paid to the possible difference between the dissociation ofcis-
and trans-azomethane. Furthermore, the complexity of the
azomethane dissociation on surfaces seems to indicate that there
may well be other dissociation or isomerization channels, which
are probably catalyzed by metal surfaces. Thus, in addition to
the works reported on the C-N cleavage and cis-trans
transformation, further studies on the dissociation and isomer-
ization channels for bothtrans- andcis-azomethane would be
desirable for designing a suitable potential energy surface in
dynamics studies, for understanding the finer details in gas-
phase experiments, and for identifying the processes catalyzed
by metal surfaces.

In this paper, we report a computational study to explore these
other reaction channels on the ground-state potential surfaces
for both trans- andcis-azomethane.

Computational Details

The trajectories of unimolecular dissociation of CH3NNCH3

were sampled by the VASP program (ViennaAb-Initio Simula-
tion Package), developed at the Institut fu¨r Theoretische Physik
of the Technische Universita¨t Wien.27-30 The principles of the
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ab initio molecular dynamics (AIMD) method have been
documented in the literature31-35 and will not be reproduced
here. The molecule was put in a periodic cubic box with a length
of 12 Å, so that there is little interaction between molecules in
neighboring cells. A planewave basis set with a cutoff energy
of 225 eV was employed for the wave function, which was
solved at each AIMD step by conjugate gradient minimization
of the total electronic energy within the framework of the
generalized gradient approximation (GGA)36 for density func-
tional theory. The core region of an atom was approximated by
the Vanderbilt37 ultrasoft pseudopotentials supplied with the
VASP package.38,39 Only Γ point was considered for k-point
sampling.

Forcis- andtrans-azomethane, one hundred trajectories were
run for each molecule. With our purpose limited to the sampling
of reaction channels without resorting to any empirical assump-
tions, we adopted a simplified and straightforward procedure
for the AIMD simulations. A preliminary equilibration simula-
tion was performed at 2000 K, starting with the equilibrium
azomethane geometry in the ground state, for a duration of 10
ps with a 0.5 fs time step. One hundred geometric configurations
were randomly selected from the equilibration run as starting
geometries for the trajectory study, while initial velocities were
also randomly selected according to a Boltzmann distribution
determined by the simulation temperature.

For each trajectory, the duration of simulation was set at 3
ps (6000 steps with a 0.5 fs time step), and the system was
controlled by a Nose´-Hoover thermostat40,41 at a temperature
of 3500 K, corresponding to an average thermal energy of 3.6
eV. The total translation and rotation of the simulated molecule
were set to zero at each time step during the simulation.

After the sampling of reaction channels by AIMD simulations,
each channel is further studied by Gaussian based methods to
map out the transition structure and energy barrier. Such an
approach of combining AIMD simulations with Gaussian based
methods to study the unimolecular dissociation reactions has
been successfully applied before by our group.42,43 For this
study, transition structures were optimized at the G3 level44 and
its variations45 G3(MP2) and G3B3, and also at the B3LYP/6-
31G(d) level, both as implemented in the GAUSSIAN 98
package.46 The G3 method offers a good compromise between
accuracy and computational cost, as shown in the test for a wide
range of organic molecules.44 The G3 results are further
compared with density functional theory calculations, using the
B3LYP functional with a 6-31G(d) basis set. B3LYP has been
widely used for the study of reaction barriers and has proved
to be a fairly accurate method,47 thus offering a corroboration
of the G3 results. As will be discussed in the next section,
additional calculations were also performed with a larger basis
set of 6-311G(2d,p) and at CASSCF/MCSCF levels to further
check and verify the quality of our calculations.

Results and Discussion

The reaction channels found in the AIMD trajectories for
trans- andcis-azomethane are listed in Tables 1 and 2, together
with the energy barriers located by the Gaussian-based G3,
G3B3, G3(MP2), and B3LYP/6-31G(d) methods. These chan-
nels could be broadly divided into two categories. The first
involves the breaking of the C-N and N-N bonds, as in the
dissociation and isomerization channels. The rest of the channels
all involve H atoms, and the breaking of C-H bonds.

Dissociation and Isomerization Channels.Since extensive
theoretical studies on the dissociation and isomerization proc-
esses have been reported before,10-15 the reaction barriers for

these processes could be taken as a calibration for the methods
used in this study. Overall, there is excellent agreement between
the G3 and the B3LYP/6-31G(d) results, and both are also in
good agreement with previously reported values. We did notice
some spin contamination (S2 ) 0.1-0.2) in the G3 optimized
transition structures for the 1,2-hydrogen shift process, as it was
performed at the UHF/6-31G(d) level. However, there is no spin
contamination for the B3LYP/6-31G(d) results. Additional
calculations were also performed at the QCISD(T)//MP2/6-
311G(2d,p) level to verify the reaction barriers reported in
Tables 1 and 2 and that the obtained values were within 2 kcal/
mol of the G3 values. The verification calculations indicate that
the 6-31G(d) basis set used in both our G3 and B3LYP
calculations are quite adequate. In the following discussions,
the calculated energy and geometrical parameters are values at
the G3 level unless otherwise explicitly specified.

For trans-to-cis isomerization, there are two reaction pathways
suggested in previous reports.22-26 In a rotational pathway, the
dihedral angle CNNC is changed from 180° to 0° with the
methyl group moving to the other side by rotating out of the
plane of the NdN double bond, while in a semi-linearization
pathway, the CNN angle is changed from 120° to 240° with
the methyl group staying within the NdN plane. At the G3
level, our calculated energy barrier is 50.8 kcal/mol for the
rotational pathway, compared to 49.5 kcal/mol by CASPT2
results.25 For the semi-linearization path, the barrier is 53.6 kcal/
mol, compared to the CASPT2 result of 54.2 kcal/mol.25

For the C-N bond cleavage, the energy required for stepwise
dissociation is found to be 51.3 kcal/mol fortrans-azomethane
and 42.1 kcal/mol forcis-azomethane (Tables 1 and 2).
However, no transition structure was found at the G3 level for
a concerted dissociation intrans-azomethane. It has been
previously noted that a large basis set is needed to locate this
transition structure.10,11 The G3 method is inadequate since its
structure optimization is performed at the UHF/6-31G(d) level,44

and the B3LYP/6-31G(d) method also did not locate such a
transition structure. However, a transition structure is found
when the full MP2 treatment is included in the structure
optimization of G3 method, known as G3(MP2).45 Furthermore,
we have also located a transition structure for the concerted
dissociation forcis-azomethane, again with a reaction barrier
lower in energy than that for the stepwise process.10 The
structure parameters of these two transition structures,TS1-1
andTS1-2, are shown in Figure 1, and their N-C distances
are close to each other with a difference of less than 0.01 Å.
(Atomic coordinates for all of the transition and intermediate
structures shown in Figures 1-5 are given as Supporting
Information.)

Unfortunately, we cannot locate transition structures using
the VASP program, within its framework of density functional
theory with a planewave basis set and pseudopotentials. The
quality of VASP calculations could be measured by the
geometrical parameters for thetrans- and cis-azomethane, as
shown in Table 3 and by the homolysis barrier in the stepwise
dissociation (Tables 1 and 2). The geometry parameters obtained
in VASP calculations are in good agreement with the ab
initio11,14and experimental results,48 with bond lengths slightly
overestimated by the VASP calculations. The energy difference
betweentrans- andcis-azomethane is 9.0 kcal/mol in VASP,
also in good agreement with the value of 9.2 kcal/mol at both
the G3 and the B3LYP/6-31G(d) levels. However, the barrier
for the stepwise dissociation obtained by VASP is 66.1 kcal/
mol for trans-azomethane and 57.1 kcal/mol forcis-azomethane,
both being around 15 kcal/mol higher than the corresponding
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values obtained by the Gaussian-based methods (Tables 1 and
2), which is probably due to the pseudopotentials and the low
energy cutoff for the AIMD simulations. Accordingly, the
frequency for the observed stepwise dissociation is likely
underestimated. It is also a reminder of the benefit to check the
transition structure and energy barrier at a higher level of theory
for each reaction channel observed in the AIMD trajectory study.

Indeed, the concerted dissociation is as frequent in our study
as the stepwise dissociation, which is in fortuitous agreement
with the trajectory study reported by Cattaneo and Persico, using
a potential surface fitted to ab initio calculations.14 Similar to
their results, we also observed a very short time lag (less than
0.5 ps) between the two dissociation steps and accordingly used
their method to distinguish the two kinds of bond dissociation.
It is defined as stepwise when one of the C-N bond lengths is
shorter than 2.23 Å and the other one is greater than 4.5 Å;
otherwise, the channel is deemed as concerted.

Methane Elimination. There are a number of new dissocia-
tion channels discovered in our AIMD trajectory study, and all
of them are related to the migration of hydrogen atoms. The
azomethane configuration, being trans or cis, is an important
factor in such processes. Methane elimination is one of these
new channels, with a hydrogen atom on one methyl group
moving to the other group to form a methane molecule and
leaving CH2N2, diazomethane, as the other fragment. A similar
process was observed before in the thermal dissociation of acetic
acid, in which the hydrogen atom on the hydroxy group could
move to the methyl group to form methane.43,49-51 It is obvious
that such a reaction requires the two methyl groups on the same
side and could happen only forcis-azomethane.

The transition structureTS1-3 for the methane elimination
channel shown in Figure 1 was obtained at the B3LYP/6-31G(d)
level, as the G3 method failed to locate a transition structure.
The C-N distance for the departing methyl group is at 2.42 Å,

TABLE 1: Reaction Barriers in the Thermal Dissociation Channels for trans-Azomethane Observed in AIMD Trajectory
Studies

a The energy is for the first C-N bond cleavage. Previously reported values are 46.3 kcal/mol at the CCSDT/TZ2P level (ref 11), 51.5 kcal/mol
at the OCISDT/6-311G(2d,p) level (ref 10), and 54.7 kcal/mol at the CCSD/DZP level (ref 25).b Previously reported value is 44.2 kcal/mol at the
QCISDT/6-311G(2d,p) level (ref 10).c Previously reported value is 49.5 kcal/mol at the CASPT2/DZP level (ref 25).
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which is 0.2 Å longer than the C-N distance around 2.23 Å in
the transition structure for the concerted C-N homolysis ofcis-
azomethane (TS1-2). Thus, both the hydrogen migration and
the C-N bond breaking are involved in this reaction, and it
could be viewed as a process in which a dissociating CH3 radical
captures a H atom from the remaining methyl group as it leaves.
The reaction barrier is higher than that for the stepwise
dissociation by 7.9 kcal/mol.

The existence of such a channel is further verified by
complete active space self-consistent-field (CASSCF) calcula-
tions with the active space of (10,8), including the bonding and
antibondingπ orbitals, the two lone pairs on nitrogen atoms,
and the two pairs of C-N σ bonding and antibonding orbitals,
and using the same basis set 6-31G(d). A transition structure
was located and it differed fromTS1-3 in that the N1-C3
distance was further increased to a value of 3.6 Å, which is
consistent with the interpretation of this channel as a departing
methyl group picking up a hydrogen atom from the other methyl
group.

A significant number of trajectories are observed in the AIMD
simulation for this channel (Table 2), although it is only a
qualitative estimate as the total number of trajectories is small.
To further explore the rate of CH4 elimination versus the rate
for homolysis, we also performed RRKM calculations52,53using
the reaction barriers, vibrational frequencies, and structure
parameters obtained at the B3LYP/6-31G(d) level. Above 2000
K, the rate constant for the CH4 elimination channel is more
than one-fifth of the rate constant for stepwise homolysis.

It should be noted that unimolecular dissociation initiated by
UV excitation is not the same as the thermal dissociation in
our study. However, in previous experiments6,8 it has been found
that for the slow CH3 group due to the first C-N homolysis,
the translation energy is peaked at 4 kcal/mol6 and the
vibrational energy is averaged around 8.2 kcal/mol.8 Without
even considering the internal energy in the other methyl group,
this amount of energy is already enough to compensate for the
7.9 kcal/mol difference between the barriers of CH4 elimination
and stepwise homolysis at the B3LYP/6-31G(d) level. Due to

TABLE 2: Reaction Barriers in the Thermal Dissociation Channels for cis-Azomethane Observed in AIMD Trajectory Studies

a The energy is for the first C-N cleavage.
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the large amount of energy deposited in azomethane after UV
excitation, it is quite likely that the departing CH3 group could
pick up a H atom from the other CH3 group, as in the thermal
dissociation, when the two fragments are properly oriented.

The presence of this channel will also depend on the amount
of cis-azomethane in the sample. For thermal dissociation,
reaction rate calculations indicated that the isomerization
betweentrans- andcis-azomethane would be overshadowed by
the C-N bond homolysis and there would be littlecis-
azomethane.25 However, in the photoexcitation experiments, the
crossing point between the excited state and the ground state
was found to be asymmetrical with a CNNC dihedral angle of
92.8°,10 implying a significant amount ofcis-azomethane.
Accordingly, although the dissociation in gas phase should be

dominated by the C-N bond homolysis, the presence of the
CH4 elimination channel cannot be ruled out. In that case, the
intensity of CH4 signal or the lack of it could be potentially
used as a measure of the abundance ofcis-azomethane in future
experiments. Interestingly, the other product in the CH4 elimina-
tion channel, diazomethane (CH2N2), is a well-known source
of methylene, CH2. A significant number of signals withm/e
) 14 (CH2

+) was detected in a previous molecular beam
experiment, although it was attributed to N+ or N2

2+ contami-
nation.6

Hydrogen Shift Channels and N-N Bond Cleavage.
Hydrogen shift from the methyl group to the nitrogen atoms in
azomethane was observed in several experimental studies on
metal surfaces, for bothcis18,19 and trans-azomethane.16 The
process could be initiated either by UV irradiation16 or simply
by thermal heating,18,19 while the product was identified as
formaldehyde methylhydrazone, CH3NHNdCH2. Synthesis of
this compound was reported before.54 Not much was known
about its structure, except for the geometrical parameters
obtained by ab initio calculations.55 It was also claimed that
cis-azomethane was quite reactive in the gas phase and readily
isomerized into CH3NHNdCH2 even at room temperature,
although little data was presented for the identification of this
process.56

Our AIMD trajectory study identified more than one type of
hydrogen shift channel (Tables 1 and 2). As shown in Figure
2, both 1,2- (see2-1) and 1,3-hydrogen shifts (see2-2) are
possible fortrans-azomethane, while for thecis-azomethane,
the 1,3-hydrogen shift is blocked by the steric repulsion of the
other methyl group, and only the 1,2-hydrogen shift (see2-3)
is observed. Structure parameters obtained for2-2, the trans-
formaldehyde methylhydrazone formed in the 1,3-hydrogen shift
of trans-azomethane, are in good agreement with previous
results.55 The energy loss in this process is fairly small, 3.2 kcal/
mol, compared to around 6 kcal/mol at the MP4/6-31G* level.55

Structure2-2 is also 21.6 kcal/mol more stable than2-1, the
product of 1,2-hydrogen shift, in which there is charge separation
on the two nitrogen atoms. However, the N-N distance in2-1
at 1.301 Å is shorter than the distance of 1.377 Å in2-2. The
CNNC dihedral angle in2-1 is 173.2°, indicating a degree of
double bonding between the two nitrogen atoms. The N-N
bonding in2-1 is thus stronger than that in2-2.

Transition structures for these reactions are shown in Figure
3. Fortrans-azomethane, the barrier height for the 1,3-hydrogen
shift is only 3.4 kcal/mol lower than that for the 1,2-hydrogen
shift. Although a direct 1,3-hydrogen shift is inaccessible in
cis-azomethane, further H migration (2,3-hydrogen shift) is
possible for2-3, the product of 1,2-hydrogen shift, to form
cis-formaldehyde methylhydrazone (2-4) through the transition
structureTS3-4, and the energy barrier of 40.9 kcal/mol at
G3 level and of 43.1 kcal/mol at B3LYP/6-31G(d) level is lower
than that for the initial 1,2-hydrogen shift at 59.7 kcal/mol.
Structure2-4 is 17.3 kcal/mol more stable than2-3. A similar
2,3-hydrogen shift process is also possible for the isomerization
of 2-1 into 2-2 with a barrier of 49.0 kcal/mol at G3 level
and 50.4 kcal/mol at B3LYP/6-31G(d). It should also be noted
that spin contamination in G3 calculations was again observed
in the transition structures for the 2,3-hydrogen shift reactions,
but the energy barriers calculated were nonetheless in good
agreement with the B3LYP/6-31G(d) values, which showed no
spin contamination at all.

Structures2-3 and2-1 are cis-trans isomers, with2-1 being
4.5 kcal/mol less stable than2-3. The barrier for rotation around
the N-N bond is 48.5 kcal/mol, again indicating a double bond

Figure 1. Transition structures for the concerted dissociation intrans-
and cis-azomethane (TS1-1 and TS1-2) and for the methane
elimination (TS1-3) at the B3LYP/6-31G(d) level. Bond distances are
in Å. Notice the C3-N1 distance inTS1-3 is 2.435 Å, 0.2 Å longer
than the N-C distances inTS1-1 andTS1-2. It indicates that C3-
N1 bond is almost broken when the departing methyl group captures
a hydrogen atom from the other methyl group. Such a channel requires
the two methyl group being at the same side of the NdN bond and is
open only tocis-azomethane.
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between the two N atoms in2-1 and 2-3. In contrast, the
energy difference between2-2 and2-4 is only 0.2 kcal/mol,
with the former being less stable, while the N-N rotation barrier
is only 4.7 kcal/mol.

Compared to the C-N bond cleavage channels, the reaction
barriers for H migration from carbon to nitrogen atoms are more

than 12 kcal/mol higher. That these channels become more
important for azomethane adsorbed on metal surfaces is probably
due to the weakening of C-H bond upon adsorption and the
channeling of photoexcitation or thermal excitation energy into
the C-H bending and stretching vibrations in the methyl groups.
The claim that gas-phasecis-azomethane could readily isomerize

TABLE 3: Equilibrium Geometrical Parameters for Ground-State cis- and trans-Azomethane with Bond Distances in Å and
Angels in Degrees

VASP G3 MP2/6-311G(2d,2p) B3LYP/6-31g(d) TZ2P/SCFa TZ2P/CISDa CASSCFb expt

trans
RNN 1.334 1.212 1.253 1.244 1.204 1.220 1.255 1.247
RCN 1.485 1.454 1.465 1.467 1.453 1.458 1.467 1.482
RCH 1.104 1.083 1.092 1.096 1.081 10.81 1.105
∠NNC 111.4 113.7 111.7 112.5 114.1 113.1 112.4 112.3

cis
RNN 1.330 1.215 1.255 1.243 1.208 1.224 1.257
RCN 1.498 1.465 1.478 1.484 1.464 1.470 1.463
RCH 1.100 1.080 1.082 1.091 1.077 1.077
∠NNC 118.7 120.7 118.8 120.0 120.6 119.0 124.3

a Reference 11.b Reference 14.c Reference 47.

Figure 2. The optimized structures at G3 level for the products of 1,2- and 1,3-hydrogen shifts. Bond distances are in Å. The CNNC dihedral
angles in2-1 and 2-3 are close to either 180° or 0°, indicating a degree of N-N double bond. A direct route for the 1,3-hydrogen shift for
cis-azomethane to produce2-4 is not accessible because of the steric repulsion of the methyl group. Instead,2-4 is produced by a further H
migration in2-3.
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into formaldehyde methylhydrazone (2-4) at room temperature
is not substantiated by our calculations.56 Such a reaction must
go through two H migration steps, and the barrier for the first
step (1,2-hydrogen shift) is 59.7 kcal/mol, accessible only by
photoexcitation or at least high temperature. In fact, there is a
possibility to isolate2-1 and 2-3 experimentally in stable
forms as the barriers for further hydrogen migration are more
than 40 kcal/mol (Figure 3). As will be discussed later, the
energy required to break the N-N bond in 2-1 and 2-3 is
even higher. In addition to formaldehyde methylhydrazone (2-2
and2-4), 2-1 and2-3 may also be present on metal surfaces.

After hydrogen migration to nitrogen atoms, the only dis-
sociation observed in AIMD trajectories is the N-N bond

cleavage, which has been seen quite often in the thermal
dissociation of azomethane on metal surfaces.16,17,19,21We thus
further studied the mechanisms of N-N bond scission after 1,2-
and 1,3-hydrogen shifts, as shown in Figure 4. At the unre-
stricted MP2/6-311G(2d,p) level, we did structure optimization
for both 2-1 and 2-3 with N-N distance fixed at values
gradually stretched from 1.3 to 2.9 Å. The barrier thus obtained
for breaking the N-N bond is 70.5 kcal/mol for2-1 and 76.1
kcal/mol for2-3. As expected, both values are higher than the
single bond N-N dissociation energy of 59 kcal/mol.57 When
the N-N distance was stretched beyond 2.3 Å, the CH3N
fragment went through isomerization and became H2CNH.
Previous ab initio studies58,59 found such a process to be

Figure 3. Transition structures at the G3 level for the hydrogen shift processes from C to N and from N to N. The unit for energy is kcal/mol, with
∆E for the energy change in a reaction andEa* for the reaction barrier. The bond distances are in Å.
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exothermic by more than 80 kcal/mol with a barrier just around
3 kcal/mol.58 We thus explored the possibility of a further
hydrogen migration from the methyl group to form two H2CNH
simultaneously with N-N bond cleavage. A transition structure
is located for such a mechanism, but the reaction barrier at 78.6
kcal/mol is very unfavorable.

For formaldehyde methylhydrazone (2-2 and2-4), homoly-
sis of the N-N bond requires more than 57 kcal/mol at the G3
level, comparable to the standard N-N dissociation energy of
59 kcal/mol.57 There is an additional channel in which one
hydrogen from the methylene group goes through a further 1,3-
hydrogen migration, and the molecule breaks into HCN and
CH3NH2. As shown in Figure 4, the barrier for such a migration
at 59.3 kcal/mol is only slightly higher than that for the N-N
homolysis channels, and the overall energy change is exothermic
by 15.1 kcal/mol. As discussed above, the rotation around the

N-N bond in2-2 and2-4 is fairly free, and this dissociation
channel should be accessible for both isomers.

Our results lend proof to the previous experimental conclusion
that the N-N bond cleavage for azomethane on metal surfaces
is preceded by the hydrogen migration from carbon to nitrogen
atoms.16,17,19,21There exist two distinct migration paths, 1,2-
and 1,3-hydrogen shifts, while the N-N cleavage is easier
following the 1,3-hydrogen shifts. The cleavage mechanism may
well depend on the change in bond strengths upon adsorption
of azomethane on metal surfaces. Hydrogen migration is
facilitated by the weakening of the C-H bond, and further H
migration in formaldehyde methylhydrazone results in a dis-
sociation into HCN and CH3NH2, both of which have been
observed in previous experiments.16,17,19If the strength of the
N-N bond is much weakened, then the N-N cleavage is also
likely to happen and the products are two radicals CH2N• and

Figure 4. N-N bond cleavage for the structures shown in Figure 2. The unit for energy is kcal/mol, with∆E for the energy change in a reaction
andEa* for the reaction barrier. (a) Direct stretching of the N-N bond in2-3. (b) Stretching of the N-N bond coupled with hydrogen migration
for 2-3. (c) Direct stretching of the N-N bond for2-2. (d) Direct stretching of the N-N bond for2-4. (e) N-N cleavage for2-2 by hydrogen
migration throughTS4-1, with bond distance shown in Å. The energy value for (a) is obtained at the unrestricted MP2/6-311G(2d,p) level, while
all other values are obtained at the G3 level.
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CH3NH•, which would probably be adsorbed on metal surface
and go through further reactions upon heating. According to
the electron energy loss spectral measurement of azomethane
adsorbed on the Mo(110) surface,18 the C-H stretching
frequency red shifted approximately 60 cm-1 upon surface
adsorption, while the NdN stretch frequency barely moved,
indicating a larger degree of weakening in the C-H bond than
that in the NdN bond. In the same experiment, CH2dNNHCH3,
the product of hydrogen shift, was indeed identified as the main
product, in agreement with our calculations, although the
situation may vary on the surfaces of different types of metal.16

Hydrogen Loss Channels.In our AIMD trajectory study, a
few hydrogen loss reactions with C-H bond cleavage were also

observed. As shown in Tables 1 and 2, and Figure 5, these
channels involve either the homolysis of a single C-H bond
or the concerted cleavage of two C-H bonds together with the
formation of H2. Most of these channels have very high energy
barriers, above 75 kcal/mol, and are very unlikely to be present
in the dissociation studies either in the gas phase or on metal
surfaces. For channels (b) and (c) in Figure 5, both G3 and
CASSCF(10,8) methods failed to locate the transition structures,
which were found only in the B3LYP/6-31G(d) optimizations.
These channels are observed in the AIMD trajectory study
because a high temperature of 3500 K was used in our
simulations to facilitate the observation of dissociation channels.
This is similar to our previous study on acetic acid,43 in which
high barrier channels were also observed due to high simulation
temperatures.

The one exception among these channels is the H2 elimination
channel forcis-azomethane, through a concerted mechanism in
which one C-H bond in each of the two methyl groups is
broken while H2 is being formed, and there is a six member
ring in the transition structure (TS5-1), as shown in Figure 5.
The energy barrier at 57.8 kcal/mol is actually slightly lower
than that for the 1,2-hydrogen shift channel forcis-azomethane.
On the metal surfaces, if 1,2-hydrogen shift could proceed due
to the weakening of C-H bond,18 this H2 loss channel could
be enhanced by the same reason. H2 loss was observed before
in the azomethane dissociation on surfaces;16,17 however, they
were attributed to the dissociation oftrans-azomethane, for
which this mechanism cannot be applied due to geometry
constraints.

Summary

By combining an AIMD trajectory study with Gaussian-based
ab initio calculations, we have identified new channels in the
thermal dissociation of bothcis- and trans-azomethane and
mapped out their corresponding reaction barriers and transition
structures.

There is a methane elimination channel forcis-azomethane,
in which the departing methyl group captures a hydrogen atom
in the other methyl group. The products are CH4, methane, and
CH2N2, diazomethane, which is a well-known source of CH2.
The reaction barrier at 47.5 kcal/mol at B3LYP/6-31G(d) level
is not much higher than that for the C-N bond homolysis or
the cis-trans isomerization, and thus this channel could also
be present in the gas-phase dissociation, although its rate should
be lower than that for the C-N homolysis.

For hydrogen migration from C to N atoms, as previously
observed in the dissociation of azomethane on metal surfaces,
there are actually two distinct paths fortrans-azomethane: a
1,2-hydrogen shift to produce CH2dNH+-N-CH3 and a 1,3-
hydrogen shift to produce CH2dN-NHCH3 (formaldehyde
methylhydrazone). Forcis-azomethane, only the 1,2-hydrogen
shift is possible due to geometry constraints, but a further step
of H migration is possible for the isomerization of CH2dNH+-
N-CH3 into CH2dN-NHCH3. The observed N-N bond
cleavage is likely due to formaldehyde methylhydrazone,
CH2dN-NHCH3. If C-H bond is weakened upon adsorption
on a metal surface, a further step of hydrogen migration from
the methylene group would break the N-N bond and produce
HCN and CH3NH2, both found in previous surface experiments.
If N-N bond is weakened on metal surface, the homolysis of
N-N bond would produce two radicals, CH2N• and CH3NH•.

The H or H2 loss channels have reaction barriers higher than
75 kcal/mol, and they are unlikely to occur either in gas phase
or on metal surfaces. The only exception is forcis-azomethane,

Figure 5. Hydrogen loss channels, with energy in kcal/mol,∆E for
the energy change in a reaction andEa* for the reaction barrier, with
(a) and (d) at the G3 level and with (b) and (c) at the B3LYP/6-31G(d)
level. (a) C-H bond cleavage. (b) Concerted C-H bond cleavages in
one methyl group to form H2 for trans-azomethane. (c) Concerted C-H
bond cleavages in one methyl group to form H2 for cis-azomethane.
(d) Concerted C-H bond cleavages in two methyl groups to form H2

throughTS5-1, with bond distance in Å. Notice the last channel is
possible only forcis-azomethane.
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in a mechanism with the cleavage of a C-H bond in one methyl
group concerted with another C-H cleavage in the second
methyl group. The barrier for such a process is actually slightly
lower than the 1,2-hydrogen shift forcis-azomethane.
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