
Ab initio molecular orbital study of the mechanism of photodissociation
of trans -azomethane

Ruifeng Liu,a) Qiang Cui, Kevin M. Dunn,b) and Keiji Morokuma
Cherry L. Emerson Center for Scientific Computation, and Department of Chemistry, Emory University,
Atlanta, Georgia 30322

~Received 5 September 1995; accepted 2 May 1996!

The mechanism of photodecomposition oftrans-azomethane~CH3–NvN–CH3→2CH3•1N2! has
been investigated with high levelab initio molecular orbital calculations. Potential surfaces of the
low-lying electronic states were explored by state-average complete active space
self-consistent-field~sa-CASSCF! and multireference configuration interaction with single and
double excitation~MRCISD! methods. The calculated vertical excitation energies forS0→S1 and
S0→T1 transitions are in good agreement with experiments. The lowest crossing point between the
S0 andS1 surfaces, around which excited molecules would make efficient internal conversion to the
ground state, is found to be asymmetrical with a CNNC dihedral angle of 92.8° and two CNN angles
of 132.0° and 115.6°, respectively. Transition structures for both simultaneous and sequential C–N
bond cleavages on theS0 surface were found. Though the activation energy of sequential C–N bond
cleavage is about 7 kcal/mol higher than that of the simultaneous C–N bond cleavage, the Gibbs
free energy of activation is lower above 0 °C, indicating that thermal decomposition of
trans-azomethane is sequential. Photodissociation is expected to take place sequentially as well. In
the sequential mechanism, dissociation of the first C–N bond on theS0 surface takes place
endoergically without reverse barrier resulting in CH3N2 intermediate, which should decompose
almost immediately over a barrier of less than 1 kcal/mol. Thus, the photodissociation reaction is
highly asynchronous but is nearly concerted. This mechanism can explain two seemingly
contradictory photodissociation experiments that two methyl radicals have very different
translational as well as internal energies and that the velocity vectors of the three fragments are
strongly correlated. ©1996 American Institute of Physics.@S0021-9606~96!02230-1#

I. INTRODUCTION

Photochemical as well as thermal decomposition of
azoalkanes has been studied extensively for many years.1–3

The excitation at the characteristic near-ultraviolet diffuse
absorption band attributed to theS0→S1 ~n→p* !
transition4–6 causescis–trans isomerization in condensed
phases. In the gas phase, however, the dominant process for
acyclic azoalkanes is dissociation into alkyl radicals and
nitrogen.7–8 The photolytic decomposition of symmetric
azoalkanes, has therefore, been used a viable source of alkyl
radicals for kinetic, spectroscopic, and dynamics measure-
ments.

Azomethane, CH3–NvN–CH3 is the simplest among
the symmetrical acyclic azoalkanes. As a prototype of acy-
clic azoalkanes, it has been the subject of many experimental
investigations since the first report of its thermal and photo-
dissociation more than 60 years ago.9 The structural simplic-
ity makes it a potential benchmark for understanding azoal-
kane photodissociation dynamics. Despite the large number
of studies of azoalkane photochemistry, the electronic states
involved and mechanism of photodissociation remain the
subject of much speculation. For example, the ordering of

the low-lying electronic states of azomethane has not been
firmly established. Although it has been accepted that the
350 nm photoexcitation corresponds toS0→S1 transition, it
remains unclear on which potential surfaces the photodisso-
ciation occurs. Another major question has been whether the
two C–N bonds break in one kinetic step~concerted! or two
~stepwise!.10 This question has been the subject of several
state-of-the-art spectroscopic studies.11–14 In the recent stud-
ies of Weismanet al.11,12 using time-resolved coherent anti-
Stokes Raman spectroscopy~CARS! technique, different ap-
pearance kinetics were observed for two internal quantum
states of CH3. It was concluded that each quantum state cor-
responds to a separate dissociation step, and photodissocia-
tion is therefore stepwise. However, a recent study using
molecular beam photofragment translational spectroscopy,
Leeet al.13 observed that the angles between the asymptotic
center-of-mass velocities for the two methyl radicals and ni-
trogen molecule were strongly correlated, implying the me-
thyldiazenyl intermediate decomposes within a fraction of its
rotational period. This observation suggests the photodisso-
ciation is a concerted one kinetic step reaction. Weitzet al.14

have recently determined the translational, rotational, and vi-
brational distribution of the methyl fragment produced by
UV photodissociation.

Since no decent modernab initiomolecular orbital~MO!
method has been applied to study the potential surfaces of
low-lying electronic states, the electronic states involved and
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dissociation dynamics were interpreted with speculation and
on the basis of an early single determinant semiempirical
study of the low-lying electronic states of azomethane.15 The
semiempirical study predicted that at the ground-state geom-
etry, ordering of the electronic states in increasing energy
order isS0, T1, T2, andS1. With CNNC torsion, theS0 state
increases energy,T1 decreases, andS1 changes slightly. At
90° dihedral angle, theT1 state is the lowest, and theS0
surface touches theS1 surface. As only a single determinant
wave function was used in the semiempirical study, the pre-
dicted ordering of electronic states should not be considered
reliable. For example, at 90° dihedral angle, the single deter-
minant wave function is expected to give a rather bad de-
scription of the S0 state and give a too high energy.
Experimentally6,16 it has been found that theS0→T1 excita-
tion energy is much higher than that predicted by the semi-
empirical calculation,15 casting doubts on whether theT2 sur-
face is energetically accessible by 350 nm ultraviolet
excitation.

While the present paper is being finalized,17 a few ab
initio studies on thermal decomposition of azomethane and
methyldiazenyl radical~CH3N2! were published. In these
studies, both Hu and Schaefer18~a! and Andrews and
Weisman19~a! located the transition structure of methyldize-
nyl radical decomposition on the ground-state surface and
found that there is a very small barrier for this process, im-
plying methyldiazenyl has a very short lifetime. Hu and
Schaefer18~b! also calculated vertical and adiabaticS0→S1
and S0→T1 excitation energies, and investigated the con-
certed and stepwise decomposition of azomethane on the
ground-state potential surface with two-configuration SCF
~TC-SCF!. Based on their results of TC-SCF and TC-SCF-
CISD calculation, they concluded that the synchronous de-
composition of azomethane is not only energetically unfa-
vorable but is an improbable reaction path.18~b! These
conclusions are applicable to thermal decomposition, but
may not be suitable for photodecomposition, because the
photoreaction may not proceed on the ground-state surface
and even if the excited molecules come back to the ground-
state surface, they carry internal energy which is much
higher than the activation barriers for bond breaking and un-
statistically distributed, and therefore, the photodecomposi-
tion may not follow a minimum energy path.

Based on an RRKM study, Andrews has obtained the
lifetime of theS0 state after excitation by 355 nm photon to
be 20 ns, too long compared with the experimental lifetime
of 1 ns, and thus, concluded that photodissociation oftrans-
azomethane on theS0 surface was highly improbable, sug-
gestingT1 andT2 as the only surfaces on which the photo-
dissociation occurs.19~b! This conclusion is oversimplified by
assuming a statistical distribution of the excess energy. In
photochemical reactions, in which the system crosses down
from an excited to the ground-state with excess energies, one
cannot assume statistical distribution. It depends on the dy-
namics of the reaction, and thus, on the characteristics of the
potential energy surfaces on which the reaction takes place.

In the present study, we investigated molecular struc-
tures of azomethane and its potential surfaces of several low-

lying electronic states relevant to UV photodecomposition by
ab initio complete active space self-consistent-field
~CASSCF! and multireference configuration interaction with
single and double excitation~MRCISD! methods. We calcu-
lated vertical excitation and ionization energies and explored
the shapes of the potential surfaces accessible by 350 nm
photoexcitation. Then, we determined the lowest point on the
seam of crossing betweenS0 and S1 states and transition
states for both simultaneous and sequential C–N bond disso-
ciation. Finally, we present the overall potential energy pro-
file for photodissociation and discuss the mechanism, its im-
plication and comparison with recent experiments.

II. COMPUTATIONAL APPROACH

Structures and potential surfaces around the equilibrium
geometry are at first calculated with the CASSCF method20

with an active space consisting of the bonding and antibond-
ing p orbitals and the two lone pair orbitals on nitrogen
atoms. Thus the CASSCF wave function is a linear combi-
nation of all configurations resulted from distributing six
electrons in the four active orbitals@abbreviated as
CASSCF~6,4!#. Molecular geometries of the lowest singlet
and lowest triplet states of each symmetry underC2 point
group are optimized by CASSCF~6,4! using the standard
Huzinaga–Dunning double zeta plus polarization~DZP! ba-
sis set, i.e.,@4s2p1d# contraction of a~9s5p1d! primitive
set.21 Potential surfaces with respect to CNNC torsion and
CNN bending are explored by state-average
~sa-!CASSCF/DZP22 with equal weight for the lowest seven,
four singlet and three triplet, states. Single and double C–N
bond stretching potential curves are calculated by sa-
CASSCF/DZP with larger active spaces. For single C–N
bond stretching, the active space of CASSCF~6,4! is supple-
mented by a bonding and an antibonding C–Ns orbital
@CASSCF~8,6!#. In the case of double C–N bond stretching,
the other bonding and anti-bonding C–Ns orbital pair is
also included in the active space@CASSCF~10,8!#.

To obtain more reliable energetics, we carried out inter-
nally contracted MRCISD23 calculation on top of the
CASSCF~6,4! reference wave functions. For the MRCI cal-
culations we adopted both the DZP and the correlation con-
sistent valence triple zeta plus polarization~cc-pVTZ! basis
set, i.e.,@4s3p2d1f# contraction of a~10s5p2d1f! primitive
set.24 Molecular orbitals from both state-average~sa-! and
state-specific~ss-! CASSCF~6,4! calculations were used in
the MRCI calculation. The results are found to be very close
to each other. For structures with onlyC2 symmetry, calcu-
lations using the full cc-pVTZ basis set are too large to be
handled by the computers we use, we therefore used a trun-
cated cc-pVTZ basis set excluding thef polarization func-
tions on carbons and nitrogens and thed polarization func-
tions on hydrogens.

Equilibrium and transition state structures of the simul-
taneous and sequential dissociation oftrans-azomethane on
the S0 and T1 surfaces are optimized by the MP2 method
using the 6-31G* ~Ref. 25! and 6-311G~2d,p!26 basis sets.
Activation energies are recalculated by MP2, MP3,
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MP4SDQ, QCISD, QCISD~T!, CCSD, and CCSD~T! meth-
ods. Except for CCSD and CCSD~T!, restricted and unre-
stricted versions of these methods were adopted for closed
shell and open shell~doublet and triplet! states, respectively.
For closed shell and open shell systems, CCSD and
CCSD~T! are based on restricted Hartree–Fock and re-
stricted open shell Hartree–Fock wave functions, respec-
tively. For simultaneous dissociation on theS0 surface, the
transition state is also optimized by CASSCF with an active
space consisting of the bonding and antibondingpNN and
sCN orbitals @CASSCF~6,6!#, and the activation energy is
recalculated by MRCISD with the CASSCF~10,8! reference
wave function. Frozen core approximation was used in all
post Hartree–Fock calculations except CASSCF. The MP2,
QCISD~T!, CASSCF~for vibrational frequency only!, and
conical intersection calculations were carried out using the
GAUSSIAN program packages,27 and the CASSCF, CCSD~T!,
and MRCISD calculations were carried out usingMOLPRO.28

III. RESULTS AND DISCUSSION

A. Electronic and geometrical structures
of the low-lying states of trans -azomethane

To understand the electronic structures of the low-lying
electronic states oftrans-azomethane, schematic molecular
orbitals of thep and lone pair orbitals in the order of increas-
ing orbital energy are given in Fig. 1. Dominant electron
configurations of the lowest seven~four singlet and three
triplet! states are given below, with the symmetry labels un-
derC2h point group.

S0~
1Ag!:•••••~6bu!

2~2au!
2~7ag!

2

S1~
1Bg!& T1~

3Bg!:••••••~6bu!
2~2au!

2~7ag!~2bg!

S2~
1Au!& T3~

3Au!:••••••~6bu!~2au!
2~7ag!

2~2bg!

S3~
1Bu!& T2~

3Bu!:••••••~6bu!
2~2au!~7ag!

2~2bg!.

The p* orbital is empty in the ground state, but it is
singly occupied in all the excited states listed above. Since
the p* orbital is antibonding with respect to the NN bond,
one would expect an increase in the NN bond length on
going from the ground to the excited states. One would also
reasonably expect a softer torsional motion around the N–N
bond in the excited states. The torsional motion will destroy
the sh operation, so that the molecule may have onlyC2
symmetry in the excited states. Molecular structures of the
lowest singlet and triplet states of each symmetry underC2
symmetry constraint are optimized by ss-CASSCF~6,4!/DZP.
The results are given in Table I. Also given in this table, are
energies calculated by CASSCF~6,4! and MRCISD with the
CASSCF~6,4! reference wave function. For comparison,
geometrical parameters of the ground state optimized by
MP2 with the 6-311G~2d,2p! basis set are also given in this
table. As the active space of the CASSCF calculations is
quite small, only a small part of electron correlation was
recovered by the CASSCF calculations. The MP2 calcula-
tions on the ground state, on the other hand, recovers a sig-

nificant portion of electron correlation, and therefore, the
MP2 structure was used in subsequent vertical excitation en-
ergy calculations.

As we can see in Table I, in agreement with expectation,
the N–N bond lengths of the excited states are significantly
longer than that of the ground state. The CNNC dihedral
angles of theS1, T1, andT3 ~T2 structure was not optimized
because this state has the same symmetry asT1, which re-
sults in divergence ss-CASSCF calculation! calculated by
CASSCF~6,4!/DZP are 120.8°, 97.1°, and 3.64°, respec-
tively. The energy differences between the excited and the
ground states given in Table I correspond to adiabatic tran-
sition energies. For theS0→S1 transition, the calculated re-
sult, 74.9 kcal/mol obtained from MRCISD plus Davidson
size consistency correction@MRCISD~Q!#, is in reasonable
agreement with the observation that the onset of then→p*
band occurs at about 410 nm~69.8 kcal/mol!.29 For the
S0→T1 transition, Kuppermannet al.6 observed a broad
band from about 2.3 eV~53.0 kcal/mol! to 3.1 eV ~71.5
kcal/mol! with a maximum at 2.75 eV. The lower limit,
which corresponds to the adiabatic transition energy of this
process, as well as another experimental result of 54
kcal/mol,16 is also in good agreement with our calculated
result, 51.4 kcal/mol.

FIG. 1. Schematicp and lone pair orbitals oftrans-azomethane.
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B. Vertical ionization potentials and vertical excitation
energies of trans -azomethane

The photoelectron spectra of azomethane have been the
subject of several experimental studies.30–33 These studies
established that the first three vertical ionization energies of
trans-azomethane are 8.98, 11.84, and 12.3 eV. To compare
with the experimental results, we made ss-CASSCF~6,4! and
MRSDCI calculations on the neutral ground state and the
lowest three doublet states of the cation using the DZP and
cc-pVTZ basis sets. These calculations were carried out at
the MP2/6-311G~2d,2p! structure of the ground-statetrans-
azomethane in Table I. The calculated ionization energies are
compared with the experimental results in Table II. As is

shown in this table, the calculated results are in excellent
agreement with experiments. The largest difference between
the experimental and MRCISD results is 0.2 eV. The ss-
CASSCF~6,4! calculation underestimates the first ionization
potential, but gives very good results for the second and third
ionization potentials.

Vertical excitation energies were also calculated by
CASSCF~6,4! and contracted MRSDCI using the DZP and
cc-pVTZ basis sets at the MP2/6-311G~2d,2p! ground-state
geometry. As sa-CASSCF~6,4! method was used to explore
the low-lying excited state potential surfaces, we did both ss-
and sa-CASSCF-MRSDCI calculations to examine reliability
of sa-CASSCF as an inexpensive approach to the excited
state potential surfaces. The sa-CASSCF calculations in-
cluded the lowest seven states, four singlet and three triplet,
with equal weight. The natural orbitals obtained from sa-
CASSCF~6,4! wave function were used in subsequent MRS-
DCI calculations. The results are presented in Table III. As is
shown in this table, the sa- and ss-CASSCF and MRCI give
very similar results for most of the states. For theS1 andT1
states which are accessible by 350 nm~81.7 kcal/mol! pho-
toexcitation, the excitation energies calculated by all the
methods and two basis sets are almost the same, the largest
variation is about 5 kcal/mol. For theS3 state, variations
between CASSCF and MRCI results are relatively large.
However, this state is much higher compared to 350 nm
photon energy, and therefore, it is not important for the
present photochemistry.

From Table III, the vertical excitation energies, obtained
by our best ss-MRCISD~Q!/cc-pVTZ method, are 87.0,
168.5, and 209.1 kcal/mol for transitions fromS0 to S1, S2,
andS3, respectively, and 68.8, 115.7, and 162.5 kcal/mol for
transitions fromS0 to T1, T2, and T3, respectively. The
S0→S1 transition in the gas phase was observed to have a

TABLE I. Structural parametersa and energiesb of the low-lying states oftrans-azomethane calculated by ss-CASSCF~6,4!/DZP and MP2/6-311G(2d,2p)
with C2 symmetry restriction.

ss-CASSCF~6,4!/DZP MP2/6-311G(2d,2p)

S0(
1Ag) S1(

1B) T1(
3B) T3(

3A) S0(
1Ag)

RNN 1.240 1.266 1.302 1.444 1.253
RCN 1.454 1.449 1.457 1.437 1.464
RCH5 1.092 1.091 1.092 1.095 1.087
RCH6 1.092 1.092 1.092 1.092 1.087
RCH7 1.092 1.094 1.093 1.095 1.087
/NNC 113.2 124.9 116.9 119.4 111.7
/NCH5 112.2 110.2 112.8 113.0 111.6
/NCH6 108.2 110.1 108.8 105.2 107.9
/H5CH6 110.2 109.2 109.9 107.8 110.8
/H6CH7 107.7 108.2 107.8 108.0 107.6
/CNNCc 180.0 120.8 97.1 3.6 180.0

ECASSCF 2188.143 107 78.7 54.9 122.6
EMRCISD

d 2188.669 663 76.3 52.9 120.8
EMRCISD~Q!

e 2188.752 809 74.9 51.4 117.9

aNumbering of atoms is given in Fig. 8. Bond lengths in Å and angles in degrees.
bEnergy of the ground state is given in hartree, those of the excited states are given in kcal/mol relative to the ground state.
cDihedral angle.
dEnergy of internally contracted MRCISD with the CASSCF~6,4! reference wave function.
eEnergy of internally contracted MRCISD plus Davidson size consistency correction.

TABLE II. Vertical ionization potentials oftrans-azomethane.a

1Ag ~neutral!b 2Ag
2Au

2Bu

DZP
ss-CASSCF~6,4! 2188.142 488 7.98 11.45 12.06
MRCISDc 2188.669 625 8.57 11.87 12.36
MRCISD~Q!d 2188.753 106 8.72 11.90 12.35
cc-pVTZ
ss-CASSCF~6,4! 2188.178 433 7.99 11.40 12.06
MRCISD 2188.819 514 8.73 11.96 12.52
MRCISD~Q! 2188.924 159 8.92 12.04 12.55

Exptl.e 8.98 11.84 12.3
Exptl.f 8.98 11.81 12.3

aIn eV at the MP2/6-311G(2d,2p) structure of the ground-state neutral mol-
ecule.
bEnergy of the ground-statetrans-azomethane in hartrees.
cInternally contracted MRSDCI with the CASSCF~6,4! reference.
dInternally contracted MRSDCI with Davidson size consistency correction.
eExperimental results of Haselbachet al. ~Ref. 31! and Houket al. ~Ref.
33!.
fExperimental results of Robinet al. ~Ref. 32!.
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maximum at 3.64 eV ~83.9 kcal/mol! in the optical
spectrum,4,5 which is in good agreement with the theoretical
result. Another optical transition was observed5 at about 6.75
eV ~155.7 kcal/mol! and was confirmed6 in the study of
trans-azomethane electron impact excitation by differential
electron scattering technique. It was assigned to a
singlet→singlet transition. According to our calculations, it
corresponds to theS0→S2 transition. Other observed6

singlet→singlet transitions include one at 9.560.1 eV~219.1
kcal/mol! which corresponds well with the calculated result
of the S0→S3 transition. Two singlet→triplet transitions
have been observed to have maxima at 2.75 eV~63.4 kcal/
mol! and 4.8 eV~110.7 kcal/mol!, respectively, and were
assigned toS0→T1 and S0→T2 transitions, respectively.
This assignment was suggested to be incorrect by Steel
et al.,15 because in their semiempirical study, vertical excita-
tion energies of theS0→T1 and S0→T2 transitions were
calculated to be 45.5 and 67.5 kcal/mol, respectively. The
good agreement between our calculated and experimental re-
sults confirms the original assignment of the electronic tran-
sitions. Another experimental study puts the vertical excita-
tion energy at 55.561.5 kcal/mol.16

C. Qualitative features of potential energy surfaces

For azoalkane compounds, most of the photochemistry
studies were carried out using 350 nm photoexcitation. As
we have shown, this photoexcitation corresponds toS0→S1
transition in trans-azomethane. The outcome of this photo-
excitation in the gas phase is dissociation into nitrogen mol-
ecule and alkyl radicals, all in the ground state.14 To under-
stand the photodissociation kinetics and dynamics, one has to
examine potential energy surfaces of theS1 and other nearby

states as well as theS0 state. Toward this goal, we applied
sa-CASSCF/DZP method to the lowest seven states with
equal weight. As we have shown that sa-CASSCF gives ver-
tical excitation energies very close to the much more expen-
sive MRCISD results, especially for theS1, T1, andT2 states
which might be involved in 350 nm photochemistry.

To explore the multidimensional potential surfaces, we
at first keep most of the structural parameters at the MP2/6-
311G~2d,2p! geometry of the ground state, and make
CASSCF/DZP calculations varying some geometrical pa-
rameters. Figure 2 presents potential curves for simultaneous
stretching of the two C–N bonds, maintainingC2h symme-
try, calculated by sa-CASSCF~10,8!/DZP with an active
space consisting of the bonding and antibondingpNN and
sCN orbitals and the two lone pair orbitals on the nitrogen
atoms. Shown in Fig. 3 are the potential curves for single
C–N bond stretching, withinCs symmetry, at the sa-
CASSCF~8,6!/DZP level with the active space consisting of
the two lone pair orbitals, the bonding and antibondingpNN

orbitals, and the bonding and antibondingsCN orbitals of the
breaking C–N bond. The 90 kcal/mol horizontal lines in
these figures roughly suggest the energy range reachable
with the photon plus thermal internal energy, corrected by
;4 kcal/mol overestimation of the vertical excitation energy
at this level of calculation, as discussed in Table III. These
two figures indicate that, for either single or simultaneous
double C–N bond breaking, only theS0 andT2 surfaces give
the ground state products. On theS0 surface, there is a bar-
rier at a C–N distance of about 2.1 Å for simultaneous
double C–N bond breaking, but there is no reverse barrier
for single C–N bond breaking. TheS0→T2 transition, with
its vertical excitation energy more than 30 kcal/mol higher

TABLE III. Vertical excitation energies oftrans-azomethane by various methods and basis sets.a

S0(
1Ag)

b S1(
1Bg) S2(

1Au) S3(
1Bu) T1(

3Bg) T2(
3Bu) T3(

3Au)

sa-c/DZP
CASSCF~6,4! 2188.132 121 87.6 165.0 288.8 69.5 107.0 159.1
MRCISD 2188.665 937 88.2 169.6 241.3 68.6 114.3 163.5
MRCISD~Q!d 2188.751 670 88.1 169.7 215.7 68.4 115.9 163.5
ss-e/DZP
CASSCF~6,4! 2188.142 488 90.9 168.8 254.2 73.4 109.9 163.5
MRCISD 2188.669 625 89.4 170.7 225.2 70.3 115.6 164.6
MRCISD~Q! 2188.753 106 88.7 170.0 212.0 69.1 116.4 163.6
sa-cc-pVTZ
CASSCF~6,4! 2188.167 435 87.8 165.1 287.1 70.0 107.0 159.4
MRCISD 2188.815 396 86.8 168.1 240.4 68.5 113.3 162.4
MRCISD~Q! 2188.922 540 86.4 168.2 214.9 68.1 115.0 162.4
ss-cc-pVTZ
CASSCF~6,4! 2188.178 433 91.2 169.2 252.5 74.1 109.9 164.0
MRCISD 2188.819 514 88.1 169.4 223.1 70.3 114.8 163.7
MRCISD~Q! 2188.924 159 87.0 168.5 209.1 68.8 115.7 162.5
Exptl.f 83.9 155.7 219.1 63.4 111.6

aIn kcal/mol at the MP2/6-311G(2d,2p) geometry of the ground state.
bEnergy of the ground state in hartrees.
cFor sa-CASSCF, seven lowest states were included with equal weight. The CI calculations used the natural
orbitals of the sa-CASSCF.
dWith Davidson size consistency correction.
eState-specific CASSCF.
fMaximum absorption in the gas phase optical spectrum Ref. 4–6.
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than the 350 nm photon energy, is unlikely to initiate the
photodissociation reaction. However, for both simultaneous
and single C–N bond breaking, after a barrier at the C–N
distance of about 1.8 Å theT2 surface crosses withS1 and

T1. Thus after the spin-forbiddenS0→T1 excitation, the sys-
tem may make an internal conversion on the seam of cross-
ing ~or avoid crossing! from T1 to T2 and dissociate on the
T2 surface resulting in ground-state products. Or after the

FIG. 2. Potential energy curves~in kcal/mol! of simultaneous stretch of two C–N bonds calculated by sa-CASSCF~10,8!/DZP. Other geometrical parameters
were frozen at the MP2/6-311G(2d,2p) optimized geometry of the ground state.

FIG. 3. Potential energy curves~in kcal/mol! of single C–N bond stretch calculated by sa-CASSCF~8,6!/DZP. Other geometrical parameters were frozen at
the MP2/6-311G(2d,2p) optimized geometry of the ground state. For clarity, only the lowest four curves are given.
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S0→S1 excitation, the system may make an intersystem
crossing on the seam fromS1 to T2 and dissociate on theT2
surface. Because spin-forbidden transition and intersystem
crossing, respectively, are involved, either of these processes
would not be a major path of photodecomposition, if other
more favorable paths exist.

The rate of internal conversion between theS0 andS1
states is roughly inversely proportional to the gap between
the two surfaces, and for efficient internal conversion, the
two surfaces must cross or weakly avoid crossing each other
at an energy within the reachable energy. One would expect
that internal rotation around the N–N bond and CNN bend-
ing bring the two singlet surfaces,S0 andS1, close to each
other, which would promote internal conversion fromS1 to
S0. We calculated the CNNC torsional and CNN bending
energy curves by sa-CASSCF~6,4!/DZP for the lowest seven
states. Figure 4 presents the torsion curves calculated at the
MP2/6-311G~2d,2p! equilibrium structure of the ground
state and at the same structure but with a longer~by 0.03 Å!
NN bond distance. This figure shows thatS1 andT1 surfaces
are very flat with torsional motion, and the ground state in-
creases energy toward the perpendicular structure. At the
perpendicular structure,S1 becomes the closest toS0, about
20 kcal/mol higher. One notices thatT1 is the ground-state
here. Stretching NN distance lowers the energy of all the
states around the perpendicular structure, but does not bring
theS1 andS0 surfaces closer.

Figure 5 gives the symmetric CNN bending energy
curves calculated at the MP2/6-311G~2d,2p! equilibrium

structure of the ground state. By increasing the CNN angle
from the optimal angle of 115°–125° to 180°, the energy of
bothS1 andS0 states increases, and at the same time the gap
between them decreases until the two states become degen-
erate at the linear structure. The linear structure however is
too higher in energy for the 350 nm photon.

Combination of Figs. 4 and 5 suggests thatS1 andS0
surfaces are likely to be come close to each other within the
350 nm photon energy by simultaneous CNN opening and
CNNC torsion. As shown in Fig. 6, we made additional tor-
sional curve calculations at the MP2/6-311G(2d,2p) equilib-
rium structure but opening the CNN angle to 140°. This fig-
ure shows that theS1 surface nearly touches theS0 surface at
a dihedral angle of 100°, at an energy which is below the 350
nm photon energy. This region seems to be reachable on the
S1 surface form the Frank–Condon region without any bar-
rier, and would provide an efficient ‘‘funnel’’ for nonadia-
batic transition from theS1 state to theS0 state.

As most of the structural parameters were fixed at the
ground-state geometry in the above figures and discussions
of this subsection, the results can only be considered quali-
tative. To obtained more quantitative information on the po-
tential energy surfaces, one has to optimize the structures of
the critical points such as the transition states and crossing
seam and calculate their energetics.

D. The lowest point on the S1–S0 seam of crossing

We have at first determined the structure of the lowest
point on the seam of crossing betweenS1 andS0, the center

FIG. 4. CNNC torsional potential energy curves~in kcal/mol! calculated by sa-CASSCF~6,4!/DZP. For solid curves, other geometrical parameters were frozen
at the MP2/6-311G(2d,2p) optimized geometry of the ground state, and for dashed curves the N–N distance was stretched by 0.03 Å.
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FIG. 5. CNN bending potential energy curves~in kcal/mol! calculated by sa-CASSCF~6,4!/DZP. Other geometrical parameters were frozen at the MP2/6-
311G(2d,2p) optimized geometry of the ground state.

FIG. 6. CNNC torsional potential energy curves~in kcal/mol! calculated by sa-CASSCF~6,4!/DZP. The two CNN angles were fixed at 140°, and other
geometrical parameters were frozen at the MP2/6-311G(2d,2p) optimized geometry of the ground state.
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of the region where trajectories traveling on theS1 surface
after 350 nm excitation will make a nonadiabatic transition
to the ground state. Starting with the structure suggested in
Fig. 6, we made extensive sa-CASSCF~6,4!/DZP conical in-
tersection calculations usingGAUSSIAN 94. It turns out con-
vergence of this geometry optimization withGAUSSIAN 94 is
very slow, probably due to very flat potential surface along
the torsional coordinates around the perpendicular heavy
atom configuration. Several eigenvalues of the updated Hes-
sian are very close to zero making the calculations jump
back and forth in the torsional coordinates without decreas-
ing gradients in other directions. To overcome this problem,
we first fixed the torsional coordinates and optimized the rest
of the internal coordinates. When the gradients along these
coordinates are sufficiently small, the torsional coordinates
were unfrozen. The final optimized structure~X10! of the
lowest crossing point betweenS0 andS1 is shown in Fig. 7.
A prominent feature of this structure is that it is highly asym-
metrical, i.e., the two CNN angles are 132.0° and 115.6°,
respectively. The two CN bond lengths are 1.466 and 1.444
Å, respectively. The CNNC dihedral angle is 92.8°, indicat-
ing the two CN bonds are nearly perpendicular to each other.
At X10, the sa-CASSCF~6,4!/DZP energy difference be-
tweenS1 andS0 is 0.037 mhartree, and theS1 state is 73.8,
72.0, and 70.5 kcal/mol higher than the ground-state equilib-
rium at sa-CASSCF~6,4!/DZP, MRCISD/DZP, and
MRCISD~Q!/DZP levels of theory. Considering theS0→S1
vertical excitation energy calculated by MRCISD~Q!/DZP is
88.1 kcal/mol,X10 is easily accessible from the Franck–
Condon structure, and internal conversion of the excited
azomethane is expected to be quite efficient. One would
note, that since the structureX10 has a CNNC dihedral angle
of 93°, the decomposition ofcis-azomethane uponS0→S1
excitation would react qualitatively in the same way astrans-
azomethane.

Starting fromX10, we followed the meta-intrinsic reac-
tion coordinate~IRC!, i.e., the minimum energy path with
the mass weighted Cartesian coordinate, onS0 surface at the
MP2 level of theory. It is found that the meta-IRC calcula-
tion leads tocis-azomethane. This is consistent with the ex-
perimental finding that in condensed phase, UV irradiation of
azoalkanes results incis–trans isomerization. The excess en-
ergy of the excited molecule is perhaps carried away by in-
termolecular collisions in the condensed phases. Though a
dynamics calculation will be required for any quantitative

discussion, this feature of the potential surface suggests that,
in the gas phase the system with excess energy will not pro-
ceed directly to dissociate but will spend some time as a
ground-state molecule with unstatistically distributed internal
excitation, before finding its way to the C–N bond dissocia-
tion on the ground-state surface. This picture is consistent
with the experiment that the lifetime of the first dissociation
step is about 1 ns, not as long as the statistical rate lifetime of
10–20 ns but not as short as the direct dissociation lifetime
of ps range.

E. Transition states and energetics on the S0 surface

After the nonadiabatic transition in the vicinity ofX10,
trajectories will travel on the ground potential surfaceS0. To
locate the transition state onS0 for simultaneous dissociation
of two C–N bonds, we made RMP2 and CASSCF transition
state geometry optimization. As shown in Fig. 8, MP2 cal-
culations using both the 6-31G* and 6-311G(2d,p) basis
sets located a stationary structureTS1with the C–N distance
of 2.253 and 2.226 Å, respectively. Vibrational analysis
gives only one imaginary frequency for the symmetric C–N
stretching mode, indicating it is indeed the transition state for
simultaneous dissociation of two C–N bonds. The lowest
antisymmetric frequencies are 139 and 145 cm21 for 6-31G*
and 6-311G(2d,p), respectively, for C–N stretch, consistent
with the fact that this is a very loose transition state with
long C–N distances. We have also determined the transition
state with the CASSCF~6,6!/6-31G* method, with an active
space consisting of the bonding and antibondingpNN and
sCN orbitals. The structure obtained, also shown in Fig. 8,
has a C–N distance of 2.047 Å and an antisymmetric C–N
stretching frequency of 177 cm21. The structures ofTS1 are
consistent with the qualitative feature of Fig. 2. The differ-
ences between the MP2 and CASSCF structures are small,
except for the C–N distances which are larger by 0.2 Å in
the MP2 structure than in the CASSCF structure. It is prob-
ably worth mentioning that RHF/6-31G* transition state op-
timization led to dissociation, indicating that the dissociation
is simply uphill, an expected failure of the RHF method to
describe this process.

The simultaneous C–N bond dissociation of azomethane
on theS0 surface was studied recently by Hu and Schaefer.

18

FIG. 7. StructureX10 ~in Å and deg! of the lowest point on the seam of
crossing between theS0 andS1 surfaces located by sa-CASSCF~6,4!/DZP.

FIG. 8. Transition state structureTS1 ~in Å and deg! of simultaneous C–N
bond dissociation on theS0 surface, determined with three different meth-
ods. Only symmetry unique geometry parameters are given in theC2h sym-
metry.
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Using TCSCF/DZP and TCSCF/TZ2P, they found there is
no transition structure for simultaneous dissociation and con-
cluded that synchronous decomposition of azomethane is not
only energetically unfavorable but is an improbable reaction
path. This is different from our results, and the difference
may be attributed to the fact that a TC-SCF wave function is
insufficient for a proper description of the simultaneous
breaking of two C–N bonds coupled with shrinking of the
N–N bond.

We also searched for transition state of single C–N bond
cleavage with RMP2, QCISD, and CASSCF~8,6!, with the
active space consisting of the two lone pair orbitals on nitro-
gen atoms, the bonding and antibondingpNN orbitals, and
the bonding and antibondingsCN orbitals of the breaking
C–N bond, in conjunction with the 6-31G* basis set. It is
found that the dissociation is uphill without reverse barrier,
in agreement with the features shown in Fig. 3. The ground-
state structure of the dissociation product, methyldiazenyl
radical ~CH3N2!, optimized by UMP2/6-311G(2d,p) is
shown in Fig. 9~a!. The transition stateTS2 for cleavage of

the remaining C–N bond from CH3N2 obtained by UMP2/6-
311G(2d,p) is presented in Fig. 9~b!.

Energetics for both simultaneous and sequential disso-
ciation of trans-azomethane on theS0 surface calculated by
different theoretical methods are shown in Table IV. All the
energy calculations were carried out at the MP2 optimized
structures. Usually the optimized structures are not very sen-
sitive to the higher level correlation effect, and the MP2
optimization is considered to be sufficient for reliable ener-
getics. For most of the species, the relative energies calcu-
lated by MP4SDQ, QCISD, and QCISD~T! are very close,
differing by less than 4 kcal/mol. One exception to this is the
relative energy of the transition state for simultaneous C–N
dissociation,TS1. For this structure, the energies calculated
by RMP2, RMP3, RMP4SDQ, and QCISD are about 70
kcal/mol higher than the reactant, but perturbative triple ex-
citation has a large effect on the relative QCISD energy and
results in a relative QCISD~T! energy 18 kcal/mol lower than
that of QCISD. As shown also in Table IV, perturbative
triple excitation has a similarly large effect on the coupled
cluster energies. Such a large effect of triple excitation on
relative energy is not very common. In order to ascertain the
activation barrier of this dissociation channel, we have car-
ried out internally contracted MRCISD calculation, with the
CASSCF~10,8! reference wave function. With the DZP basis
set, the CI wave function is a linear combination of 1.6 mil-
lion contracted configurations, with the number of uncon-
tracted configurations of 54 million. The activation energy
obtained from MRCISD without and with Davidson size
consistency correction are 55.2 and 58.0 kcal/mol, respec-
tively. For TS21CH3, similar MRCISD~Q! calculation was
unsuccessful because of too many contracted configurations
for the low symmetry system. At the CCSD~T!/cc-pVTZ

FIG. 9. ~a! Ground~2A8! state equilibrium and~b! C–N bond dissociation
transition state structureTS2 ~in Å and deg! of methyldiazenyl radical op-
timized by UMP2/6-311G(2d,p).

TABLE IV. Energetics ~in kcal/mol!a of simultaneous and sequential dissociation oftrans-azomethane at
MP2/6-311G(2d,2p) optimized structures on the ground-state potential surface~S0!.

Method Reactantb
Simultaneous

TS1

Sequential

N212CH3CH3N21CH3 TS21CH3

MP2/6-311G(2d,p)c 2188.803 386 68.5~60.5! 63.7~58.3! 68.9~61.2! 34.8~22.8!
MP3/6-311G(2d,p)c 2188.828 696 74.3~66.3! 57.9~52.5! 63.2~55.5! 34.1~22.1!
MP4SDQ/6-311G(2d,p)c 2188.838 618 71.3~63.3! 56.3~50.9! 60.2~52.5! 30.4~18.4!
QCISD/6-311G(2d,p)c 2188.839 252 70.2~62.2! 53.8~48.4! 56.9~49.2! 30.5~18.5!
QCISD~T!/6-311G(2d,p)c 2188.868 970 52.2~44.2! 56.9~51.5! 59.5~51.8! 34.2~22.2!
CCSD/DZPd 2188.749 874 77.0~69.0! 59.6~54.2! 65.9~58.2! 36.0~24.0!
CCSD~T!/DZPd 2188.771 377 58.6~50.6! 61.3~56.3! 67.1~59.4! 39.0~27.0!
CCSD/cc-pVTZd,e 2188.857 823 71.9~63.9! 54.8~49.4! 58.5~50.8! 29.5~17.5!
CCSD~T!/cc-pVTZd,e 2188.889 554 53.2~45.2! 57.4~52.0! 60.0~52.2! 33.0~21.0!
MRCISD/DZPf 2188.687 044 55.2~47.2!
MRCISD~Q!/DZPf 2188.759 523 58.0~50.0!

aNumbers in parentheses are relative energies with zero-point vibrational energy corrections. The latter are
estimated from MP2/6-311G(2d,p) frequencies scaled by 0.93.
bTotal energy in hartrees calculated at the MP2/6-311G(2d,p) equilibrium structure.
cRestricted~R-! and unrestricted~U-! MP and QCI methods for closed shell and open shell species, respec-
tively.
dRestricted CCSD method for both closed shell and open shell species.
eWithout f polarization functions on carbons and nitrogens andd polarization functions on hydrogens.
fWith the CASSCF~10,8! reference wave function.
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level of theory, the activation barriers for simultaneous and
sequential C–N cleavage are 53.2 and 60.0 kcal/mol. Taking
into account zero-point vibrational energy correction@esti-
mated by MP2/6-311G(2d,p) frequencies scaled by 0.93#,
the barrier heights for simultaneous and sequential C–N
bond dissociation are 45.2 and 52.2 kcal/mol, respectively,
indicating simultaneous C–N dissociation is favored by ther-
mal decomposition from activation energy considerations.

For the sequential dissociation mechanism, the C–N
bond dissociation energy (De) for trans-
azomethane→CH3N21CH3 calculated by different methods
ranges from 63.7 to 53.8 kcal/mol, as also shown in Table
IV. After zero-point vibrational energy correction, the disso-
ciation energyD0 obtained by QCISD~T!/6-311G(2d,p) and
CCSD~T!/cc-pVTZ is 51.5 and 52.0 kcal/mol, respectively.
This D0 agrees very well with the experimental result, 51.2
kcal/mol, reported by Steelet al.34 The transition state en-
ergy of the C–N bond cleavage of methyldiazenyl radical,
TS2, plus CH3, is calculated to be 59.5@QCISD~T!# and 60.0
kcal/mol @CCSD~T!# higher than the reactanttrans-
azomethane, indicating that the transition state,TS2, is only
2.6 kcal/mol higher than the methyldiazenyl intermediate.
Taking into account zero-point correction, the activation en-
ergy for the C–N bond cleavage in methyldiazenyl radical is
only 0.2 kcal/mol. This indicates that methyldiazenyl radical
is very unstable and should have a very short lifetime. The
overall barrier height with zero-point correction for sequen-
tial decomposition oftrans-azomethane is 51.8 and 52.2
kcal/mol at the QCISD~T! and CCSD~T! levels of theory,
respectively.

As the activation barrier of simultaneous decomposition
~45.2 kcal/mol as calculated by CCSD~T!/cc-pVTZ! is cal-
culated to be 7.0 kcal/mol lower than the sequential decom-
position, it seems the simultaneous pathway is favored for
thermal decomposition. However, sequential decomposition
is strongly favored by entropy consideration. The entropies
calculated at 298 K from the scaled MP2/6-311G~2d,p! fre-
quencies are 83.9, 63.3, 65.5, and 46.8 cal~mol K!21 for TS1,
methyldiazenyl radical,TS2, and CH3 radical, respectively.
The entropy difference of the transition states of the sequen-
tial and simultaneous decomposition is, therefore, 28.4
cal~mol K!21, favoring sequential decomposition. With this
large entropy difference, the free energy of activation for
sequential decomposition is lower than for simultaneous de-
composition by 0.8 kcal/mol at 273 K and by 3.6 kcal/mol at
373 K. Therefore, considering the free energy of activation,
sequential decomposition oftrans-azomethane is favored at
temperatures above 0 °C.

F. Transition states and energetics on the T1 surface

As we discussed above, decomposition on the triplet sur-
face is less likely, because it involves a weakerS0→T1 ex-
citation or spin-forbiddenS1→triplet intersystem crossing in
the presence of a more efficientS1→S0 internal conversion
pathway. Nevertheless, such a possibility exists19 and we cal-
culated transition structure and energy for decomposition on
the lowest triplet surface. As expected from the feature ofT1

dissociation curve shown in Fig. 2, transition state search for
simultaneous C–N bond cleavage on theT1 surface with
UMP2/6-31G* method resulted in breaking of the C–N
bonds with a significant increase in energy to produce ex-
cited state products. This indicates simultaneous decomposi-
tion onT1 surface is an improbable reaction path.

The T1 surface crosses withT2 in Cs symmetry, as
shown in Fig. 3. By reducing the symmetry, a transition state
is expected to arise from avoid crossing betweenT1 andT2
and leads to the ground-state product. Optimization by
UMP2/6-311G(2d,p) without symmetry on the lowest trip-
let surface located a transition structureTS3 shown in Fig.
10. Vibrational analysis indicates there is only one imaginary
frequency which corresponds to the single C–N bond cleav-
age. IRC calculation with a smaller basis set confirms that
dissociation from this transition state gives the ground state
product. At the QCISD~T!/6-311G(2d,p) level, the energy
of TS3 relative to the ground state equilibrium is 66.0 and
62.1 kcal/mol without and with zero-point correction, respec-
tively. This is more than 10 kcal/mol higher than the transi-
tion states for both simultaneous and sequential decomposi-
tion on theS0 surface.

G. The overall potential energy profile

Combining all the findings in the preceding subsections,
we can construct an overall potential energy profile for pho-
todissociation oftrans-azomethane, as shown in Fig. 11. One
can envision the most probable path of 350 nm photodecom-
position as follows:

S0→
hn

S1→X10→S0→CH3N21CH3→TS21CH3→N2

12CH3.

After UV excitation, the system will travel on theS1 poten-
tial surface until it reaches the region ofS0–S1 crossing
X10, which would be easily accomplished by NCCN torsion
accompanied by asymmetrical CNN bending. Here the sys-
tem will make an nonadiabatic transition to the ground-state
S0. Since the energy gradient vector atX10 takes the system

FIG. 10. Transition state structureTS3 ~in Å and deg! of sequential C–N
bond dissociation on theT1 surface optimized by UMP2/6-311G(2d,p).
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towardcis-azomethane, not directly toward dissociation, the
system is expected to stay as a vibrationally excited molecule
for a while. This suggests a statistical behavior of the system
at this stage. Then the system can take either the sequential
dissociation pathway to CH3N21CH3 or the simultaneous
dissociation pathway toTS1. If the choice is made statisti-
cally, the sequential pathway would be preferred. The phase
space available for the sequential pathway is larger than that
for the simultaneous pathway, as has been illustrated in a
preceding section with a larger entropy for thermal dissocia-
tion for the former pathway. In the sequential pathway, the
system will dissociate endoergically one of the C–N bonds
to give the CH3N2 intermediate. Of 87 kcal/mol of the pho-
ton energy, about 52 kcal/mol is used to climb over the en-
doergic barrier, and about 35 kcal/mol is distributed into
translational and internal energy of the first CH3 and the
CH3N2 fragment. Because of this barrier and the expected
statistical behavior, it is not unreasonable to expect that the
kinetic energy distribution is peaked at zero energy.35 With
this energy release, the CH3N2 intermediate should dissociate
very quickly over a very small activation energy of less than
1 kcal/mol. About 31 kcal/mol of the potential energy is
released in this second stage. Since the barrier for this stage
is very small, a large fraction of the releases energy is ex-
pected to become the translational energy of the fragments.

The present proposed mechanism and calculated ener-
getics are consistent with the recent experimental observa-
tions and can explain the two seemingly contradictory
experiments.11–14 In the favored sequential decomposition,
two methyl fragments are formed at two different stages of
reaction in different chemical environments. Thus, the trans-
lational and internal energy profiles would be different be-
tween the two fragments. However, the calculated activation
barrier for the second step is so small that the methyldiazenyl
radical should decompose immediately after its formation.
This predicted short lifetime of methyldiazenyl is consistent

with the experimental result that the angles between the as-
ymptotic center-of-mass velocities for all three fragments are
strongly correlated. One may say that the reaction is highly
asynchronousbut is nearlyconcerted, i.e., the two methyl
radicals produced at different stages of the reaction but
within a short time.

Our calculation suggests an existence of a statistically
less favorable simultaneous dissociation pathway. In this
pathway, two methyl fragments are dissociated at the same
time via a symmetric transition state. Dynamically these two
methyls are not required to have the same internal energy,
but statistically they are likely to show a similar internal
energy distribution. Though we have not evaluated the
branching ratio, a small fraction of the reaction may follow
this pathway. It may be worth looking for such a process
experimentally.

Another possible pathway is the involvement of a triplet
state.16 As seen in Fig. 11, theT2 state crossed with theS1
state within the available energy and correlates diabatically
to the intermediate CH3N21CH3. More theoretical studies
on dynamics of the photodissociation process including not
only S0 andS1 potential surfaces but alsoT1 andT2 potential
surfaces would be needed to understand which of the pos-
sible pathways is dominant.

IV. CONCLUSIONS

~1! Results of high levelab initio calculations indicate
that the ordering of electronic states oftrans-azomethane at
the Franck–Condon region is~in increasing energy order!
S0, T1, S1, T2, T3, S2, andS3. Experimental assignment of
350 nm photoexcitation to theS0→S1 transition was con-
firmed by the calculated vertical excitation energies. In all
the regions we explored, theT2 surface is aboveS1, andT1
is below but closely parallel toS1. Electronic states relevant
to 350 nm photochemistry of azomethane are identified to be
S1 and S0, as the singlet→triplet transition and
singlet→triplet intersystem crossing are spin forbidden, and
therefore must be very slow.

~2! Starting from the Franck–Condon region~CNNC di-
hedral angle of 180°!, decreasing the CNNC dihedral angle
toward the perpendicular structure lowers the energy of the
S1 state and increases the energy of theS0 state, thus bring-
ing the two surfaces together. These two surfaces cross
around the perpendicular nuclear configuration. The structure
of the lowest point on the crossing seam is found by sa-
CASSCF~6,4!/DZP to be asymmetrical with a CNNC dihe-
dral angle of 93°. At MRCISD~Q!/DZP level of theory, the
lowest crossing point is 18 kcal/mol lower than theS0→S1
vertical excitation energy, and this crossing seam is easily
accessible to the excited molecules and fast internal conver-
sion is expected to bring the excited molecules back to the
ground state efficiently.

~3! Starting with the lowest point on the seam of cross-
ing, IRC calculations on the ground-state potential surface
lead tocis-azomethane, indicating that 350 nm photoexcita-
tion of trans-azomethane results incis–trans isomerization
in the condensed phase. In the gas phase, molecules carrying

FIG. 11. Schematic overall potential energy profile of 350 nm photodisso-
ciation of trans-azomethane.
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photon energies can not be effectively deactivated by colli-
sion, and the trajectory will sat in the molecular region for a
while and find a way to the C–N bond dissociation on the
ground-state potential surface.

~4! The transition state structure of the simultaneous
C–N bond cleavage oftrans-azomethane was located by
both MP2 and CASSCF methods. Vibrational analyses indi-
cate it is a genuine transition state with only one imaginary
mode, the symmetric C–N stretching. The first step of the
sequential mechanism was found to be direct dissociation of
the C–N bond without a transition structure at all levels of
theory, resulting in methyldiazenyl and methyl radicals. Dis-
sociation of the second C–N has an activation barrier of less
than 1 kcal/mol, indicating methyldiazenyl has a very short
lifetime. At the highest level of theory, the overall activation
energy of the sequential mechanism is 7 kcal/mol higher than
that of the simultaneous mechanism, but the sequential
mechanism is strongly favored by reaction entropy. The cal-
culations predict that as the temperature is above 0 °C, the
free energy of activation of the sequential decomposition is
lower than the simultaneous mechanism.

~5! Photodissociation is expected to take place sequen-
tially as well. In the sequential mechanism, dissociation of
the first C–N bond on theS0 surface takes place endoergi-
cally without reverse barrier resulting in CH3N2 intermedi-
ates, which decompose almost immediately over a barrier of
less than 1 kcal/mol. Thus the photodissociation reaction is
highly asynchronous but is nearly concerted. This mecha-
nism can explain two seemingly contradictory photodissocia-
tion experiments that two methyl radicals have very different
translational as well as internal energies and that the velocity
vectors of the three fragments are strongly correlated. There
is also a statistically unfavorable simultaneous dissociation
pathway, which may be worth searching experimentally.

The dynamic speculation we have made, based on the
potential energy characteristics in the present paper, would
require further confirmation. Any classical or quantum dy-
namics calculation would be desirable, if one can obtain rea-
sonable potential functions.
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