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Femtochemistry of trans-Azomethane:
A Combined Experimental and Theoretical Study
Eric W.-G. Diau[a, b] and Ahmed H. Zewail*[a]

The dissociation dynamics of trans-azomethane upon excitation to
the S1(n,�*) state with a total energy of 93 kcalmol�1 is inves-
tigated using femtosecond-resolved mass spectrometry in a
molecular beam. The transient signal shows an opposite pump±
probe excitation feature for the UV (307 nm) and the visible
(615 nm) pulses at the perpendicular polarization in comparison
with the signal obtained at the parallel polarization: The one-
photon symmetry-forbidden process excited by the UV pulse is
dominant at the perpendicular polarization, whereas the two-
photon symmetry-allowed process initiated by the visible pulse
prevails at the parallel polarization. At the perpendicular polar-
ization, we found that the two C�N bonds of the molecule break in
a stepwise manner, that is, the first C�N bond breaks in �70 fs
followed by the second one in �100 fs, with the intermediate
characterized. At the parallel polarization, the first C�N bond
cleavage was found to occur in 100 fs with the intensity of the
symmetry-allowed transition being one order of magnitude greater
than the intensity of the symmetry-forbidden transition at the
perpendicular polarization. Theoretical calculations using time-
dependent density functional theory (TDDFT) and the complete

active space self-consistent field (CASSCF) method have been
carried out to characterize the potential energy surface for the
ground state, the low-lying excited states, and the cationic ground
state at various levels of theory. Combining the experimental and
theoretical results, we identified the elementary steps in the
mechanism: The initial driving force of the ultrafast bond-breaking
process of trans-azomethane (at the perpendicular polarization) is
due to the CNNC torsional motion initiated by the vibronic coupling
through an intensity-borrowing mechanism for the symmetry-
forbidden n±�* transition. Following this torsional motion and the
associated molecular symmetry breaking, an S0/S1 conical inter-
section (CI) can be reached at a torsional angle of 93.1� (predicted
at the CASSCF(8,7)/cc-pVDZ level of theory). Funneling through the
S0/S1 CI could activate the asymmetric C�N stretching motion,
which is the key motion for the consecutive C�N bond breakages
on the femtosecond time scale.
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1. Introduction

Because the reaction leads to an efficient nitrogen extrusion and
produces two methyl radicals with a quantum yield close to
unity,[1, 2] in many applications the photodissociation of trans-
azomethane (AZM) has served as a clean source of free
radicals.[3±6] Two different reaction mechanisms have been
considered:[4, 7, 8]The energetic molecule breaks its two identical
C�N bonds in a single step, a concerted mechanism; or,
alternatively, it cleaves the C�N bonds in a stepwise manner.
For the latter, the breakage of the two C�N bonds occurs on
different time scales, and an intermediate (the CH3N2 radical)
must be involved after the first bond breakage (Scheme 1). Both
stepwise and concerted mechanisms have been suggested and
the conclusion reached was from different experimental re-
sults–time-resolved coherent anti-Stokes Raman spectroscopy
(CARS)[9] and photofragment translational spectroscopy (PTS)[10]

(see below). The different conclusions have attracted many
experimental[11±14] as well as theoretical[15±17] investigations on
the fundamental issue of this mechanism.

The first absorption band of AZM, that is, the S0�S1 transition,
has been understood to involve a perpendicular electronic
excitation from the nonbonding n orbital of the nitrogen atoms
to the antibonding �* orbital.[16, 18, 19] This n ±�* transition
(Aƒ 1Bg�Xƒ1Ag), according to group theory, is strictly symmetry-
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Scheme 1. Concerted versus stepwise dissociation mechanism of azomethane.
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forbidden for all trans azo compounds with C2h symmetry.[20]

Thus, the first absorption band of AZM shows a weak and broad
spectral feature in the wavelength range from 270 nm to
410 nm, with the maximum intensity around 340 nm;[3] the
intensity may be ™borrowed∫ from higher-lying symmetry-
allowed transitions through vibronic coupling, as in the case of
acetone.[21] In fact, there are three high-energy strong absorption
bands observed in the wavelength region of 140 ± 200 nm (6 ±
9 eV),[18] and they have been assigned to the 1Ag�1Bu excitations
which may be responsible for the symmetry-allowed transitions
that give rise to the borrowed intensity for the forbidden
1Ag�1Bg transition.[20] Furthermore, the S1 spectrum of AZM
shows essentially no vibrational structure.[3] The lack of observ-
able fluorescence[20] might be due to a very efficient photo-
reaction in the S1(n,�*) state.

Using the nanosecond time-resolved CARS technique, Weis-
man and co-workers[9] have studied the photodissociation
dynamics of AZM for excitation at 355 nm in a static gas sample
cell. Under the collisional conditions of the experiments, the
authors used a multistep kinetic model to account for the
behavior of both N2 and cold CH3 photoproducts and inferred
the presence of the intermediate CH3N2 radical, with a lifetime of
5.3�1 ns: a stepwise mechanism. Lee and co-workers[10] studied
the photodissociation dynamics of this molecule using the
technique of PTS for excitation at 351 nm in a molecular beam
and found that the CH3N2 intermediate is actually short-lived in
nature with a lifetime shorter than a rotational period (�a
picosecond). Judging from the isotropic distribution of the
fragments, that is, the anisotropy parameter �� 0, the lifetime of
the excited parent molecule was inferred to be longer than many
rotational periods, thus it is not feasible to clock the second C�N
bond cleavage in real time. Because the time-of-flight (TOF)
spectra of the CH3 fragments show a bimodal velocity distribu-
tion and the asymptotic center-of-mass velocity vectors of all
three photofragments are strongly correlated, an asynchronous
concerted C�N bond-breaking mechanism was suggested; the
rotational period was used as a clock to define concertedness in
the three-body dissociation of symmetric molecules.[22]

Two vibrational quantum-state-resolved studies[12, 13] have
been carried out using resonantly-enhanced multiphoton ion-
ization (REMPI) coupled with TOF mass spectrometry to measure
the vibrational as well as translational energy distributions of the
CH3 fragments. The results of Weitz and co-workers[12] indicate
that the observed CH3 fragments, analyzed by a barrier
impulsive model (BIM),[23] are correlated with the second step
of the photodissociation process, supporting the stepwise
mechanism.[9] On the other hand, Lee and co-workers[13] revisited
this reaction using the same technique as Weitz and co-
workers[12] but with time (nanosecond) and kinetic energy
resolutions. They found that the appearance times for both CH3

radical vibrational states were actually faster than the instrument
response time (a few nanoseconds) and the vibrational-state-
resolved translational energy distributions of the CH3 fragments
all showed a bimodal structure–this feature does not support
the asynchronous concerted mechanism previously proposed.[10]

An early single determinant semiempirical study[19] qualita-
tively described the shape of the S1(n,�*) potential energy

surface (PES) of azomethane along several isomerization path-
ways, from trans- to cis-isomers, and suggested that the rotation
about the N�N double bond is important. High-level ab initio
calculations were recently performed by Morokuma and co-
workers,[16] based on complete active space self-consistent-field
(CASSCF) and multireference configuration interaction with
single and double excitation (MRCISD) methods. The results
have further confirmed that the S0 and S1 potential energy curves
indeed come close along the CNNC torsional coordinate. With
calculations at the CASSCF(6,4)/DZP level of theory, a conical
intersection (CI) was found to have an asymmetrical structure
with a CNNC dihedral angle of 92.8� and two CNN angles of
132.0 and 115.6�. Based on the potential energy functions fitted
from the ab initio calculations,[17a] classical trajectories plus
surface hopping calculations for the photodissociation dynamics
of azomethane have been carried out by Cattaneo and
Persico.[17b] The trajectory simulations indicate that the S1�S0

internal conversion (IC) process occurs within 0.5 ps and the
dissociation takes places exclusively on the S0 PES. Moreover,
both C�N bonds are broken within 1 ps and about 2/3 of the
trajectories show the simultaneous breakage of the two C�N
bonds.[10, 13]

Using femtosecond TOF mass spectrometry, the photodisso-
ciation dynamics of trans-azomethane in a molecular beam have
been studied in this laboratory.[14] Real-time observation of the
consecutive breakage of the two C�N bonds in azomethane has
elucidated the nature of true concertedness on the femtosecond
timescale–one must consider the characteristic time of nuclear
motion in relation to the vibrational time (�30 fs) along the C�N
bond-breaking reaction coordinate (RC); the rotational time of
the entire molecule is much slower (�a picosecond). In this full
account of the early communication,[14] we provide details of
experimental results with the pump ± probe polarization at
various configurations (parallel versus perpendicular) to examine
the concept of concertedness and the dynamics further. High-
level molecular orbital calculations were performed to character-
ize the PESs for the neutral and the cationic ground state using
density functional theory (DFT), Gaussian-2 (G2),[24] and complete
basis set (CBS)[25] approaches. The excited-state calculations were
carried out using time-dependent (TD) DFT[26, 27] and CASSCF
methods[28] with various basis functions.

2. Experimental and Theoretical Methods

The experimental setup for femtosecond pump and probe TOF
mass spectrometry has been described in detail elsewhere.[29, 30]

Briefly, the laser system consisted of a colliding-pulse mode-
locked (CPM) laser pumped by an Ar� laser and then amplified
by a four-stage, Nd:YAG-pumped amplifier operating at 20 Hz.
The output of the femtosecond laser source had a pulse width of
�80 fs with a pulse energy of �200 �J at 615 nm. The pulse was
split by a beam splitter to provide the pump and the probe
beams. For the pump, the 615-nm output was frequency
doubled. The probe beam was passed to a computer-controlled
translation stage for the time delay. The polarization between
the pump and the probe beams was varied by adjusting the
orientation of a zero-order half-wave plate in the path of the
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pump beam. The two beams were spatially combined and
focused onto the supersonic molecular beam inside a vacuum
chamber containing the TOF mass spectrometer. By gating the
signal due to a particular ion and varying the delay time
between the pump and the probe beam, the transient of each
species was measured. Trans-azomethane was synthesized and
purified according to a published procedure.[31] The molecular
beam was formed by expanding gaseous trans-azomethane
seeded in helium to give a total stagnation pressure of �20 psi.

The theoretical calculations for the ground-state PES were
based on spin-unrestricted (U) DFT and CASSCF methods.[21a]

Basically, the geometry of each species along the bond-breaking
RC and the CNNC torsional coordinate was optimized using the
UB3LYP hybrid functional[32, 33] with the 6-311G(d,p) basis set.[34]

Since the S0 azomethane is a closed-shell species, the spin-
restricted (R) Kohn ± Sham (KS) orbitals were implemented to
describe the PES around the S0 equilibrium region. As the C�N
bond stretched, or the CNNC torsional angle rotated to an extent
where the RKS and UKS descriptions started to differ, the UKS
orbitals were used to better describe the bond dissociation
process.[35] This spin-unrestricted DFT approach, though in
principle suffers spin contamination from higher-multiplicity
excited states, may well characterize the bond-dissociation as
well as other isomerization PESs for azomethane and offer an
economical alternative to other, more elaborate, multiconfigu-
ration (MC) SCF and higher-order correlation methods.[35]

To describe the electronic structure for the open-shell species
on the ground-state and the excited-state PESs of azomethane
correctly, an MCSCF scheme was implemented using the CASSCF
approach. The idea of CASSCF is to have a well-chosen active
space and then perform full configuration interaction calcula-
tions inside the active space. Our strategy
here was aimed at finding a proper active
space that is capable of describing the
C�N bond-dissociation and the trans-to-cis
isomerization processes. Figure 1 shows
the relevant molecular orbitals of azome-
thane for the trans (C2h) and the cis (C2v)
isomers calculated at the B3LYP/6-
311G(d,p) level of theory. The orbital
correlation between both isomers along
the CNNC torsional coordinate was made
according to the textbook example of
diimide.[36] Therefore, the active space
should at least include six electrons dis-
tributed among four orbitals, abbreviated
by CAS(6,4), to describe the PES along the
rotational isomerization RC reasonably. We
further demonstrate in Figure 2 the state-
correlation diagram of the two isomers
along the CNNC torsional coordinate cal-
culated using the state-averaged (sa)
CAS(6,7) method with the 6-311�G(d,p)
basis set; the extra Rydberg orbitals have
been included in the active space. The
geometries of the twisted configurations
in different electronic states were opti-

mized at the state-specific CAS(8,7)/cc-pVDZ level of theory,
whereas the geometry of the S0/S1 CI was optimized at the state-
averaged CAS(8,7)/cc-pVDZ level. To recover a significant
dynamic correlation for each electronic state, the CASMP2
calculations were performed using the prior optimized CASSCF
wavefunctions.[21c]

For all stationary points, vibrational frequencies were calcu-
lated at the same level of theory as the geometry optimization in
order to determine the nature of the stationary points and to
provide zero-point energy (ZPE) corrections for the PES. To
confirm that the TS was the correct saddle point connecting two

Figure 1. Orbital-correlation diagram of trans-azomethane along the CNNC
torsional reaction coordinate. Four relevant MOs of the trans- and cis- structures
were calculated at the B3LYP/6-311G(d,p) level of theory.

Figure 2. State-correlation diagram of trans-azomethane along the CNNC torsional reaction coordinate.
The excited states of the molecule in the trans-, the cis-, and the twisted configurations were calculated at the
state-averaged CAS(6,7)/6-311�G(d,p) level of theory and the relative energies are in electronvolts with
respect to trans-azomethane.
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local minima, intrinsic reaction coordinate (IRC) calculations were
performed. The absorption spectrum of AZM was constructed
using the TDDFT approach with the vertical excitation energies
and the oscillator strengths calculated at the TD-B3LYP/6-311�
�G(d,p), the TD-B3P86/6-311��G(d,p), and the TD-B3P86/6-
311��G(3df,3pd) levels of theory.[26] All of the electronic
structure calculations reported were performed using the
Gaussian software package.[37]

3. Results and Data Analyses

Figure 3 shows the femtosecond-resolved mass spectrum of
trans-azomethane, which is characterized by two major peaks at
58 amu and 43 amu corresponding to the parent ion
(CH3N2CH3

�) and the fragment ion (CH3N2
�), respectively ; the

Figure 3. Femtosecond mass spectrum of trans-azomethane. The spectrum was
obtained at the perpendicular polarization with a delay time of �50 fs between
the pump and the probe pulses.

minor peaks at 28 amu and 15 amu are due to the ion fragments
of N2

� and CH3
�, respectively. Figure 4 displays the ion signals of

the parent ion (58 amu) and the fragment ion (43 amu) as a

Figure 4. Transients of trans-azomethane at 58 amu (�) and 43 amu (�) with the
pump and the probe pulses at the perpendicular polarization. The solid curves are
the fitted results with the convolution of the laser pulses.

function of the delay time between the pump and the probe
pulses, with the polarization of the femtosecond pulses in a
perpendicular configuration. The parent transient (58 amu;
shown as �) shows a very short-lived feature and it was fitted
by a single exponential decay function with a time constant of
70�10 fs; the convolution of the instrument response function
(full width half maximum; FWHM�180 fs) is included. The
fragment transient (43 amu; shown as �) shows apparently a
different temporal feature in comparison with the parent signal,
and it was fitted to a bi-exponential function with a rise time
constant of 70 fs and a decay time constant of 100� 20 fs.

The parent signal (58 amu) at the maximum intensity (delay
time �50 fs) is shown in Figure 5 as a function of the polar-
ization angle between the pump and the probe pulses. The

Figure 5. Ion intensity of trans-azomethane at 58 amu as a function of the
polarization angle between the pump and the probe pulses.

intensity of the signal was found to vary drastically with the
change in the polarization angles. In particular, the signal at the
parallel polarization was enhanced by one order of magnitude in
comparison with the signal at the perpendicular polarization.
Moreover, the temporal behavior changed accordingly. The
parent mass transient taken at the parallel polarization and the
transient taken at the perpendicular polarization are shown in
Figure 6. Note that the signal at the parallel polarization decayed
with a longer time constant (100 fs) and in the opposite direction
compared to the signal at the perpendicular polarization. It is
concluded that the 307 nm and the 615 nm pulses must play
different roles in the pump ± probe experiments of different
polarizations: The 307 nm pulse acts as a pump beam in the
perpendicular polarization whereas the 615 nm pulse acts as a
pump beam in the parallel polarization. It follows that one-
photon pumping at 307 nm for the excitation of AZM to the
S1(n,�*) state, followed by ionization with at least three photons
at 615 nm, is responsible for the transient signal observed for the
perpendicular polarization. On the other hand, a two-photon
absorption process at 615 nm, followed by two-photon ioniza-
tion at 307 nm, results in the transient signal observed for the
parallel polarization. Both excitation schemes are shown in
Figure 7 together with the absorption spectra,[3, 18] the calculated
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Figure 6. Transients of trans-azomethane at 58 amu for the perpendicular (�)
and the parallel (�) polarizations. The solid curves are the fitted results with the
convolution of the laser pulses (see text).

Figure 7. The two pump±probe ionization schemes responsible for the observed
transient signals of trans-azomethane at two different polarizations. The
absorption spectra shown on the left side are the experimental results adopted
from refs. [3, 18] . The vertical transitions and the corresponding oscillator
strengths (f) were calculated using the TDDFT method at the B3P86/6-311��
G(d,p) level of theory. The vertical excitation energies calculated at various levels
of theory are summarized in Table 1.

excited-state energies, and the corresponding oscillator
strengths, which will be discussed in the following sections.

4. Theoretical Calculations

4.1. Vertical Excitation Energies

Table 1 lists the vertical excitation energies of AZM calculated at
various levels of theory, and compares these with the results of
Morokuma and co-workers[16] and the experimental electronic
absorption spectrum.[3] The vertical excitation energy of the first
excited state of AZM was calculated to be within the energy
ranges of 3.47 ± 3.49 eV and 3.72 ± 3.74 eV using the TDDFT and
the sa-CASSCF methods, respectively : Excellent agreement
between the theoretical and experimental values was found.
The values obtained at both the TD-B3LYP/6-311��G(d,p) and
TD-B3P86/6-311��G(d,p) levels are only about 0.1 eV lower
than the experimental value–the maximum intensity of the
absorption spectrum of AZM due to the S0�S1 transition occurs
at 340 nm (3.6 eV)[3]–whereas the values obtained from the
high-level multiconfiguration methods are about 0.1 eV higher
than the experimental value. We notice that the calculated S1

vertical excitation energy at the sa-CAS(6,7) level is insensitive to
the size of the basis functions from the cc-pVDZ to the 6-311�
G(2df,p) basis sets (Table 1). Furthermore, the excellent agree-
ment between the CASSCF results and the result obtained at the
MRCISD(Q)/cc-pVTZ level (3.77 eV)[16] indicates that the addi-
tional dynamic electron correlation with numerous single and
double excitations makes little or negligible improvement.

According to our theoretical calculations, the second excited
state of AZM corresponds to a Rydberg state (n��3s) with a
symmetry-forbidden (Ag�Ag) transition character. The vertical
excitation energy of this 3s Rydberg state was determined to be
5.68 eV at the TD-B3LYP/6-311��G(d,p) level of theory, which is
consistent with the experimental value (5.5 eV).[18] However, the
energy values predicted at the TD-B3P86/6-311��G(d,p), the
TD-B3P86/6-311��G(3df,3pd), the sa-CAS(6,7)/6-311�G(d,p),
and the sa-CAS(6,7)/6-311�G(2df,p) levels are within the range
of 6.01 ± 6.09 eV and they overestimated the experimental value
by �0.5 ± 0.6 eV. The CASSCF calculations with different basis
sets indicate that the diffuse functions on carbon and nitrogen
atoms are essential in appropriately describing the excited states
with Rydberg character, whereas the implementation of addi-
tional polarization functions on carbon and nitrogen atoms has
very little effect on the prediction of the excited-state energies of
AZM.

The vertical excitation energies of the other high-energy
excited states of AZM have also been calculated using TDDFT
(Table 1). For a general consideration of a highly symmetrical
molecule with C2h symmetry, the vertical excitations to the 3s
and the 3d Rydberg states (belonging to either Ag or Bg

symmetry) are strictly symmetry-forbidden, whereas the tran-
sitions to the 3p and 4f Rydberg states (Au or Bu symmetry) are
symmetry-allowed. Thus, only the 3p and some of the 4f
Rydberg states below the ionization threshold (�9 eV) were
considered to contribute to the high-energy electronic spectrum
of AZM.[18] According to our TDDFT results calculated at both the
TD-B3LYP and the TD-B3P86 levels, the three mysterious
absorption bands of AZM in the excitation region of 6 ± 9 eV,
which were originally labeled as I, II, and III,[18] are now identified
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in Figure 7 as arising from the n��3p, the ���*, and the
n��4f transitions, respectively. Note that these three absorp-
tion bands are mainly due to the excited states with Bu symmetry
because the oscillator strengths of the Bu states were calculated
to be substantially larger than those of the Au states.

With the inclusion of the 3px(bu) and 3py(bu) orbitals in the
active space, the excitation energies of the Bu(n��3px) and the
Bu(n��3py) Rydberg states were also confirmed by the CASSCF
calculations at the sa-CAS(6,7) level with the 6-311�G(d,p) and
the 6-311�G(2df,p) basis sets (Table 1). The excitation energy of
the second valence excited state, Au(n���*), was calculated and
consistent results between the TDDFT and the CASSCF/MRCI
methods were obtained.[16] However, the Bu(���*) valence
excited state was predicted to lie above the ionization threshold
at the MRCISD(Q)/cc-pVTZ level of theory.[16] Note that the
dynamic electron correlation for the prediction of the excitation
energy of the Bu(���*) state was found to be substantially large
(�2 eV) according to the results obtained from recent MRCI
calculations,[16] suggesting that an even higher level of theory
(maybe computationally very demanding) should be considered
for the accurate characterization of this valence excited state. On
the other hand, the good agreement between the TDDFT results
(7.61 ± 7.69 eV) and the experimental value (7.9 eV; band II)[18] is
impressive, confirming the usefulness of this economical theo-
retical method (TDDFT) in predicting excitation energies for
large molecules.

Although the current TDDFT results have successfully mapped
out the electronic spectrum of AZM, excited states that involve
more than one electronic excitation, such as the
Ag(n� ,n���*,�*) and the Bg(n� ,n���*,3s) states, cannot be
calculated by the TDDFT method, due to the nature of the time-

dependent linear response theory implemented by the method.
These doubly excited states have to be computed using the
CASSCF method. The predicted excitation energies of these
doubly excited states and the other high-energy excited states
are listed in Table 1.

4.2. Ground-State Potential Energy Surface

The ground-state PES of AZM has been well-characterized along
both the isomerization and the dissociation pathways, and the
corresponding reaction coordinate diagram is shown in Figure 8.
Basically, the geometry of each ground-state species was fully
optimized at the B3LYP/6-311G(d,p) level of theory and then
single-point energy calculations were performed according to
the additive schemes of the G2M(CC1)[24] and the CBS-RAD-
(B3LYP,B3LYP)[25] methods. The results are summarized in Table 2.
In general, both G2 and CBS calculations reproduced the
experimental thermochemical values of AZM and thereby
provided the energetics of AZM along the bond-breaking and
isomerization coordinates of the ground-state PES. Although the
results obtained from both methods have uncertainties of less
than 0.8 kcalmol�1, it is worth noting that the relatively cost-
effective CBS-RAD method slightly outperformed the more
costly G2M method.

Along the concerted bond-dissociation pathway of AZM, the
synchronous bond-dissociation process involves an energy
barrier of 51.9 kcalmol�1, calculated at the CBS-RAD level. Along
the stepwise bond-breaking pathway, the intermediate (CH3N2

radical) is formed, after the first C�N bond breakage, above the
ground-state minimum by 51.9 kcalmol�1. The CH3N2 radical
should be short-lived once produced, because the energy barrier

Table 1. Vertical excitation energies of trans-azomethane.[a,b]

TD-B3LYP TD-B3P86 sa-CAS(6,7)
Electronic States /��G(d,p)[e] /��G(d,p)[e] /��G(3df,3pd)[e] /cc-pVDZ /G(2df,p)[e] /�G(d,p)[e] /�G(2df,p)[e] MRCI[c]/cc-pVTZ Exp.[d]

Bg(n���*) 3.49 3.49 3.47 3.72 3.74 3.74 3.72 3.77 3.6
Ag(n��3s) 5.68 6.08 6.09 8.77 8.16 6.04 6.01 5.5
Bu(n��3px) 5.85 6.26 6.27 6.58 6.55
Bu(n��3py) 6.45 6.86 6.82 6.67 6.64 6.7
Au(n��3pz) 6.46 6.91 6.87
Ag(n��3dz2) 6.80 7.18 7.16
Bg(n��3dyz) 6.88 7.29 7.29
Ag(n��3dxy) 7.09 7.50 7.48
Ag(n��3dx2�y2) 7.76 8.18 8.09
Bg(n��3dxz) 8.11 8.48 8.41
Bu(n��4fx(x2�3y2)) 7.70 7.97 7.96
Au(n��4fz3) 8.22 8.61 8.57
Bu(n��4fxz2) 8.48 8.84 8.75 8.6
Au(n���*) 7.13 7.16 7.13 7.45 7.42 7.47 7.46 7.31
Bu(���*) 7.61 7.69 7.63 11.92 11.45 9.07 7.9
Bg(���*) 8.15 8.16 8.12
Au(��3s) 8.26 8.70 8.68 12.32 11.63
Ag(n� ,n���*,�*) 7.77 7.77 7.81 7.79
Bg(n� ,n���*,3s) 12.30 11.63 9.51 9.48

[a] All calculations are for the singlet states with the relative energies in electronvolts. [b] The molecular symmetry was restricted to C2h with the x, y, and z
coordinates as defined in Figure 7. [c] MRCISD(Q), reference wavefunction based on sa-CAS(6,4) calculations, adopted from [16]. [d] From refs. [3, 18]. [e] Pople-
type triple-zeta basis function, that is, � �G(d,p) stands for the 6-311��G(d,p) basis set and so forth.
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of breaking the second C�N bond is only 2.4 kcalmol�1. On
the other hand, for the trans-to-cis isomerization reaction path,
the energy barrier along the inversion (CNN bending) coordi-
nate is 3.2 kcalmol�1 lower than the barrier along the rotation
(CNNC torsional) coordinate, according to our CBS-RAD predic-
tion.

Our high-level calculations indicate that both concerted and
stepwise bond-breaking processes are competitive during the
thermolysis of AZM on the ground-state PES. However, for the
ultrafast photochemical processes we have to consider topo-
logical features of the excited-state surface that bring the excited
state close to the ground state for an efficient electronic
relaxation.

4.3. The S0, S1, T1, and S2 States at the
Twisted Configurations

The orbital-correlation diagram of AZM along
the CNNC torsional coordinate (Figure 1)
shows a very strong HOMO ± LUMO interaction
at the geometry of the orthogonal configura-
tion (�(CNNC)� 90�). The state-correlation dia-
gram shown in Figure 2 further illustrates that
three singlet states (labeled as S0, S1, and S2)
interact strongly in the twisted CNNC config-
uration. In the geometry near the orthogonal
configuration, both the S0(1A) and the S2(1A)
electronic states are strongly coupled with two
paired electrons occupied in the nearly degen-
erate HOMO ± LUMO (or n ±�*) pair. The S1(1B)
electronic state and its triplet counterpart, the
T1(3B) state are described by the electronic
configuration with only one electron occupy-
ing each of the HOMO ± LUMO pair. For
appropriately describing these electronic
states, we have employed the state-specific
CASSCF approach with the additional multi-
reference energy calculations using the
CASMP2 method.[21]

The geometries of these four species (C2

symmetry) were optimized at the CAS(8,7)/cc-pVDZ level of
theory and the critical structural parameters are listed in Table 3.
The values of the characteristic twisting parameter (the CNNC
dihedral angle) were determined to be 92.8, 114.6, 100.0, and
96.2� for the S0(1A), S1(1B), T1(3B), and S2(1A) states, respectively.
The frequency calculations at the same level have confirmed (as
shown in Figure 2) that the S0(1A) species is a transition state with
only one imaginary frequency, whereas the S1(1B), T1(3B), and
S2(1A) species are local minima of the corresponding electronic
states with all vibrational frequencies being positive (Table 4).
Note that the S0(1A) species represents the same rotamer as the
TS 1�2 (1A) species (Table 2) but the latter was characterized at
the UB3LYP/6-311G(d,p) level of theory.

Figure 8. Reaction coordinate diagram of trans-azomethane representing the global ground-state PES
along different reaction channels. The stationary points shown in the diagram were characterized using
the CBS-RAD(B3LYP,B3LYP)[25] method with the values shown in parentheses obtained from the
G2M(CC1)[24] method. The corresponding structural parameters and the energetics are given in Table 2.

Table 2. DFT-optimized structural parameters and high-correlated energies of relevant stationary points on the ground-state PES of azomethane.[a]

Distance [ä] Angle [�] Relative Energy[b] [kcalmol�1]
Species and Electronic States r(NN) r(CN) �(CNN) �(CNNC) �E(DFT)[c] �E(G2)[d] �E(CBS)[e] �E(exp)[f]

1, trans-AZM (1Ag) 1.236 1.466 113.0 180.0 0.0[c] 0.0[d] 0.0[e] 0.0
2, cis-AZM (1A1) 1.237 1.483 120.2 0.0 10.1 9.2 9.1 9.1
3, CH3N2 (2A�)�CH3 (2A2��) 1.170 1.514 122.7 46.3 54.9 51.9 50.2 ± 55.4
4, CH3N2 (2A��)�CH3 (2A2��) 1.178 1.404 180.0 71.1 81.4 78.2
5, N2 (1�g

�)�2CH3 (2A2��) 1.095 28.4 32.4 31.2 31.6
6, 2NCH3 (3A��) 1.414 102.0 116.0 114.0
TS 1�2 (1A) ; rotamer 1.287 1.467 117.8 89.6 43.6 50.9 49.6
TS 1�2 (2A�) ; invertomer 1.222 1.512

1.395
115.3
180.0

49.2 53.8 52.8

TS 1�5 (1Ag) 1.133 2.126 112.3 180.0 50.0 52.3 51.9
TS 3�5 (2A�)�CH3 (2A2��) 1.135 1.820 119.6 47.9 57.8 54.3

[a] Geometries and zero-point energies (ZPEs) were determined at the B3LYP/6-311G(d,p) level of theory. [b] Values are relative to the ground-state minimum (1)
including the ZPE corrections. [c] B3LYP/6-311G(d,p) ; the reference total energy is �189.24401 hartree. [d] G2M(CC1); the reference total energy is
�188.94196 hartree. [e] CBS-RAD(B3LYP,B3LYP); the reference total energy is �188.93439 hartree. [f] Ref.[4]
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Since the S1(1B) species is a local minimum of the S1(n,�*) state
and its relative energy has been well determined from the 0 ± 0
absorption band (�� 415 nm; 69 kcalmol�1 or �3 eV above the
S0 minimum),[3] we make a comparison for the relative energies
of the other three species, with respect to the S1 minimum, and
the summary is in Table 3. The calculated relative energies of
these species should be accurate for the following reasons. First,
the uncertainty of the relative energy of the T1(3B) species is only
0.1 kcalmol�1 at the CASMP2 level if it is compared with the
MRCISD(Q) value. Second, if shifting the reference energy to the
S0 minimum (species 1 in Table 2), the relative energy of S0(1A)
was determined to be 51.5 kcalmol�1 at the CASMP2 level, which
is in excellent agreement with the CBS-RAD value

(51.9 kcalmol�1) listed in Table 2. Thus, we expect the local
minimum of the second excited singlet state, the S2(1A) species,
to be located above the ground-state minimum by
82.7 kcalmol�1 in the twisted nuclear configuration, according
to our CASMP2 prediction.

4.4. The Potential Energy Surfaces Along the Rotation
Coordinate and the S0/S1 Conical Intersection

The relaxed surface-scan calculations on the S1 PES were
performed starting from the S1(1B) structure with the geometry
of each point on the surface optimized at the state-specific
CAS(8,7)/cc-pVDZ level of theory, with a step-size of 5� along the
CNNC torsional RC. The results are shown in Figure 9. Two
topological features are shown for the S1 PES along the torsional
RC. First, there is no energy barrier involved, from the Franck ±
Condon region (torsional angle� 180�) down to the S1 minimum
area (torsional angle�115�). Second, the S0 surface goes up
steeply along the torsional RC and reaches its maximum point at
a torsional angle of �90� where the S0 and the S1 surfaces come
close together. Since the S1 minimum is located at a torsional
angle of 115�, the crossing point between these two surfaces (S0/
S1 CI) should be found at a torsional angle slightly above 90�. In
fact, recent ab initio studies[16, 17e] have reported the optimized
structure of the S0/S1 CI with a CNNC dihedral angle in the range
of 92.8 ± 93.8�. Using the sa-CASSCF method for the geometry
optimized at the CAS(8,7)/cc-pVDZ level of theory, we have
successfully located the S0/S1 CI at a torsional angle of
�(CNNC)� 93.1�.

The optimized structure and the two corresponding vectors,
the gradient difference vector (x1), and the nonadiabatic
coupling vector (x2) are shown in Figure 10. Two important
points regarding the structure and the two vectors of the S0/S1 CI
are the following: First, the structure of the S0/S1 CI is highly
asymmetrical (C1 symmetry) with the two C�N bond lengths
equal to 1.439 and 1.528 ä, respectively. The two CNN bending
angles are 127.5 and 112.2�, respectively. Second, the x1 and the
x2 vectors indicate the possible reaction paths that can be
followed on the S0 PES after the molecule funnels through the CI.
As shown in Figure 10, the nonadiabatic coupling vector x2
corresponds to a CNNC twisting motion that could lead to a

Table 3. CASSCF-optimized structural parameters and CASMP2 energies for the S0, S1 , T1 , and S2 states of azomethane in twisted nuclear configurations.[a]

Species and Distance [ä] Angle [�] Relative energy[c] [kcalmol�1]
electronic configurations[b] r(NN) r(CN) �(CNN) �(CNNC) �E(CASSCF) �E(CASMP2) �E(MRCI)[f] E00��E[g]

S0(1A) ; 1 � a2 �� 1 �b2 � 1.371 1.461 111.4 92.8 � 14.6 � 17.5 51.5
S1(1B) ; 1 � ab � 1.278 1.447 123.0 114.6 0.0[d] 0.0[e] 0.0[f] 69.0
T1(3B) ; 3 � ab � 1.308 1.451 117.4 100.0 � 24.4 � 23.9 � 24.0 45.1
S2(1A) ; 1 � a2 �� 1 �b2 � 1.284 1.455 122.2 96.2 16.6 13.7 82.7

[a] Geometries (C2 symmetry) and zero-point energies (ZPEs) were determined at the CAS(8,7)/cc-pVDZ level of theory; note S0(1A) represents the same species
as TS 1�2 (1A) ; rotamer in Table 2. [b] The ™a∫ and ™b∫ represent the nearly degenerate HOMO ± LUMO (or n ±�*) pair with A and B symmetry, respectively; see
Figure 1 . [c] Values are relative to S1(1B) including ZPE corrections scaled by 0.93.[41] [d] The reference total energy is �187.97066 hartree. [e] The reference total
energy is �188.48324 hartree. [f] MRCISD(Q) with the CAS(6,4)/DZP reference wavefunction, adopted from ref. [16] ; note that the reference total energy has
been converted into�188.55151 hartree with the scaled ZPE correction according to the CAS(8,7)/cc-pVDZ calculation. [g] Energies relative to the S0 minimum
1, trans-AZM (1Ag); �E��E(CASMP2) and E00� 69.0 kcalmol�1 (3.0 eV) according to the experimental result.[3]

Table 4. Calculated vibrational frequencies of azomethane for the S0(1A),
S1(1B), T1(3B), and S2(1A) species.[a,b]

Mode Description S0(1A) S1(1B) T1(3B) S2(1A)

�1(a) CH stretch 3070 3066 3065 3070
�2(a) CH stretch 3027 3008 3021 3003
�3(a) CH stretch 2960 2944 2952 2936
�4(a) CH3 def. 1487 1508 1482 1733
�5(a) CH3 def. 1470 1470 1472 1488
�6(a) CH3 def. 1445 1464 1440 1461
�7(a) CH3 def. 1162 1436 1141 1447
�8(a) CN symm. stretch 1045 880 1284 873
�9(a) CH3 def./NN stretch 823 1176 1104 1400
�10(a) CH3 def./NN stretch 773 1122 827 1136
�11(a) CNN bend/CH3 def. 309 445 314 653
�12(a) CH3 disrot. torsion 126 153 129 142
�13(a) CNNC torsion � 1518[c] 123 174 264
�14(b) CH stretch 3070 3066 3065 3070
�15(b) CH stretch 3022 3008 3021 3002
�16(b) CH stretch 2952 2940 2947 2930
�17(b) CH3 def. 1479 1478 1479 1471
�18(b) CH3 def. 1469 1466 1472 1466
�19(b) CH3 umbrella/CN stretch 1425 1432 1426 1421
�20(b) CH3 def. 1150 1150 1139 1137
�21(b) CH3 def. 1033 1104 1049 1100
�22(b) CN asymm. stretch 865 1054 1062 1037
�23(b) CNN bend/CH3 def. 286 329 421 492
�24(b) CH3 conrot. torsion 111 149 158 148

[a] The values were obtained from state-specific CASSCF calculations at the
CAS(8,7)/cc-pVDZ level. [b] All values are in cm�1 and are scaled by 0.93.[41]

[c] The negative value corresponds to the imaginary frequency of the S0(1A)
species.
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Figure 9. Minimum energy pathway of azomethane optimized for the second
root (the S1 state) at the state-specific CAS(8,7)/cc-pVDZ level of theory along the
CNNC torsional coordinate. The local minimum of the S1 state is shown as S1(1B)
with the corresponding optimized parameters given in Table 3.

trans-to-cis isomerization. On the other hand, the gradient
difference vector x1 corresponds to an asymmetrical C�N bond
stretching motion which results in the two C�N bonds breaking
in an asynchronous manner. Such a structural and dynamical
feature of the S0/S1 CI has a profound consequence in relation to
the concept of concertedness, and this point will be discussed
further in the Discussion Section.

4.5. Ionization Potentials

The ground-state cationic potential surfaces of AZM
along the bond-breaking and the torsional coordi-
nates were characterized using the DFT approach at
the spin-unrestricted B3LYP/6-311G(d,p) level of
theory. Both the neutral and the ionic channels are
shown in Figure 11 for comparison. For the ionic
channel, the solid curve represents the relaxed
(adiabatic) ionization potentials whereas the dashed
curve represents the vertical ionization potentials
with respect to the corresponding species in the
neutral channel. The vertical ionization potential of
AZM in the Franck ± Condon structure was calculated
to be 8.9 eV, which matches the result obtained from
the MRCISD(Q) calculation[16] and is in good agree-
ment with the experimental value (9.0 eV).[38] As for
the adiabatic ionization potential, good agreement
was also found between theory (8.2 eV) and experi-
ment (8.3 eV).[38] The here reported ground-state
cationic potential of AZM calculated at the B3LYP/6-
311G(d,p) level should be accurate to within 0.1 eV.

One special character of the ionization potential
(IP) curve of AZM is the large change of the potential
energy along the CNN bending coordinate when
breaking the first C�N bond. This change is because
the CH3N2

� species energetically prefers to have a
linear CNN nuclear configuration. As a result, the

Figure 10. The structure of the S0/S1 CI optimized at the state-averaged CAS(8,7)/
cc-pVDZ level of theory with the corresponding bond lengths [ä] and bond
angles [�] as indicated. The nonadiabatic coupling (x2) and the gradient difference
(x1) vectors are shown.

Figure 11. Reaction coordinate diagrams of trans-azomethane representing the neutral and
ionic channels along the bond-breaking (right side) and the torsional isomerization (left side)
reaction path. The values shown in the diagram were characterized at the B3LYP/6-311G(d,p) level
of theory.
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breaking of the first C�N bond from the AZM cation requires
only 1.1 eV of internal energy in the parent cation, whereas
further breaking of the second C�N bond needs an extra 1.8 eV
of internal energy in the CH3N2

� species (Figure 11). This linear
structural feature of CH3N2

� is very similar to that of the
isoelectronic cation (CH3CO�) produced from the acetone parent
cation.[21c] In fact, not only the ionic state but also the other low-
lying electronic excited states of the CH3N2 species have a linear
CNN geometry and their potential curves along the CNN
bending RC predicted at the TD-B3P86/6-311��G(d,p) level
are shown in Figure 12.

Figure 12. The potential energy curves of the CH3N2 radical along the CNN
bending coordinate. The curves were constructed from the vertical excitation
energies calculated at the TD-B3P86/6-311��G(d,p) level of theory and are
based on the bent (Xƒ 2A�) and the linear (Aƒ 2A��) geometries optimized at the B3LYP/
6-311G(d,p) level of theory.

5. Discussion

Because the transient signal shows an opposite decay feature for
the UV (307 nm) and the visible (615 nm) pulses at the parallel
and the perpendicular polarizations, and the amplitude changes
with the polarization angle (Figure 5), we were able to time-
order the pump and probe pulses. As indicated in Figure 7, the
ion signal observed for the perpendicular polarization is due to a
one-photon pumping process at 307 nm followed by ionization
with at least three photons at 615 nm; the signal observed for
the parallel polarization is due to a two-photon absorption at
615 nm followed by two-photon ionization at 307 nm. The
theoretical foundation for the assignment of these excitation/

ionization schemes is consistent with the experimental obser-
vations.

Since ground-state AZM belongs to the C2h point group, the
1Ag(GS)�1Bg(n���*) transition is strictly symmetry-forbidden.
In order for the forbidden n ±�* transition to occur, an ™intensity-
borrowing∫ mechanism must be invoked through an appropri-
ate vibronic coupling process.[21a] If the intensity is borrowed
from an upper Au state, the transition dipole moment of the
pump pulse (�� pu) will be along the z axis, perpendicular to the
molecular plane. On the other hand, if a Bu state is involved, the
�� pu will be in the xy molecular plane. To a first-order approx-
imation, the intensity borrowed from the allowed state of Au or
Bu symmetry would require vibrational motion (Q) dictated by
the matrix element 	Bg �Q �Au
 or 	Bg �Q �Bu
, respectively ; the
total product must be totally symmetric. Therefore, Q should
correspond to a vibrational motion with Bu or Au symmetry.

According to our TDDFT calculation (Figure 7), a 3p Rydberg
state with Bu symmetry should be responsible for the intensity-
borrowing mechanism of the forbidden 1Ag�1Bg transition
initiated by the 307 nm pump pulse (�� pu in the xy molecular
plane). The 1Bg�1Bu transition by the probe pulse of 615 nm is
symmetry-allowed, and this has a transition dipole of Au

symmetry [�� pr(z)] . Accordingly, this (1�3) REMPI scheme (one-
photon excitation with xy plane polarization plus three-photon
ionization with z-axis polarization) is consistent with our
observation at the perpendicular polarization condition. On
the other hand, the 1Ag�1Bg transition is symmetry-allowed for a
two-photon excitation induced by the pump pulse at 615 nm
[�� pu(z)] . The 1Bg�1Bu transition induced by the probe pulse of
307 nm will lead to �� pr that is parallel to the z axis. This (2�2)
process (two-photon excitation with z axis polarization plus two-
photon ionization also with z axis polarization) is again consis-
tent with the experimental observations for the parallel polar-
ization conditions. These two different excitation/ionization
schemes also explain the fact that the intensity observed for
parallel polarization was one order of magnitude stronger than
the intensity observed for perpendicular polarization (Figure 5).
For the experiments carried out in the perpendicular polarization
geometry, the above excitation/ionization scheme was also
confirmed by the study of the power-dependence at �pu�
307 nm, a one-photon process.[14]

From these studies, we conclude that the observed transient
behavior for the parent mass (58 amu) and the fragment mass
(43 amu) reflects the femtosecond dissociation dynamics of AZM
on the S1 PES. Because the parent signal decays in 70 fs, the
electronic relaxation of the excited AZM from the S1 PES must
occur during this time scale. The intensity-borrowing involves a
vibrational motion with Au symmetry, and our theoretical
calculations indicate that this Au vibration corresponds to a
torsional motion; the minimum of the S1(n,�*) state has a
structure with a CNNC dihedral angle of �115� (Table 3), and
there is no energy barrier along the CNNC torsional RC toward
the minimum region on the S1 PES (Figure 9). This is consistent
with ultrafast S1�S0 IC process on the femtosecond time scale.
For the parallel polarization, the observed decay time constant
of the parent signal is longer than that for the perpendicular
geometry (100 fs versus 70 fs), which is not surprising because
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the former involves a two-photon symmetry-allowed transition
and the driving force towards the S1 minimum region along the
torsional RC is not as strongly biased as that through the
vibration involved in the vibronic coupling.

A recent experimental study using the PTS technique has
reported an isotropic angular distribution (�� 0) of the CH3 and
the N2 fragments, and has suggested that the lifetime of excited
AZM may be longer than its rotational period (�a picosec-
ond).[10] However, the PTS study at 193 nm by Huber and co-
workers[11] pointed out that the lack of anisotropy may be due to
a geometric effect caused by a particular orientation of the
electronic transition moment �� pu; the anisotropy parameter
vanishes if the angle between �� pu and the direction of the
fragment recoil velocity is close to the magic angle (54.7�). This
condition is easily met if �� pu is oriented parallel or near parallel to
the N�N bond (the y axis) of the parent molecule, so that the
ejection of the first CH3 fragment would occur at an orientation
close to the magic angle; this ™magic-angle condition∫ would
persist even when the excited molecule twisted along the CNNC
torsional RC prior to the first C�N bond dissociation. The
geometric picture is consistent with the results obtained from
both the time-resolved study[14] and the energy-resolved experi-
ments,[10, 11, 13] and supports our conclusion regarding the time
scale for the nuclear motion.

The observed rise (70 fs) and decay (100 fs) dynamical feature
for the fragment mass (43 amu) at the perpendicular polarization
is in accord with the formation of a short-lived CH3N2 inter-
mediate. The mechanism of the ultrafast C�N bond-dissociation
process is explained as follows: The forbidden n ±�* transition
borrows intensity from the upper Bu state and utilizes the
ultrafast Au torsional motion which also takes the molecule
toward the S1 minimum region. As shown in Figure 9, the S1 and
S0 potential curves approach each other along the CNNC
torsional RC and the two surfaces are closest at a torsional
angle close to 90�. The S1 molecule must efficiently find the S0/S1

CI guided by the torsional driving force. Funneling through the
CI is a very efficient process[39, 40] and therefore it leads to the
breakage of the first C�N bond in less than a
C�N stretching vibrational period (Table 4;
�22�1054 cm�1 corresponds to a period of
�30 fs) for the motion driven by the force
following the gradient difference vector (x1)
direction (Figure 10). Note that the x1 vector
of the S0/S1 CI shown in Figure 10 corre-
sponds to an asymmetric vibration with a
combined C�N stretching and the CCN
bending motion, which results in the con-
secutive bond breakage in a very short time
and on the ground-state surface. This dy-
namic picture is consistent with our real-time
observations of the parent and intermediate.

The involvement of the CNN bending
motion during the first C�N bond cleavage
has a significant effect on lowering the
ionization potential for the observation of
the short-lived CH3N2 species. Our DFT
calculations at the B3LYP/6-311G(d,p) level

(Figure 11) give the IP of the bent CH3N2 radical to be 8.3 eV,
whereas the IP of the linear CH3N2 species is only 5.9 eV, which is
less than the energy of three photons at �pr� 615 nm for the
ionization. The bending CNN motion is also important for the
second bond breakage. The observed 100 fs lifetime of the
CH3N2 intermediate is not only consistent with the low energy
barrier (�0.1 eV; Figure 8) involved along the second C�N bond-
breaking RC but also reflects the ™memory∫ of the asymmetric
C�N stretching motion after going through the S0/S1 CI in the
first C�N bond breakage. Finally, we note that at the parallel
polarization geometry, the excess energy in the parent cation is
expected to be much above the fragmentation threshold
(Figure 11) for two probe photons at 307 nm (Figure 7). The
transient signal shown for the fragment mass (43 amu) at this
parallel polarization comes mainly from the energetic parent ion
species and the corresponding dynamics of the CH3N2 inter-
mediate become more difficult to resolve.

6. Conclusion

Although the thermal decomposition of azomethane may
produce methyl radicals by concerted (or asynchronous) and
consecutive reaction pathways, the photochemistry is very
different in its elementary steps. The combination of the real-
time observations and theoretical calculations described above
elucidates the mechanism for the ultrafast dinitrogen extrusion
and the overall picture is summarized in Scheme 2. Upon
excitation to the S1(n,�*) state with one photon at 307 nm, the
initial driving force on the S1 PES is the CNNC torsional motion
involved in the vibronic coupling of the state and is facilitated by
the n ±�* electronic excitation. The symmetry of the excited
molecule must change from the C2h symmetry of the Franck ±
Condon geometry to the C2 symmetry along the torsional RC.
This way the S0/S1 CI near the S1 minimum region can be reached
with further reduction of the molecular symmetry from C2 to C1.
After funneling through the S0/S1 CI, the motion becomes
significant in the asymmetric C�N stretch via the direction of the

Scheme 2. Dinitrogen extrusion mechanism of azomethane.
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gradient difference vector of the CI on the S0 PES. Hence, the
cleavage of the first C�N bond on the femtosecond time scale.
The second C�N bond cleavage occurs consecutively (with a
small barrier) in the observed 100 fs. This picture is consistent
with the polarization anisotropy, power dependencies, and
theoretical calculations of the ground, excited, and ion potential
energy surfaces. The concept of concertedness can only be
established if the time scale of bond breakage is compared with
the vibrational dynamics, otherwise the operational definition
may be challenged due to slow rotational clocking and/or
accidental geometry relationship between the transition mo-
ment and the direction of recoil. As a final note, any collision
present in gas cell experiments may lead to erroneous results
because of the involvement of dissociation and isomerization
pathways on the global energy surface.
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