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A realistic dynamics simulation study is reported for the photoisomerization of trans-azobenzene. The
isomerization follows both nπ* (the HOMOf LUMO) and ππ* (the HOMO-1f LUMO) excitations. The
simulation finds that for the ππ* excitation, the relaxation of the S(ππ*) state is immediately followed by
double excitation, (π)2(π*)2. The decay from the S((π)2(π*)2) state to the S0 state can occur at partially twisted
structure, which favors the formation of the trans isomer. Multiple decay channels are found at about twisted
structure for both nπ* and ππ* excitations. Decay at about twisted geometry leads to the formation of either
cis or trans isomer. Opening of the decay channel at partially twisted structure accounts for the smaller
isomerization yield for the ππ* excitation.

Introduction

Azobenzene (Ab) has two stable forms, namely the cis (Z)
and trans (E) isomers. When subjected to ultraviolet or visible
radiation, Ab undergoes E T Z isomerization. This makes Ab
and its derivatives excellent candidates for many applications,1-3

including molecular switches, image storage devices, as well
as the recently designed light-driven molecular shuttle.4 There-
fore there has been extensive interest in the photophysical and
photochemical behavior of Ab.

Although the photoisomerization of Ab can start from either
the Z or E isomer, the quantum yield of the reaction is different
for two different processes.5 It was found that the quantum yield
for both processes depends on the excitation wavelength and
solvents:5 In n-hexane, a nonpolar solvent, the Z-E quantum
yield is 0.56 for the nπ* excitation (S1 state) and 0.27 for the
ππ* excitation (S2 state).3,6 The E-Z quantum yields are 0.25
on the S1 state and 0.11 on the S2 state.7 In polar solvents, such
as ethanol, the quantum yield ratio of the E f Z over the Z f
E changes significantly. However, the ratio between two
excitations is about the same. The quantum yields of two
excitations for both processes differ up to a factor of 2, indicating
the violation of the Kasha rule, which states that the quantum
yield is independent of the excitation energy.

To understand the wavelength dependence of the quantum
yield, it has been proposed that the reaction proceeds differently
on two different electronically excited states: the reaction follows
an inversion path for the nπ* excitation and rotation path for
the ππ* excitation.5,8 On the basis of this assumption, Rau
successfully rationalized the observed two different quantum
yields for two different excitations of the free Ab molecule.
This proposal then has been a dominant model in the interpreta-
tion of experimental results9-14 and has guided some theoretical

investigations.5 A very recent Resonance Raman spectroscopic
experiment15 also favors the inversion path. On the other hand,
the inversion mechanism for the ππ* excitation is not supported
by recent theoretical calculations, including first-principles
constrained density-functional calculations16 and CASSCF level
calculations17-19 and is also in contradiction with recent new
experimental observations.20

By studying the transient Raman and absorption spectrum,
Fujino et al.21 found that almost all molecules excited to the
S(ππ*) state immediately decay to the S(nπ*) state and that
the isomerization following the ππ* excitation takes place
after the S(ππ*)f S(nπ*) electronic relaxation. They concluded
that the isomerization mechanism for the ππ* and nπ* excita-
tions should be the same. On the basis of the previous suggestion
that the inversion path predominates in the isomerization in the
S(nπ*) state, they concluded that for both excitations, the
reaction follows the inversion coordinate.

On the other hand, fluorescence anisotropy measurements in
hexane22 demonstrate that the photoisomerization in the S(nπ*)
state follows the NN torsion path. Many high level quantum
chemical calculations also suggest that the photoisomerization
in the S(nπ*) state is dominated by the torsion path. Particularly,
the calculations at CASSCF and CASPT223 levels find that the
S(nπ*) minimum energy path (MEP) follows the rotation path
for both isomers.

To explain the smaller photoisomerization yield found for
the ππ* excitation than for the nπ* excitation, Fujino et al.21

proposed that the lower photoisomerization quantum yield for
the ππ* excitation is due to either a smaller isomerization yield
for the hot S(nπ*) state produced in the S(ππ*) f S(nπ*)
relaxation than for the cold S(nπ*) state or in addition to at the
inverted geometry, the hot S(nπ*) state decays to the S0 state
also at the reactant geometry, which lowers isomerization
quantum yield. Very recently, Orlandi and co-workers24 per-
formed ab initio CASSCF and CASPT2 calculation for the
S(ππ*) photoisomerization. They find that a doubly excited
state, denoted as S((π)2(π*)2), plays an important role in the
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S(ππ*) relaxation. This intermediate state drives the photoi-
somerization following the rotation path and also induces fast
internal conversion to the S(nπ*) state at the different CNNC
torsion. The authors propose that these features are responsible
for the smaller photoisomerization yield as well as other
properties of the S(ππ*) decay pathway and photoreactivity.

Clearly, the wavelength dependence of the Ab photoisomer-
ization yield is not well understood. Although theoretical
quantum calculations are fundamental important in understand-
ing the main features of the mechanisms behind the Ab
photoisomerization, the static calculations alone cannot provide
detailed information on the mechanism because they do not
solve the time-dependent Schrödinger equation and therefore
are incapable of describing the time-dependent process of the
photoisomerization.

In this paper, we present the dynamics simulation study of
the E-Ab photoisomerization by a semiclassical approach. The
simulation follows both the nπ* and ππ* excitations induced
by two 50 fs (fwhm) laser pulses which are different in the
photon energies, and we find that for the ππ* excitation the
S(nπ*) state coming from the S(ππ*)f S(nπ*) conversion can
relax to the S0 state at either the twisted or the partially twisted
geometries. The twisted geometry is defined as one with the
CNNC ) 90° and the partially twisted geometry is defined as
one with the CNNC being about 135°, the midpoint between
180° and 90°. The decay at the partially twisted structure favors
the formation of the E-E and lowers the E-Z isomerization
yield.

Methodology

A semiclassical method is employed to study the photoi-
somerization of E-Ab. In this approach, the state of the valence
electrons is calculated by the time-dependent Schrödinger
equation, but the radiation field and the motion of the nuclei
are treated classically. According to time-dependent perturbation
theory, such a semiclassical treatment effectively includes
effective “n-photon” and “n-phonon” processes in absorption
and stimulated emission.

A detailed description of this technique has been published
elsewhere,25,26 and only a short explanation is given here. The
one-electron states are obtained at each time step by solving
the time-dependent Schrödinger equation in a nonorthogonal
basis,

ip
∂Ψj

∂t
) S-1 · H · Ψj (1)

where S is the overlap matrix for the atomic orbitals. The laser
pulse is characterized by the vector potential A, which is coupled
to the Hamiltonian through the time-dependent Peierls substitu-
tion27

Hab(X-X′))Hab
0 (X-X′) exp( iq

pc
A · (X-X′)) (2)

Here Hab(X-X′) is the Hamiltonian matrix element for basis
functions a and b on atoms at X and X′ respectively, and q )
-e is the charge of the electron.

The electronic states were calculated with a density-functional-
based method that is described in detail elsewhere28,29 and that
has essentially the same strengths and limitations as TDDFT.
In particular, the bonding is well-described but the excited-state
energies are typically too low. For this reason, as is conventional,
we matched the effective central photon energy of the laser pulse
to the relevant density-functional (rather than experimental)
excitation energy and this should not have a significant effect

in the interpretation of the results. This same model has been
used to study several photochemical reactions and was found
to yield good descriptions of molecular response to ultrashort
laser pulses. The examples include that the explanation of the
nonthermal fragmentation of C60

30 is in good agreement with
experimental observations, the simulation of the formation of
the tetramethylene31 intermediate diradical is consistent with
time-of-flight mass spectrometry measurements, and the char-
acterization of the geometry changes at some critical points32

is compatible with molecular mechanics valence bond calculations.
In this model, the nuclear motion is solved by the Ehrenfest

equation of motion
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where Urep is the effective nuclear-nuclear repulsive potential
and XlR ) 〈X̂lR〉 is the expectation value of the time-dependent
Heisenberg operator for the R coordinate of the nucleus labeled
by l (with R ) x, y, z). Equation 3 is obtained by neglecting the
terms of second and higher order in the quantum fluctuations X̂
- 〈X̂lR〉 in the exact Ehrenfest theorem.

A unitary algorithm obtained from the equation for the time
evolution operator33 is used to solve the time-dependent Schrö-
dinger equation (eq 1). Equation 3 is numerically integrated with
the velocity Verlet algorithm. A time step of 50 as was selected
and energy conservation was then found to hold to better than
1 part in 106 in a 1 ps simulation for E-Ab at 298 K.

The present “Ehrenfest” approach is complementary to other
methods based on different approximations, for example, the
full multiple spawning model developed by the Martinez
group.34 The weakness of this method is that it amounts to
averaging over all the terms in the Born-Oppenheimer
expansion,35-39

Ψtotal(Xn,xe,t))∑
i

Ψi
n(Xn,t) Ψi

e(xe,Xn) (4)

rather than following the time evolution of a single term (i.e.,
a single potential energy surface), which is approximately
decoupled from all the others.37-42 (Here Xn and xe represent
the sets of nuclear and electronic coordinates respectively, and
the Ψi

e are eigenstates of the electronic Hamiltonian at fixed
Xn.) The strengths of the present approach include that it retains
all of the 3N nuclear degrees of freedom (instead of only the 2
or 3 that are typically considered in a potential-energy-surface
calculation) and it incorporates both the excitation due to a laser
pulse and the subsequent de-excitation at an avoided crossing
near a conical intersection.

Results and Discussion

The ground-state geometry of E-Ab, which is obtained after
1000 fs simulation at the room temperature, has an ap-
proximately planar structure with C2h symmetry at its equilib-
rium configuration. The geometry parameters, including the
bond lengths, bond angles, and dihedral angles as well as
energies are found to be consistent with published results.43-46

This ground-state geometry is used for all simulations in this
study.

Many molecular orbitals are involved in the laser excitation
but HOMO-1, HOMO, and LUMO are of particular interest.
Each of these orbitals can be characterized by the predominant
feature of the NN double bond: the HOMO-1 exhibits
appreciable π bonding, the HOMO displays n nonbonding lone
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pairs, and the LUMO shows apparent π* antibonding. On the
basis of the characters of these orbitals, we interpret the HOMO
f LUMO excitation as nπ* excitation, the HOMO-1 f
LUMO excitation as ππ* excitation, the HOMO-1f HOMO
hole excitation as S(ππ*) decay, HOMO f LUMO double
excitation as (π)2(π*)2 excitation*.

1. nπ Excitation. To produce nπ excitation, a 50 fs (fwhm)
laser pulse was applied with an effective photon energy of 1.75
eV. The energy was found to produce a best laser excitation.
Simulations were run for several tens of trajectories to determine
an appropriate laser fluence for the reaction. The laser fluences
studied range from about 1.0 to 0.05 kJ/m2 with different steps.
The simulations found that a suitable laser power for the reaction
is 0.459 kJ/m2. Others either produce fragmentations due to
multiple electronic excitations or no reactions because of very
small amount of electrons being excited. Few trajectories with
different initial geometries were simulated for the laser fluence
of 0.459 kJ/m2 and no inconsistent results were observed. For
this reason only one representative trajectory will be presented.

The time-dependent populations of the HOMO-1, HOMO
and LUMO are presented in Figure 1. The laser pulse pumps
about 1.0 electron mainly from the HOMO to the LUMO by
the end of the laser excitation. This nπ* excitation promotes
the molecule to the electronically excited state. The most
remarkable electronic transition from the LUMO to HOMO is
observed at 1620 fs, which essentially leads the excited molecule
to the ground state.

The variations with time of the energies of the HOMO-1,
HOMO and LUMO are plotted in Figure 2. The energy gap
between the HOMO and LUMO decreases noticeably soon after
the laser pulse is incorporated. It remains about a constant value
from 120 fs to about 710 fs. The gap after then shrinks
significantly mainly because of the increase in the energy of
the HOMO. One avoided crossing between the HOMO and
LUMO is found at 1620 fs, which is responsible for the
nonadiabatic transition of the excited molecule to the ground
state. Soon after this avoided crossing, the energy gap comes
to 2.4 eV, which is about the same as its initial value, and then
vibrates about this value for the rest of the simulation time.

Figure 3 shows six snapshots taken at different times of the
simulation. Starting from the equilibrium geometry in the
electronic ground-state at 0 fs, E-Ab is electronically excited
by the laser pulse and starts to rotate about the central bond

before 600 fs. It continuous this rotation until the formation of
the Z-isomer after 1200 fs.

The variations of three torsional angles with time are plotted
in Figure 4. The molecule does not take obvious rotation around
either the N-N bond or any of two C-N bonds before 550 fs.
It starts to rotate around the N-N bond after 600 fs and becomes
the Z-isomer after 1620 fs when the C-N-N-C dihedral angle

Figure 1. Variation with time of the electronic populations of the
HOMO-1, HOMO, LUMO of E-Ab following application of a 50 fs
(fwhm) laser pulse with a fluence of 0.459 kJ/m2 and photon energy of
1.75 eV. This laser pulse induces the nπ* excitation.

Figure 2. Energy variation with time of the HOMO-1, HOMO and
LUMO of E-Ab following application of a 50 fs (fwhm) laser pulse
with a fluence of 0.459 kJ/m2 and photon energy of 1.75 eV. This laser
pulse induces the nπ* excitation.

Figure 3. Six snapshots taken from the simulation of E-Ab responding
to a 50 fs (fwhm) laser pulse with a fluence of 0.459 kJ/m2 and photon
energy of 1.75 eV at (a) 0 fs, (b) 1286 fs, (c) 1616 fs, (d) 1696 fs, (e)
1727 fs, and (f) 1772 fs. The simulation follows the nπ* excitation.

Figure 4. Variations with time of three torsional angles of E-Ab
subjected to a 50 fs (fwhm) laser pulse with a fluence of 0.459 kJ/m2

and photon energy of 1.75 eV. The laser pulse produces the nπ*
excitation.
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becomes smaller than 20°. The molecule then fluctuates about
this dihedral angle by the end of the simulation time. On the
other hand, only substantial rotation about either of the C-N
bonds is found until 1600 fs. After this time, one of the phenyl
rings rotates to about 60°. This torsion finally goes back to about
180°. Two C-C-N-N dihedral angles then oscillate about
180° in the rest of the simulation time. The energy for activating
the C-C-N-N torsional motion must come from the release
of electronic energy during the nonadiabatic transition at 1600
fs. The torsional angle variations clearly demonstrate that the
reaction follows the rotational path.

The variations of two CNN bond angles with time are
presented in Figure 5. Both bond angles swing about their
original value of 114° before 630 fs. The C1NN angle expands
significantly after 630 fs when the molecule starts to rotate about
its central bond. On the other hand, the C3NN angle has a
relatively small expansion after 630 fs. Two bond angles finally
come to about 120° after the Z-isomer is produced. It is found
that the C1NN angle widens to as large as 136° at 975 fs.
However, no linear geometry is observed for any CNN bond
bending angles, indicating the reaction does not follows the
inversion path.

The bond length variations of the N-N and two C-N bonds
with time are plotted in Figure 6. Quickly following the laser
irradiation, the N-N bond lengthens from about 1.29 Å to an
average length of 1.46 Å. It remains about this length by 610
fs and then shortens to about 1.32 Å by 1000. The N-N bond
then stays at this length for the rest of the simulation time. On
the other hand, following the application of the laser pulse, two
C-N bonds speedily shorten to about 1.35 Å. They have this
length on average as far as 1000 fs. Two C-N bonds stretch to
about 1.41 Å on average after 1500 fs and then oscillate about
this length until the end of the simulation.

2. ππ* Excitation. A laser pulse of 50 fs (fwhm) with an
effective photon energy of 2.2 eV and a fluence of 0.189 kJ/m2

is applied to produce ππ* excitation.
The time-dependent populations of the HOMO-1, HOMO

and LUMO are presented in Figure 7. Figure 7a is an expanded
scale of Figure 7b from 0 to 100 fs. The laser pulse brings about
1.6 electrons to the LUMO by 20 fs and leaves a hole mainly
at the HOMO-1. At about 20 fs, a sharp electronic population
transfer moves holes from the HOMO-l to HOMO. When the
laser pulse ends, about 1.6 electrons are in the LUMO and holes
stay in the HOMO. Several noticeable electronic transitions

occur between the LUMO and HOMO. It is found that the
electronic transitions at about 510, 820, and 1291 fs bring
electrons from the LUMO to HOMO and others move electrons
from the HOMO to the LUMO. After 1300 fs, the molecule
essentially moves at the electronic ground-state as the majority
of excited electrons come back to the HOMO.

The variations with time of the energies of the HOMO-1,
HOMO and LUMO are plotted in Figure 8 with an expanded
scale from 0 to 100 fs shown in Figure 8a. An avoided crossing
is found between the HOMO-1 and HOMO at about 20 fs.
This avoided crossing leads to the electronic transition from
the HOMO to HOMO-1, as shown in Figure 7a. Multiple
avoided crossings between the HOMO and LUMO are found
from 510 to 1300 fs and they are responsible to the electronic
transitions between the two orbitals, as shown in Figure 7b.

Six snapshots from the simulation at different times for this
reaction path are shown in Figure 9. Following the laser
excitation, E-Ab rotates about the central bond after 370 fs. After
the CNNC dihedral angle reaches about 90° at 814 fs. The
molecule then twists back, avoiding the isomerization. It
becomes the E geometry after 1600 fs.

The variations of three torsional angles with time are plotted
in Figure 10. Although both CCNN torsional angles slightly
vibrate about their initial value soon after the laser pulse is
applied, no obvious changes are found in the CNNC torsional
angle before 370 fs. The CNNC dihedral angle starts to decrease
after 400 fs and drops to 140° at 514 fs. After a flat variation
before 720 fs, it quickly goes down to 98° at 814 fs. The CNNC

Figure 5. Changes in the two CNN angles of E-Ab subjected to a 50
fs (fwhm) laser pulse with a fluence of 0.459 kJ/m2 and photon energy
of 1.75 eV. The laser pulse generates the nπ* excitation.

Figure 6. Variations during laser pulse excitation in (a) the N-N bond
length and (b) two C-N bond lengths of E-Ab. The 50 fs (fwhm) laser
pulse has a fluence of 0.459 kJ/m2 and photon energy of 1.75 eV and
induces the nπ* excitation.
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torsional angle rises and falls between 90° and 140° until 1300
fs and then goes back to about 180°. It reaches about 180° at
1600 fs when the E geometry is formed. On the other hand,
only small variations are found in two CCNN dihedral angles
during the simulation process.

The variations of CNN bond angles with time are presented
in Figure 11. Both bond angles oscillate about their original
value of 114° before 440 fs. However, it is noticed that both
CNN bending vibrations have greater amplitude soon after the
laser pulse is applied. They sharply rise up to as large as 137°
soon after 450 fs. Two band angles drop down after 830 fs and
come to about their beginning value after 1300 fs. However,
the amplitudes of the bond bending vibrations are much greater
after then.

The bond length variations of the N-N and two N-C bonds
with time are presented in Figure 12. Figure 12a shows that
immediately after the laser excitation, the N-N bond stretches
from 1.29 Å to an average length of 1.45 Å, a typical value for
a single N-N bond. It keeps this length before 440 fs. The
N-N bond is sharply compressed to about 1.3 Å after 500 fs
and holds this length over the remainder of the simulation time.
In contrast, two C-N bonds become shorter soon after the laser
pulse is applied. Both bonds start to lengthen after 600 fs and
come back to about 1.4 Å after 1400 fs. They both oscillate
about this length for the rest of the simulation time.

For the ππ*, the laser pulse excites E-Ab to the S(ππ*) state.
The ultrafast electronic transfer at about 20 fs is immediately

followed by (π)2(π*)2 excitation, indicating that the excited
molecule decays from the S(ππ*) state to the S((π)2(π*)2) state.
The decay time of 20 fs is comparable to the experimentally
observed lifetime of less than 100 fs for the S(ππ*) state. Some
important geometrical parameters at the S(ππ*)/S((π)2(π*)2)
decay are CNNC ) 180°, CCNN ) NNCC ) 180°, CNN )
NNC ) 112°, NN ≈ 1.42 Å, and CN ) NC ≈ 1.30 Å. These
parameters are in good agreement with those obtained by
CASSCF/CASPT2 calculation44 and also with experimental
finding21 that the molecule after the S(ππ*) decay has a planar
structure with the NN bond enlarged.

By performing CASSCF/CASPT2 calculation,24 Conti et al.
find that the S((π)2(π*)2) MEP is essentially degenerate with a

Figure 7. Variation with time of the electronic populations of the
HOMO-1, HOMO, LUMO of E-Ab following application of a 50 fs
(fwhm) laser pulse with a fluence of 0.189 kJ/m2 and photon energy of
2.2 eV. The laser pulse produces the ππ* excitation. (b) is an expanded
scale of a from 0 to 100 fs.

Figure 8. Energy variation with time of the HOMO-1, HOMO and
LUMO of EAb following application of a 50 fs (fwhm) laser pulse
with a fluence of 0.189 kJ/m2 and photon energy of 2.2 eV. The reaction
is triggered by the ππ* excitation. (b) is an expanded scale of a from
0 to 100 fs.

Figure 9. Six snapshots taken from the simulation of E-Ab responding
to a 50 fs (fwhm) laser pulse with a fluence of 0.189 kJ/m2 and photon
energy of 2.2 eV at (a) 0 fs, (b) 520 fs, (c) 830 fs, (d) 1240 fs, (e) 1362
fs, and (f) 1620 fs. The simulation follows the ππ* excitation.
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seam of S(ππ*)/S(nπ*) conical intersections and that CNN
bending vibrations may provide an efficient approach for the
excited molecule to decays to the S(nπ*) state. Our simulation
finds that for the ππ* excitation the first decay channel after
moving on the S(nπ*) state occurs at about 510 fs and about
0.4 electrons are transferred from the LUMO to HUMO at this
deexcitation. Although the present Ehrenfest approach does not
describe a complete de-excitation picture at this time, the
solution of the time-dependent Schrödinger equation does
indicate that there exists a potential nonadiabatic decay channel
at this geometry. The molecular geometry with some important
parameters indicated at this time is shown in Figure 13. This
decay channel is characterized by the geometrical parameter
CNNC ) 139.4°, CNN ) 133.7° and NNC ) 135.5°. The
excited molecule decays to the S0 state through this channel
will have a partially twisting structure and not isomerizes.

Multiple S(nπ*)/S0 decay channels found from 700 to 1300
fs occur at around twisted, the CNNC close to 90°, structure.
Few of representative geometries are presented in Figure 14
with some main geometrical parameters indicated. It is seen
that each of these geometries has a roughly twisted structure
with CNNC ) 98.3°, 92.9°, and 93.5°, respectively. The
existence of multiple decay channels from the S1 state to the S0

state at about the perpendicular structure of two phenyl rings
in the Ab has been reported by the Cembran et al.23 These
authors identified several lowest energy S1/S0 conical intersec-
tions close to the twisted region of Ab by performed CASPT2
calculation. A decay channel at about twisted structure leads to
the formation of either the E- or Z-isomer, which is one
accounting for the isomerization quantum yield observed for
ππ* excitation. For example, the decay channel that the reaction
following in the presented trajectory leads to the formation of
the reactant. The existence of a decay channel at a geometry
far from the twisted structure accounts for the poor E-Z
photoisomerization quantum yield for ππ* excitation.

Figure 10. Variations with time of the three torsional angles of E-Ab
subjected to a 50 fs (fwhm) laser pulse with a fluence of 0.189 kJ/m2

and photon energy of 2.2 eV. This laser pulse induces the ππ*
excitation.

Figure 11. Changes in two CNN angles of E-Ab subjected to a 50 fs
(fwhm) laser pulse with a fluence of 0.189 kJ/m2 and photon energy of
2.2 eV. The laser pulse produces the ππ* excitation.

Figure 12. Variations during laser pulse excitation in (a) the N-N
bond length and (b) the two C-N bond lengths of EAb subjected to a
50 fs (fwhm) laser pulse with a fluence of 0.189 kJ/m2 and photon
energy of 2.2 eV. This is the ππ* excitation.

Figure 13. Molecular geometry taken at t ) 510 fs in the simulation
for the ππ* excitation.
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For nπ* excitation, the excited molecule finds S(nπ*)/S0

decay channel only at about twisted structure, as shown in Figure
15. This decay channel is presented by the geometrical parameter
CNNC ) 94.8°, CNN ) 121.1° and NNC ) 112.7°. This decay
channel leads the reaction toward either the product or the
reactant. Experimentally observed larger photoisomerization
quantum yield for nπ* excitation than for ππ* excitation can
be explained by disappearance of the S(nπ*)/S0 decay channel
at a partially twisted structure in the former excitation. The
existence of this decay channel favors the formation of the
reactant.

Examining the variations of different vibrational modes for
ππ* excitation finds that the CNN bond bending vibrations are
significantly excited after the S(ππ*)/S((π)2(π*)2) decay at about
20 fs, as shown in Figure 16 compared to those for nπ*
excitation. The energy for this excitation comes from internal

energy conversion at the S(ππ*)/S((π)2(π*)2) decay. For nπ*
excitation, on the other hand, the CNN bond bending vibration
shows about the same amplitude after the laser pulse is applied.
The excitation of the CNN bond bending vibrational mode
facilitates the CNN angles widening. The opening of the CNN
angles, combining with the CNNC torsion, makes the coupling
between the HOMO and LUMO at about 510 fs which
eventually leads to the S(nπ*)/S0 decay. Figure 17 demonstrates
the effect of the CNN angles widening on the HOMO-LUMO
coupling at 510 fs. The fact that the CNN bond bending
vibration peaks coincide with the avoided crossings between
the HOMO-LUMO at about 510 fs indicates involvement of
the CNN bond bending vibration in the couplings between these
orbitals.

Figure 14. Molecular geometries taken at t ) (a) 820 fs, (b) 1230 fs, and (c) 1292 fs, respectively, in the simulation for the ππ* excitation.

Figure 15. Molecular geometry taken at t ) 1610 fs in the simulation
for the nπ* excitation.

Figure 16. Comparison of the CNN bond angles between the nπ*
and ππ* excitations.
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In conclusion, in the ππ* excitation the decay of the excited
molecule at S(ππ*)/S((π)2(π*)2) makes the CNN bond bending
vibration excited. This excitation promotes the CNN bond angles
expanded. The expansion of the CNN angles makes significant
contribution to the decay channel at the geometry far from the
twisted structure. This decay channel leads to the formation of
the E-isomer and account for experimentally observed smaller
quantum yield for the E-Z photoisomerization of Ab for the
ππ* excitation than for the nπ* excitation.

Conclusions

In this publication, we have presented detailed simulation
results for the isomerization of E-Ab. The simulation follows
two excitations, namely nπ* excitation characterized by the
HOMO to LUMO transition, and ππ* excitation characterized
by the HOMO-1 to LUMO transition. Two excitations are
triggered by two 50 fs (fwhm) laser pulses which are different
in the photon energies. For the nπ* excitation, the simulation
finds a nonadiabatic decay at the twisted structure and this decay
leads to the formation of the Z isomer. For the ππ* excitation,
the simulation shows a nonadiabatic decay at a partially twisted
structure and multiple decay channels at about the twisted
structure. The decay at the partially twisted structure favors the
formation of the E-isomer, which lowers the E-Z quantum
yield. The decay close to the twisted structure may guide the
reaction to either the product or the reactant. In the trajectory
presented, E-Ab is formed. The detailed examination of the
decay at the partially twisted structure indicates that the CNN/
NNC bond bending vibrations are strongly involved in the
LUMO-HOMO coupling for the partially twisted structure
decay. The CNN/NNC bond bending vibrations are excited by
the internal energy at the decay of the S(ππ*) but do not show
notable activation for the nπ* excitation.

Finally it is worth noting that the simulation results demon-
strate that the geometry changes of E-Ab at the electronically
excited state in the initial process of photoisomerization mainly
involve the CN and NN lengths and CNN bond angles. The
remarkable changes in the torsions, for example in the nπ*
excitation, only occur in the last less than 400 fs. The recent
Resonance Raman spectroscopic experiment by Mathies’s
group15 suggests that the excited-state geometry changes of E-Ab
are primarily focused on the CNN band and CN and NN
stretches and they therefore conclude that for the nπ* excitation

the reaction coordinate is predominated by the inversion path.
This conclusion does not entirely agree with the statement we
made above.
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