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Detailed understanding of femtosecond-scale photochemical processes requires dynamical simu-
lations that are complementary to interpretations based on transitions between energy surfaces.
For cis to trans photoisomerization of azobenzene following a 100 fs laser pulse, we find that the
mechanism is rotation about the central NN bond, and the process is complete in less than 1 ps.
The initial excitation and subsequent de-excitation are each achieved via multiple steps, with the
molecule always in a superposition of electronic states, as the 3N nuclear degrees of freedom are

excited by the laser pulse.

Molecules that can be reversibly switched between dis-
tinct states, with different structural, physical, and elec-
tronic properties, are currently of considerable interest
for various reasons, including their potential applications
in molecular electronics [1, 2]. Among these molecules are
azobenzene and its derivatives, which undergo changes
in conformation upon photoexcitation. In addition to
having distinct structural forms that are separated by
a relatively large energy barrier, the shorter cis isomer
and the longer trans isomer (see Fig. 1) have very differ-
ent calculated conductances [3]. Derivatives of azoben-
zene have been sucessfully demonstrated to have a wide
variety of potentially important applications, including
use in photoelectrochemical storage [4], liquid crystal dis-
play devices [5], nanomechanical devices [6], holographic
storage [7], guiding mechanisms for the motion of liquid
droplets [8], instigators of protein folding [9], and optical
switches for protein activity [10].

Cis to trans isomerization can occur following a tran-
sition into either the first (n — #*, S1) or the second
(m — m*, S2) excited state, although the photoisomeriza-
tion quantum yield for 5] is significantly larger than that
for Sy [11]. Absorption spectroscopy measurements for
excitation to the first excited state have shown that the
formation of the dominant photoproduct occurs within
170 fs [12]. The difference in quantum yields originally
led to a suggestion that there are two mechanisms for iso-
merization: In this picture, molecules excited to the S
state isomerize by an inversion which involves in-plane

FIG. 1: Ground state structures of (a) cis and (b) trans
forms of azobenzene, as calculated with the present (SERID)
method.

bending of a CNN bond angle, whereas molecules ex-
cited to the Sy state isomerize through a rotation around
the NN bond. One of the earliest theoretical calcula-
tions, which used configuration interaction with a small
basis set to determine the ground-state and excited-state
energy surfaces, provided support for the picture that
isomerization proceeds via the inversion mechanism in
the first excited state [13]. On the other hand, some
of the more recent calculations, using a complete active
space self-consistent field approach (CASSCF) [14-16],
density functional theory (DFT) [17], and a semiempir-
ical method [18], have found a conical intersection be-
tween the ground state Sy and the first excited state S
near the midpoint of the rotational pathway, indicating
that rotation about the central NN bond, rather than in-
version through a CNN bond, is the preferred mechanism
for 1somerization.

Recent theoretical calculations have shown the exis-
tence of a third excited state Ss, consisting of a doubly
excited n?r*? configuration that has a deep minimum
approximately halfway between the cis and ¢rans config-
urations along a torsional pathway [19, 20]. The potential
energy curve for this state crosses that of the S, state,
offering an explanation for the short lifetime of Ss.

Here we examine in detail the cis to trans photoisomer-
ization of azobenzene following a laser pulse with a du-
ration of 100 fs (full width at half maximum, or FWHM)
and an effective photon energy initially matched to the
first excited state transition.

The calculations employ semiclassical electron-
radiation-ion dynamics (SERID), a method which is
described in detail elsewhere [21] and is particularly well
suited to studies of the rich variety of ultrafast chemical
phenomena reviewed by, e.g., Zewail [22]. The nuclear
motion and radiation field are treated classically, while
the dynamics of the valence electrons is treated via
solution of the time-dependent Schrodinger equation at
each time step, in a nonorthogonal basis. As discussed
in detail in our previous papers [23], a semiclassical de-
scription omits only effects that are second-order in the
quantum fluctuations of nuclei and radiation field, and
effectively includes n-photon and n-phonon transitions
(just as they are effectively included in time-dependent



perturbation theory, and with “phonon” meaning
“vibrational quantum”). The method also effectively
includes doubly excited states like the S3(n?7*?) state
discussed above and in Refs. [19, 20].

The Hamiltonian matrix, overlap matrix, and effective
ion-ion repulsion were derived from density-functional
calculations [24, 25]. Although higher levels of the-
ory have been shown to give a more accurate quan-
titative description of azobenzene [26], DFT calcula-
tions capture the key structural and electronic features
of this molecule [17, 27], while permitting large-scale
computational studies like those described here. With
the SERID method, we can monitor the interplay be-
tween nuclear motion and changes involving the elec-
tronic states. These dynamical processes result from
both laser pulse excitation and population transfer via
transitions at avoided crossings of the electronic energy
levels.

The ground state geometries of both the cis and the
trans forms of azobenzene, show in Fig. 1, were obtained
through 2000 fs simulations in which the velocity of each
atom was reduced by 0.03% after each 10 as time step.
The bond lengths, bond angles, and energies are in good
agreement with accepted values [8, 13-18, 26, 27]. The
trans 1somer, with Csp, symmetry, has a HOMO-1 state
which is characterized by NN 7 bonding, a HOMO char-
acterized by nonbonding (n) atomic orbitals on these
central nitrogen atoms, and a LUMO characterized by
an NN 7* antibonding interaction. The cis isomer has
C5 symmetry; because of its non-planarity, the HOMO-1
and HOMO states have a mixture of n and 7 character,
and the LUMO again is characterized by a #* antibond-
ing interaction in the NN bond. The HOMO-1 orbital
for this cis isomer is nearly degenerate with two other
occupied m orbitals, which lie slightly lower in energy in
the present (density-functional-based) model.

A 100 fs laser pulse with a fluence of 0.473 kJ/m? and
a polarization in the (1,1,1) direction (see Fig. 1) was
then applied to the equilibrated cis isomer. The effective
photon energy of the pulse was matched to the HOMO-
LUMO energy gap for the initial ground-state geometry
of the molecule, which is 3.55 €V in the present density-
functional-based model. As can be seen in Fig. 2, the
initial excitation is from HOMO to LUMO, transferring
roughly 0.2 electrons into the excited state.

This change in electronic population excites various vi-
brational modes in the molecule via Hellmann-Feynman
forces. Initially the magnitude of the central C,NNC,
dihedral angle (Fig. 3a) increases, while the C,C,NN
dihedral angles (Fig. 3b) decrease in size. These geomet-
rical changes lower the energy of the LUMO, so that the
effective photon energy of the laser pulse is no longer res-
onant with the HOMO to LUMO energy gap, but instead
becomes more nearly in resonance with the HOMO-1 to
LUMO energy difference (see Fig. 2a). At about 100 fs, a
second excitation, from HOMO-1 to LUMO, then trans-
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FIG. 2: (a) Energy levels and (b) populations of molecular or-
bitals in cis-azobenzene during application of 100 fs (FWHM)
pulse with a fluence of 0.473 kJ/m? and an effective photon
energy of 3.55 eV. In (b), the populations of all electronic
states above the LUMO are combined in one curve. The full
duration of the laser pulse spans the interval shown, from 0
to 200 femtoseconds.

fers an additional 1.0 electrons into the LUMO (Fig. 2b).
The forces due to this electronic population redistribu-
tion further stimulate the nuclear motion, so that at 150
fs the magnitude of the C,NNC, angle has increased to
55°, while the magnitudes of the two C,C,NN angles
have decreased to approximately 15°. As can be seen in
the time interval between 0 fs and 120 fs, these geomet-
rical changes result in a substantial total decrease in the
HOMO-LUMO energy gap.

In addition, the LUMO exhibits some oscillatory be-
havior, reaching a minimum at 127 fs and again at 170
fs. This behavior results from oscillations of the cen-
tral NN bond, which (although not shown here) reaches
maximum values at the same times that the LUMO en-
ergy reaches minima. The coupling between the time-
dependent geometry and the time-dependent electronic
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FIG. 3: Changes in (a) the C,NNC, dihedral angle and (b)
the two CyC,NN dihedral angles resulting from application of
a 100 fs (FWHM) laser pulse with a fluence of 0.473 kJ/m?
and photon energy of 3.55 eV.

energy levels is thus clearly apparent, even though both
geometry and electronic structure involve many degrees
of freedom.

As the LUMO energy further decreases, the HOMO-1
to LUMO energy difference eventually falls out of reso-
nance with the effective photon energy Aw of the laser
pulse, but the energy differences between the LUMO
and several nearly degenerate higher-lying orbitals be-
come nearly resonant with Aw. As a result, roughly 0.45
electrons are transferred from the LUMO to these higher
lying states. At the end of the laser pulse, approximately
0.75 electrons are in the LUMO, 0.2 holes in the HOMO,
and 0.8 holes in the HOMO-1. There are also additional
holes in the lower-lying occupied states, and additional
electrons in the higher-lying unoccupied states, but these
do not play a significant role in the isomerization process

described below.
After completion of the laser pulse, the first signifi-
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FIG. 4: Time evolution of molecular orbital (a) energy and
(b) population following application of a 100 fs (FWHM) laser
pulse with a fluence of 0.473 kJ/m? and photon energy of 3.55
eV.

cant transfer of electronic population occurs roughly 260
fs into the simulation. At this time there is an avoided
crossing between the HOMO-1 and HOMO levels that
transfers approximately 0.7 holes from the HOMO-1 into
the HOMO (see Fig. 4). During this initial population
transfer, the C,NNC, and CyC,NN dihedral angles are
respectively near 0° and 60° (Fig. 3). Immediately af-
terward, these angles change dramatically, with C,NNC,
growing in size and CyC,NN shrinking. These geomet-
rical changes tend to close the HOMO-LUMO gap, and
one observes a series of HOMO/LUMO avoided crossings
between about 335 and 560 fs. (See Fig. 4.) During this
time interval, the magnitude of the C,NNC, dihedral an-
gle increases from 78° to 112° while also exhibiting small
amplitude oscillations.

The net result of this series of crossings is a transfer
of 0.3 electrons back into the ground state. There are
no subsequent population transfers between ground and
excited states for the remainder of the simulation. The



magnitude of the C,NNC, angle slowly grows until it
reaches the fully trans value of 180° at 670 fs, while the
two CpCyNN dihedral angles oscillate about nearly pla-
nar values for the remainder of the simulation. During
the entire simulation, both of the central C,NN bond an-
gles oscillate between 100° and 130°, but never approach
a linear configuration, demonstrating that inversion does
not occur. The cis to trans reaction pathway for this sim-
ulation 1s clearly a rotation about the central NN bond.

In order to compare the present results to potential
energy surface calculations; we interpret excitation out
of the HOMO and into the LUMO as a transition to
S1, excitation out of the HOMO-1 and into the LUMO
as a transition to Ss, transfer of holes from HOMO-1
to HOMO as S, — Sp, and transfer of electrons from
LUMO to HOMO as S; — Sy. It should be emphasized
that the above assignment is done strictly for compara-
tive purposes, and that the work described here is com-
plementary to previous theoretical treatments employing
high-level multiconfigurational techniques. Although the
present method is less accurate, it provides a more realis-
tic picture of the processes during a photochemical reac-
tion like photoisomerization, because it includes a super-
position of molecular electronic states, rather than evo-
lution along individual potential energy surfaces punctu-
ated by transitions between these surfaces.

Note that the sequence of events observed in these sim-
ulations demonstrates that the full photoisomerization
process involves both multiple excited states and multiple
steps: Because of the complex interplay of nuclear and
electron dynamics (and more fundamentally just because
it is a quantum system), the molecule exists in a super-
position of excited states at all times. In addition, the
initial excitation proceeds in two stages, with the photon
energy matched first to 57, when the molecule starts in
the ground-state geometry, and then to S5, after nuclear
motion results in a shift of the electronic energy levels.
Finally, a sequence of avoided crossings is required to
bring the molecule back into the new electronic ground
state for the trans configuration.

The need for multiple avoided crossings suggests a pos-
sible interpretation of the fact that the quantum yield for
Sy is significantly larger than that for Sy [11]: In the case
of S1, isomerization can be achieved with a single trans-
fer of electronic population, from S; to Sy, via a single
avoided crossing. On the other hand, two steps are re-
quired in the case of S5, involving both S5 /51 and S1/S,
avoided crossings. In a molecular orbital picture, first
holes have to be transferred from HOMO-1 to HOMO,
and only then can the HOMO accept electrons from the
LUMO in the second avoided crossing.
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