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A semiclassical dynamics simulation study is reported for a trans—cis photoisomerization cycle of four
azo compounds, including azobenzene, 2-methylazobenzene, 2,6-dimethylazobenzene, and 2,2’-dimethylazoben-
zene. For both trans — cis and cis — trans isomerization processes, each compound is excited by a 50 fs (fwhm)
laser pulse with a photon energy leading to a nzw* excitation. It is found that the compound in both cases
follows a rotational path from reactant to product and that the isomerization dynamics is significantly
affected by substitution. The relative times for completing a trans—cis isomerization cycle for four compounds,
2,6-dimethylazobenzene > 2,2-dimethylazobenzene and 2,6-dimethylazobenzene > 2-methylazobenzene
> azobenzene, follow the same order as for the photoinduced formation of the surface relief grating of
polymers based on these four compounds. The simulation results provide a basis for understanding the surface

relief grating formation of azobenzene-based materials upon irradiation with laser beams.

Keywords: methyl substituted azobenzene; surface relief grating; inscription rate; photoisomerization

1. Introduction

Azobenzene and its compounds have two isomers, cis
and trans. The two isomers can convert reversibly
when absorbing photons of appropriate energies [1].
It is this property that makes azobenzene and its
derivatives potentially useful in many applications,
including optical information storage, optical switch-
ing devices, and diffractive optical elements [2—4].

For practical applications, azobenzene or its deriv-
atives are employed to form an azobenzene-based
molecular film, called an azopolymer film. When
exposed to two interference laser beams, a free
azopolymer film was found to form a sinusoidal
grating with regular periodicity [5-7]. This feature,
called photoinduced surface relief grating (SRG) for-
mation, is an important photomechanical effect and
has attracted considerable research attention [8]. The
formation of SRG results from mass transport in the
surface, which is induced by many trans—cis isomeri-
zation cycles of azobenzene or its derivatives in the film
[5-7,9-12]. It is therefore believed that a trans—cis
photoisomerization cycle plays an important role in
SRG formation.

Several investigations have been performed to
examine the effects of the structural features of
azobenzene or its compounds on the SRG formation
process. The structural features studied include the size
of the azobenzene group [13,14], the amount of
azobenzene or its derivatives embedded in a film
[15-18], the length of the side chain [19-22], and the
different substituents in the azobenzene group [23-26].
These studies reveal that the SRG formation process is
sensitive to chemical alteration of the azobenzene
group. General trends regarding how the chemical
alterations affect the SRG formation process provide a
guideline for material researchers to construct an
appropriate azobenzene-based polymer for a specific
purpose.

In experimental investigations, an azobenzene-
based polymer film is irradiated by a continuous-
wave (cw) laser beam. The SRG formation therefore
involves repeated trans—cis isomerization cycles.
A better description of this macroscopic phenomenon
requires a full understanding of the mechanism of
a fundamental trans—cis isomerization cycle.
Despite significant research progress in the field, the
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question of how the chemical modifications of the
azobenzene group shape the mechanism of the trans—
cis  photoisomerization of azobenzene remains
unanswered.

The isomerization of azobenzene from each isomer
can occur following an excitation to either the first
(n— 7*, Sy) or the second (7 — 7%, S,) excited state.
However, the photoisomerization quantum yield for S;
is significantly greater than that for S, for each isomer
[27]. Absorption spectroscopy measurements for exci-
tation to the first excited state have shown that the
formation of the dominant photoproduct occurs with
170fs for cis-azobenzene [28] and 600fs for trans-
azobenzene [29]. It has been suggested that isomeriza-
tion proceeds along different pathways for different
excitations. The azobenzene molecule takes an inver-
sion path from the reactant to the product for the
n— 7* excitation and a rotation path for the 7 — =*
excitation [30,31]. A third reaction path involving the
simultaneous bending of both C-N-N bond angles,
called the concerted inversion pathway, has been
proposed recently [32]. We have previously performed
a semiclassical dynamics simulation study of the isom-
erization of trans-azobenzene initiated by an ultrashort
laser pulse [33]. The simulation results provide many
details about the mechanism of this reaction.

In this report, we describe a semiclassical dynamics
investigation of a trans—cis isomerization cycle
of azobenzene and three derivatives following
excitation by an ultrafast laser pulse. The results of
this study provide a microscopic picture for the
photoinduced formation of the surface relief grating
of an azobenzene-based polymer film.

2. Methodology

We performed the dynamics simulations using the semi-
classical electron—radiation—ion dynamics (SERID)
method. In this approach, valence electrons are calcu-
lated by the time-dependent Schrodinger equation
while both the radiation field and the motion of the
nuclei are treated by the classical approximation.
A detailed description of this technique has been
published elsewhere [34,35] and here a brief explana-
tion is presented. The one-electron states are updated
by solving the time-dependent Schrodinger equation
at each time step (typically 0.05fs in duration) in a
non-orthogonal basis,

oY,
ih—L =871 -H -, (1
ot ‘
where S is the overlap matrix for atomic orbitals.
The laser pulse, characterized by the vector potential

A, is coupled to the Hamiltonian via the time-
dependent Peierls substitution [36,37]

Hup(X = X') = HO(X — X’)exp(qA X — xo), )

h
where H,,(X — X') is the Hamiltonian matrix element
for basis functions ¢ and b on atoms at X and X’
respectively, and ¢ = —e is the charge of the electron.

The Hamiltonian matrix elements, overlap matrix
elements, and repulsive energy are calculated with the
density-functional-based  tight bonding (DFTB)
method [38,39]. The DFTB method essentially has
the same strengths and limitations as TD-DFT.
For example, the bonding is well-described but the
excited-state energies are typically too low. In this
study, we matched the central photon energy of the laser
pulse to the relevant density-functional (rather than
experimental) excitation energy. This should not have a
significant effect on the interpretation of the results.

The forces acting on ions are computed by the
Ehrenfest equation:

d’x,, 1 oH 13S 9
o Nyt e — | - W
ar 2671 <8X1 20X, 81) i
- 8Urep/aAXIon
3)

where Uy Is the effective nuclear—nuclear repulsive
potential and X, = (X ) 18 the expectation value of the
time-dependent Heisenberg operator for the « coordi-
nate of the nucleus labelled / (with o= x,y,z).
Equation (3) is obtained by neglecting the terms of
second and higher order in the quantum fluctuations
X - (X ) in the exact Ehrenfest theorem.

A unitary algorithm obtained from the equation
for the time evolution operator [40] is used to solve
the time-dependent Schrédinger Equation (1).
Equation (3) is numerically integrated with the velocity
Verlet algorithm. A time step of 50 attoseconds was
used for this study and energy conservation was then
found to hold better than 1 part in 10° in a 1ps
simulation for the methyl-group-substituted azoben-
zene molecule at 298 K.

The present model does not assume the validity of
the Born—Oppenheimer (or adiabatic) approximation,
in which the various terms in the Born—Oppenheimer
expansion [41-45],

total
\IJ (Xn: xea [ ) = Z \IJ;'1(XVla [ ) \ij(xey Xi’l)? (4)
i
are postulated to evolve independently of one another.
In fact, the present approach includes and clearly
exhibits non-adiabatic effects, which become extremely
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strong and of dominant importance when two or more
Born—Oppenheimer terms, or ‘potential energy sur-
faces’, approach each other in energy. In the present
method, this failure of the Born-Oppenheimer approx-
imation emerges automatically during the course of a
simulation, as can be seen in results such as those
of Figure 8 and in many other results in our earlier
paper [34,35].

In this work we examine the dynamics of the trans—
cis photoisomerization of azobenzene and three
methyl-substituted compounds of azobenzene, includ-
ing 2-methylazobenzene, 2,6-dimethylazobenzene, and
2,2'-dimethylazobenzene. The ground-state geometry
of each was determined in a 1000fs simulation at
298 K. The geometry parameters, including bond
lengths, bond angles, and dihedral angles as well as
energies, were found to be consistent with either
published values [46-49] or those obtained by optimal
structure calculation at the B3LYP/6-31G* level. For
the generation of initial geometries for the dynamics
simulation, each geometry was simulated for an
additional 2000fs without the application of any
laser pulse. From each trajectory, 20 geometries
taken at equal time intervals were used as starting
geometries for any laser pulse intensity selection.

The characteristics of the laser pulses used for the
excitation of each molecule are given in Table SM1
(Supplementary Online Material). All pulses have a
Gaussian profile. The energy selected for each mole-
cule makes a best non-resonant excitation of electrons
from the HOMO-1 to the LUMO, which corresponds
to a nmr* excitation. The fluence was selected so that
the force acting on the nuclei was large enough to
produce isomerization, but not break any chemical
bonds; the values determined were of the same order as
those used in the isomerization experiments [50,51].
The simulation at each laser pulse was run for several
tens of trajectories. Each trajectory led to the forma-
tion of either product or reactant [52]. All trajectories
leading to the formation of product for each methyl-
substituted azobenzene show similar features and our
presentations and discussions are based on a typical
trajectory for each compound, but the differences
between this trajectory and others are briefly described
in a later paragraph.

3. Results and discussions
3.1. Trans — cis isomerization

The time dependence of the C-N-N—-C dihedral angle
and a few snapshots taken at different times from the
simulation of 2,2-dimethylazobenzene are presented
in Figure 1. Starting with the frans structure (the 180°
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Figure 1. Variations with time of the C-N-N-C dihedral angle
of trans 2, 2'-dimethylazobenzene. Few snapshots taken at
different times from the simulation are also included.
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Figure 2. Variations with time of the C-N-N-C dihedral
angles of trans azobenzene, trans 2-methylazobenzene, trans
2,6-dimethylazobenzene, and trans 2,2'-dimethylazobenzene
subjected to laser irradiation with a 50fs (fwhm) duration.
This laser pulse induces a w7r* excitation.

dihedral angle), 2,2-dimethylazobenzene is found to
start rotating about the N—N bond about 100 fs after
laser pulse irradiation. It reaches the twisted structure
(90° dihedral angle) at about 600fs. Shortly before
900 fs, the cis structure (0° dihedral angle) is obtained;
the molecule then fluctuates about this geometry
through the end of the simulation. The smooth
variation of the dihedral angle suggests that the
isomerization follows a rotation path from trans to cis.

Figure 2 demonstrates the time dependence of the
dihedral angle for the four azo compounds. Clearly,
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Table 1. Times of some critical events observed in the trajectory leading to the isomerization from trans to cis.

Molecule 1 (fS)a 15 (fs)b 13 (fS)C H—1 13— 1 13— 1
Azobenzene 546 1062 1228 516 682 166
2-Methylazobenzene 20 618 730 598 710 112
2,6-Dimethykazobenzene 146 922 1070 776 924 148
2,2'-Dimethylazobenzene 96 612 726 516 630 114

Notes: %7, is defined as the time of the beginning of isomerization.
b4, is defined as the time of the transfer of electrons to the electronic ground state; it also can be regarded as the lifetime of the

excited state.
15 is defined as the time of the formation of cis isomers.

trans to cis isomerization follows the laser excitation
of each compound. However, the conversion times
are different. For example, azobenzene starts to rotate
about the N—N bond after 546 fs and the cis isomer is
obtained after 1228 fs. In other words, it takes 682 fs for
azobenzene to rotate from trans to cis. On the other
hand, 2,6-dimethylazobenzene begins its rotation about
the N—N bond at around 146 fs after the laser pulse and
forms the cis structure at about 1070 fs. This process
takes about 924 fs. Table 1 summarizes these critical
times in the photoisomerization processes for azoben-
zene and all compounds. The isomerization time here is
defined as the time difference between the formation of
the cis isomer and the beginning of isomerization rather
than the beginning of laser irradiation. The times for
completing frans — cis isomerization (t3—t; in Table 1)
are in the order: 2,6-dimethylazobenzene > 2,2-
dimethylazobenzene and 2,6-dimethylazobenzene > 2-
methylazobenzene >azobenzene. Therefore, rates of
rotation (degrees per femtosecond) about the N-N
bond are in the order: 2,6-dimethylazobenzene < 2,2-
dimethylazobenzene and 2,6-dimethylazobenzene < 2-
methylazobenzene <azobenzene.

To study the relation between the methyl substitu-
tion and the inscription rates of SRG, Wang’s team
[25] synthesized a series of polymers functionalized
with methyl-substituted azobenzene chromophores,
including BP-AZ-NT, BP-3-AZ-NT, BP-35-AZ-NT,
and BP-3-AZ-mNT, as listed in Figure 3. Their results
show that the inscription rates decrease as the number
of methyl substituents increases and that two methyl
groups substituted at two phenyls have a more
significant effect than when substituted at just one
phenyl. They found that the inscription rates of
methyl-substituted azopolymers have the following
trends:  BP-AZ-NT > BP-3-AZ-NT > BP-3-AZ-NT
and BP-3-AZ-mNT > BP-35-AZ-NT. The functional
group substitutions in four methyl-substituted azopo-
lymer molecules is analogous to the substitutions in
azobenzene, 2-methylazobenzene, 2,6-dimethylazoben-
zene, and 2,2-dimethylazobenzene, respectively.

?H cha OH
|
1—H2C7CHfCH2fO—®‘?—©—O—CH2—CH—CH2—N—-)n—
CHy

R R, Rs=H Rs=CHs
I n BP-AZ-NT BP-AZ-mNT Ri Rz
N
CH4 H BP-3-AZ-NT BP-3-AZ-mNT N//
CH3 CHs BP-35-AZ-NT  BP-35-AZ-mNT R
3
azobenzene —» BP-AZ-NT
2-methylazobenzene — BP-3-AZ-NT NO,

2,6-dimethylazobenzene — BP-35-AZ-NT

2,2-dimethylazobenzene —» BP-3-AZ-mNT

Figure 3. Molecular structures and abbreviations of methyl-
substituted azopolymers.

As shown in Table 1, the rotation rates of the four
compounds around the N-N bond have the same
trends as the inscription rates of the four represented
azopolymers.

The isomerization time is defined as the time period
from the beginning of the rotation, rather than from
the beginning of laser irradiation, to the completion of
the isomerization. This definition enables us to directly
compare the simulation results with the experimental
observations since the SRG formation process is
closely related to the molecular motions.

Showing the variations with time of the C;—N-N
and C}-N-N bond angles, together with the variation
of the dihedral angle, provides more detailed informa-
tion about the rotational dynamics. Comparing these
angles at different times, we find several impressive
features. (1) The maximum bond angle observed in the
isomerization processes for all four compounds is as
large as 156°, as shown in Figure 4(b). However, none
of the bond angles is anywhere near 180°, indicating
that each reaction takes a rotational path. (2) The
changes in the dihedral angles are almost exclusively
related to the expansion in either or both C—N-N bond
angles. This suggests that the expansion in C-N-N
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Figure 4. Variations with time of the C;-N-N, C;-N-N angles and the C-N-N-C dihedral angle for (a) frans azobenzene,
(b) trans 2-methylazobenzene, (¢) trans 2,6-dimethylazobenzene, and (d) trans 2,2’ -dimethylazobenzene.

angles facilitates the rotation of the compound about
the N—N bond because it leads to more available space
between the two phenyl rings. (3) After methyl-
substituted azobenzenes form the c¢is structure,
the bond angles return to their initial values and
fluctuate about these values until the end of the
simulations. This last feature demonstrates that each
compound completes a frans to cis isomerization pro-
cess. Molecular structures at 1=0fs and at =1 (time
for a molecule to rotate about the N—N bond) are given
in Figures 5 and 6 for each compound. It is seen that
the two C—N-N angles for each molecule are greater
at 71 than at 1, indicating that before rotating about the
N-N bond, each molecule takes some time to widen its
C;-N-N and/or C}-N-N bond angles to enable the

rotation to proceed. The larger the bond angle at ¢, the
sooner the rotation starts. For the four compounds, the
initial values of the two bond angles are in the following
order: azobenzene < 2,6-dimethylazobenzene < 2,2'-
dimethylazobenzene < 2-methylazobenzene. This is
the same as the order for the beginning times (7;)
of the rotation about the N-N bond, as shown in
Table 1.

The electronic populations of the frontier molecu-
lar orbitals are plotted in Figure 7 for 2,2’-dimethyla-
zobenzene from 0fs to 100fs and in Figure 8 for the
four compounds over a longer time scale. At about
65 fs after the application of the laser pulse, approx-
imately one electron is promoted from the HOMO—1
to the LUMO. This nrr* excitation brings the molecule
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to an electronically excited state. Immediately after molecule from one excited state to another excited
70fs, one finds relaxation of electrons from the state. At the end of the laser pulse, roughly one
HOMO to the HOMO-—1. This leads to a switch electron remains at the LUMO and one hole stays
from 7z* to nz* excitation, a transfer of the excited at the HOMO. The four molecules show similar

Figure 5. Molecular structures of (a) trans azobenzene, (b) trans 2-methylazobenzene, (c) trans 2,6-dimethylazobenzene, and
(d) trans 2,2'-dimethylazobenzene at r=0fs.

(@) 2

177.6°

Figure 6. Molecular structures of (a) azobenzene, (b) 2-methylazobenzene, (¢) 2, 6-dimethylazobenzene, and (d) 2, 2'-
dimethylazobenzene at the beginning of rotation about the N-N bond.
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dimethylazobenzene from 0fs to 100 fs.

variation in the electronic population of the frontier
molecular orbitals. Figure 8 reveals that there is a
substantial de-excitation of electrons from the LUMO
to the HOMO for each compound after laser excita-
tion. The de-excitation times are listed in Table 1. This
de-excitation eventually brings the excited molecule to
the electronic ground state.

The energies of the HOMO-1, HOMO and
LUMO are plotted in Figure 9 for 2,2'-dimethylazo-
benzene from 0fs to 100fs. Similar plots for the four
compounds are presented in Figure 10 over a longer
time scale. The 2,2’-dimethylazobenzene molecule has
a cross between the HOMO and HOMO-1 level
shortly before 70fs. This crossing leads to changes in
the electronic populations of the HOMO and
HOMO-1, as shown in Figure 7. A similar crossing
is also observed for each of the other three compounds.
Another impressive feature in the energy variations of
the frontier molecular orbitals, as seen in Figure 10,
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Figure 8. Variations with time of the electronic populations of the HOMO-1, HOMO, LUMO of (a) trans azobenzene,
(b) trans 2-methylazobenzene, (¢) trans 2,6-dimethylazobenzene and (d) trans 2,2'-dimethylazobenzene from 0fs to 1500 fs.
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is a rapid rise in the HOMO level at 546fs for
azobenzene, 20fs for 2-methylazobenzene, 146fs for
2,6-dimethylazobenzene, and 96fs for 2,2’-dimethyla-
zobenzene. This rapid rise in the HOMO energy occurs
at the time when the rotation about the N-N bond
starts. This observation suggests that the HOMO level
is tremendously altered by the molecular rotation and
bond angle bending. Thereafter, one finds one or more
avoided crossings between the HOMO and LUMO
levels for each compound. These avoided crossings
lead to the transfers of electrons from the LUMO to
the HOMO, which bring the excited compounds to the
electronic ground state. The times when these avoided
crossings occur are listed as 7, in Table 1. If more than
one avoided crossing is observed, the time for the last is
recorded.

Figure 11 presents the molecular structures of the
four compounds at the last avoided crossing. These
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Figure 10. Variation with time of the energies of the HOMO-1, HOMO, and LUMO of (a) trans azobenzene, (b) trans
2-methylazobenzene, (c) trans 2,6-dimethylazobenzene, and (d) frans 2,2'-dimethylazobenzene.
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structures are significantly different from each other,
although each molecule has a roughly twisted struc-
ture. For example, the dihedral angle is 94.02° for
azobenzene, 94.62° for 2-methylazobenzene, 99.19° for
2,6-dimethylazobenzene, and 102.59° for 2,2'-dimethy-
lazobenzene. The bond angles C—-N-N and N-N-C are
also considerably different. The differences in the times
of the last avoided crossings and the molecular
structures at the avoided crossings are closely related
to the different methyl substitution of azobenzene. The
time differences between ¢, and ¢, are of the same order
as those between 73 and 7, as seen in Table 1. After
dropping to the electronic ground state, methyl-
substituted azobenzene moves quickly along a barrier-
less reaction path and becomes the cis isomer in about
100-200 fs. The time for this process is equal to t3 — t»,
which is listed in Table 1 for each compound. There is
no obvious relation between the 73 —1, times and
different substitutions. However, the small values of
t3 — t, do not alter the order of the reaction times from
the reactants to the products for the four molecules
discussed above.

Other trajectories of each compound show slightly
different time scales for each process. However,
the time order for the trans to cis isomerization
remains the same and therefore the above discussions
are valid.

(2)

CNNC=94.02°

CNNC=99.19°

"

3.2. cis — trans Isomerization

The variations of the dihedral angles with time are
presented in Figure 12 for the cis to trans isomerization
of the four compounds. Each compound begins to
rotate about the N-N bond as soon as the laser pulse is
applied. However, the four compounds take
slightly different times to complete the isomerization.
The cis isomer becomes the trans isomer at 550fs,
564 fs, 848 fs, and 593 fs, respectively, for azobenzene,
2-methylazobenzene, 2,6-dimethylazobenzene and
2,2’-dimethylazobenzene. This gives the following
order of the rotation rates (degrees per femtosecond)
about the N-N bond: 2,6-dimethylazobenzene < 2,2-
dimethylazobenzene and 2,6-dimethylazobenzene < 2-
methylazobenzene < azobenzene. This is the same
order obtained for the trans to cis isomerization.

By combining the time scales from the trans to cis
and those from cis to trans, one finds the following
order for the rotation rates about the N-N bond for
the four azo compounds: 2,6-dimethylazobenzene <
2,2'-dimethylazobenzene  and  2,6-dimethylazoben
zene < 2-methylazobenzene < azobenzene. This is the
same as the experimentally observed order for the
surface relief grating rates of the four represented
methyl-substituted azopolymers. It is therefore con-
cluded that the surface relief grating rate of an
azobenzene-based molecular film is predominately

(b)

CNNC=94.62°

(d
CNNC=102.59°
-

Figure 11. The molecular structures at the avoided crossing for (a) trans azobenzene, (b) trans 2-methylazobenzene, (c) trans

2,6-dimethylazobenzene, and (d) trans 2,2'-dimethylazobenzene.
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Figure 12. Variations with time of the C-N-N-C torsional
angles of cis azobenzene, cis 2-methylazobenzene, cis 2,6-
dimethylazobenzene, and cis 2,2’-dimethylazobenzene sub-
jected to laser irradiation with a 50 fs (fwhm) duration. This
laser pulse induces a wz* excitation.

determined by the time scale of the isomerization
process of the azopolymer.

4. Summary and remarks

We have presented a detailed dynamics simulation
study of a cis—trans isomerization cycle of azobenzene
and three derivatives of azobenzene, including azoben-
zene, 2-methylazobenzene, 2,6-dimethylazobenzene,
and 2,2-dimethylazobenzene, and compared the
photoisomerization times obtained by the simulation
and the inscription rates of the surface relief grating
of the four represented methyl-substituted azopoly-
mers, called BP-AZ-NT, BP-3-AZ-NT, BP-35-AZ-NT,
and BP-3-AZ-mNT. We find that the rotation
rates (degrees per femtosecond) about the N-N
bond from trans to cis and then back to trans for
the four compounds are in the order: 2,6-dimethylazob
enzene < 2,2'-dimethylazobenzene and 2,6-dim
ethylazobenzene < 2-methylazobenzene < azobenzene.
This order is consistent with the experimentally
observed order for the surface relief grating rates of
the corresponding methyl-substituted azopolymers.

It should be noted that azobenzene-based poly-
mers, such as BP-AZ-NT, BP-3-AZ-NT, BP-35-AZ-
NT, and BP-3-AZ-mNT, are much larger in size than
their corresponding molecules studied in the simula-
tions (azobenzene, 2-methylazobenzene, 2,6-dimethy-
lazobenzene, and 2,2’-dimethylazobenzene). The time
scales for a trans—cis photoisomerization cycle of the
bigger molecules must be significantly different from
those for the simple methyl-substituted azobenzenes.
However, the trends regarding how the methyl

substitutions affect the mechanism of a photoisome-
rization process remain valid.
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