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The response to ultrashort laser pulses of two stacked benzene molecules has been studied by semiclassical dynamics simulation;
two typical pathways were found following excitation of one of the benzene molecules by a 25 fs (FWHM), 4.7 eV photon. With a
fluence of 40.49 ]/mz, the stacked molecules form a cyclobutane benzene dimer; the formation of the two covalent bonds linking
two benzenes occurs asynchronously after the excimer decays to electronic ground state. With a fluence of 43.26 J/m?, only one bond
is formed, which breaks about 50 fs after formation, followed by separation into the two molecules. The deformation of benzene
ring is found to play an important role in the bond cleavage.

1. Introduction

The photocycloaddition reactions of unsaturated double
bond complexes are of theoretical interest because these
reactions are involved in DNA photodamage [1-4] and
organic synthesis [5, 6]. The best known examples are the
[2 + 2] photocycloaddition (forming either cyclobutanes or
four-membered heterocycles) and excited state [4 + 4] cyclo-
additions that produce cyclooctadiene compounds.
Although quite (thermally) stable, benzene molecules
can become quite reactive when being photoexcited; they
can be transformed to benzvalene [7, 8] and fulvene when
being excited to the first singlet (S;) excited state or to
Dewar benzene [9, 10] when being excited to the second
singlet (S,) excited state. Benzene can be involved in a
photocycloaddition reaction with an alkene molecule. The
reactions can be classified into three categories [5, 6]: [2
+ 2] (or ortho), [3 + 2] (or meta), and [4 + 2] (or para)
photocycloadditions. Photocycloadditions of benzene and an
alkene are usually triggered by the photoexcitation of the
benzene molecule. If the S; state of benzene is involved,
only meta addition is allowed to occur in a concerted
fashion according to molecular orbital symmetry rules [11,
12]. The formation of ortho- and para-cycloadducts can be

interpreted as being due to (i) charge transfer processes,
(ii) nonconcerted mechanism, and (iii) excitation to the S,
state. Clifford et al. found [13] that for the benzene plus
ethylene system cycloadditions could take place from S state
without barrier through a conical intersection (CI), which is
common to all three cycloadducts. This low energy CI results
from the formation of one C-C bond between benzene and
ethylene. Their subsequent studies [14] suggest that CI seam
between S; and S, could control chemical selectivity in the
photocycloaddition of benzene and ethylene.

Cycloadditions, [4 + 2] and [4 + 4], are also observed
between polycondensed aromatic compounds such as naph-
thalene, anthracene, and their derivatives. The [4 + 2]
cycloaddition (photo-Diels-Alder reaction) [15-18] is fre-
quently observed with naphthalene derivatives. [4 + 4]
photocycloadditions are often observed in two-arene systems
which are connected by a saturated bridge (such as -CH,-
CH,-CH,- or -CH,-O-CH,-). These bridge aromatic sys-
tems can undergo intramolecular [4 + 4] photocycloadditions
to form “biplanemers,” in which the two 7 systems are stacked
face-to-face [19].

To date, the mechanism of cycloaddition among aro-
matic ring compounds has not been clearly characterized.



Rogachev and coworkers [20] performed a series of calcula-
tions involving benzene dimers in the ground state, but no
studies have been made on the photochemical dimerization
of benzene. In this paper, we studied photoinduced [2 +
2] cycloaddition of two-benzene system by semiclassical
dynamic simulation. The simulation results provide detailed
dynamics features for this process from photon excitation to
the formation of product. The geometry at the conical inter-
section (CI) between the first singlet (S;) excited state and
ground state (S,) was optimized by using completed active
space self-consistent field (CASSCF) method to compare with
other theoretical results.

2. Methodology

2.1. Semiclassical Dynamics Simulation. We carried out
the dynamics simulations using the semiclassical electron-
radiation-ion dynamics (SERID) method. In this approach,
the valence electrons are calculated by the time-dependent
Schrédinger equation while both the radiation field and the
motion of the nuclei are treated by the classical approxi-
mation. A detailed description of this technique has been
published elsewhere [21, 22] and only a brief review is
given here. The one-electron states are updated by solving
the time-dependent Schrédinger equation at each time step
(typically 0.05 femtoseconds in duration) in a nonorthogonal
basis,
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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 via the time-dependent Peierls
substitution

H, (X-X') = H), (X-X) exp (;l—qCA (x-x’));
)

here H,,(X - X') is the Hamiltonian matrix element for basis
functions a and b on atoms at X and X/, respectively, and g =
—e is the charge of the electron.

The Hamiltonian matrix elements, overlap matrix ele-
ments, and repulsive energy are calculated with the density-
functional based tight bonding (DFTB) method. The DFTB
method does have essentially the same strengths and lim-
itations as time-dependent density-functional theory (TD-
DFT). In particularly, the bonding is well described but
the excited state energies are typically too low. For this
reason, 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 adversely
affect the interpretation of the results. This model has been
used in biologically relevant studies such as photoinduced
dimerization of thymine [23] and cytosine [24] via [2 + 2]
photocycloaddition reaction. All the results were found to be
consistent with experimental observations. The formation of
cyclobutane pyrimidine dimer may provide good references
for [2 + 2] photocycloaddition of benzene.
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In this technique, forces acting on nucleus or ions are
computed by the Ehrenfest equation
d’X,,
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where U, is effective nuclear-nuclear repulsive potential and

rep
Xy, = (X)) is the expectation value of the time-dependent
Heisenberg operator for the a coordinate of the nucleus
labeled by I (with « = x, y,z). Equation (3) is obtained by
neglecting the second and higher order terms of the quantum
fluctuations X — (X)) in the exact Ehrenfest theorem.

The present “Ehrenfest” principle is complementary to
other methods based on different approximations, such as
the full multiple spawning model developed by the Ben-
Nun and Martinez [25]. The limitation of this method is
that the simulation trajectory moves along a path dominated
by averaging over all the terms in the Born-Oppenheimer
expansion [26, 27],

total (Xn’ X, t) - Z‘I’l” (Xn, t) ‘I’f (xe, Xn) > (4)
i

rather than following the time evolution of a single potential
energy surface, which is approximately decoupled from all the
others [26-29]. (Here X,, and x, represent the sets of nuclear
and electronic coordinates resp., and the ¥/ are eigenstates
of the electronic Hamiltonian at fixed X,.) The strengths
of the present approach include retention of all of the 3N
nuclear degrees of freedom and the incorporation of the laser
excitation as well as the subsequent deexcitation at an avoided
crossing near a conical intersection.

2.2. CASSCF. Multiconfigurational self-consistent field
(MCSCEF) is a method in quantum chemistry used to gene-
rate qualitatively correct reference states of molecules in
cases where Hartree-Fock (HF) and DFT are not adequate
(e.g., for molecular ground states which are quasidegenerate
with low lying excited states or in bond breaking situations).
It uses a linear combination of configuration state functions
(CSF) or configuration determinants to approximate the
exact electronic wavefunction of an atom or molecule. In an
MCSCEF calculation, the set of coeflicients of both the CSFs
or determinants and the basis functions in the molecular
orbitals are varied to obtain the total electronic wavefunction
with the lowest possible energy. This method can be consi-
dered a combination of configuration interaction (where the
molecular orbitals are not varied but the expansion of the
wave function are varied) and Hartree-Fock (where there is
only one determinant but the molecular orbitals are varied).
A vparticularly important MCSCF approach is the CASSCE,
where the linear combination of CSFs includes all that arise
from a particular number of electrons in a particular number
of orbitals [30, 31].

In this research, the CASSCF ab initio computations
used a 12-electron and 12-orbital active space involving all
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the sr-orbitals of two benzene moieties. All the geometries
were optimized using the 6-31G(d) basis set in Gaussian09
software package [32]. To enhance calculation efficiency, the
geometry at the decay time in simulation trajectory was
picked as the initial guess for CI optimization.

3. Results and Discussions

From the reported experiments and ab initio calculations [33-
37], the ground state of two stacked benzenes can have two
nearly isoenergetic stable structures (T-shaped and slipped-
parallel) and a less stable sandwich structure. Electrostatic
interaction stabilizes the T-shaped structure, while dispersion
stabilizes the slipped-parallel structure. The initial structure
used in our calculations, shown in Figure 1, is slipped parallel.
Primed and unprimed labels are used to differentiate atoms in
the two molecules. We fixed the C,-C," and C,-C,’ distances
based on the geometries of [2 + 2] cycloaddition of hexatomic
pyrimidine base [23, 24].

To obtain ground state equilibrium configurations of two
benzene-system, the simulation was run at room temperature
for 1000 fs, an “equilibrated” geometry was taken at twenty
equal time intervals over the 1000 fs time period, and each
one was excited with the laser pulse to generate the trajec-
tories. A 25fs FWHM laser pulse with a Gaussian profile,
and 4.7 eV photon energy, was applied to the top benzene
molecule. The selected photon energy matches the calculated
HOMO-LUMO energy gap. A fluence between 10 and 50 J/m*
was randomly chosen for this study. This fluence results in
an electronic excitation but the forces produced do not break
any bonds. The same laser pulse (Case 1: 40.49 J/m” fluence;
Case 2: 43.26 J/m? fluence) is used for all 20 trajectories; one
representative trajectory is reported in this paper. The other
trajectories have similar results with the representative one.

Figure 2 shows the HOMO-1, HOMO, LUMO, and
LUMO+1 for the equilibrated structure computed by the

C,-C,-C,/-C,’ = -18.4°
(b)

FIGURE I: Conformation and atomic labeling for the stacked benzene system.

DFTB approximation. Based on Woodward-Hoffmann rules,
the formation of cyclobutane benzene dimer is a symmetry-
forbidden reaction when both molecules are at the electronic
ground states or have one electron promoted from the
HOMO to the LUMO. However, the reaction is symmetry-
allowed when one molecule is at electronic ground state and
another one has one electron excited from the HOMO to
the LUMO. These are evident from the molecular orbital
diagram.

Case 1. Formation of cyclobutane benzene dimer.

In this section, we present and discuss the simulation
results for the formation of cyclobutane benzene dimer. Six
snapshots taken from the simulation at different times are
shown in Figure 3. Figure 3(a) represents electronic excita-
tion of the top molecule in the equilibrated geometry at 0 fs.
The excited molecule is distorted (Figure 3(b)) and moves
toward the unexcited molecule (Figure 3(c)). The unexcited
molecule is deformed due to the approach of the excited
molecule (Figure 3(d)). At 770fs, CI—CI' bond has been
formed (Figure 3(e)). The second bond, Cz—C2” is formed
at 1000 fs (Figure 3(f)). The structure of cyclobutane benzene
remains stable by the end of the simulation.

The variations with time of the lengths of the C,-C,
and C,'-C,’ bonds and the distances of C,~C,’ and C,-C,’
are presented in Figure 4. Both C,;-C, and C,’-C,’ bonds
are double bonds in the benzene molecules but become
single bonds in the benzene dimer. The C,-C, bond length
starts at about 1.4 A, typical for a C=C double bond in an
arene, and then lengthens after the laser pulse is applied.
The excited benzene molecule approaches the unexcited
benzene molecule and influences its structure, as shown by
the increase in the C,'-C,’ bond length after 200 fs. Both
bond lengths increase to about 1.5 A after 600 fs, because of
the formation of the cyclobutane benzene dimer, and they
remain at this length until the end of the simulation. Both
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(d)

FIGURE 2: The diagrams of the (a) HOMO-1 (b), HOMO, (c) LUMO, and (d) LUMO + 1 of two stacked benzene molecules at the equilibrated

geometry.

distances roughly remain at their initial values by 200 fs and
start to decrease thereafter. The C,-C,’ distance decreases
to below 1.5 A at about 770 fs. The C,-C,’ distance drops to
about 2.1 A at about 830 fs, retains this value for 170 fs, and
then drops to about 1.5 A at about 1000 fs. This is the time for
the formation of the cyclobutane benzene dimer.

The variations with time of the HOMO-1, HOMO,
LUMO, and LUMO+1 energies are shown in Figure 5 along
with the time-dependent population of the orbitals. Note
that the HOMO and HOMO-1 are initially two identical
HOMO:s of the benzene monomer molecules and the LUMO
and LUMO+1 are initially two identical LUMOs of the two
molecules before laser excitation. Figure 5(a) shows that there
is an abrupt change in the LUMO energy soon after applica-
tion of the laser pulse. The HOMO and LUMO levels find one
close approach, with avoided crossings, with the energy gaps
being 0.04 eV at 770 fs. Figure 5(b) shows that by the end of
the laser pulse (which is 50 fs) about 1 electron is excited from

the HOMO to the LUMO, consistent with the promotion of
one benzene molecule to an electronically excited state. The
coupling between the HOMO and LUMO, as observed in
Figure 5(a), leads to notable electronic transitions from the
LUMO to the HOMO. This deexcitation eventually brings the
molecule to the electronic ground state. It can be seen from
Figure 6 that shortly after the coupling both the LUMO and
HOMO levels move toward their initial values. After 1000 fs,
when the formation of the cyclobutane benzene dimer is
completed, these two energy levels only show fluctuations
about constants values, which are essentially the same as their
initial values. On the other hand, the LUMO+1and HOMO-1
levels only show slight variations during the reaction, since
they are the LUMO and HOMO of the unexcited molecule,
respectively.

Case 2. Formation and subsequent cleavage of only one o-
bond between the two benzene molecules.
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FIGURE 3: Snapshots taken from the simulation of two stacked benzene molecules at (a) 0, (b) 300, (c) 700, (d) 740, (e) 770, and (f) 1000 fs.
'The molecule at the top is subjected to the irradiation of a 25 fs (fwhm) laser pulse with a fluence of 40.49 J-m 2 and photon energy of 4.7 eV.
This trajectory leads to the formation of cyclobutane benzene dimer and is briefly defined as Case 1.
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FIGURE 4: The variations with time of (a) C,-C, and C,'~C,’ bond lengths and (b) the lengths between the C, and C, atoms and the C, and

C,’ atoms in two stacked benzene molecules in Case 1.

The simulation results presented in this section show that
under the laser irradiation two molecules form a o bond
between the C, and C," atom sites. However, this o bond only
has a lifetime of several ten femtoseconds and breaks shortly
after it is formed.

Six snapshots taken from the simulation at different times
are shown in Figure 6. One finds that at 930 fs two molecules
have already formed a chemical bond between the C, and

C,’ atoms (Figure 6(d)) but the bond breaks shortly thereafter
and the two molecules move away from each other (Figures
6(e) and 6(f)).

The variations with time of the C,-C, and C,'-C,’
bond lengths are plotted in Figure 7(a). The C,-C, bond
stretches in length soon after the laser pulse is applied due
to the excitation of electrons from the HOMO to LUMO and
shrinks to its original length shortly after 900 fs when the



“2 NN N SN A

Orbital energy (eV)

0 500 1000 1500
Time (fs)

...... HOMO-1 ~..... LUMO

—— HOMO - LUMO+1

(a)

International Journal of Photoenergy

20 .

—
w
1

Electronic population
=
1

o
n
1

00\ e LN

T T
0 500 1000 1500
Time (fs)
~~~~~~ HOMO-1 - LUMO
—— HOMO - LUMO+1
()
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FIGURE 6: Snapshots taken from the simulation of two stacked benzene molecules at (a) 0, (b) 350, (c) 790, (d) 930, (e) 960, and (f) 1100 fs.
The molecule at the top is subjected to the irradiation of a 25 fs (fwhm) laser pulse with a fluence of 43.26 J-m™ and photon energy of 4.7 eV.
This trajectory results in the breaking of C,~C,’ bond and is briefly defined as Case 2.

bond linking two benzene molecules is broken. However, the
C,'-C,' bond shows little variation since excitation. A sharp
jump up and down in the C,'-C,’ bond length during 900
to 1000 fs indicates the formation and breakage of the bond
between two benzene molecules. The variations with time of
the C,-C," and C,-C,’ distances are plotted in Figure 7(b)
for this process. Both distances do not exhibit significant

changes until 400 fs but show a decrease afterwards due to
the interaction between two close molecules. The C,-C,’
distance becomes about 1.5 A at about 930 fs, indicating the
formation of a C-C o-bond. Immediately after that, the
distances between the C, and C,” atoms and the C, and C,’
atoms increase quickly because two molecules separated from
each other.
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of two benzene molecules in Case 2.

The variations of the HOMO-1, HOMO, LUMO, and
LUMO+1 energies as a function of time are shown in
Figure 8(a) and the time-dependent populations of the
HOMO and LUMO are shown in Figure 8(b). An avoided
crossing between the HOMO and LUMO levels is found
with the energy gaps being 0.05eV at 605 fs. This avoided
crossing leads to notable electronic transition from the
LUMO to HOMO, which eventually directs the excimer to
the electronic ground state.

3.1. Discussion. It is seen from Figures 4, 5, 7, and 8 that
the formation of the C,-C," and C,-C,’ bonds has a crucial

impact on the nonadiabatic transition of the excimer to the
electronic ground state. In addition, the deformation of the
benzene ring, especially the deformation of the benzene rings
atC,,C,,C,’,and C,’ atoms sites, also has a notable influence
on the nonadiabatic transition of the excimer to ground state.
To understand this, a comparison between the C;-Cy-C, -
C, and C;'-C¢'-C,'-C,’ dihedral angles and the energy gap
between the HOMO and LUMO for each case is plotted in
Figure 9. The deformation of the benzene ring at the C,, C,,
C,’,and C,’ atoms sites is represented by these two dihedral
angles. It is seen that, for each case, the minimum of the
energy gap is in line with a sharp rise of the C;'-C4'-C,"-C,’
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dihedral angle and a sharp dip in the C;-Cy-C,-C, dihedral
angle, suggesting that in both cases the deformation of the
benzene ring plays an important role in the nonadiabatic
transition of the excimer to ground state.

In Case 2 the C,-C,’ bond between two benzenes is
broken about 50 fs after its formation. To understand how
the structural deformation of the benzene ring impacts the
cleavage of the C,~C,’ bond, it is worthwhile to the compare
the distances between the C, and C,’ atoms and the C,
and C,’ atoms and the C5-C,-C,-C, and C;'-C,'-C,'-C,’
dihedral angles. For the formation of the cyclobutane ben-
zene dimer, the dihedral angle of C5'-C,'-C,'-C,’ is almost
constant before 680 fs (i.e., just before the formation of the
C,-C,’ bond) and then quickly decreases to —30°. After
that, this dihedral angle fluctuates around its initial value
until the end of simulation. On the other hand, the dihedral
angle of C;-Cy-C,-C, has a relatively smaller change in
amplitude. In particular, during 770 to 1050 fs, in which the
C,-C,’' bond is formed and C,-C,’ is not bonding, the
value of C;—C4—C,-C, dihedral angle is dominantly positive.
This suggests movement of C; and C, towards the bottom
molecule, enhancing the likelihood of C,-C," bonding. For
Case 2, however, the C;—-C¢-C,-C, dihedral angle oscillates
between —30° and 30° after formation of the C,-C,” bond.
This strong vibration deters the formation of a bond between
the C, and C,’ and also makes the C,-C," bond unstable.
We therefore conclude that the forces produced by the
deformation of the benzene ring at C; site break the C,-C,’
bond and prevent the formation of the cyclobutane benzene
dimer.

The time evolution of the net charge of the excited
benzene molecule (benzene 1) in Cases 1 and 2 is shown
in Figures 10(a) and 10(c), respectively. Figure10(b) is
an expanded view of FigurelO(a) from 600 to 1100 fs,
with C,-C," and C,-C,’ distances shown for comparison.
Figure 10(d) is an expanded view of Figure 10(c) from 800
to 1000 fs, with C,-C," and C,-C,’ distances also shown for

comparison. For the formation of the cyclobutane benzene
dimer (Case 1), although electrons hop frequently between
the two benzene molecules from 700 to 1000fs, it can
be hardly defined as “charge transfer state” overall. Only
at 770 fs, when the avoided crossing occurs, a zwitterion
is clearly formed. However, the excited benzene molecule
almost immediately returns to electric neutrality. In the
zwitterionic geometry, C, and C,’ atoms are linked by a
o chemical bond with length of 1.58 A, while the C, and
C,’ distance is 2.66 A. A “bonded-intermediate” is almost
immediately formed as the C,-C,’ distance shortens from
2.6 to about 2.1 A. After 1000 fs, the bonded-intermediate has
converted into the cyclobutane benzene dimer because of
C,-C, bonding. In Case 2, as shown in Figures 10(c) and
10(d), the zwitterionic exists for about 20 fs and then C,-C,’
bond is broken. The bonded-intermediate is not observed in
Case 2.

The molecular geometry at the avoided crossing of both
cases is shown in Figurell with a few critical geometry
parameters indicated. The distances of C,-C,” and C,-C,’
of Case 1 are 1.58 and 2.66 A, respectively. The interatomic
distances of Case 2 are 1.57 and 2.61 A, respectively. Figures
11(a) and 11(b) are not significantly different. It suggests that
the electronic decay point, which is bonded-intermediate
structure, may lead to either [2 + 2] photoaddition product
or reversal, depending on the vibrations of C,, C,, C,’, and
C,’ atoms.

The interatomic distances of C,-C,’ and C,-C,’ are
1.64 A and 2.60 A, respectively, (as seen in Figure12) by
using CASSCF optimization for the S, /S, CI of two-benzene
system. It is worth noting that the C;—C,’ distance in the CI
geometry is only 2.21 A, which is far less than that obtained in
our semiclassical dynamics simulations (both Cases 1 and 2).
This CASSCF geometry is very similar to the CI of benzene
and ethylene system calculated by Clifford and coworkers
[13]. Decay from this CI point may lead to either [2 + 2],
[2 + 3], or [2 + 4] photoaddition product, although formation
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of [2 + 3] product seems most probable because of the short
C,;-C,’ distance.

Classical photoinduced [2 + 2] cycloadditions proceed
via a cyclic transition state and are concerted reactions,
in which bond breaking and bond formation take place
simultaneously and no intermediate state is involved. But
for the photoinduced [2 + 2] dimerization of benzenes, our
simulation results show that the C,~C," and C,-C,’ bond for-
mations are nonconcerted. The CASSCF calculation suggests
that two stacked benzenes decay to the electronic ground
state via the CI when the formation of the C,-C,” bond
occurs and that the C,-C," distance is longer than C,-C,’
at the CI. Therefore, the Woodward-Hoffmann rules do not
apply. Our simulations suggest the formation of a “bonded-
intermediate” at avoided crossing; it involves a charge separa-
tion leading to a zwitterion and a “bonded-intermediate” The
bonded-intermediate is a necessary intermediate for forming
[2 + 2] product. Otherwise, the zwitterion could reverse to
reactant with the breaking of the C,-C,’ bond.

4. Conclusions

In this paper, we report a semiclassical dynamics simulation
study of the response to ultrashort laser pulses of stacked
benzene molecules. The simulation uncovered two different
reaction paths, leading to the formation of two different
products. The first leads to the formation of cyclobutane
benzene dimer and the second eventually returns back to
reactants after deactivation. The simulation results can be
summarized as follows.

(1) In both reactions, the distances between the C, and
C,’ atoms have a great impact on the formation of the
avoided crossings, which lead to the deactivation of
the photoexcited molecule. Radiationless transforma-
tion of both cases occurs when the C, and C,’ atoms
form a covalent bond.

(2) In the first reaction, the formation of the two chemical
bonds is asynchronous and a time lag is 230fs. A
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C,-C,-C,'-C,’ =19.5°
(a)
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C,-C,-C,/-C,’ =21.6°
(b)

FIGURE 11: The molecular geometry at avoided crossing of (a) Case 1 and (b) Case 2.

FIGURE 12: The geometry of conical intersection by CASSCF(12,12)/
6-31g(d) optimization.

bonded-intermediate is observed before the forma-
tion of cyclobutane dimer.

(3) In the second reaction, only one bond is formed
between two benzene molecules. This bonded-inter-
mediate exists for only 50 fs and possesses significant
zwitterionic character. The final product is two sepa-
rated benzene molecules. The deformation of benzene
ring plays an important role in the breaking of this
bond.
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